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Abstract

Domino catalysis is an ideal strategy in the synthesis of heterocyclic scaffolds, as multiple
bonds can be formed under a single set of reaction conditions. In this work, we present the
development of two novel domino processes which afford access to aza-analogues of the
dihydrodibenzoxepine motif. Careful optimisation revealed that the Rh catalysed hydroarylation
proceeds under mild conditions as compared to the C-O coupling. Furthermore, Pd was not
required for the C-O bond formation when using alkenyl pyrazines as substrates. Variation of
the substituents on both the heterocycle and on the boronic ester provided insight into the
structural features required for successful domino reaction, and a stepwise protocol was
developed for incompatible substrates. We have also developed the first multi-metal, multi-
ligand domino reaction featuring both a chiral and achiral ligand in the same pot, still leading to

an enantioenriched product.
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Chapter 1: Introduction

1.1 Domino Chemistry in Organic Synthesis

The use of domino processes in organic synthesis represent an ideal approach towards
scaffolds of considerable intricacy, as multiple bonds are formed under a single set of
reaction conditions. Beyond increased molecular complexity, time and cost-efficiencies
resulting from the lack of purification of reaction intermediates make such protocols
attractive. To this end, domino processes involving pericyclic, radical, photochemical,

biochemical, and transition metal mediated reactions have been developed.’

1.1.1 Catalysis in Domino Chemistry

Incorporation of catalysis in domino processes allows for a further increase in efficiency,
due to the reduction in waste generated as compared to stoichiometric processes. Much
recent study has been devoted to transition metal catalysed domino processes, due to
the diverse range of transformations mediated by transition metals. Harnessing this
reactivity, reactions pairing transition metal catalysis with organocatalysis,? biocatalysis
(enzymes),® Bronsted acid catalysis,* or with other transition metals® have all been

demonstrated.

In 2002, Poli and co-workers developed a classification system for transition metal

catalysed domino processes:® “pure” domino processes utilise a single metal catalyst in

the formation of multiple bonds as part of a single catalytic cycle, whereas “pseudo”
domino processes (Type | or Type Il) utilise one or more metals in the formation of
multiple bonds as part of multiple (distinct) catalytic cycles, with the formation of discrete

intermediates (Figure 1.1-1). As part of MacMillan and co-workers’ classification

' For comprehensive reviews, see the following, including references therein: a) L. F. Tietze, U. Beifuss,
Angew. Chem. Int. Ed. 1993, 32, 131-163 b) L. F. Tietze, Chem. Rev. 1996, 96, 115-136 c) L.-F. Tietze,
G. Brasche, K. M. Gericke, Domino Reactions in Organic Synthesis, Wiley-VCH, Weinheim, 2006.

2 a) Y. J. Park, J.-W. Park, C.-H. Jun, Acc. Chem. Res. 2008, 41, 222-234 b) Z. Shao, H. Zhang, Chem.
Soc. Rev. 2009, 38, 2745-2755 c) C. Zhong, X. Shi, Eur. J. Org. Chem. 2010, 2010, 2999-3025.

% 0. Pamies, J.-E. Backvall, Chem. Rev. 2003, 103, 3247-3262.

* M. Rueping, R. M. Koenigs, |. Atodiresei, Chem. Eur. J. 2010, 16, 9350-9365.

®a) J. M. Lee, Y. Na, H. Han, S. Chang, Chem. Soc. Rev. 2004, 33, 302-312 b) J.-C. Wasilke, S. J.
Obrey, R. T. Baker, G. C. Bazan, Chem. Rev. 2005, 105, 1001-1020 c) L. M. Ambrosini, T. H. Lambert,
ChemCatChem 2010, 2, 1373-1380.

°G. Poli, G. Giambastiani, J. Org. Chem. 2002, 67, 9456-9459.



system,” a Type-ll pseudo domino process involving two metals is equivalent to

“cascade catalysis”.

( "Pure" domino transition metal catalysis )

()
\ g
SM > P

Multiple bonds formed
One catalytic cycle

( "Pseudo" domino transition metal catalysis - Type | ]

SM —— [Intermediate] — P

Multiple bonds formed
Two catalytic cycles
One catalyst

[ "Pseudo" domino transition metal catalysis - Type IIJ

SM —— [Intermediate] — P

Multiple bonds formed
Two catalytic cycles
Two catalysts

Figure 1.1-1 - Classification of Transition Metal Catalysis in Domino Reactions

The development of efficient “pseudo” domino processes is inherently challenging, as
the catalytic cycles comprising the overall transformation must be able to operate
without interference. Especially in the case that different metals are used (Type Il), there
are a number of reasons that such transformations are problematic; for example, a
functional group may react differently with each catalyst where selective reaction with
one is required, or ligand exchange or redox processes may lead to deactivation of one
or both catalysts. Despite these difficulties, examples of transition metals acting in

"A.E. Allen, D. W. C. MacMillan, Chem. Sci. 2012, 3, 633-658.



cascade towards a single product have been reported in the literature,® and two

examples are mentioned in detalil.

An early report by Jeong and co-workers® utilised the combination of a Pd catalyzed
Tsuji-Trost allylation and a Rh catalyzed Pauson-Khand reaction. Optimisation
demonstrated that the nature of the Rh catalyst was significant, as [Rh(CO).Cl]. and
[Rh(CO)Cl(dppe)] shut down the allylation step, whereas [Rh(CO)Cl(dppp)]z and
[Rh(CO)Cl(dppb)]. were compatible with the Pd-dppb catalyst. The inclusion of a silver
additive to activate the Rh catalyst also had a deleterious effect. After considerable
optimisation, fused cyclopentenones were formed in good to excellent yields (Equation
1.1-1).

Pd,dbazeCHCl5(1.5 mol%), dppb (3 mol%) R

— R OAc  [Rh(CO)CI(dppp)], (7 mol%), BSA (1.2 equiv.)
XH Y and 2 X:é:o

Toluene, 90 °C, 6 - 25 hrs

73-90%

X = NTs, (Et0,C),C
R = Ph, Me, H

Equation 1.1-1 - Domino Formation of Fused Cyclopentenones

Our group has also contributed to this field, wherein the combination of a Rh catalysed
arylation ([Rh(cod)OH]o/BINAP) and a Pd catalyzed C-N coupling (Pd(OAc)./X-Phos)
led to dihydroquinolines (Equation 1.1-2).'° Ligand exchange effects were studied by
NMR and it was determined that Rh did not bind to X-Phos to a measurable degree.
However, since Pd-BINAP was inactive in the C-N coupling step, any ligand exchange
of BINAP to Pd was deleterious. Increased loading of Pd-XPhos was also deleterious,
due to the saturation of coordination sites at Pd or due to the formation of Suzuki

products. As such, careful optimisation of reaction parameters, such as catalyst

8 For selected examples, see a) B. Zimmermann, J. Herwig, M. Beller, Angew. Chem. Int. Ed. 1999, 38,
2372-2375 b) J. Cossy, F. Bargiggia, S. BouzBouz, Org. Lett. 2003, 5, 459-462 c) S. Ko, C. Lee, M.-G.
Choi, Y. Na, S. Chang, J. Org. Chem. 2003, 68, 1607-1610 d) C. Kammerer, G. Prestat, T. Gaillard, D.
Madec, G. Poli, Org. Lett. 2008, 10, 405-408 e) T. A. Cernak, T. H. Lambert, J. Am. Chem. Soc. 2009,
131, 3124-3125 f) K. Takahashi, M. Yamashita, T. Ichihara, K. Nakano, K. Nozaki, Angew. Chem. Int. Ed.
2010, 49, 4488-4490.

°N. Jeong, S. D. Seo, J. Y. Shin, J. Am. Chem. Soc. 2000, 122, 10220-10221.

'9J. Panteleev, L. Zhang, M. Lautens, Angew. Chem. Int. Ed. 2011, 50, 9089-9092.



loadings and ratios, was required in order to achieve the desired bond formation

sequence.

Ms

X Cl [Rh(cod)OH], (2.5 mol%), BINAP (5.2 mol%) X N

R—- Pd(OAc), (2 mol%), X-Phos (4 mol%) R+
= NS
X__NHM : ; Ar
S Ar-B(OH), (1.5 - 2 equiv.), K,CO3 (2.2 equiv)
Dioxane/MeOH (20:1), 90 °C, 16 hrs
68-78%
R=H, F, CF;

Ar = Ph, 3-thiophenyl,
4-CNPh, 4-(2-OEt-pyridyl)

Equation 1.1-2 - Domino Formation of Dihydroquinolines

Evidently, careful optimisation of reaction parameters leads to successful domino
reactions, limiting unwanted bond formation sequences. Due to our group’s continued
interest in this field, we sought to extend our work in the use of Rh catalysed arylation
and Pd catalyzed C-N or C-O coupling towards novel systems.



1.2 Rh Catalysed Addition to Activated Alkenes'"

Alkenes represent a versatile motif in organic synthesis as they may be further
functionalised by addition, reduction and oxidation reactions. Despite classical methods
effecting conjugate addition to activated alkenes, the discovery of a mild, high yielding
protocol with excellent stereocontrol remained elusive into the 1990’s. Rh catalysed
methodology, first reported by Miyaura in the reaction of organoboron reagents and
enones, provides an ideal protocol to effect the transformation under mild conditions.
Since the initial discovery, extension of the methodology to multiple substrate classes

illustrates the synthetic utility of the reaction.

1.2.1 Addition to Enones

The Rh catalysed addition of boronic acids to enones was first reported by Miyaura and
co-workers in 1997." Preliminary studies identified [Rh(acac)(CO),]/phosphine in an
organic/aqueous co-solvent as optimal for the addition of phenylboronic acid to methyl
vinyl ketone. Upon extension to other enones, the most general procedure was found to
require [Rh(acac)(CO),]/dppb in MeOH/H,O (6:1) (Equation 1.2-1). Yields decreased in
the absence of water, and excess boronic acid was sometimes required in case of
competitive protodeborylation. Competing 1,2-addition was not observed, highlighting

the selectivity of the catalytic system.

9] [Rh(acac)(CO),] (3 mol%), dppb (3 mol%) Ph O

R1/\)LR2 PhB(OH), (1.3 equiv or 2 equiv) R /I\/\LRZ

MeOH/H,0 (6:1), 50 °C, 16 hrs

52-90%

R, = H, Me, Ph
R, = H, Me, nBu, Ph

Equation 1.2-1 - Miyaura’s Addition to Enones

In 1998, Hayashi and Miyaura reported the asymmetric variant of this transformation.’
Cyclohexenone was chosen as the model substrate, and optimal conditions were

"' For comprehensive reviews, see a) K. Fagnou, M. Lautens, Chem. Rev. 2002, 103, 169-196 b) T.
Hayashi, K. Yamasaki, Chem. Rev. 2003, 103, 2829-2844 c) P. Tian, H.-Q. Dong, G.-Q. Lin, ACS
Catalysis 2011, 2, 95-119.

' M. Sakai, H. Hayashi, N. Miyaura, Organometallics 1997, 16, 4229-4231.

3Y. Takaya, M. Ogasawara, T. Hayashi, M. Sakai, N. Miyaura, J. Am. Chem. Soc. 1998, 120, 5579-
5580.



determined as [Rh(acac)(C2H4)]o/BINAP in dioxane/H-O (10:1) at 100 °C. The change in
Rh' precursor allowed for facile formation of the chiral Rh/BINAP complex, and the
increased temperature was required for the addition to proceed. This protocol facilitated
the addition of aryl and alkenylboronic acids to cyclic and acyclic enones, always with

excellent enantiomeric control (Equation 1.2-2).
o [Rh(acac)(CoH,),] (3 mol%), (S)-BINAP (3 mol%) o
ij R-B(OH), (1.4 - 5 equiv) @
Dioxane/H,0O (10:1), 100 °C, 5 hrs R
64-99%
91-99% ee

R = Ph, 4-MePh, 4-CF;Ph, 3-MePh, 3-CIPh
(E)-1-heptenyl, (E)-tBuCH=CH

Equation 1.2-2 - Hayashi-Miyaura Reaction

These reports highlight the merit of this reaction as compared to other methods of
asymmetric conjugate addition'* available at the time using organolithium,'®> Grignard,'®
and organozinc'’ reagents in the presence of nickel, copper and zirconium catalysts. As
compared to the usual organometallic nucleophiles, the organoboron coupling partners
are relatively stable to air and moisture, a wider functional group tolerance is possible
given the absence of less selective reagents, competing 1,2-addition is not observed,

and enantioselectivies are excellent in all cases.

Mechanistic proposals in the seminal reports of Miyaura and Hayashi suggested a
catalytic cycle consisting of transmetallation of the aryl group to Rh (A, Scheme 1.2-1),
insertion into the enone (B), and protodemetallation (C). Hayashi later provided
evidence in support of this mechanism via observation of reaction intermediates by
NMR."® The stereochemical configuration of the product was rationalised by approach
of the siface of the enone to a free coordination site in a skewed M-BINAP complex.

" For an early review of (asymmetric) conjugate addition using organometallic reagents, see B. E.
Rossiter, N. M. Swingle, Chem. Rev. 1992, 92, 771-806.

' M. Shindo, K. Koga, Tetrahedron Lett. 1993, 34, 681-682.

'® M. Kanali, K. Tomioka, Tetrahedron Lett. 1995, 36, 4275-4278.

" a) A. E. Greene, J. P. Lansard, J. L. Luche, C. Petrier, J. Org. Chem. 1984, 49, 931-932 b) C. Bolm,
Tetrahedron: Asymmetry 1991, 2, 701-704 c) A. H. M. de Vries, A. Meetsma, B. L. Feringa, Angew.
Chem. Int. Ed. 1996, 35, 2374-2376 d) A. Alexakis, J. Burton, J. Vastra, P. Mangeney, Tetrahedron:
Asymmetry 1997, 8, 3987-3990 e) B. L. Feringa, M. Pineschi, L. A. Arnold, R. Imbos, A. H. M. de Vries,
Angew. Chem. Int. Ed. 1997, 36, 2620-2623.

'8 T. Hayashi, M. Takahashi, Y. Takaya, M. Ogasawara, J. Am. Chem. Soc. 2002, 124, 5052-5058.
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Scheme 1.2-1 - Catalytic Cycle/Stereochemical Rationale for Hayashi-Miyaura Reaction

It has been shown that transmetallation is the rate determining step of the reaction,®
with the rate dependant on the nature of the rhodium precursor. For example, if
[Rh(BINAP)OH]. is used in a reaction analogous to Equation 1.2-2, the addition reaction
proceeds at 35 °C in 3 hrs in 96% vyield and 99% ee.'® It was later determined that Rh-
diene complexes were even more efficient in the transmetallation step,?® with additional
base as the crucial additive. The additional base was proposed to assist in the
generation of the hydroxyrhodium complex, as well as quaternise the boronic acid to
facilitate transmetallation.?’ With these rate enhancements, addition to enones occured

at room temperature or below (Scheme 1.2-2). %

19A Kina, H. lwamura, T. Hayashi, J. Am. Chem. Soc. 2006, 128, 3904-3905.

% A. Kina, Y. Yasuhara, T. Nishimura, H. lwamura, T. Hayashi, Chemistry — An Asian Journal 2006, 1,
707 711.

' N. Miyaura, Bull. Chem. Soc. Jpn. 2008, 81, 1535-1553. This effect has also been observed in Suzuki-
Mlyaura couplings, see additionally, K. Matos, J. A. Soderquist, J. Org. Chem. 1998, 63, 461-470.

2 R. Itooka, Y. Iguchi, N. Miyaura, J. Org. Chem. 2003, 68, 6000-6004.



0 [Rh(cod)ClI], or [Rh(cod)OH], (3 mol%) o
ij KOH (1 equiv.), p-tolB(OH), (1.5 equiv) é\
DME/H,0 (6:1), 5 °C, 1 hr Ar
93 - 98%

Without KOH: <20%
) [Rh(nbd)(R)-BINAP] (3 mol%) 9]
ij NEt; (1 equiv.), PhB(OH), (1.5 equiv)
Dioxane/H,0 (6:1), 25 °C, 6 hr (jvph

99%, 99% ee

Scheme 1.2-2 - Addition to Enones with Diene/Base Combinations

With the discovery that achiral diene ligands like cod or nbd provided superior activity,
Hayashi and co-workers developed a chiral diene to test asymmetric addition. In 2003,
for the first time, a chiral Rh-diene complex effectively catalysed conjugate addition with
comparable selectivity and yields to chiral Rh-phosphine complexes (Equation 1.2-3).%

o [Rh(C5H,)Cll, (3 mol%), Ligand (3.3 mol%) o : ;
@ KOH (0.5 equiv.), R-B(OH), or (R-BO)s (2.0 equiv) % ; /b/Bn :
> i 7 !
Dioxane/H,O (10:1), 30 °C, 1 hr “'R i+ Bn
! Ligand '
85.96% T

95-97 % ee

R = Ph, 3-OMe, 4-OMe
4-Me, 3-Cl, 2-napthyl

Equation 1.2-3 - Use of Chiral Diene for Rh catalysed Addition to Enones

Following Hayashi’s initial success, much interest in the chiral diene scaffold has led to
the development of new diene ligands® for asymmetric addition, and has extended the
methodology to a variety of a,B-unsaturated substrates, including esters, amides,

phosphonates, and nitroalkenes (Figure 1.2-1).

BT, Hayashi, K. Ueyama, N. Tokunaga, K. Yoshida, J. Am. Chem. Soc. 2003, 125, 11508-11509.

24 For a review on the use of chiral dienes in asymmetric synthesis, see C. Defieber, H. Gritzmacher, E.
M. Carreira, Angew. Chem. Int. Ed. 2008, 47, 4482-4502. For examples of reactivity made possible by
diene (and other) ligands, see Ref. 11.



Bn Ph
7 /
Ph

Hayashi, 2005

e ' Bn

Hayashi, 2003

R T : Me. _OMe MeO.__Me

| | 5 Bn
1 ) n /

Ll o Me

' ' 7 / / Bn

U] ' Me Me Me iBu

Carreira, 2005

Carreira, 2004 Hayashi, 2005

Ph

Hayashi, 2005

Me Me
Me
Me Me Me Q iBu iBu
OH
Me - 2 OAr M OH
Me
Hayashi, Rawal, 2008 Hayashi, Rawal, 2009 Corey, 2010

Ph

Hayashi, 2005

Darses, Genet, 2008

Figure 1.2-1 - Diene Ligands Developed for Rh Catalysed Conjugate Addition

This extension to other a,B-unsaturated substrates has proved useful in the total

syntheses of biologically active products. For example, Hayashi and co-workers used

the addition to methylenecyanoacetates as the key step towards (R)-tolterodine, a

urinary incontinence drug, obtaining the product in 61% yield over five steps (Scheme
1.2-3).2% The mild conditions used in the key step illustrate the application of Rh

catalysed addition methodology to densely functionalised starting materials.

. Ph .
Me CO.Me [Rh(C,H,4)Cl], (3 mol%), Ligand (3.3 mol%) : Ph'
N 2 Ph-B(OH), (1.5 equiv.), KOH (0.2 equiv.), Me CO,Me 7
CN CN 'Ph ’
OBn Dioxane/H,0 (166:1), 30 °C, 2 hr OB 5 _ 5
... tgand
97%, 1:1 dr
R=CN—— 92%
R=H 98% ee
Ph

Ph
Me\©\/k/002Me
OBn

Scheme 1.2-3 - Key Step in Synthesis of (R)-Tolterodine

% 3. Sorgel, N. Tokunaga, K. Sasaki, K. Okamoto, T. Hayashi, Org. Lett. 2008, 10, 589-592.
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1.2.2 Addition to Vinyl Heterocycles and Carbocycles

Despite the application of Hayashi-Miyaura conditions to different substrate classes, the
extension of methodology to more weakly activated alkenes has been less frequently
studied. With precedent in the addition of boronic acids to strained alkenes via Rh
catalysis,?® our group developed the Rh catalysed addition of aryl boronic acids to vinyl
heterocycles and carbocycles (Scheme 1.2-4), a formal hydroarylation reaction.?” This
protocol was conducted in (neat) water using a water soluble phosphine ligand and
SDS? as a phase transfer reagent. Interestingly, the final product obtained was a
function of the starting material, such that carbocycles gave Heck-type products,®

whereas (nitrogenous) heterocycles gave addition products (Scheme 1.2-4).

EN [Rh(cod)Cl],(2 mol%), TPPDS (8 mol%),

— =
N ArB(OH), (2.5 equiv.), Na,CO5 (2 equiv.)
SDS (0.5 equiv.), H,0, 80 °C, 15 hrs

R =H, 4-OMe, 4-Ac 67-86%
3-1, 2-Me, 2-napthyl, 2-Br

N [Rh(cod)ClJ,(2 mol%), TPPDS (8 mol%), N ©
[ /]\/ [ ~ i

N PhB(OH), (2.5 equiv.), Na,CO3 (2 equiv.) N ; P.
SDS (0.5 equiv.), H,0, 80 °C, 15 hrs | /@
84% KOS SOK
TPPDS
N [Rh(cod)CIl,(2 mol%), TPPDS (8 mol%),
L AA ' =

PhB(OH), (2.5 equiv.), Na,CO5 (2 equiv.)
SDS (0.5 equiv.), H,0, 80 °C, 15 hrs

R =H, 4-F, 4-OMe 76-81%

Scheme 1.2-4 - Addition to Vinyl Heterocycles and Carbocycles

Mechanistic proposals were similar to those of the Hayashi-Miyaura reaction, with
transmetallation and insertion as common steps in the reaction of both carbocycles and

% K. Oguma, M. Miura, T. Satoh, M. Nomura, J. Am. Chem. Soc. 2000, 122, 10464-10465.; Amelie Roy,
MSc. Thesis, 2002. For an addition/ring opening reaction featuring $-oxygen elimination, see M. Lautens,
C. Dockendorff, K. Fagnou, A. Malicki, Org. Lett. 2002, 4, 1311-1314.

# M. Lautens, A. Roy, K. Fukuoka, K. Fagnou, B. Martin-Matute, J. Am. Chem. Soc. 2001, 123, 5358-
5359.

2 A later report illustrated that SDS was unnecessary if using a m-substituted phosphine ligand
containing a lithium carboxylate. See R. Amengual, V. Michelet, J.-P. Genét, Tetrahedron Lett. 2002, 43,
5905-5908.

% For a review of Heck reactions using metals other than Pd, see L. Ackermann, R. Born, in The
Mizoroki—Heck Reaction, John Wiley & Sons, Ltd, 2009, pp. 383-403.
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heterocycles (Scheme 1.2-5). In the reaction of styrenes, B-hydride elimination was
proposed to generate the unsaturated product, with concomitant formation of a Rh-H
species.®® Reaction with water was proposed to re-form the Rh-OH catalyst, generating
hydrogen. In the case of vinyl pyridines and other nitrogenous heterocycles,
protodemetallation of the aza-tr-allylrhodium species formed after the insertion step
gave the diarylethane addition product. Near quantitative deuterium incorporation at the
a-position was observed when the reaction was conducted in DO, providing evidence

for this final step.

/

[Rh]-H N

H,O
| Ar
Ar [Rh]-OH Ar-B(OH), H,0 [Rh]-OH Ar-B(OH),
B(OH), B(OH),

\

NTX
[Rh] R
[Rh]-Ar [Rh]-Ar
Ar Ar
\J% M/ |
A
| |

Scheme 1.2-5 - Catalytic Cycles for Addition to Styrenes and Vinyl Pyridines

Since this seminal report on the addition to vinyl heteroarenes, our group and others
have attempted to extend addition methodology to a larger variety of weakly activated
substrates and in an asymmetric fashion. For example, our group has demonstrated
addition to allyl sulfones,®' allyl amines,** and 2-alkynyl pyridines,*® proposing that Rh-
heteroatom association facilitates the reaction. The extension to an asymmetric variant
has been more challenging, presumably due to the reduced reactivity of substituted
vinyl heteroarenes and the lack of commercially available diene ligands, in spite of their

success in conjugate additions.

% Reaction of 1,2-dihydronaphthalene gave no addition product, presumably due to the lack of syn -
hydrogens, supporting this as the product-releasing step. See Amelie Roy, MSc. Thesis, 2002.

*"'G. C. Tsui, M. Lautens, Angew. Chem. Int. Ed. 2010, 49, 8938-8941.

% G. C. Tsui, F. Menard, M. Lautens, Org. Lett. 2010, 12, 2456-2459.

% M. Lautens, M. Yoshida, J. Org. Chem. 2003, 68, 762-769.
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In 2010, Lam and co-workers reported the successful asymmetric addition of boronic
acids to alkenylheteroarenes.®* With 2-hexenylquinoline as the model substrate, a
promising initial result was obtained with [Rh(cod)ClI]./KOH in agueous dioxane, which
was optimised to the asymmetric variant using a chiral diene featuring an amide. A
broad heterocyclic scope was demonstrated, with successful addition to quinoxalines,
oxazoles, pyrimidines and others (Scheme 1.2-6). Mechanistically, it was proposed that
the presence of structural features leading to the stabilization of the aza-tr-allylrhodium
intermediate allowed the reaction to proceed, due to the loss of aromaticity upon Rh
insertion. These structural features included extended conjugation or the presence of

another C=N moiety.

X [RA(C4H4)Cll, (2.5 mol%), Ligand (6 mol%) X Ar

N nBu  KOH (2.5 equiv.), ArB(OH), (2.4 equiv.) N nBu
Dioxane/H,0 (9:1), 80 °C, pw, 30 mins
56-71%
92-95% ee

Ar = Ph, 4-MePh, 3-MePh

@ Njw [Rh(C5H,)CI], (2.5 mol%), Ligand (6 mol%) @[ NM Me
i Me
N>R KOH (2.5 equiv.), ArB(OH), (2.4 equiv.) N R | Q Q

Dioxane/H,0 (9:1), 80 °C, pw, 30 mins

! 7 N S
R = 2-PhEt 72-90% ! Me Me-__N :
90-97% ee ; | Ve
' Ligand '

Ar = Ph, 2-MePh, 4-CIPh :
4FPh, 4-OMePh  ‘emmmmmmmmmmmmmmmooooo oo

Ph [Rh(C,H,)Cl], (2.5 mol%), Ligand (6 mol%) Ph

/2/\{\1 : : /2/\{\1 Ar
Ph o )\%Me KOH (2.5 equiv.), ArB(OH), (2.4 equiv.) Ph o )\/LMe

Dioxane/H,0 (9:1), 80 °C, pw, 30 mins

69%, 89% ee
Ar = 4-MePh

Scheme 1.2-6 - Addition to Vinylogous Heterocycles Using Lam's Diene

In a similar vein, Lam and co-workers later reported on the asymmetric addition to
alkenylarenes.®® The use of a para electron-withdrawing group was hypothesised to
polarize the alkenyl arene, such that the addition product was obtained as opposed to
the Heck-type product observed by our group. A large boronic acid scope was reported
using substituted p-nitroalkenylarenes as the model system. Extending the concept to

G, Pattison, G. Piraux, H. W. Lam, J. Am. Chem. Soc. 2010, 132, 14373-14375.
% A. Saxena, H. W. Lam, Chem. Sci. 2011, 2, 2326-2331.
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other electron-withdrawing groups was less successful, as p-acetyl, nitrile, or Ms groups
failed to give any product, although a p-nitro-m-cyanophenyl substrate did undergo the

addition reaction with a higher catalyst loading (Scheme 1.2-7).

OZNO\/\ [Rh(C,H,)Cl], (2.5 mol%), Ligand (6 mol%) OzNO\i
= nBu KOH (2.5 equiv.), ArB(OH), (2.4 equiv.) nBu

Dioxane/H,0O (5:1), 80 °C, uw, 30 mins

61-90%
92-97% ee

Ar = Ph, 4-MePh, 4-F, 4-Cl
4-OMe, 3-Me, 2-Me

O2N [Rh(C,H,4)CI], (2.5 mol%), Ligand (6 mol%) O2N 5
R AR KOH (2.5 equiv.), PhB(OH), (2.4 equiv.) R R
Dioxane/H,0O (5:1), 80 °C, pw, 30 mins ' 7 NBn,
79-90% . Me
87-929 !
% ee Ligand

R=H, Me, COMe, CFy ~ ~---mmrm=--sssmmmmmmeaoee! '
R' = 2-EtPh, cyclopropyl,
CH,OMe, CH,NMeAr

NC:@\/\ [Rh(C,H,)Cl], (5 mol%), Ligand (10 mol%) Ncm
FsC = KOH (2.5 equiv.), PhB(OH), (2.4 equiv.) FiC R

nBu
Dioxane/H,0 (5:1), 80 °C, uw, 1.5 hrs

59%, 84% ee

Scheme 1.2-7 - Addition to Nitroarenes Using Lam's Diene

The idea that a conjugated electron-withdrawing group would allow for more difficult
additions to proceed is exemplified in the successful reaction of an alkenylpyridine.
Under Lam’s previous conditions (Scheme 1.2-6), the reaction of an (unsubstituted)
alkenylpyridine failed to provide more than 30% product, whereas reaction of a p-nitro
variant proceeded in excellent yield and enantioselectivity, albeit with a more active
catalyst (Equation 1.2-4).

ON o~ [Rh(C,H4)Cll, (2.5 mol%), Ligand (6 mol%) OaN._~ Ph Me
L | Me o)
N nBu KOH (2.5 equiv.), PhB(OH), (2.4 equiv.) N nBu
Dioxane/H,0 (5:1), 80 °C, pw, 30 mins 5 7 NBn, |
1%, 91% | Me ;
9 o, 91% ee : ngand
1

Equation 1.2-4 - Addition to an Alkenylpyridine using Lam's Diene
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1.3 Pd Catalysed C-N and C-O Coupling of Aryl Chlorides®

Pd catalysis is a versatile method towards the construction of C-N and C-O bonds. As
compared to classical methods such as reductive amination, Ullmann and Goldberg
couplings, or SNAr reactions, Pd catalysed methodology is often more functional group
tolerant and utilises milder reaction conditions. From the discovery of C-N coupling
reactivity by the Migita group in the 1980’s, to the development of tin-free methods and
the seminal contributions of Buchwald and Hartwig in the mid-late 1990’s, early work
has highlighted the role of specialized ligands on the success of the coupling process.
Exemplified in the extension of methodology to the less reactive aryl chlorides,
continued development of coupling methodology has led to its application in total

syntheses and on industrial scale.®’

1.3.1 Seminal Reports of Coupling Methodology

The Pd catalysed C-N coupling of aryl halides was first reported by Migita and co-
workers in 1983.%® The initial model system consisted of bromobenzene, a Pd/P(o-Tol)s
catalyst, and an organostannane nucleophile, giving the desired coupling product in
81% yield. Other ligands, such as PPhs or P(o-CIPh)s;, were ineffective, as were aryl
chlorides. Subsituted bromobenzenes did react although in decreased yields (Equation
1.3-1).%°

Br Pd[P(o-tolyl)5],Cl, (1 mol%) NEt,
A Et,N—SnBu
R—; 2 3 Toluene, 100 °C, 3 hrs R—: =
= =
81%, R=H
79%, R = p-OMe
16 -61%
R = o0-Me, m-Me

p-NMe,, p-Cl, p-Br
Equation 1.3-1 - Migita and co-workers' Report of Pd catalysed C-N Coupling

% For a review, see A. F. Littke, G. C. Fu, Angew. Chem. Int. Ed. 2002, 41, 4176-4211.

%7'3. L. Buchwald, C. Mauger, G. Mignani, U. Scholz, Adv. Synth. Catal. 2006, 348, 23-39.

B M. Kosugi, M. Kameyama, T. Migita, Chem. Lett. 1983, 12, 927-928.

% Buchwald and co-workers later demonstrated that a higher catalyst loading and a longer reaction time
led to efficient reaction of substituted bromobenzenes. A broader amine scope was tolerated upon the
adoption of an in situ transamination protocol. See A. S. Guram, S. L. Buchwald, J. Am. Chem. Soc.
1994, 116, 7901-7902.
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Despite this unprecedented reactivity observed by Migita and co-workers, ideal reaction
conditions would preclude the use of tin reagents, due to toxicity and the difficulties
encountered in the removal of reaction by-products. In concurrent reports, Buchwald
and Hartwig demonstrated that free amines were viable coupling partners as long as
reactions were conducted with strong base, i.e. NaOtBu or LIHMDS.*® The base was
required to effect deprotonation of the amine as part of the transmetallation step. A
ligand screen confirmed P(o-Tol)s as the ligand of choice. The use of weaker bases, e.g.
NaOMe, or other ligands, e.g. dppf or PPhs, led to incomplete conversion of starting
material or to the production of large amounts of the dehalogenation product. Under the
reaction conditions, secondary cyclic amines were efficiently coupled with a variety of
substituted aryl bromides, although acyclic amines proceeded in reduced yields, due to
decomposition and competing B-hydride elimination/dehalogenation (Scheme 1.3-1).

Hartwig and co-workers:

H
LNJ PACI,[P(o-Tol)s], (5 mol%), LIHMDS (1.2 equiv) _ O

Toluene, 100 °C, 2 hrs A

R = p-OMe, p-nBu 89-94%

= Br
R |
A
Br PdCI,[P(o-Tol)s], (5 mol%), LIHMDS (1.2 equiv) NHEt
Et—NH,
nBu nBu

Toluene, 55 °C, 24 hrs

26%
Buchwald and co-workers: 13% Ar-H

Me
PdCI,[P(o-Tol)s], (2 mol%), NaOtBu (1.4 equiv) N
Ph
o

NHMe

Toluene, 100 °C, 3 hrs
89%

Br
o
B
r PACL,[P(0-Tol)s], (2 mol%), NaOtBu (1.4 equiv) NHnHex
Ph nHex—NH, > Ph
Toluene, 100 °C, 3 hrs
o

o]

72%
27% Ar-H

Scheme 1.3-1 - Buchwald and Hartwig Tin-Free C-N Coupling

0 a) A. S. Guram, R. A. Rennels, S. L. Buchwald, Angew. Chem. Int. Ed. 1995, 34, 1348-1350 b) J.
Louie, J. F. Hartwig, Tetrahedron Lett. 1995, 36, 3609-3612.
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While not proposed at the time, the requirement for a bulky, electron-rich ligand such as
P(o-Tol)s hinted at the interplay necessary of catalyst sterics and electronics. For
example, the use of dppf in Buchwald’s work led to consumption of the aryl bromide but
only towards the dehalogenation product. This implied sufficient electron donation at Pd
to favour oxidative addition, but insufficient steric encumbrance at Pd to favour reductive
elimination over B-hydride elimination.*' Similar reactivity was observed when PPh; was
used.*? These observations would be instrumental in the extension of methodology to a
wider variety of coupling partners, including aryl chlorides, through the development of

more reactive ligands.

1.3.2 Extension to Aryl Chlorides

The first examples of the C-N coupling of aryl chlorides were reported by Buchwald and
co-workers, and Beller and co-workers, in the mid-late 1990’s.** Despite the discovery
of novel reactivity, methodology was limited to the reaction of activated substrates, such
as trifluoromethyl-substituted aryl chlorides or chloropyridines. In order to extend
methodology to a wider variety of substrates, Reddy and Tanaka proposed that
electron-rich, sterically encumbered ligands should faciliate oxidative addition of less
reactive starting materials. PCy; was identified as the ligand of choice, providing the
coupling of aryl chlorides with secondary amines (Scheme 1.3-2).** Similar to the work
of Buchwald and Hartwig in the reaction of aryl bromides, acyclic secondary amines
were ineffective reaction partners; competing B-hydride elimination led to
dehalogenation, suggesting that a further increase in steric bulk might favour the
reductive elimination pathway.

* For an early study comparing the relative rates of reductive elimination and B-hydride elimination, see J.
F. Hartwig, S. Richards, D. Barafiano, F. Paul, J. Am. Chem. Soc. 1996, 118, 3626-3633.

2 Quantitatively, ligand cone angle could be used to compare P(o-Tol); and PPhs. See C. A. Tolman, J.
Am. Chem. Soc. 1970, 92, 2956-2965.

*a) S. Wagaw, S. L. Buchwald, J. Org. Chem. 1996, 61, 7240-7241 b) M. Beller, T. H. Riermeier, C.-P.
Reisinger, W. A. Herrmann, Tetrahedron Lett. 1997, 38, 2073-2074.

*N. P. Reddy, M. Tanaka, Tetrahedron Lett. 1997, 38, 4807-4810.
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H
R—/ | cl N Pd(PCys3),Cl, (2 mol%), NaOtBu (1.4 equiv.) R—/ | N
. e .
X Toluene, 120 °C, 12 hrs
31-83%
X =CH,, NMe
R = H, napthyl
p-Me, p-CN, o-Me
o NHMe Me
R—/ | Pd(PCys3),Cl, (2 mol%), NaOtBu (1.4 equiv.) R—/ | \©
N > AN

Toluene, 120 °C, 12 hrs
54-82%

R =H, p-Me, p-CN

Scheme 1.3-2 - Reddy and Tanaka’s C-N Coupling using PCy;

The development of sterically encumbered, chelating alkyl phosphine ligands by Hartwig
and co-workers led to protocols tolerant of an increased variety of substrates, including
amines featuring B-hydrogens. Lower reaction temperatures and shorter reaction times
were also compatible, as was dioxane as a reaction solvent.*> This same class of
ligands was applied to the synthesis of diaryl ethers, in the first reported examples of C-
O coupling of aryl chlorides (Scheme 1.3-3).%° The increased catalytic activity observed
arose from the synergistic combination of the electronic and steric properties of the
ligands: the electron-donating effect and the steric hindrance of the alkyl groups
favourably influenced the rate of both the oxidative addition and the reductive
elimination steps. cis chelation of Hartwig’s ligands to Pd also enforces geometry
condusive to reductive elimination. These ferrocenyl ligands were the inspiration for the

later development of the Josiphos and Q-Phos ligands by Hartwig and co-workers.

**B. C. Hamann, J. F. Hartwig, J. Am. Chem. Soc. 1998, 120, 7369-7370.
* G. Mann, C. Incarvito, A. L. Rheingold, J. F. Hartwig, J. Am. Chem. Soc. 1999, 121, 3224-3225. The
reaction required pre-forming the phenolate using sodium hydride for the coupling to proceed.
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Cl . NHnBu | P(tBu); |
/ 0, ' i
R | nBu—NH, Pd(OAc), (1 mol%), tBuJosiphos (1 mol%) R—/ | | :
N X :
NaOtBu (1.2 equiv.), Toluene, 85 °C, 2 hrs . Fe PPh,
89% '
tBuJosiphos
R =o0-Me, p-Me .
NH, o !
: P(tBu),
/@/C' @ Pd(dba), (3 mol%), Ligand (1 mol%) /@/NHMG ; F©/ :
: e i
Me NaOfBu (1.2 equiv.), Solvent, 110 °C, Time ~ Me - S~psu), |
93% ; Ligand

Toluene, 24 hrs
Dioxane, 4 hrs R EEEEEEEEEEES .

ONa

Cl . 0] :
@ Pd(OAc), (2 mol%), Ligand (2 mol%) @ \©\ :  Fe

Me Me OMe i

OMe i

Toluene, 80 °C, 9 hrs .
82% ' Ligand

Scheme 1.3-3 - C-N/C-0O Coupling with Hartwig’s Ferrocenyl Ligands

Concurrent to the Hartwig group, Buchwald and co-workers developed biaryl phosphine
ligands for C-N coupling reactions. Although the ligands were compatible with the typical
reaction conditions used at the time, requiring strong base and elevated reaction
temperatures,*’ later reports demonstrated that milder conditions could be used in
certain cases.*® For example, room temperature amination of electron-rich and electron-
poor aryl chlorides was achieved using strong base, whereas weaker bases, e.g.
cesium carbonate or potassium phosphate, were sufficient for the amination of electron-
poor aryl chlorides at elevated temperatures. Beyond the development of milder
reaction conditions, the use of weaker bases expanded the scope of the methodology to
substrates containing base-sensitive functionality. In the application of the Buchwald
ligands to C-O coupling,*® weak bases were again sufficient for the reaction of electron-

poor substrates, whereas sodium hydride was required for the reaction of electron-rich

“D.W. Old, J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc. 1998, 120, 9722-9723.

8 a) J. P. Wolfe, S. L. Buchwald, Angew. Chem. Int. Ed. 1999, 38, 2413-2416 b) J. P. Wolfe, H. Tomori,
J. P. Sadighi, J. Yin, S. L. Buchwald, J. Org. Chem. 2000, 65, 1158-1174.

* a) A. Aranyos, D. W. Old, A. Kiyomori, J. P. Wolfe, J. P. Sadighi, S. L. Buchwald, J. Am. Chem. Soc.
1999, 121, 4369-4378 b) K. E. Torraca, S.-l. Kuwabe, S. L. Buchwald, J. Am. Chem. Soc. 2000, 122,
12907-12908 c) S.-i. Kuwabe, K. E. Torraca, S. L. Buchwald, J. Am. Chem. Soc. 2001, 123, 12202-
12206.
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substrates without ortho functionality.® For some unactivated substrates, even these
conditions were ineffective, leading to the development of increasingly reactive
Buchwald ligands. These include the adamantyl variant shown in Scheme 1.3-4 or the
subsequent development of X-Phos and BrettPhos. Increased catalytic activity due to
the modification of ligand steric and electronic properties led to increased interest in

computational and experimental investivations of the reaction mechanism.

c Pd(OAc), (1 mol%), CyJohnPhos (1.5 mol%) NHinHex O
nHex—NH .
MeO 2 £s,CO4 (1.4 equiv.), Toluene, 100 °C, 19 hrs MeC |

NaOt¢Bu (1.4 equiv.), Toluene, rt, 16 hrs
OMe OMe

NHMe e R \,
Meo\@/C' © PA(OAG), (1 mol%), JohnPhos (1 mol%) MeO\Q/N\@ E O - E
H Uy i

97% : JohnPhos

OH

e C
/©/CI ©/Me Pd(OAc), (2 mol%), AdJohnPhos (3 mol%) /©/o\© P(1-Ad),
MeO MeO O

K3PO, (2 equiv.), Toluene, 100 °C, 26 hrs

73% ! Ad = Adamantyl
i AdJohnPhos

Scheme 1.3-4 - C-N and C-O Coupling Using Buchwald Ligands

The catalytic cycle of C-N/C-O bond formation resembles that of other Pd catalysed
processes, consisting of oxidative addition (Scheme 1.3-5, A), transmetallation (B), and
reductive elimination (C) steps. Prior to oxidative addition of the aryl chloride, formation
of the active catalyst occurs via dissociation of a bisphosphine complex.® This process
is promoted by the sterically hindered substituents on the ligand. If Pd(OAc). is used as
the Pd source, the pre-activation process involves in-situ reduction with amine coupling

partner,>® phosphine ligand,>® or added water.>* Entering the catalytic cycle, oxidative

%0 Presumably the ortho functionality assists in reductive elimination due to steric crowding

*! Originally observed in the reaction of arylbromides catalysed by Pd-BINAP, see the following including
references therein: S. Shekhar, P. Ryberg, J. F. Hartwig, J. S. Mathew, D. G. Blackmond, E. R. Strieter,
S. L. Buchwald, J. Am. Chem. Soc. 2006, 128, 3584-3591.

°2 E. R. Strieter, D. G. Blackmond, S. L. Buchwald, J. Am. Chem. Soc. 2003, 125, 13978-13980.

E. R. Strieter, S. L. Buchwald, Angew. Chem. Int. Ed. 2006, 45, 925-928.
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addition of the aryl chloride can be rate limiting in the reaction of amines and amides,*
and may occur subsequent to base association with Pd (A — B vs. A’ — B’, Scheme
1.3-5).° If the oxidative addition is not base-assisted, association of the coupling
partner with Pd allows for deprotonation with weak bases, as pK;'s are lowered upon
binding the metal. The Pd" complexes arising from oxidative addition and
transmetallation are stabilised by d-m metal-ligand orbital interactions when Buchwald
ligands are used.®’ Reductive elimination gives the desired coupling product and
regenerates the Pd° catalyst, although dehalogenation is a competing side reaction. In
the case of C-O coupling, reductive elimination can be rate limiting, although studies

specific to aryl chlorides have not been reported.>®

L,Pd

Catalyst Pre-Activation

Ar—Nuc

ArCl C) -
L4Pd r [L,Pd-OR] Ar-Cl A
@
M
c A M-Cl
If R = Alkyl
L P p-elimination LiPd—Ar LiPd—Ar or LiPd—Ar
! Nuc Cl OR
Ar—H L1P<|:1—Ar
Nuc
Nuc-H
Bl
Base-HCI Nuc-H + Base H-OR
Nuc =
NHR, OR
B

Scheme 1.3-5 - Catalytic Cycle for C-N/C-O Coupling of Aryl Chlorides

Currently, C-N/C-O coupling of aryl chlorides has a broad scope as mild conditions are

applicable to a variety of substrates. For example, efficient reaction of functionalised

> B. P. Fors, P. Krattiger, E. Strieter, S. L. Buchwald, Org. Lett. 2008, 10, 3505-3508.

% a) F. Barrios-Landeros, J. F. Hartwig, J. Am. Chem. Soc. 2005, 127, 6944-6945 b) T. lkawa, T. E.
Barder, M. R. Biscoe, S. L. Buchwald, J. Am. Chem. Soc. 2007, 129, 13001-13007.

% | M. Alcazar-Roman, J. F. Hartwig, J. Am. Chem. Soc. 2001, 123, 12905-12906.

*" a) T. E. Barder, M. R. Biscoe, S. L. Buchwald, Organometallics 2007, 26, 2183-2192 b) T. E. Barder, S.
L. Buchwald, J. Am. Chem. Soc. 2007, 129, 12003-12010.

%8 a) J. F. Hartwig, Inorg. Chem. 2007, 46, 1936-1947 b) L. Salvi, N. R. Davis, S. Z. Ali, S. L. Buchwald,
Org. Lett. 2011, 14, 170-173.
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heterocycles has been demonstrated,® highlighted in the use of C-N coupling as the

key step towards Imatinib,®® an anti-cancer pharmaceutical (Equation 1.3-2). In our

work, we envisioned the use of coupling methodology towards pyridyl and pyrazinyl

analogues of the dihydrodibenzoxepine and dihydrodibenzazepine scaffold.

Wm@ E@

G1-BrettPhos Palladacycle (2 mol%)

@f I
BrettPhos (2 mol%), K,CO5 (2.2 equiv.) MeN
tBuOH, 110 °C, 6 hrs

Imatinib, 84%

iPr

Equation 1.3-2 - C-N Coupling as the Key Step Towards Imatinib

%% See, for example, N. C. Bruno, S. L. Buchwald, Org. Lett. 2013, 15, 2876-2879.
%0 D. Maiti, B. P. Fors, J. L. Henderson, Y. Nakamura, S. L. Buchwald, Chem. Sci. 2011, 2, 57-68.
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1.4 Dihydrodibenzoxepines and Dihydrodibenzazepines

The dihydrodibenzoxepine and dihydrodibenzazepine scaffold is comprised of a
saturated seven membered oxygen-containing ring annealed to two benzene rings. The

structural core is found in several biologically active compounds (Figure 1.4-1).

N MeQ Me
°~_)-on
0 C
OH
Asenapine
Quinupramine Anti-Psychotic Bauhinoxepin D
TCA Cytotoxic

Natural Product
)
NM62 O

00

= O, dihydrodibenzoxepine o
= NH, dihydrodibenzazepine

X

MeO
R =Me, X = ClI: Clomipramine OMe
R =Me, X = H: Impramine MeO O O Bulbophylol B
TCAs Anti-Tumor
Natural Product
MeN

Cularine
Anti-Spasmotic
Natural Product

Figure 1.4-1 - Biologically Active Dihydrodibenzoxepines and Dihydrodibenzazepines

The dihydrodibenzazepine core is prominently featured in tricyclic anti-depressants
(TCA’s), which were extensively used to treat psychiatric disorders in the latter half of
the 20" century.®' Although largely replaced by modern therapies due to undesirable
side effects,® new uses for the TCA’s have been reported,®® suggesting further study of

the scaffold is beneficial. Several natural products, such as the bauhinoxepins,®* the

®" For a review on TCA use, see P. K. Gillman, British Journal of Pharmacology 2007, 151, 737-748.

%2 For a study documenting hypertension as a side-effect during chloroimpramine treatment, see I. B.
Hessov, BMJ 1971, 1, 406-406.

% For a preliminary study in the use of chloroimpramine as an anti-cancer agent, see E. Daley, D. Wilkie,
A. Loesch, I. P. Hargreaves, D. A. Kendall, G. J. Pilkington, T. E. Bates, Biochem. Biophys. Res.
Commun. 2005, 328, 623-632.

s. Boonphong, P. Puangsombat, A. Baramee, C. Mahidol, S. Ruchirawat, P. Kittakoop, J. Nat. Prod.
2007, 70, 795-801.
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bulbophylols,®® and the cularines® have also been reported. The recent development of
the pharmaceutical asenapine® illustrates the continued relevance of the
dihydrodibenzoxepine scaffold in spite of the discountinued use of TCA’s in
psychotherapy. As such, studies towards the effective synthesis of

dihydrodibenzazepines and dihydrodibenzoxepines remain a worthwhile endeavour.

1.4.1 Synthetic Routes towards Dihydrodibenzoxepines and
Dihydrodibenzazepines®

The synthesis of the dihydrodibenzazepine core was first described in 1899 by Thiele
and Holzinger, via the SyAr cyclisation of a diarylaminoethane.®® Despite formation of
the core in a single step in a moderate yield, harsh conditions were required (Equation
1.4-1).

26 - 30 hrs

265 - 275 °C H
" o

60 %

Equation 1.4-1 - Early Formation of Dihydrodibenzazepine Core

Another early approach by Bergmann and co-workers™ utilised a protected o-
tolylamine. After formation of a dibromide via benzylic bromination, cyclisation was
effected with phenyllithium to give the dihydrodibenzazepine in moderate yield over two-
steps. This strategy was extended to the dihydrodibenzoxepine using o-tolylether as

the starting material, albeit in poor yield (Equation 1.4-2).

®*B.Wu, S. He, Y.-j. Pan, Planta Med. 2006, 72, 1244-1247.

% R. H. F. Manske, Canadian Journal of Research 1940, 18b, 97-99.

%7 M. Shahid, G. Walker, S. Zorn, E. Wong, J. Psychopharmacol. 2009, 23, 65-73.

% For a review on the synthesis and reactions of dihydrodibenzazepines and related ring systems see L.
J. Kricka, A. Ledwith, Chem. Rev. 1974, 74, 101-123.

%9 J. Thiele, O. Holzinger, Justus Liebigs Annalen der Chemie 1899, 305, 96-102.

® E. D. Bergmann, |. Shahak, Z. Aisenshtat, Tetrahedron Lett. 1968, 9, 3469-3470.
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Br
PhLi
O e o * C
Br 67%, X = NAC

30%,X=0

Equation 1.4-2 - Formation of the Core via Bromination and Lithiation

In the preparation of substituted products, Jorgensen and co-workers”' utilised a
Goldberg reaction between anilines and aryl bromides as the key step, giving the
desired dihydrodibenzazepine products in moderate to good yields after deprotection to
the free amine (Equation 1.4-3). Although functionality was tolerated on the reaction

partners, stoichiometric Cu was used.

r/o
AN 1. Cu (79 mol%), CuBr (35 mol%) N R
_ T Re K,COs, DMSO, 160 °C, 24 hrs R \_/
170
[~ =
RTL | Br 2. KOH, MeOH
46 - 75%

R=H, F, Cl, OCH,

Equation 1.4-3 - Formation of Dihydrodibenzazepines via Goldberg Reaction

Olivera and co-workers’® developed conditions to utilise either Cu or Pd to form
pyrazole-fused dihydrodibenzoxepines. Although a strong base and excess metal were
required, a protocol featuring Cu (Conditions A, Equation 1.4-4) gave good yields of the
desired products in short reaction times, as compared to a catalytic Pd protocol
(Conditions B, Equation 1.4-4). The Cu strategy was later applied as the key step in the
total synthesis of Bulbophylol B.”

" T. K. Jorgensen, K. E. Andersen, J. Lau, P. Madsen, P. O. Huusfeldt, J. Heterocycl. Chem. 1999, 36,
57-64.

"2 R. Olivera, R. SanMartin, F. Churruca, E. Dominguez, J. Org. Chem. 2002, 67, 7215-7225.

% J. Lin, W. Zhang, N. Jiang, Z. Niu, K. Bao, L. Zhang, D. Liu, C. Pan, X. Yao, J. Nat. Prod. 2008, 71,
1938-1941.
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A: CuBr-Me,S (2 equiv), NaH (1.1 equiv.)
Pyridine, 120 °C, 6 hrs

B: Pdydbas (3.5 mol%), dppf (14 mol%)
NaOH, Toluene, 100 °C, 17.5 - 48 hrs

R =H, Cl, OMe, NEt, X = Br, | A 57-88%
B: 16-69%

Equation 1.4-4 - Formation of the Core via Pd or Cu Mediated C-O Coupling

More recently, Buchwald and co-workers”* reported a Pd catalysed C-O coupling of a
diarylethane featuring an aryl bromide, giving the desired product in good yield with a
low catalyst loading (Equation 1.4-5).

OMe
Dioxane, 120 °C, 16 hrs E OO

HO 89%

Br [Pd(cinnamyl)Cl], (1 mol%) e}
O Ligand (3 mol%), K,CO3 (1.5 equiv) O

Equation 1.4-5 - C-O Coupling Towards Dihydrodibenzoxepine

1.4.2 Synthetic Routes towards Aza-Dihydrodibenzoxepines

A recent patent” discloses the synthesis of pyrrolidine-fused aza-
dihydrodibenzoxepines towards anti-depressant therapy, as selective norepinephrine
and serotonin receptor blockers (Figure 1.4-2). Despite the synthesis of a novel
heterocyclic scaffold, a seven step sequence was required to access the motif, giving

poor overall yields of the desired products.

Figure 1.4-2 - aza-Dihydrodibenzoxepines Used as Anti-Depresssants

™ S. Rousseaux, J. Garcia-Fortanet, M. A. Del Aguila Sanchez, S. L. Buchwald, J. Am. Chem. Soc. 2011,
133, 9282-9285.

® M. Wang, J. Liu, F. Yang, A. Wang, J. Sun, Y. Wang, J. Cui, L. Ji, Noradrenaline and Selective 5-
Hydroxytryptamine Receptor Blocker and Application 2013, CN102993208A.



26

t,”® the following sequence

For example, in the synthesis of a chloro-substituted varian
was used: beginning from 3-bromo-2-methylpyridine, benzylic bromination and Wittig
salt formation gave a phosphonium bromide, which was coupled with a substituted
benzaldehyde in a Wittig reaction. Installation of the pyrrolidine ring followed by
demethylation gave a diarylethane precursor, which underwent Cu catalysed C-O
coupling to give the aza-dihydrobenzoxepine in 1.7% yield over six steps (Scheme

1.4-1).

E\IBF 1. NBS (1.5 equiv.), Bz,0, (4 mol%) Ejfi@ B? K,COj (2 equiv.), DMF, 95°C - | Br
P NP PPNy N

N~ "Me CCly, A, 48 hrs /@CHO N |
cl OMe

Cl OMe

2. PPh3 (1.2 equiv.), Toluene, A
8.4%

45%

1. TFA (cat.), Toluene, 30 °C X Br Cul (11 mol%)
~d~y~o | N,N-dimethylglycine
I N (40 mol%)
NMe
2. HBr (aq.), A, 6 hrs DMF, 120 °C
Cl OH
57% 80%

Scheme 1.4-1 - Patent Route Towards aza-Dihydrodibenzoxepine Scaffold

Evidently, recent attention has been devoted to late-stage C-O and C-N coupling
strategies in the formation of the oxepine and azepine rings. Although the diarylethane
motif is a common precursor to the coupling step, lengthy synthetic sequences are
required to access it. More efficient syntheses of the diarylethane intermediate, or the
final product itself, should yield much interest due to the potential for biological activity.

1.4.3 Proposed Methodology

Previous work in the group?” has demonstrated the Rh catalysed arylation of
vinylarenes and heteroarenes with arylboronic acids, as discussed in Section 1.2.2. We
envisioned utilising this reaction as the key step towards an appropriately functionalised
diarylethane, which could undergo a subsequent C-O coupling step to give an aza-
dihydrodibenzoxepine or -dibenzazepine (Equation 1.4-6). This sequence would provide

’® In fact the aza-analogue of Asenapine, see Figure 1.4-1.
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a short route towards a scaffold of biological importance, and if the individual reactions

were run under similar conditions, could be amenable to domino catalysis.

G U,
= B(OH),

X=Cl,Br Y = OH, NHR

LA "~ )

Equation 1.4-6 - Proposed Methodology
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Chapter 2: Results and Discussion

2.1 Initial Reactivity of Vinyl Pyridines under Rh/Pd Catalysis

Following the report of the domino synthesis of dihydroquinolines, Jane Panteleev
initiated an investigation into the reactivity of 2-vinylpyridines and 2-
hydroxyphenylboronic acids under Rh and Pd catalysis, in conjunction with a visiting
internship student, Vaizanne Huynh. They envisioned the arylation of 3-chloro-2-
vinylpyridine (2.1) to produce an intermediate (2.2) that forms an aza-
dihydrodibenzoxepine (2.3) after a C-O coupling (Equation 2.1-1). Their progress is
summarized in this section in context of later studies undertaken by the author under the
mentorship of, and in collaboration with, Jane Panteleev.”’

s - I e
Arylatlon N7 C-O Coupling N

2.1 29 23

Equation 2.1-1 - Formation of aza-Dihydrodibenzoxepine 2.3 by Rh/Pd Catalysis

2.1.1 Synthesis of Vinyl Pyridine

The model system for methodology studies consisted of 2.1 and 2-
hydroxyphenylboronic acid. Although the boronic acid is commercially available, the
vinyl pyridine was synthesised in one step via Suzuki cross-coupling of a commercially
available dihalopyridine. Several conditions were screened at the time of optimisation
(Table 2.1.1, Entries 1 — 3), all giving 2.1 in good yield. Despite the higher catalyst
loading, more practical conditions were later determined by the author, as the vinyl

pyridine was produced in a shorter reaction time (Entry 4).”

7 Foramore detailed account of preliminary optimisation, see Jane Panteleev, PhD Thesis, 2012.
® A. R. Gomtsyan, R. G. Schmidt, E. K. Bayburt, J. F. Daanen, M. E. Kort, TRPV1 Antagonists 2009, US
2009/0124671 A1.
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Table 2.1.1 - Formation of Vinyl Pyridine 2.1

cl
(L e~ 2 °
N~ "Br Suzuki Coupling N
21
Entry Boron Source Conditions Yield of 2.1 (%)?
N
1 oBo Pd(PPhs)s (2.5 mol%), K»COs (1 equiv.) 2gb
Né\o/é\/ THF/H>0 (3.5:1), 90 °C, 16 hrs
o.
5 BTN Pd(PPh3)4 (2.5 mol%), Ko.CO3 (1 equiv.) 270
© THF/H20 (3.5:1), 75 °C, 16 hrs
Pd(dppf)Clo:DCM (2 mol%), BuNH. o
RN
3 KBTS (3 equiv.) PrOH/H,O (2:1), 88 °C, 16 hrs 60
0.
4 BN Pd(PPhs)s (5 mol%), KzCOs (4 equiv.) 70
© DME/H,0 (2:1), 100 °C, 5 hrs

%Isolated yield. °Performed by V. Huynh. °Performed by the author

2.1.2 Optimisation of Arylation and C-O Coupling Steps

Optimisation of the Rh catalysed arylation was carried out using the Hayashi-Miyaura
conditions'™ and our previous domino conditions'® as a starting point (Table 2.1.2).
Despite BINAP’s utility in previous reports, dppp was superior (Entries 2 and 4). Out of
the bases screened, potassium carbonate was optimal (Entries 4 — 7). As
protodemetallation is the final step of the arylation catalytic cycle, we screened several
protic additives. Water was shown to be the best additive (Entries 4, 8-10), even though
MeOH was used in our previous domino report. -AmylOH was also competent (Entry
10). Under the optimised conditions, an excellent yield of the addition product (2.2, 94%)
was obtained, with phenol as the only significant by-product observed. This by-product
arises from deborylation of the boronic acid under the reaction conditions, and was
separable from the product by chromatography.



Table 2.1.2 - Optimisation of Arylation of 2.1
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Cl

(\/KCI/ CEOH [Rh(cod)(OH)], (2 mol%), Ligand (x mol%) | N OH
N/ 7 B(OH), Base (2 equiv.), Solvent, 60 °C, Time N/
21 2.2
Ligand Time Yield
Entry (mol%) Base Solvent (hrs) (%)°
1 dppf (4) K>COs3 Dioxane/H>0 (10:1) 16 10°
2 BINAP (4) KoCOs3 Dioxane/H>0 (10:1) 16 5P
3 PPh; (8) KoCOs Dioxane/H,O (10:1) 16 52P
4 dppp (4) K2CO3 Dioxane/H.O (10:1)  5°,16° 949 99°
5 dppp (4) KOAc Dioxane/H,O (10:1) 16 23P
6 dppp (4) NEts Dioxane/H,O (10:1) 5 67°
7 dppp (4) CsCOs Dioxane/H-0 (10:1) 5 55°
8 dppp (4) KoCO3 Dioxane/MeOH (10:1) 16 78°
9 dppp (4) Ko.COs  Dioxane/tBuOH (10:1) 16 79°
10 dopp (4) KoCOs D'Oxarzfgf?)my'OH 16 89°
11 dppp (4) KoCOs3 t-BuOH 16 15°¢

Reaction conditions: [Rh(cod)(OH)]z (2 mol%), ligand, base (2 equiv.) in dioxane pre-stirred for 10 minutes
in sealable vial. Solution of vinyl pyridine and boronic acid (2 equiv.) added, vial sealed. Mixture heated to
60 °C for the indicated time. *Yield obtained by NMR analysis of the crude reaction mixture, using 1,3,5-
trimethoxybenzene as an internal standard. ®Performed by V. Huynh. °Performed by the author. YIsolated

yield.
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Optimisation of the C-O coupling step was performed’® using our previous domino
conditions as the starting point (Table 2.1.3). The key modification to the conditions was
the use of BUOH as a solvent,®® giving 2.3 in a good yield (Entry 3). Changing the base
to potassium phosphate (Entry 4) or the use of a tBuOH/dioxane co-solvent (Entry 5)
was inferior. The elevated temperature, 120 °C, was required, as reaction at 100 °C
gave a poor yield (Entry 6).

Table 2.1.3 - Optimisation of C-O Coupling

| \/ cl OH Pd(OAc), (2 mol%), X-Phos (4 mol%} | \/ ©
N Base (1.5 equiv.), Solvent, T, Time N
2.2 2.3
Entry Base Solvent T(eC) Time (hrs) Yield (%)?
1 KoCOs3 Dioxane (0.1M) 120 24 32
2 K>COs3 Dioxane (0.2M) 120 24 41
3  KoCO; tBuOH (0.2M) 120 24 84"
4 KsPOy4 tBuOH (0.2M) 120 24 45
5 KoCO3 Dioxane/tBuOH (1:1, 0.2M) 120 36 33
6 K2COs BuOH (0.2M) 100 48 10

Reaction conditions: Pd(OAc). (2 mol%), X-Phos (4 mol%), base (2 equiv.), and intermediate 2.2 added to
a vial, purged with argon, dissolved in solvent and sealed. Mixture heated to the indicated temperature for
the indicated time. ®Yield obtained by NMR analysis of the crude reaction mixture, using 1,3,5-
trimethoxybenzene as an internal standard. "Isolated yield.

Although considerable optimisation for the arylation and C-O coupling had been
completed, combining the individual steps in a domino process had not yet been
realised. Comparing the conditions for the individual steps illustrates several similarities
along with one significant difference: while both steps involved weak bases, elevated

temperatures and similar reaction times, the arylation proceeded in dioxane/water

" performed by V. Huynh.
8 X. Huang, K. W. Anderson, D. Zim, L. Jiang, A. Klapars, S. L. Buchwald, J. Am. Chem. Soc. 2003, 125,
6653-6655.
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(Table 2.1.2, Entry 4), whereas the C-O coupling proceeded in BuOH (Table 2.1.3,
Entry 3).

Our initial attempts to use the same solvent for each step were met with poor yields of
the desired products: application of BuOH for the arylation gave only a 30% vyield of 2.2
(Table 2.1.2, Entry 11), whereas the use of dioxane for the C-O coupling gave at best
41% vyield of 2.3 (Table 2.1.3, Entry 2). For further optimisation, we chose to re-
investigate the conditions for the C-O coupling step (Table 2.1.4).8! Although the use of
Josiphos was unsuccessful,?? tBuX-Phos in conjunction with potassium phosphate in
toluene®® gave 2.3 in good yield (Table 2.1.4, Entries 2 and 3). Substituting potassium
carbonate, the base for the arylation step, for potassium phosphate was not effective
(Entry 4). We were pleased to find that the BuX-Phos catalyst system was compatible
with dioxane, giving 2.3 in good yield (Entry 6). With comparable results to the BuOH
protocol (Table 2.1.3, Entry 3), these results indicate that a more active catalyst (Pd-
BuX-Phos vs. Pd-X-Phos) can overcome the difficulties imposed by the formation of an

eight-membered palladacycle intermediate in a less polar solvent.

Table 2.1.4 - Further Optimisation of C-O Coupling Towards Domino Reactivity

(0]
A cl OH Pd(OAc), (5 mol%), Ligand A

— —

N Base, Solvent, T, Time N

2.2 23

Entry Ligand (mol%) Base (equiv.) Solvent T (eC) Time (hrs) Yield (%)?

1 Josiphos (7)  NaO#Bu (1.5) (5';"5) 100 15 0
2 BuX-Phos (10)  KsPO4 (2) T(g"g‘fvrl‘)e 100 15 86
3 BuX-Phos (10)  KsPOs (2) 'I'((())Ilé?vr;)e 100 5 89

8 performed by J. Panteleev.
# Conditions adapted from Q. Shen, J. F. Hartwig, Org. Lett. 2008, 10, 4109-4112.
8 C. H. Burgos, T. E. Barder, X. Huang, S. L. Buchwald, Angew. Chem. Int. Ed. 2006, 45, 4321-4326.
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4 BuX-Phos (10)  K.COs (2) T(g";‘fvrl‘)e 100 5 63
5  tBuX-Phos (10) KsPO4 (2) D('(;’;:n“)e 100 5 86

Reaction conditions: Pd(OAc)2 (5 mol%), ligand, base, and intermediate 2.2 added to a vial. Contents purged with
argon, dissolved in solvent and sealed. Mixture heated to the indicated temperature for the indicated time. *Yield
obtained by NMR analysis of the crude reaction mixture, using 1,3,5-trimethoxybenzene as an internal standard.
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2.2 Towards Domino Reactivity and Stepwise Boronic Ester Scope

We envisioned two strategies towards the development of a domino protocol based on
the arylation and C-O coupling described in Section 2.1. First, we considered the simple
combination of both steps in one vessel, since reactions were conducted under similar
conditions. Second, we devised a change in substrate electronics to facilitate the

domino process, due to our initial results.

2.2.1 Initial Combination of Optimised Arylation and C-O Coupling Steps

Several of our initial attempts towards domino reactivity are featured in Table 2.2.1.
While we were pleased to observe the formation of aza-dihydrodibenzoxepine 2.3 even
in preliminary experiments, the conversion of 2.2 to 2.3 via C-O coupling proved to be
problematic. Our best result was the formation of 2.3 in 15% yield by NMR (Entry 2),
even upon increasing the Pd/iBuX-Phos loading to push the Pd catalysed step to

completion.
Table 2.2.1 - Preliminary Domino Attempts Towards 2.3
Y OH [Rh(cod)OH], (2 mol%), dppp (4 mol%) Y OH 0
(I/ ©: Pd(OAc), (x mol%), tBuX-Phos (y mol%) | _ | N
N B(OH), > N P
Base, Dioxane/H,O (10:1) N
2.1 100 °C, 14-16 hrs 2.2 2.3
Base o . o Yield of 2.2 Yield of 2.3

Entry (equiv.) Pd (mol%) Ligand (mol%) (%)° (%)?
1 KoCOs3 (3) Pd(OAc)2 (2) BuX-Phos (3) 60 6
2 K3sPO4(3) Pd(OAc)2(2) tBuX-Phos (3) 56 15
3 K3sPO4 (3) Pd(OAc)2 (5) BuX-Phos (7) 63 4
4 KsPO4 (3) Pd(OAc), (10) BuX-Phos (14) 43 5

Reaction conditions: Vinyl pyridine, boronic acid (2 equiv.), base (3 equiv.) added to a vial and purged with
argon. Pre-mixed catalyst solutions of [Rh] and [Pd] in dioxane added to reaction vials, water and additional
dioxane added. Mixture sealed and heated to 100 °C for the indicated time. ®Yield obtained by NMR analysis of
the crude reaction mixture, using 1,3,5-trimethoxybenzene as an internal standard.
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Despite further optimisation, such as the use of stronger base (e.g. NaOtBu) or the use
of other bulky ligands (e.g. Me4fBuX-Phos, tBuBrettPhos), we always observed reaction
stalled at the intermediate (2.2). As such, it became evident that favourable reaction
conditions would be difficult to ascertain, and we turned towards an investigation of the
substituents tolerated on the vinyl pyridine and the boronic acid. With a route towards
vinyl pyridine 2.1 already in hand, we decided to pursue the reaction of differently
substituted boronic acids in the two-pot, two-step process, before investigating the effect
of substitution on the vinyl pyridine.

2.2.2 Synthesis of 2-Hydroxyphenylboronic Esters

Although 2-hydroxyphenylboronic acid was commercially available, its substituted
analogs were unavailable or were prohibitively expensive.®* We instead used the
commercially available 2-methoxy variants, obtaining the desired boronic acids in one
step via demethylation. According to the literature,®® this has been readily accomplished
using 3 equiv. BBrs3,%® although reports varied as to the required reaction temperature. In
our hands, performing the reaction at -78 °C led to the solidification of reaction mixtures,
whereas performing the reaction at room temperature gave phenols, due to deborylation
subsequent to demethylation.®” We therefore chose to conduct reactions at 0 °C.
Purification of the crude products proved difficult, as the boronic acids were unstable to
silica and recrystallization was not trivial. We instead opted to protect the boronic acids
as the pinacol esters, allowing for more facile purification via column chromatography.
Using this protocol, we obtained several substituted 2-hydroxyphenylboronic esters in
moderate to good yields, on gram scale (Table 2.2.2).

84 Generally $100/g or more, making these impractical to order for a scope of 5-10 different substituents
For an example demethylation protocol, see S. Routier, P. Peixoto, J.-Y. Mérour, G. Coudert, N. Dias,

C. Balilly, A. Pierré, S. Léonce, D.-H. Caignard, J. Med. Chem. 2005, 48, 1401-1413.

% Excess (3 equiv.) BBr; allows for the reaction to proceed in the presence of other coordinating

functional groups. In this case, the extra 2 equiv. sequester the hydroxy groups on the boronic acid. See

J. F. W. McOmie, M. L. Watts, D. E. West, Tetrahedron 1968, 24, 2289-2292.

8 Adding only 1 equiv. of BBrz at 0 °C and warming to room temperature gave poor conversion towards

the desired 2-hydroxyphenylboronic acid, and deborylation of the product was observed by TLC.
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Table 2.2.2 - Synthesis of 2-Hydroxyphenylboronic Esters via Demethylation

R_I\ OMe 1. BBr3 (3 equiv), DCM, 0°C, 10 - 15 mins R_'\ OH
A B(OH), 2. Pinacol (1 or 2 equiv), Et,O, rt, 16 hrs N Bpin
Entry Product Yield (%)* | Entry Product Yield (%)?
/@EOH OH
1 Cl Bpin 80 4 Me/©:8pin 65
2.4 2.7
OH /@[OH
b
2 Br Bpin 71 5 HO Bpin 65
2.5 2.8
OH
OH
3 : :Bpin 67 6 FQBW 40
F
26 2.9

%Isolated yields. °Reaction performed using 6 equiv. BBr3, for 60 minutes.

In the synthesis of boronic esters containing methoxy functionality, we envisioned that
selective demethylation of the o-methoxy group would be problematic. Because
methoxy-substituted 2-halophenols were available,®® we instead opted for a lithium-
halogen exchange protocol involving the formation of a dianion (Scheme 2.2-1). % The
major by-product of this protocol was the corresponding phenol, and we obtained low
yields of the desired boronic esters (2.10 and 2.11). We attribute the low yields to
product instability, as well as possible side reactions arising from the reaction
procedure, such as reaction of n-butyloromide produced in-situ, or the quench of 2-
lithiophenol produced in-situ with a mol of starting material, depending upon which anion

had formed first.

8 2_bromo-4-methoxyphenol is commercially available, whereas 2-iodo-6-methoxyphenol was graciously
sg/nthesised by Dr. Harald Weinstabl

8 Adapted from a) S. L. T. X. Timothy P. Kogan, H. T. X. Brian Dupre, H. T. X. lan L. Scott, H. T. X. Karin
Keller, H. T. X. Huong Dao, H. T. X. Pamela J. Beck, Binding of E-Selectin or P-Selectin to Sialyl
Lewis.Sup.X or Sialyl-Lewis.Sup.A 1995, US 5444050 b) C. Schneider, E. Broda, V. Snieckus, Org. Lett.
2011, 713, 3588-3591.



/@iOH 1. n-Buli (2.2 equiv), THF, -78 °C — 0 °C, 20 mins
MeO Br 2. MeOBpin (4 equiv), THF, 0 °C — rt, 16 hrs
OMe 1. n-Buli (2.2 equiv), THF, -78 °C — 0 °C, 20 mins
OH

2. MeOBpin (4 equiv), THF, 0 °C — rt, 16 hrs

37

joul
MeO Bpin

210, 31%

OMe
OH

Bpin
2.11, 30%

Scheme 2.2-1 - Formation of Methoxy-Substituted Boronic Esters

In the synthesis of a boronic ester featuring a naphthyl core, our attempts at
demethylation using the procedure in Table 2.2.2 led to decomposition of starting
material. In this case, adapting a DoM protocol of Snieckus using the MOM directing

group,® we obtained a good yield of the desired boronic ester, on gram scale (Equation

2.2-1).

OMOM 1. s-BuLi (1.3 equiv), TMEDA (1.3 equiv), THF, -78 °C, 1.5 hrs

2. B(OMe); (2 equiv), -78 °C, 1 hr
OO 3. Pinacol, (4 equiv), 0°C, 1 hr »> rt, 17 hrs

4. 1% HCI, MeOH, rt, 4 hrs

OH

l il Bpin

212, 72%

Equation 2.2-1 - Synthesis of Naphthyl Boronic Ester 2.12

In order to compare reactivity to the corresponding boronic acid, we also synthesised

the pinacol protected variant of 2-hydroxyphenylboronic acid. Under Dean-Stark

conditions, we obtained an excellent yield of boronic ester 2.13.

OH Pinacol (1.1 equiv.)
@B(OH)Z Toluene, 130 °C, 25 hrs @

2.13, 93%

Equation 2.2-2 - Pinacol Protection Towards 2.13

OH

Bpin

g Nerdinger, C. Kendall, X. Cai, R. Marchart, P. Riebel, M. R. Johnson, C. F. Yin, L. D. Eltis, V.

Snieckus, J. Org. Chem. 2007, 72, 5960-5967.
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2.2.3 Boronic Ester Scope of Two-Step Protocol

Application of the substituted boronic esters proceeded smoothly using our previously
optimised conditions. Our protocol consisted of a two-pot process, with chromatographic
purification after both steps. Boronic esters featuring electron-donating (Entries 1 - 3)
and electron-withdrawing (Entries 4 — 6) substituents were well tolerated, even if o-
substituted (Entries 2 and 5). We observed better reactivity when performing the

arylation step at 90 °C, likely due to the decreased reactivity of the pinacolyl derivatives.

Table 2.2.3 - Boronic Ester Scope of Two-step Protocol

(ﬁ/\(ﬂ/ (jio"' [Rh(cod)(OH)], (2 mol%), dppp (4 mol%) | Y OH
R .
N7 “Bypin N7 X

K,CO3 (2 equiv.), Dioxane/H,O (10:1)

| +R
90 °C, 17 -29 hrs F
21 24-2.13 2.2, 2.14-int - 2.18-int
o/ xR
Pd(OACc), (2 or 5 mol%), X-Phos (4 or 10 mol%) | N N\ /
> —
K>COj3 (1.3 equiv.), tBuOH, 120 °C, 22- 24 hrs N
2.2, 2.14-int - 2.18-int 2.3,214-2.18
Entry Boronic Ester Product Yield(%)?
o i
| X
1 Bpin N/ 68
213 23
OMe MeO
OH - 0
1 Boin | 74
P N
2.11 214
OH
/@[ X © OMe
2 MeO Bpin | N/ 58b

2.10 2.15
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OH
/@: | A o Me
3 Me Bpin 4 28
27

216

OH (o]
X » F :
4 F Bpin i 64
2.9

N
217
OH
(0]
X
5 Bpin » 50°
F N F
26 2.18

3|solated yield, chromatographic purification after both steps. °Arylation reaction
performed using 2 mol% dppp. “Arylation reaction performed at 110 °C.

When we used pinacol-protected 2.13 as the organoboron partner in the arylation step,
we obtained a lower yield as compared to when we used 2-hydroxyphenylboronic acid
(Scheme 2.2-2). Although the pinacol derivatives were easier to access, if a
reproducible purification protocol for the boronic acids could be implemented, a more
efficient process towards the aza-dihydrodibenzoxepine motif could be developed.

(\/(C'/ @[OH [Rh(cod)(OH)], (2 mol%), dppp (4 mol%) | Y OH
NTNF B(OH), Z

K,CO; (2 equiv.), Dioxane/H,0 (10:1) N
60 °C, 5 hrs
2.1
2.2,94%
Y OH [Rh(cod)(OH)], (2 mol%), dppp (4 mol%) Y OH
| P ' |
N Bpin K,COj5 (2 equiv.), Dioxane/H,0 (10:1) N
90 °C, 17 hrs
2.1 2.13 2.2,81%

Scheme 2.2-2 - Arylation Using Boronic Acid and Boronic Ester

When we used chloro-substituted 2.4 as the reaction partner in the arylation step, we
obtained a good yield (Equation 2.2-3). However, when we subjected the product to the
Pd catalysed C-O coupling step, we could only isolate an 80% pure mixture of the
product and a decomposition product. This was likely due to insufficient electronic bias
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towards oxidative addition of the pyridyl chloride, or due to oxidative addition into the
product, leading to decomposition.

o C OH [Rh(cod)(OH)], (2 mol%), dppp (4 mol%) G OH
A _ |

Cl Bpin K,COj3 (2 equiv.), Dioxane/H,0 (10:1) N

90 °C, 17 - 29 hrs

C
21 24 2.19, 81%

Equation 2.2-3 - Arylation Using Chloro-Substituted Boronic Ester 2.4

224 Modification of the Core: Bromo-Substituted Vinyl Pyridine

With the application of substituted boronic esters in our two-step protocol, we were able
to access a variety of substitution patterns on the aryl ring of the aza-
dihydrodibenzoxepine motif. We were equally interested in modification of the pyridine
fragment, especially if this would bias the electronics of the system towards a successful
domino process. One of the first ideas that we tested involved the reaction of bromo-
substituted vinyl pyridine 2.20. We reasoned that if the C-O coupling was in fact the
problematic step (vide supra), then the more facile oxidative addition of a C-Br bond
should make the C-O coupling more facile.”” We were able to synthesise bromo-
substituted vinylpyridine 2.20 via the Suzuki coupling of 2,3-dibromopyridine, adapted

from the literature.%?

BT Pd(dppf),Cl,-DCM (6 mol%), NEt; (1.1 equiv) B

| Z O BFK -

N” “Br MeOH, 100 °C, 22 hrs NTNF
2.20, 50%

Equation 2.2-4 - Synthesis of Bromo-Substituted Vinyl Pyridine 2.20

Application of 2.20 in our initial arylation procedure resulted in no observable product by
crude NMR, leaving unreacted starting material. However, we did observe formation of
two new spots by TLC, likely corresponding to phenol and the arylation product. This

suggested that arylation was in fact occurring, but at a slow rate, likely due to the steric

% This assumes that the oxidative addition is the rate-determining step in the reaction, which may not be
the case.

% ) E. J. Gilbert, W. J. Greenlee, S. W. Li, M. W. Miller, J. D. Scott, A. Stamford, C. Celly, Substituted
Piperazines as CB1 Antagonists 2009, WO 2009/005671 A2 b) E. J. Gilbert, M. W. Miller, J. D. Scott, D.
Demong, A. Stamford, W. J. Greenlee, C. Celly, Subsituted Piperazines as CB1 Antagonists 2009, WO
2009/005646 A2.



41

bulk of the bromide substituent vs. the chloride, or oxidative addition into the C-Br bond

by Rh,* sequestering the catalyst.

(\/RB; E:[OH [Rh(cod)OH], (2 mol%), dppp (4 mol%) | X Br OH
NTNF B(OH), K,COy, Dioxane/H,0 (10:1) NT

60 °C, 5hrs » 90 °C, 16 hrs

2.20 2.21, 0%
(NMR)

Equation 2.2-5 - Initial Attempt at the Arylation of 2.20

Although at the time we decided to pursue other options (vide infra), we later reasoned
that a more active Rh-diene catalyst might mitigate these problems.** Using Lam’s
diene as the ligand for Rh, we obtained a 22% yield of the arylation product by NMR, in
a comparable reaction time and catalyst loading to the Rh/dppp reaction (Equation
2.2-6). Further optimisation, such as an increased reaction time, a higher catalyst
loading, or the use of microwave technology, should provide a working arylation

procedure.
S OH [Rh(C2HA)Cll> (2.5 moi%) ~ B on Me
| A Ligand (5 mol%), K,CO3 (2 equiv) | _ Me 0
N B(OH), N | .
Dioxane/H,0 (10:1), 100 °C, 16 hrs 7 NBn,
220 2.21,22% ve” =
(NMR) | Ligand

Equation 2.2-6 - Arylation of 2.20 using Lam's Diene

2.2.5 Modification of the Core: Trifluoromethyl-Substituted Vinyl Pyridine

In the development of a second strategy towards domino reactivity, we reasoned that an
appropriately placed electron-withdrawing substituent should facilitate each or both of
the arylation and C-O coupling steps, since the pyridine acts as the electrophile in both

these reactions. As 2,3-dichloro-5-(trifluoromethyl)pyridine is readily available,® we

% For examples of catalytic processes involving oxidative addition to Rh', see a) T. Ishiyama, J. Hartwig,
J. Am. Chem. Soc. 2000, 122, 12043-12044 b) M. Murata, M. Ishikura, M. Nagata, S. Watanabe, Y.
Masuda, Org. Lett. 2002, 4, 1843-1845 c) R. B. Bedford, M. E. Limmert, J. Org. Chem. 2003, 68, 8669-
8682 d) X. Wang, B. S. Lane, D. Sames, J. Am. Chem. Soc. 2005, 127, 4996-4997 e) S. Yanagisawa, T.
Sudo, R. Noyori, K. Itami, J. Am. Chem. Soc. 2006, 128, 11748-11749 f) M. Kim, S. Chang, Org. Lett.
2010, 72, 1640-1643.

% See Section 1.2

% <$1/g from several suppliers



42

decided to apply it to our methodology. Our first attempts towards the corresponding
vinyl pyridine (2.22) used a Stille reaction protocol (Table 2.2.4).%

Table 2.2.4 - Optimisation of Stille Coupling Towards 2.22

FaC ~ cl e | [Pd] | FaC ~ cl
N Stille Coupling NT
2.22
Entry Pd ‘(\gsj'\‘/’? Solvent T (°C) {r']rr‘;‘)a g,{j'g,/oo)ﬁ 222"2'0253
1 Pd(PPh3)Clz None Toluene 100 16 0 <10
2 Pd(PPhs)Cls BLIL(%' ((o.'fc))) Dioxane 100 16 0 <10
3 Pd(PPhy)Cl, CsF(2) Dioxane 100 16 0 <10
4 Pd(PPhs)4 None Dioxane 100 16 0 15
5 Pd(PPhs)4 None Dioxane 100 2 31 26
6  Pd(PPhgs LiCI(1.2) Dioxane 100 2 39 38
7 Pd(PPhs), clz_L?I(oT (')25)) Dioxane 100 2 50 23
8  Pd(PPh), BL:IC%' ((3_'15())) Dioxane 100 2 34 35
9  Pd(PPhy), LiCI(1.2) Dioxane 85 16 0 65
10 Pd(PPhs)4 LiCl (1.2)  Dioxane 60 16 40 44

®Yield obtained by NMR analysis of the crude reaction mixture, using 1,3,5-trimethoxybenzene as an internal
standard. ®Isolated yield.

Our key realisation was the fact that 2.22 is unstable to prolonged heating. As such,
early attempts at conducting the Stille reaction at reflux (~100 °C) for a prolonged period

were unsuccessful (Entries 1 - 4). We began to observe more of 2.22 when reducing the

% Performed by J. Panteleev.
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reaction time to 2 hrs (Entries 5 — 8). A longer reaction time was needed when the
temperature was lowered to 85 °C (Entry 9), whereas a further reduction in temperature
to 60 °C gave incomplete conversion to the product (Entry 10). Under our optimised

conditions, we obtained a moderate yield of the desired vinylpyridine.

In the interest of scaling up the reaction for later optimisation studies, as well as the
desire to avoid exposure to toxic tin reagents, we investigated the use of a Suzuki
reaction towards 2.22. Our initial attempt proceeded via the formation of the 2-bromo-3-
chloropyridine,®” although we later determined that the dichloropyridine was a suitable
starting material (Scheme 2.2-3). The Suzuki protocol proceeded in a similar yield as

the Stille protocol, but in a shorter reaction time.

FsC o Cl  TMSBr(2.2equiv.) FaCox Ol Pd(PPhs), (5 mol %), KoCO3 (4 equiv.)  F3C -~ Cl

| |
N”>c)  Propionitrile, 100 °C, 16 hrs N7 Br | DME/H,0 (2:1), 100 °C, 5 hrs NZF

89% O\B/\ 2.22,75%
90% conversion (')

FSC\@CI Pd(PPhs), (5 mol %), K,CO5 (4 equiv.)  FaC_xCl

|
N”>Cl DME/H,O (2:1), 100 °C, 5 hrs N7 NF

>(O(\|I3/\ 2.22,60%
0

Scheme 2.2-3 - Synthesis of 2.22 via Suzuki Coupling

Our initial application of 2.22 was in a stepwise procedure, providing our desired final
product (2.24) in good yield over two-steps (Table 2.2.5, Entry 1). When we applied 2.22
in a domino transformation, we were pleased to observe full conversion to 2.24 by crude
NMR, with none of vinyl pyridine 2.22 or arylated intermediate 2.23 detected (Table
2.2.5, Entry 2). Based upon our previous results, it seemed like the trifluromethyl group
had provided sufficient electronic bias for each reaction to proceed efficiently in the

same pot, with similar yields to the stepwise protocol.

%"a) M. Schlosser, F. Cottet, Eur. J. Org. Chem. 2002, 2002, 4181-4184 b) L. Tafesse, N. Kurose, TRPV1
Antagonists and Uses Thereof 2008, WO 2008/132600 A2.
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Table 2.2.5 - Comparison of Stepwise and Domino Processes Towards 2.24%

FsC_~Cl  [Rh(cod)OH], (2 mol%) | FaC_~Cl OH | PdOAd), (moi%)  FaCi A ©
| dppp (4 mol%) | tBuX-Phos (10 mol%) |
N NF N7 Nig

K,CO5 (2 equiv.) KsPO, (2 equiv.)
Dioxane/H,O (10:1) Dioxane
2.22 OH 2.23 2.24
: jB(OR)2
" Yield of
Entry Protocol Conditions

2.24 (%)?

Stepwise: Filter through Arylation: 60 °C for 16 hrs

silica between reactions C-O Coupling: 100 °C for 24 hrs 62
Domino: All components 56P
2 present from start, pre-mix 100 °C for 24 hr G?C

catalyst solutions

Yield determined by NMR analysis of the crude reaction mixture, using p-nitroacetophenone as an
internal standard. "Reaction performed using the boronic acid. “Reaction performed using the pinacol
ester

% Performed by J. Panteleev.
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2.3 Domino Process Using Trifluromethyl-Substituted Vinyl Pyridine

With a promising initial hit in hand, we were anxious to investigate this new domino
transformation of vinyl pyridines. We began with the optimisation of domino parameters,
after which we looked into the order of events and mass balance of the combined
transformation. After optimisation was complete, we tested the substituent scope on the
boronic ester and on the vinyl pyridine. This work was conducted by the author in
collaboration, and under the mentorship of, Jane Panteleev. Work was also conducted
on an asymmetric variant of the domino reaction, first investigated by Jane Panteleev

and later optimised by Jennifer Tsoung.

2.3.1 Initial Optimisation

We began our optimisation by looking at the effect of Pd/BuX-Phos loading on the
combined domino process (Table 2.3.1).%° We determined that there was little effect on
the yield of 2.24 when varying the amount of Pd catalyst in the system, although the use
of 10 mol% seemed to be inferior. In this case, by-product formation and decomposition
seemed to make up the mass balance, as none of vinyl pyridine 2.22 or arylated
intermediate 2.23 was observed by crude NMR. Suzuki products were not detected,

suggesting that selectivity was possible under the reaction conditions.

Viewing the variation of Pd/iBuX-Phos loading as a change in the ratio of [Rh] to [Pd]
present in the reaction, we concluded that higher loading of each catalyst did not
interfere with the activity of the other. This result is opposite to what was observed in our
domino synthesis of dihydroquinolines, as inhibition of the Pd catalyst was observed
with increasing Rh/BINAP loading. Perhaps Rh binds dppp tighter than BINAP, or Pd-
BuX-Phos is of a higher catalytic activity, masking any inhibitory effects. It is also
possible that BuX-Phos does not bind Rh to an appreciable degree, as we observed for

Rh/X-Phos binding in our previous domino study.

% Performed by J. Panteleev.
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Table 2.3.1 - Effect of Pd Loading on Domino Process

FsC x Cl OH [Rh(cod)OH], (2 mol%), dppp (4 mol%) F.C 0O
| Pd(OAc), (x mol%), tBuX-Phos (y mol%) 3 A
AP . |
N Bpin =
K,CO3 (2 equiv.), K3PO4 (2 equiv.) N
Dioxane/H,0O (10:1), 100 °C, 16 hrs
2.22 213 2.24

Entry  Pd(OAc), (mol%) tBuX-Phos (mol%) Yield of 2.24 (%)?

1 2.5 5 63
2 5 10 64
3 7.5 15 60
4 10 20 54

Reaction conditions: Vinyl pyridine, boronic acid (2 equiv.), base (3 equiv.) added to a
vial and purged with argon. Pre-mixed catalyst solutions of [Rh] and [Pd] in dioxane
added to reaction vial, water and additional dioxane added. Mixture sealed and heated
to 100 °C for 16 hrs. ®Yield obtained by NMR analysis of the crude reaction mixture,
using p-nitroacetophenone as an internal standard.

We next examined the effect of individual ligand loading on the efficiency of the domino

190 1f conducted in the absence of BuX-Phos, the domino reaction

process (Table 2.3.2).
gave only arylated intermediate 2.23 (Entry 1). Removing the Pd source also gave 2.23,
suggesting that the C-O coupling step does not proceed via an SyAr mechanism (Entry
2). We observed that an increased amount of dppp led to a decreased yield of 2.24,
whereas complete omission of dppp led to an increased yield of 2.24 (Entries 3 and 4).
The decreased yield of 2.24 is ascribed to decomposition, as the vinyl pyridine or
arylated intermediate were not observed by NMR. In this case, it is possible that Pd was
sequested by extraneous dppp, decreasing the efficiency of the C-O coupling step and
allowing other processes to occur. The result obtained with the complete omission of

dppp highlights the efficiency of diene ligands in the arylation process.

1% performed by J. Panteleev.
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Table 2.3.2 - Effect of dppp and tBuX-Phos Loading

FsC Gl [Rh(cod)OH], (2 mol%), dppp (x mol%) FsC Gl OH FiC o
| Pd(OACc), (5 mol%), tBuX-Phos (y mol%) | ~
NT N7 P
K,CO5 (2 equiv.), KsPO, (2 equiv.) N
2.23

Dioxane/H,0O (10:1), 100 °C, 16 hrs
98
Bpin

213

2.22 2.24

Entry dppp (mol%) tBuX-Phos (mol%) Yield of 2.23 (%)? Yield of 2.24 (%)?

1 4 0 77 0
2° 4 10 83 0
3 8 10 0 45
4 0 10 0 73

Reaction conditions: Vinyl pyridine, boronic acid (2 equiv.), base (3 equiv.) added to a vial and purged
with argon. Pre-mixed catalyst solutions of [Rh] and [Pd] in dioxane added to reaction vials, water and
additional dioxane added. Mixture sealed and heated to 100 °C for 16 hrs. *Yield obtained by NMR
analysis of the crude reaction mixture, using p-nitroacetophenone as an internal standard. ®Reaction
performed without Pd(OAc)s.

Our final round of optimisation involved an investigation into the pre-mixing requirement.
Although we had performed each optimisation reaction using pre-mixed catalyst
solutions, a more practical approach would involve combining all starting materials,
catalysts, and bases in a single vessel. When we followed this approach, we observed
similar reactivity to reaction conducted using pre-mixed catalyst solutions; these
optimised conditions led to the desired domino product (2.24) in 67% yield.

FsC P OH [Rh(cod)OH], (2 mol%) FsC 0
| Pd(OAc), (5 mol%), tBuX-Phos (10 mol%) N
Az . |
N Bpin N/
K,CO3 (2 equiv.), K3POy (2 equiv.)
Dioxane/H,0O (10:1), 100 °C, 18 hrs
2.22 213 2.24,67%
Protocol: No pre-mixing of [Rh] or [Pd],
All components present at the start
Stir for 10 minutes at rt before heating

Equation 2.3-1 - Optimised Domino Reaction
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2.3.2 Order of Events and Further Optimisation

With optimised domino conditions in hand, we wondered if each catalyst combination
was in fact operating in the same manner as in the stepwise process, such that Rh was
performing the arylation and Pd was performing the C-O coupling. In addition, we
wondered whether the removal of catalyst pre-mixing had an effect on the reactivity;
whereas previously we had heated the reaction directly after adding catalyst solutions to
the solution of starting materials and base, having all components present at the start

and stirring at room temperature introduced a quasi “two-temperature” domino protocol.

When we took a TLC of the domino reaction mixture after the 10 minutes stirring period
at room temperature, we, surprisingly, observed full conversion of vinyl pyridine 2.22 to
arylated intermediate 2.23. Such reactivity was unexpected, as our previously
established conditions for Rh catalysed arylation necessitated 60 °C or above heating
for several hours (cf Table 2.1.2). However, in light of the efficiency of diene ligands in
the Hayashi-Miyaura reaction, especially in allowing reaction at room temperature (cf
Section 1.2.1), this reactivity was not unprecedented.

At this point, we compared the reactivity of each catalyst system under the room
temperature reaction conditions (Table 2.3.3). Performing the domino reaction without
Pd(OAc), and BuX-Phos led to 86% yield of 2.23 by NMR (Entry 1). Performing the
domino reaction without [Rh(cod)OH], led only to 10% of 2.23 by NMR, with the
remainder being vinyl pyridine 2.22 (Entry 2). Since any Pd catalysed arylation had to
have occurred via transmetallation of the aryl-boron species to Pd", we performed the
domino reaction without [Rh(cod)OH]. but in the presence of Pd.dbas. In this case, 2.23
and 2.24 were not observed by NMR, leaving unreacted 2.22. However, the use of
Pd.dbas or other Pd’ sources, such as Buchwald palladacycles, in the combined domino
process did not lead to an increased yield of 2.24. Finally, if the domino reaction was
allowed to stir overnight (18 hrs) at room temperature, 65% of 2.23 and 11% of 2.24
were observed by NMR (Entry 3).
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Table 2.3.3 - Domino Reaction at Room Temperature

FsC Cl [Rh(cod)OH], (x mol%) FsC cl
A 2 X FsC o
| Pd Source (y mol%), tBuX-Phos (10 mol%) | OH 3 N
NN N” L
K,COs (2 equiv.), KsPO, (2 equiv.) N
2.23 2.24

\

Dioxane/H,0 (10:1), rt, Time

9l
Bpin

2.22

213
Entry R(rr]ngllzpjr Pc(j mS(;)I;SJG Time YielczoZ;aZ.ZS YielczoZ;aZ.24
1 2 0 10 mins 86 0
2 0 Pd(OAc)2 (5) 10 mins 10 0
3 0 Pd.dbas (2.5) 10 mins 0 0
4 2 Pd(OAc): (5) 18 hrs 65 11

Reaction conditions: Vinyl pyridine, boronic acid (2 equiv.), K2COs (2 equiv.), KsPO4 (2 equiv.), and
catalysts/ligands, if applicable, added to a vial and purged with argon. Dioxane and water added. Mixture
sealed and stirred at room temperature for the indicated time. ®Yield obtained by NMR analysis of the
crude reaction mixture, using 1,3,5-trimethoxybenzene as an internal standard.
These results suggest the preferential reaction of starting materials via Rh catalysed
arylation, with further heating required for the intermediate to undergo full conversion in
the C-O coupling step. Therefore, it seems that Rh was indeed performing the arylation

prior to Pd performing the C-O coupling, as in the stepwise process.

2.3.3 Mass Balance

Comparing our optimised domino conditions to our room temperature arylation
conditions, we noticed a discrepancy in the conversion of intermediate 2.23 to final
product 2.24; while the arylation gave 86% of 2.23 by NMR, we could only isolate 67%
of 2.24 in the domino process. Closely investigating the crude domino reaction mixture
by "®F NMR, we discovered that the spectrum contained two peaks. The major peak
corresponded to the trifluoromethyl group of 2.24 as we expected, but one other by-
product peak was also present.
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H, "°F NMR:
FaCCl [Rh(cod)OHJ, (2 mol%) E.C o
| Pd(OAc), (5 mol%), tBuX-Phos (10 mol%) 3 N
NP | _ By-Product
K,CO5 (2 equiv.), KsPO, (2 equiv.) N
Dioxane/H,0O (10:1), 100 °C, 18 hrs
2.22 OH 2.24 2.25
©[ 66% (NMR) 13% (NMR)
Bpin
213

Equation 2.3-2 - NMR Analysis of Domino Reaction By-Product

ToF-MS of the crude suggested three possible structures that featured trifluoromethyl
groups (Figure 2.3-1): A, the result of a C-O coupling of the arylated intermediate with
phenol; B, the result of a Suzuki reaction of the arylated intermediate with boronic ester
2.13; C, the result of phenol formation from the chloride of the arylated intermediate.

ToF Ms:
: HO
N OH
F3C|\O oH B F3C|\OH o
— N ~
N O N
A B c

Figure 2.3-1 - Possible Structures of Domino Reaction By-Product by ToF-MS

Careful chromatography allowed us to isolate a sample of the by-product, identifying it
as C in Figure 2.3-1. As the C-O coupling step of the domino process does not proceed
via an SyAr mechanism, we hypothesized that by-product 2.25 had formed via Pd
catalysis. In fact, Buchwald and co-workers have demonstrated the Pd catalysed
synthesis of phenols from aryl halides, using a Pd/iBuX-Phos catalyst system in
aqueous basic dioxane.'®' Using this protocol, we synthesised a larger quantity of by-
product 2.25, allowing us to confirm its identity (Equation 2.3-3).

191 K W. Anderson, T. lkawa, R. E. Tundel, S. L. Buchwald, J. Am. Chem. Soc. 2006, 128, 10694-10695.
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F3C Cl Pd,dba; (2 mol% FsC OH
A 2 3 (0] X
| OH " tBuX-Phos (8 mol%) FaC B | oH
—
N . P N
KOH (4 equiv.), Dioxane/H,0 (1:1) N

100 °C, 19 hrs
2.23 2.24, 44% 2.25, 35%

\

Equation 2.3-3 - Synthesis of 2.25

The fact that we still obtained 2.24 as the major product using Buchwald’s conditions
suggests that the intramolecular C-O coupling outcompetes the attack of hydroxide (or
the association/deprotonation of water) at Pd.'% Although we did not pursue this at the
time, an investigation into the minimum amount of water required for the arylation may
led to a higher yield of 2.24, suppressing the formation of 2.25.' The use of t-amylOH
may also be beneficial, as it performed well as a co-solvent in the arylation step.'™

2.3.4 Boronic Ester Scope

With optimisation complete and an overall picture of the order of events in hand, we
proceeded to investigate the boronic ester scope of the domino process. Application of
the boronic esters described previously led to the formation of the desired products in
moderate to good yields (Table 2.3.4) with both electron-donating (Entries 2-4) and
electron-withdrawing (Entries 5 — 7) substituents tolerated.

102 Despite the formation of an eight-membered palladacycle intermediate, the biphasic nature of the

reaction medium likely favours the intramolecular process.

193 Buchwald and co-workers have shown that 1 equiv. of KOH is sufficient to effect full conversion of aryl
halides to phenols, as the KOAr generated in situ deprotonates water bound to Pd. As our domino
reaction utilises only K,CO3; and K3POQ,, either these weaker bases deprotonate Pd-bound water, or the
hydroxide generated in-sifu associates with Pd. The use of less water should suppress both of these
pathways.

1% See Section 2.1.2
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Table 2.3.4 - Boronic Ester Scope of Domino Process

FsC N Cl = OH [Rh(cod)OH], (2 mol%)
| R— | Pd(OACc), (5 mol%), tBuX-Phos (10 mol%)
N Bpin

K2003 (2 eqUiV.), K3PO4 (2 eqUiV.)
Dioxane/H,0O (10:1), 100 °C, 18 hrs

222 243 2.24,2.26 - 2.32
Entry  Boronic Ester Product Yield (%)?
©:OH FaC
1 Bpin 67

o
X
»
N
213 2.24
OH
J@[ Y ote
2 MeO Bpin N7 58
2.10 2.26
H
0 Fscﬁ/\Q\Me
b
Bpin N7 58
2.27

3 Me’ :

2.7

/@[OH FSC\(\/(O/\QOTBS
C

4 HO Bpin N 46

2.8 2.28

sl > @ Yo

S F Bpin 60

2.9

FsC X

joul
6 ol Bpin 39 (48)°
24

82% E 2.30,X=ClI
C-N Coupling 2.30a, X = Morpholino

0]
X
L
N
2.29
0]
N
P
N
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OH | A OH
7 Br Bpin 71
2.5 2.31
Br
OH
X R
- | d
8 I Bpin N/ F 33 (52)
26 2.32

For reaction conditions, see Equation 2.3-1. Isolated yields. "Reaction performed using
Pdzdbas (2.5 mol%) as the Pd source. ‘Free hydroxyl group protected as silyl ether for
more facile purification. Yield over 2 steps. %ield in parantheses refers to yield obtained in
a stepwise process, involving purification of the arylated intermediate. ®Yield obtained by
NMR analysis of the crude reaction mixture, using 1,3,5-trimethoxybenzene as an internal
standard. A sample of 2.31 was isolated for identification by NMR and MS.

For two examples which proceeded in moderate yield (Entries 6 and 8), we attempted a
two-pot protocol involving chromatographic purification between steps. We found that
arylation reaction by-products of similar polarity to 2.30 and 2.32 were complicating
purification of the domino reaction mixtures via column chromatography. In the stepwise
process, we implemented a trituration step after chromatography of the intermediate in
order to obtain pure material. Upon application of the intermediates in the C-O coupling
step, more facile isolation of 2.30 and 2.32 led to increased overall yields in the

combined process.

In the reaction of halogenated boronic esters, the formation of chloro-substituted 2.30
suggests preferential insertion into the pyridyl chloride after the arylation step,'® leaving
the aryl chloride for further functionalisation; reaction of 2.30 via C-N coupling led to
2.30a in good yield, highlighting the utility of our products. Interestingly, the reaction of
bromo-substituted boronic ester 2.5 only led to arylated intermediate 2.31. We

1% When we synthesised 2.30 via the stepwise protocol, no decomposition or other products were
observed by crude NMR after the C-O coupling step, confirming the selective nature of the reaction. This
is opposed to the result obtained using a vinyl pyridine without the trifluoromethyl group. See Equation
2.2-3.
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rationalise this via oxidative addition of Pd into one of the available aryl bromide bonds,

sequestering the catalyst.'%

In an effort to circumvent this reactivity, we envisioned a domino process involving a
third bond formation, such that oxidative addition into the aryl bromide of 2.31 would not
lead to loss of catalytic activity. We proposed to intercept the oxidative addition
intermediate via a C-N coupling reaction enroute to the aza-dihydrodibenzoxepine
(Scheme 2.3-1).

FsC cl '
X
[Pd] | OH
—
Oxidative Addition/ N
C-N Coupling
F5C Cl
3 | A OH Intercept Intermediate Me/N
—
N Me
Br X
2.31 4 '
FsC N Cl OH
[Pd] »
N
Oxidative Addition
Loss of Catalytic Activity [Pdl~pg,

Scheme 2.3-1 - Domino Reaction of Intermediate Featuring an Aryl Bromide

Our initial attempts at such reactivity are featured in Scheme 2.3-2. Addition of a
secondary aniline to the domino process did not lead to C-N bond formation according
to crude 'H NMR,'® producing 2.31 as the major product. Changing BuX-Phos to

198 also

RuPhos, known to provide efficient C-N bond formation with secondary anilines,
led to 2.31. Although the yield of 2.31 was lower when using RuPhos, we could not
observe any other arylated products in the crude NMR, suggesting that decomposition
had occurred. In order to further investigate such reactivity, it would be beneficial to start
from 2.31 as the model substrate, separating the catalytic steps. The use of a stronger

base, e.g. NaOiBu, as precedented in the literature for C-N coupling reactions, or the

1% Although we could isolate a sample of 2.31, decomposition of a catalytic amount of this intermediate
may not have been observed by crude NMR. Oxidative addition of the phenol by-product, 4-bromophenol,
could also have occurred.

197 A better indicator would have been crude '°F NMR, although we did not try this at the time.

'% See Ref. 60 and B. P. Fors, S. L. Buchwald, J. Am. Chem. Soc. 2010, 132, 15914-15917.
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use of ligands known to provide reversible oxidative addition, such as PiBus or Q-

Phos,'% would also be beneficial.

F3C_Cl OH [Rh(cod)OH], (2 mol%) FsC Cl OH
| _ J@[ Pd(OACc), (5 mol%), Ligand (10 mol%) |
N 7 Br

/

\

Bpin _ ) = N
K,CO3 (2 equiv), KzPO4 (2 equiv)
Dioxane/H,0 (10:1), 18 hrs

NH.
o Bf
Me Ligand = tBuX-Phos

2.31, 71% (NMR)

Ligand = RuPhos
2.31,60% (NMR)

Scheme 2.3-2 - Three Component Domino Reaction

19 3) S. G. Newman, M. Lautens, J. Am. Chem. Soc. 2010, 132, 11416-11417 b) D. A. Petrone, M.
Lischka, M. Lautens, Angew. Chem. Int. Ed. 2013, 52, 10635-10638.
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2.4 Domino Process Using Other Substituted Vinyl Pyridines

With the success of 5-trifluoromethyl-substituted 2.22 in our domino protocol, we were
interested in determining whether the electronics of the 5-substituent had an effect on
the success of the reaction. In addition, we were interested in extending our domino
methodology towards an asymmetric variant, using a vinyl pyridine substituted at the -
position. We began our study in the synthesis of these vinyl pyridines, before applying
them to our methodology.

2.41 Synthesis of Vinyl Pyridines and Precursors

Our strategy towards substituted vinyl pyridines began from appropriately substituted
dihalopyridines, in the application of the cross-coupling strategy discussed previously. A
variety of electron-donating and electron-withdrawing groups on the pyridine were
compatible with the Stille or Suzuki protocols used. Pyridines featuring an electron-
donating group required a higher reaction temperature in the Stille protocol (Table
2.4.1).

Table 2.4.1 - Synthesis of Substituted Vinyl Pyridines via Cross-Coupling

R N cl BusSn” X Pd(PPhs)4 (5 mol%), LiCl (1.2 equiv) R | !
N7 ¢l Dioxane, 85 °C or 100 °C, 16 - 23 hrs N
Rl NN A. Pd(PPh3)s (5 mol%), K,COs (4 equiv) RAaC
» B DME/H,0 (2:1), 80 °C, 13 hrs Py
N7 >x 0 N R
B. Pd(dppf)Cl,DCM (5 mol%), Na,COj (3.3 equiv)
Dioxane/H,0 (6:1), 85 °C, 16 - 17 hrs
(HO)B.
Entry Precursor Product Protocol  Yield (%)?
NC ~ cl NC ~ cl
1 N" > Br N Suzuki - A 56
2.33 2.37
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0 0
Os¢ Cl Os¢’ cl
wd w T i
2 NP el NN Stille 55
2.34 2.38
O,N cl

3 N/ Cl N/ Stille 25b,c

Commercially

\

Available 239
Me\@CI Me\@(ﬂ/
4 P Ao Stille 75
2.35 2.40
o/\ o/\
i
N”>cl N7 N
2.36 2.41

FsC Cl
—

6 N™ °CI
Commercially
Available

NC

NC\(\ICI
| “ \(\/(/\
7 N~ Br Hex  Suzuki- B 57

2.33

N ~F e Suzuki- B 77¢
2.42

XN Cl

IN/ P
2.43

%Isolated yields. °Stille reaction performed at 100 °C for 3 hrs, using Cul (5 mol%) as an

additive. °Performed by J. Panteleev. “Performed by J. Tsoung.
Towards the synthesis of the dihalopyridines 2.33 and 2.35, we utilised a common
strategy involving late-stage introduction of one of the halides (Scheme 2.4-1). In the
case of cyano-substituted 2.33, we began from 2-amino-5-cyanopyridine, synthesizing
the product in a one pot transformation consisting of an EAS reaction and a

Sandmeyer'°

reaction. In the case of methyl-substituted 2.35, the immediate precursor
to the Sandmeyer reaction was commercially available; application of this aminopyridine

gave the desired product (2.35) in a moderate yield.

% 3) M. P. Doyle, B. Siegfried, J. F. Dellaria, J. Org. Chem. 1977, 42, 2426-2431 b) R. Glatthar, D.
Carcache, C. Spanka, I. Vranesic, T. Troxler, Novel Bi-Aryl Amines 2007, WO 2007/113276 A1.
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NC. 1. NCS (1.1 equiv) NC._~C!
| MeCN, rt, 39 hrs —> 60 °C, 2hrs |
N~ “NH, N~ ~Br
2. Isopentyl Nitrite (2 equiv)
CuBr;, (2 equiv), MeCN, 65 °C, 2 hrs 2.33, 35%
Me. -~ NH2 1. NaNO, (1.2 equiv), HCI, 0 °C, 1 hr Me. . C
| .
N~ >l 2. CuCl (1.4 equiv), 0°C, 1 hr N >cl
2.35, 52%

Scheme 2.4-1 - Synthesis of 2.33 and 2.35

Our approach towards 2.34 and 2.36 involved functionalisation of a common starting
material, 2,3-dichloro-5-bromopyridine (Scheme 2.4-2). This approach relied upon
selective manipulation of the 5-bromo substituent (vs. the 2-chloro substituent), with a
magnesiation occurring in the case of 2.34, and an oxidative addition occurring in the
case of 2.36. We attribute the selectivity to the higher reactivity of the C-Br bond,"''" as
well as the steric influence of the 3-chloro substituent. Although the use of C-N coupling
to install a morpholine group is well-precedented in the case of 2.36, the quench of a
Grignard reagent with MsCI to install a sulfone, for 2.34, is not. We were fortunate to
find precedence in the literature'™ for our conceived route, involving the direct
installation of the sulfone moiety without the usual thioether oxidation protocol.

Bra . C 1. iPrMgCl (1.3 equiv), THF, 0 °C. 50 mins o. 0
» : S C
N~ >l 2. MsCI (2.0 equiv), 0 °C — rt, 20 hrs + Me ||
MsClI (1.0 equiv), 0 °C — rt, 1.5 hrs N
2.34, 58%
Br | - Pd(dba), (2.5 mol%), XantPhos (2.6 mol%) 0/\
N [
N/ Cl Morpholine (1.1 equiv), NaOtBu (1.5 equiv) N c
Toluene, 100 °C, 3 hrs | P
N~ >l
2.36, 88%

Scheme 2.4-2 - Synthesis of 2.34 and 2.36

" For the use of Pd%XantPhos in the functionalisation of aryl bromides, see for example L. M.
Klingensmith, E. R. Strieter, T. E. Barder, S. L. Buchwald, Organometallics 2005, 25, 82-91. For selective
exchange of the 5-bromo substituent on pyridine, see S. Yamada, A. Gavryushin, P. Knochel, Angew.
Chem. Int. Ed. 2010, 49, 2215-2218.

12 J. Nowakowski, D. Haag, Process for Preparing Alkanesulfony! Pyridines 2003, US 6590103.
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2.4.2 Influence of Substituent Electronics on Domino Reaction

Application of vinyl pyridines 2.37 — 2.41 in our domino protocol provided an interesting
observation: whereas the use of cyano-substituted 2.37, sulfone-substituted 2.38, or
nitro-substituted 2.39 gave our desired domino products in good yields with none of the
vinyl pyridine or arylated intermediate detected (Table 2.4.2, Entries 1 — 3), the use of
methyl-substituted 2.40 or morpholine-substituted 2.41 gave mixtures of the arylated
intermediate and the final products (Table 2.4.2, Entries 4 and 5). Re-subjecting vinyl
pyridine 2.1 to the optimised domino conditions gave the same outcome (Entry 6).

Table 2.4.2 - Effect of Substituent Electronics on Domino Reactivity

R~ _Cl OH [Rh(cod)OH], (2 mol%) R o
| Pd(OAC), (5 mol%), tBuX-Phos (10 mol%) N
N N Bpin L
P K,COy4 (2 equiv), KsPO, (2 equiv) N

Dioxane/H,O (10:1), 100 °C, 18 hrs

Entry Vinyl Pyridine Major Product/s Yield (%)
NC | ! NGO
1 NN P 61
2.37 2.44
O+ //O O+ /,o
/ X Cl /S X ©
2 Me | _ P Me | 56a
~
N N
2.38 2.45
0N~ C 0N O
3 L L 50*°
239 2.46
Me N Cl OH
L
N 460
Me AN Cl 2.47
4 IN/ %
2.40 Me -~ © .
| 26
N

248
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o

LN ~ o on
O/\ N/ 250,d
K/N O 2.49

5 |
N/ = 0/\
2.41 (N O 40¢d
|
N
2.50
~%  oH
|
N C
Ol 62
| 2.2
6 N
O
2.1
| 7°
N
2.3

For reaction conditions, see Equation 2.3-1.%Isolated yields. "Performed by J. Panteleev.
“Yield obtained by NMR analysis of the crude reaction mixture, using 1,3,5-
trimethoxybenzene as an internal standard. Reaction performed using 5 equiv. of the
boronic ester.

We envisioned two rationales as to why this reactivity was observed: first, that the
electron-withdrawing group favourably increased the rate of the arylation step, such
deleterious interactions or side reactions did not lead to pre-mature inactivation of the
Pd catalyst; second, that the electron-withdrawing group facilitated the oxidative addition
and/or the attack of the phenol nucleophile at Pd, giving full conversion in a reasonable

reaction time.

In an attempt to determine the validity of our rationales, as well as develop methodology
towards 2.48 and 2.50, we applied methyl-substituted vinyl pyridine 2.40 and
morpholine-substituted vinyl pyridine 2.41 in a stepwise protocol. We were pleased to
isolate our desired products in good yields over two-steps, although the C-O coupling
towards morpholine-substituted 2.50 required a higher catalyst loading and a longer
reaction time. As isolation of the steps of the domino process demonstrates that our
catalytic system is compatible with electron-rich substrates, it is likely that some
deleterious interaction led to the inactivation of the Pd catalyst before the C-O coupling



61

was complete.'™ Although we did not pursue this avenue of study, attempts towards a
domino process involving electron-rich vinyl pyridines would require further control

experiments on the C-O coupling step, as well as screening of more active catalyst

systems.
Me. -~ C OH 1. [Rh(cod)OH], (2 mol%), K,CO5 (2 equiv) Me o
| Dioxane/H,0 (10:1), 90 °C, 14 hrs X
A~ . |
N Bpin pz

2. Pd(OAC), (5 mol%), tBuX-Phos (10 mol%) N
K3PO, (2 equiv.), Dioxane, 100 °C, 24 hrs

2.40 213 2.48,61%

@

0™
LN cl OH . L 0
X 1. [Rh(cod)OH], (2 mol%), K,CO3 (2 equiv) X
| J Dioxane/H,0 (10:1), 100 °C, 15 hrs | _
N B(OH), N

2. Pd(OACc), (10 mol%), tBuX-Phos (20 mol%)
K3PO4 (2 equiv.), Dioxane, 100 °C, 36 hrs

2.4 2.50, 71%

Scheme 2.4-3 - Stepwise Process Using Electron-rich Vinyl Pyridines

2.4.3  Asymmetric Domino Process''*

Concurrent to our investigation into the scope of the domino process, we were
interested in an asymmetric variant involving B-substituted vinyl pyridines. Despite the
application of single metal/multi-ligand systems towards enantioenriched products,' to
the best of our knowledge, there had not been a report of a multi-metal/multi-ligand
protocol towards an enatioenriched product.

'3 A reaction conducted for 65 hrs using vinyl pyridine 2.40 gave a similar ratio of arylated intermediate
and final product as in Table 2.4.2 suggesting that the issue is more complicated than just a slow reaction
rate.

"% The majority of this work was conducted by Jennifer Tsoung in collaboration with the author. For
preliminary reactivity of this system, see J. Panteleev, PhD Thesis, 2012.

"® These systems are comprised of a single metal and a chiral and achiral ligand in the same pot. Both
ligands are essential in order to achieve good yields and selectivities due the formation of a ligand-metal
heterocomplex. For examples, see a) M. T. Reetz, T. Sell, Tetrahedron Lett. 2000, 41, 6333-6336 b) A.
Duursma, J.-G. Boiteau, L. Lefort, J. A. F. Boogers, A. H. M. de Vries, J. G. de Vries, A. J. Minnaard, B. L.
Feringa, J. Org. Chem. 2004, 69, 8045-8052 c) R. Hoen, J. A. F. Boogers, H. Bernsmann, A. J. Minnaard,
A. Meetsma, T. D. Tiemersma-Wegman, A. H. M. de Vries, J. G. de Vries, B. L. Feringa, Angew. Chem.
Int. Ed. 2005, 44, 4209-4212 d) M. T. Reetz, X. Li, Angew. Chem. Int. Ed. 2005, 44, 2959-2962 €) M. T.
Reetz, O. Bondarev, Angew. Chem. Int. Ed. 2007, 46, 4523-4526 f) T. J. Hoffman, E. M. Carreira, Angew.
Chem. Int. Ed. 2011, 50, 10670-10674 g) D. J. Frank, A. Franzke, A. Pfaltz, Chemistry — A European
Journal 2013, 19, 2405-2415.
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We began our study with the application of alkenyl pyridine 2.42 in a stepwise, racemic
process (Equation 2.4-1).'"® Although the C-O coupling proceeded under identical
conditions to those previously optimised, the arylation was significantly more difficult:
whereas 2.22 required only 10 minutes at room temperature towards arylated
intermediate 2.23, the reaction of 2.42 required an elevated reaction temperature, a

higher catalyst loading, and a longer reaction time, likely due steric interactions of the (-
117

substituent.
FsC OH 1. [Rh(cod)Cl], (5 mol%), K,COj3 (2 equiv) FsCo O
| A Dioxane/H,0 (10:1), 80 °C, 16 hrs |
N nPr Bpin \N
2. Pd(OAc), (5 mol%), tBuX-Phos (10 mol%) nPr
2.42 213 K3PO4 (2 eqUiV), DiOXane, 100 OC, 16 hrs 2'52’ 62%

Equation 2.4-1 - Racemic Stepwise Synthesis of 2.51

We then screened''® several chiral ligands that have displayed excellent reactivity and
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enantioselectivity in conjugate additions of boronic acids, including dienes ' and

20 (Table 2.4.3). While good enantiomeric induction was observed with

phosphines
many of the ligands tested, optimal results were obtained using Lam’s diene featuring a

dibenzylamide (Entry 5, L5).

"8 performed by J. Tsoung.

"7 We often observed starting material (alkenyl pyridine) remaining even when using these more forcing
conditions, but we sought a comprise between reasonable reaction time and full conversion.

"8 performed by J. Tsoung.

% See Refs 34 and 35 as well as a) J.-F. Paquin, C. Defieber, C. R. J. Stephenson, E. M. Carreira, J.
Am. Chem. Soc. 2005, 127, 10850-10851 b) T. Gendrineau, O. Chuzel, H. Eijsberg, J.-P. Genet, S.
Darses, Angew. Chem. Int. Ed. 2008, 47, 7669-7672 c) K. Okamoto, T. Hayashi, V. H. Rawal, Chem.
Commun. 2009, 4815-4817.

120 3) Q. Shi, L. Xu, X. Li, X. Jia, R. Wang, T. T. L. Au-Yeung, A. S. C. Chan, T. Hayashi, R. Cao, M.
Hong, Tetrahedron Lett. 2003, 44, 6505-6508 b) T. Korenaga, K. Osaki, R. Maenishi, T. Sakai, Org. Lett.
2009, 11, 2325-2328.
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Table 2.4.3 - Ligand Screen for Asymmetric Arylation

FalC OH [RA(C,H4),Cll, (5 mol%), FaC o 1pr OH
| D ] L (10 mol%), K,CO3 (2 equiv) | _
N nPr Bpin N
2.42 213 Dioxane/H,0 (10:1), 80 °C, 16 hrs 2.51

Entry Ligand Yield of 2.51 (%)? ee (%)°
MeO.__ _Me
Bn
1¢ / Me 35 80
Me
Me
L1
Me___OMe
£7
2 Me O 73d 70
tBu
L2
MeO__ _Me
c 4
3 = 64 76
L3
Me
Me O O
4 , O 41 90
Me
L4
Me
Me )
d
5 ; NBn, 72 95
Me
L5
Me
Me 9] Q
6 / NN 14 ND
Me Me N
\/ Me



64

59 90

55 88

Cl-MeO-BiPHEP

Reaction conditions: Vinyl pyridine and boronic ester (2 equiv.) in dioxane
transferred to a solution of [Rh(C2H4)Cl]2 (5 mol%), Ligand (10 mol%), and
K>COs (2 equiv.) in dioxane/water. Mixture heated to 80 °C for 16 hrs.
Unreacted starting material observed in all cases. ND = not determined.
®Yield obtained by NMR analysis of the crude reaction mixture, using 1,3,5-
trimethoxybenzene as an internal standard. ®ee determined by HPLC
analysis on a chiral stationary phase. “Alkenyl pyridine had an nHexyl
substituent. %lsolated yield. Recoverd 16% 2.42 in Entry 2; Recovered 17%
2.42 in Entry 5.

When we applied L5 in a domino transformation, we were pleased to isolate our desired
product in satisfactory yield with no change in ee (Table 2.4.4, Entry 1). To the best of
our knowledge, this is the first example of an asymmetric multi-component, multi-metal
reaction with both a chiral diene and an achiral phosphine ligand present in one pot.'?’
A preliminary scope suggests that varying the substituents on the boronic ester (Entry 2)

and on the pyridine (Entry 3) is possible, with similar yields and ee’s as 2.52.

2! For a previous attempt from our group that failed to maintain the ee in a one pot domino reaction with

two metal catalysts/ligands present, see G. C. Tsui, J. Tsoung, P. Dougan, M. Lautens, Org. Lett. 2012,
14, 5542-5545,
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Table 2.4.4 - Asymmetric Domino Reaction

Pd(OAC), (5 mol%), tBuX-Phos (10 mol%)

R0 C[OH [Rh(C,H,),Cll, (5 mol%), L5 (10 mol%)
R"+
R' Bpin >

K,CO3 (2 equiv), KsPOy4 (2 equiv)
Dioxane/H,0, 100 °C, 16 - 18 hrs

2.42,2.43 213,27 2.52 - 2.54
Entry  Alkenyl Pyridine Boronic Ester Product Yield (%)? ee (%)°
FaC._~Cl OH FsC | P
|
1° \(NL\n_pr Bpin N7 , 56 95
ner
2.42
2.3 252
Fscfj/\m/\ oH FsC | P Me
| X
Cc —
2 N/ F n-Pr Me Bpin N P 62 95
2.42 2.7
2.53
NC._~C OH NC | P
|
3d \(N:L/\n-Hex Bpin N/ H 56 92
nHex
2.43
243 2.54

Reaction conditions: [Rh(C2H.)Cll2 (5 mol%), L5 (10 mol%), boronic ester (2 or 4 equiv.) in dioxane
transferred to a solution of vinyl pyridine, K2COs (2 equiv.), KsPO4 (2 equiv.), Pd(OAc)2 (5 mol%), and BuX-
Phos (10 mol%) in dioxane/water. Mixture was heated to 100 °C for 16 — 18 hrs. ®Isolated yield. ®oe
determined by HPLC analysis using a chiral stationary phase. °Performed by J. Tsoung.. Performed by the
author.
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2.5 Domino Reaction of Vinyl Pyrazines

With our success in the use of electron deficient vinyl pyridines in the domino process,
we were interested in extending our methodology towards other vinylogous
heterocycles. The vinyl pyrazine system was selected due to its ease of synthesis from
commercially available starting materials. After synthesis of the vinyl pyrazine, we
began our studies with the application of the vinyl pyridine domino conditions, after
which we performed optimisation and investigated the scope of the new transformation.
This work was conducted in collaboration with Marie Colmard, a visiting internship

student, under the mentorship of the author.

2.5.1 Synthesis of Vinyl Pyrazine

Selecting 2-chloro-3-vinylpyrazine as our model substrate, we elected to synthesise the
vinyl pyrazine via cross-coupling as described previously. We chose 2-chloro-3-
iodopyrazine (2.55) as our substrate for cross-coupling, accessed via metalation
reaction of 2-chloropyrazine.'®® Suzuki reaction of this precursor with a trifluoroborate
coupling partner proceeded in moderate yield'?® (Scheme 2.5-1). Similar to vinyl
pyridine 2.42, 2.56 was also unstable to prolonged heating.

N Cl 1. LITMP (1.3 equiv.), THF, -78 °C, 30 mins N C
L (L
N 2.1, (2 equiv), THF, -78 °C, 2 hrs N |

2.55, 78%

N._CI
N 0, .
[N;[I /\BFgK Pd(dppf)Cl,eDCM (10 mol%), Cs,CO4 (3 equiv.) [Nj/\CI/
THF/H,O (10:1), 85 °C, 16 hrs N

2,56, 55%

2.55

Scheme 2.5-1 - Synthesis of Vinyl Pyrazine 2.56 and lodo-Precursor 2.55

We also explored other approaches towards 2.56. One strategy involved the synthesis
of 3-chloropyrazine-2-carbaldehyde (2.57), such that Wittig reaction would give 2.56
without the use of transition metal catalysis. Formylation of 2-chloropyrazine under

122 T Stammers, X. Barbeau, P. Beaulieu, M. Bertrand-Laperle, C. Brochu, P. J. Edwards, P. Forgione, C.
Godbout, O. Hucke, M.-A. Joly, S. Landry, O. Lepage, J. Naud, M. Pesant, M. Poirier, M. Poirier, B.
Thavonekham, Quinazoline Derivatives as Viral Polymerase Inhibitors 2011, WO 2011/032277 A1.

123 G. A. Molander, A. R. Brown, J. Org. Chem. 2006, 71, 9681-9686.
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Vilsmeier-Haack conditions failed to give any product, likely due to low nucleophilicity of
the (electron deficient) pyrazine.'* However, we did obtain aldehyde 2.57 using

metalation protocols previously reported'® (Scheme 2.5-2).

N__ClI POCI; (2.1 equiv.) N Cl
() [ Lo
N DMF, 0 °C — 80 °C, 22 hrs N7

2.57

[Nj/CI 1. LITMP (1.3 equiv.), THF, -78 °C, 30 mins [NIC/I

NT 2. DMF (1.2 equiv), THF, -78 °C, 30 mins N” A0
— 0 °C, 15 minutes

2.57,57%

N Cl 1. LTMP (1.3 equiv.), THF, -78 °C, 30 mins N Cl
Ly [ o

N 2. Ethyl Formate (1.1 equiv), THF, -78 °C, 1.5 hrs N =

2.57, 43%

Scheme 2.5-2 - Synthesis of Aldehyde 2.57

Wittig reaction of aldehyde 2.57 proceeded in poor yield, due to difficulty in purification
of the product and the product’s volatility, as opposed to incomplete conversion of

starting materials (Equation 2.5-1).

N Cl ® NaOtBu (1.3 equiv.) N Cl

[ LO H,C—PPh, - [ L
N N S THF, 0°C, 1 hr NTNF
2.57

2,56, 20%

Equation 2.5-1 - Wittig Reaction Towards 2.56

Our final approach involved a Suzuki coupling protocol beginning from a commercially
available dichloropyrazine precursor (Equation 2.5-2)."® Compared to a 55% vyield of
2.56 in the cross-coupling of iodopyrazine 2.55, here we obtained a 40% yield of 2.56,
along with 13% of a divinylpyrazine product, using 1.2 equiv. of the trifluoroborate
coupling partner. As the separation of the divinyl product from 2.56 was difficult by

124 Procedure originally used for amine-substituted pyrazines, see S. Sasaki, T. Kusumoto, |. Nomura, H.
Maezaki, PYRAZINOOXAZEPINE DERIVATIVES 2010, US 2010/0317651 Al.

125 a3) A. Turck, L. Mojovic, G. Quéguiner, Synthesis 1988, 1988, 881-884 b) T. G. M. Dhar, S. T.
Wrobleski, HETEROBICYCLIC COMPOUNDS USEFUL AS KINASE |INHIBITORS 2008, US
2008/0275052 Al.

126 performed by M. Colmard
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column chromatography, we opted for our first cross-coupling approach for routine
synthesis of 2.56.

N Cl Pd(dppf)Cl,eDCM (10 mol%), Cs,CO4 (3 equiv.) N Cl N
(L, e - (o 2
N~ >l THF/H,O (10:1), 85 °C, 16 hrs N N

2.56, 41% 13%

Equation 2.5-2 - Synthesis of 2.56 from 2,3-Dichloropyrazine

252 Application of Previous Domino Protocol and Optimisation

With starting material in hand, we began our study of the vinyl pyrazine system via
application of our previous domino conditions. Our initial attempt gave a mixture of two
products by crude NMR. ToF-MS indicated that we had obtained a mixture of arylated
intermediate and cyclised product, in an almost equal yield.

NC OH [Rh(cod)OH];, (2 mol%) N -Cl OH N, O
| Pd(OAc), (5 mol%), tBuX-Phas (10 mol%) [ X
A~ . z |
N Bpin N N/
2.58 2.59

K,CO3 (2 equiv.), K3PO, (2 equiv.)
Dioxane/H,0 (10:1), 100 °C, 18 hrs
2.56 213

35% + 29%
(NMR)

Equation 2.5-3 - Prelimary Domino Reaction of Vinyl Pyrazine 2.56

In order to determine why incomplete conversion to 2.59 was observed, we envisioned
performing the transformation in a two-step, two-pot process. Exposing 2.56 to our
arylation conditions still led to the formation of two products, one clearly the major
product, along with a by-product in a low yield (Equation 2.5-4). We reasoned that the
major product was the expected adduct 2.58, and the minor product, 2.59, arose from
an SyAr cyclisation of the intermediate under the reaction conditions, due to stabilisation

from the imine-like nitrogen of the pyrazine.

[NICI/ CEOH [Rh(cod)OH], (2 mol%), K,CO3 (2 equiv.) [N\ Cl OH N O
- N
N/ 7 Bpin Dioxane/H,0O (10:1), 90 °C, 18 hrs N/:l/\/\ij [N/

2.56 213 2.58, 85% (NMR) 2.59, 10% (NMR)

Equation 2.5-4 - Preliminary Arylation of Vinyl Pyrazine 2.56



69

This result prompted us to investigate whether the choice and number of equivalents of
base had an effect on the yield and ratio of 2.58 and 2.59 (Table 2.5.1). Although
increased loading of potassium carbonate did lead to an increased yield of 2.59, this
became impractical as even at 10 equiv. of base full conversion of 2.58 — 2.59 was not
realised (Entries 1 — 3). Instead, we envisioned adding a second base to the reaction
mixture, similar to our vinyl pyridine domino protocol, as we had hoped that a second
(stronger) base would push the C-O bond formation to completion. Addition of KOtBu
drastically increased the yield of 2.59 (Entry 5), whereas NaOMe suppressed almost all
formation of 2.59 (Entry 9). Using only KOBu as the base gave an improved yield of
2.59 (Entry 6), whereas using only NaOMe suppressed all formation of 2.59 (Entry 10).
Increasing the number of equivalents of KOtBu to 3 equiv. (Entry 7) and raising the
reaction temperature to 110 °C (Entry 8) led to an excellent yield of 2.59 by NMR, albeit

with a small amount of intermediate 2.58 remaining.

Table 2.5.1 - Initial Optimisation for Pyrazine Domino Process

NTNF Bpin  Dioxane/H;0 (10:1), T, 18 hrs 7 [N/
2.58 2.59

2.56 213

Entry Base (equiv.) T (°C) Yield of 2.58 (%)* Yield of 2.59 (%)?

1 KoCOs3 (2 equiv). 90 85 10

2 K2COs3 (4 equiv.) 90 72 27

3 K>COs3 (10 equiv.) 90 50 35
K>COs3 (2 equiv.

5 200 (2 equiv.) 90 5 77

KOtBu (2 equiv.)

6  KOMBu(2equiv.) 90 22 67

7 KO1Bu (3 equiv.) 90 4 85
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8 KOiBu (3 equiv.) 110 2 90
K>CO3 (2 equiv.)
NaOMe (2 equiv.) 0 58 3
10  NaOMe (2 equiv.) 90 79 0

Reaction conditions: Vinyl pyrazine, boronic ester (2 equiv.), [Rh(cod)OH]2 (2 mol%), and base added
to a vial and purged with argon. Dioxane and water added, and the mixture was heated to the
indicated temperature for 18 hours. ?Yield obtained by NMR analysis of the crude reaction mixture
using 1,3,5-trimethoxybenzene as an internal standard.

Despite obtaining an excellent yield of 2.59, we were not able to optimise for full
consumption of 2.58 using the current system, as there was always a small amount of
intermediate 2.58 left (<5% by NMR) whenever we tried to reproduce our result. We first
proposed running the reaction at a higher concentration (>0.1 M), but this led to
incomplete consumption of the vinyl pyrazine (ca. 10% remaining by NMR). Realising
that the KOfBu was being converted to KOH and tBuOH in situ due to the levelling
effect, we hypothesised that the BuOH was acting as an inferior proton source for the
protodemetallation step of the arylation, which was exacerbated when the reaction was
run at higher concentration.

In order to test these hypotheses, we performed the two-step domino transformation
using BBuOH as the proton source, as well as KOH as the base.'®” We determined that
BuOH was ineffective for both the arylation step and the SyAr step, leaving unreacted
starting material and intermediate. The direct use of KOH was superior to the use of
KOtBu, as we could isolate 88% of 2.59 without any of intermediate 2.58 detected by
NMR (Table 2.5.2). This suggests that BuOH was detrimental to our reaction, when

produced in-situ.

127 performed by M. Colmard. M. Colmard adopted a protocol wherein a solution of starting materials was
added to a solution of catalyst and base, and the resulting mixture was stirred at room temperature for
two minutes before heating the reaction.
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Table 2.5.2 - Base/Solvent Optimisation of Pyrazine Domino Process

[NIC'/ ©io"' [Rh(cod)OH]; (2 mol%), Base (3 equiv.) [N\ cl o N_O
N Bpin  Solvent, 110 °C, 18 hrs NT [N/
2.58 2.59

2.56 213

Remaining 2.57 Remaining 2.58 Yield of 2.59

Entry  Base Co-Solvent (%) (%)? (%)?
1° KOBu H.O 0 2 90
2° KOBu tBuOH 31 13 53
3° KOH H.O 0 0 8g°

For reaction conditions, see Table 2.5.1 for Entry 1, and Footnote 127 for Entries 2 and 3. ®Yield obtained by
NMR analysis of the crude reaction mixture, using 1,3,5-triemethoxybenzene as an internal standard.
®Performed by the author. °Performed by M. Colmard. YIsolated yield.

We next investigated the influence of reaction temperature on the yield and product
distribution of 2.58 and 2.59 (Table 2.5.3).'® We determined that higher temperatures
were required to obtain full conversion to 2.59. Due to the slightly higher yield at 110 °C,

we chose this as our optimal reaction temperature (Entry 8).

Table 2.5.3 - Temperature Optimisation for Vinyl Pyrazine Domino Process

[N \:I/\CI/ @EOH [Rh(cod)OH], (2 mol%), KOH (3 equiv.) [N\ O on N_O
N7 Bpin  Dioxane/H;0 (10:1), T, 18 hrs NZ [N/
2.58 2.59

2.56 213
Entry T (°C) Yield of 2.58 (%)%  Yield of 2.59 (%)?
1 50 45 9
2 60 38 61
3 70 27 59

128 performed by M. Colmard



72

5 80 12 79
6 90 14 78
7 100 0 87°
8 110 0 8g®

For reaction conditions, see Footnote 127. *Yield obtained by NMR analysis of the
crude reaction mixture, using 1,3,5-trimethoxybenzene as an internal standard.
®|solated yield.

With the optimal reaction temperature established, we focused on determining the
required reaction time.'?® We envisioned monitoring our domino reaction using NMR
aliquots, such that every hour we could determine the relative amounts of starting
material/intermediate/product present. Our results are presented in Table 2.5.4. Within 1
hour we observed full conversion of vinyl pyrazine 2.56 to arylated intermediate 2.58,
with a significant amount of 2.59 already formed (Entry 1). Conversion of arylated
intermediate 2.58 to cyclised product 2.59 became sluggish after 3 hours (Entry 3), with
similar levels of conversion observed after five hours (Entries 3 - 5).'% As even after 14
hours we still observed remaining 2.58 (Entry 6), we chose our original 18 hour reaction

time for further experiments.

Table 2.5.4 - Reaction Time Optimisation for Pyrazine Domino Process

©: [Rh(cod)OH] (2 mol%), KOH (3 equiv.) [
Bpin  Dioxane/H,0 (10:1), 110 °C, Time I/\Ej [

2.56 213
Entry Time (hrs) Ratio of 2.58:2.59%

1 1 23:77

2 2 12:88

129 ° Performed by M. Golmard
% We were approaching the limit at which NMR integrals could provide an accurate portrayal of the
intermediate:product ratio, as the intermediate peak had greatly diminished in intensity.
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3 3 10:90
4 4 7:93
5 5 6:94
6 14 8:92

For reaction conditions, see Footnote 127. °Ratio of 2.58:2.59
obtained via comparison of the relative intensities of pyrazine
proton integrals by NMR.

Despite considerable experimentation on the vinyl pyrazine domino process, we had not
actually determined the conditions required for each individual step of the process. Our
study towards the optimal domino reaction time (Table 2.5.3) and temperature (Table
2.5.4) gave us a reasonable starting point in this line of inquiry. Since the arylation of
trifluoromethyl-substituted vinyl pyridine 2.22 had occurred at room temperature, we

wondered if the same was true of vinyl pyrazine 2.56.

When we subjected vinyl pyrazine 2.56 to our domino conditions but without heating, we
observed full conversion by TLC to intermediate 2.58 within 10 minutes. Although our
domino protocol only involved a 2 minute pre-stirring step at room temperature before

31 it is conceivable that within this period the arylation was well underway, or

heating,
was already completed. This suggests that the high reaction temperature is only
necessary for the SyAr-type cyclisation step. With all this information at hand, our

optimised domino conditions are presented below (Equation 2.5-5):

[Nj/\CI/ OH [Rh(cod)OH]; (2 mol%), KOH (3 equiv.) N. O
N
N7 Z Bpin Dioxane/H,0 (10:1), 110 °C, 18 hrs [ z

2.56 213 . 9
s Protocol: 2.59, 88%

Add solution of pyrazine and boronic ester
to solution of [Rh] and base
Stir for 2 minutes at rt before heating

Arylation complete within minutes at rt

Equation 2.5-5 - Optimised Vinyl Pyrazine Domino Conditions

131 See Footnote 127.
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2.5.3 Boronic Ester Scope

With optimisation complete, we proceeded to investigate the boronic ester scope of the
domino process (Table 2.5.5)."** We were pleased to observe excellent reactivity
despite the differing functionality on the boronic esters, including electron-neutral
(Entries 1 and 2), electron-donating (Entry 3), and electron-withdrawing (Entries 4 — 7)
substituents. Scale-up of our model system proceeded in good yield when performed on
400 mg of 2.56."* We were pleased to observe clean conversion to bromo-substituted
2.65 (Entry 7), compared to formation of arylated intermediate in the vinyl pyridine
domino protocol (Table 2.3.4, Entry 7). Since the bromide is retained in the product, we
envisioned developing a one-pot, three bond formation domino process in the future,
wherein Pd reacts with the aryl bromide in another cross-coupling reaction. On-going
work is devoted to the continued development of the boronic ester scope, modification
of the vinyl pyrazine core towards pyrazine-substituted domino products, and
subsequent modification of our oxepine products.

Table 2.5.5 - Boronic Ester Scope for Vinyl Pyrazine Domino Process

[N\ Cl _~\_OH [Rh(cod)OH], (2 mol%), KOH (3 equiv.) N, o) \“//R
SIS [
N/ Z x Bpin Dioxane/H,0 (10:1), 110 °C, 18 hrs N/

2.56 2.4-29, 2.59 - 2.65
2.12,2.13
Entry  Boronic Ester Product Yield (%)?
OH N O
o ( Ip b
1 Bpin N 88, 79
2.13 2.59

132 performed by M. Colmard
'3% We performed our optimisation on 0.2 mmol of 2.56, 28 mg, whereas we scaled up to 2.79 mmol of
2.56, 400 mg.
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on ()
Bpin N. O O
87

N
/ - \
N

N
212
2.60
oC ¢ "
3 Me Bpin N/ 79
27 2.61
IO ® °
4 Cl Bpin N/ 85
24 2.62
o0 O
S F Bpin N7 85
29 263
OH N O
[ B
6 I Bpin N/ F 83
2.6 2.64
oo
— Cc
7 Br Bpin N 81
25
2.65

For reaction conditions, see Equation 2.5-5. ZIsolated yields. "Reaction performed
on 14x the usual scale, on 2.79 mmol/400 mg of 2.56. “Performed by the author
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Chapter 3: Experimental Procedures

3.1 General Considerations

Unless otherwise stated, reactions were carried out under argon atmosphere in flame-
dried round bottom flasks or in non flame-dried 2-dram vials or Biotage microwave vials.
Air/water-sensitive liquids/solutions were transferred using standard syringe techniques.
Reactions were monitored using thin layer chromatography (TLC) with Silicycle™
normal phase glass plates (0.25 mm, 60-A pore size, 230-400 mesh), visualised by UV
light and/or stained with potassium permanganate, anisaldehyde or vanillin stains.
Column chromatography was performed using Silicycle™ Ultra-Pure 230-400 mesh
silica gel. Yields quoted are isolated yields unless otherwise stated. Melting points are
on materials obtained directly from column chromatography (and solvents used therein)
unless otherwise stated.

Materials: All catalysts were purchased from Strem Chemicals and were used as
received. All pyridines, boronic acids, and other reagents were purchased from Alfa
Aesar, TCI, Combi-Blocks, or Sigma-Aldrich and were used as received. Anhydrous
potassium carbonate, potassium hydroxide, and potassium phosphate (tribasic) were
finely ground into powders and were stored in a dessicator. 4,4,6-trimethyl-2-vinyl-1,3,2-
dioxaborinane (92.5%) was purchased from Frontier Scientific and was used as
received, or was synthesised according to the literature'* and stored as a neat liquid
under argon at -20 °C. Tributylvinyltin was synthesised according to the literature'® and
stored at 5 °C. The reagent was transferred by syringe using the density of the
commercial material. Triethylamine was added to column chromatography eluents in
order to complex tin reaction by-products to the silica gel. Lithium chloride for Stille

reactions was flame-dried under vacuum and stored in a dessicator.

Solvents: Tetrahydrofuran (THF) and dioxane were distilled from Na/benzophenone
before use. Dimethoxyethane (DME), acetonitrile, and dichloromethane (DCM) were

3 A, P. Lightfoot, S. J. R. Twiddle, A. Whiting, Org. Biomol. Chem. 2005, 3, 3167-3172.
135 . J. Parkinson, M. J. Stoermer, J. Organomet. Chem. 1996, 507, 207-214.
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distilled from calcium hydride before use. Methanesulfonylchloride (Mesyl chloride,
MsCl) was distilled from phosphorus pentoxide before use. 2,2,6,6-tetramethylpiperidine
(TMP) was distilled under reduced pressure from potassium hydroxide before use.

Instrumentation: 'H NMR, '*C NMR and '°F NMR spectra were recorded on a Varian
Mercury 300, Varian Mercury 400, Varian VnmrS 400, Bruker Avance 11l 400, or Agilent
DD2 600 at the specified field strengths. "H NMR, '°F NMR, and '*C NMR spectra were
recorded in CDCl; and CD>Cl,. For '"H NMR, residual chloroform served as the internal
reference in CDCl3, &4 = 7.26, and CDHCI served as the internal reference in CD2Cly, &4
= 5.32. For ®C NMR, CDCls served as the reference, d¢c = 77.16, and CD,Cl, served as
the reference, &c = 53.84. Resonances are given to the nearest 0.01 ppm. NMR signal
multiplicities are as follows: s = singlet, d = doublet, t = triplet, m = multiplet, with
combinations thereof as necessary, or as otherwise stated. Coupling constants (J) are
quoted in Hz, to the nearest 0.1 Hz. For 2.25, 'H and "*C spectra were recorded on an
Agilent DD2 500 MHz spectrometer with an Agilent HC 5-mm XSens cryogenically-
cooled probe. We acknowledge the Canadian Foundation for Innovation, project number
19119, and the Ontario Research Fund for funding of the Centre for Spectroscopic
Investigation of Complex Organic Molecules and Polymers. For the *C NMR of 2.4 —
2.12, the resonance for the carbon attached to B is missing due to quadropolar
relaxation. Infrared (IR) spectra were obtained using a Perkin-Elmer Spectrum 1000 FT-
IR spectrometer as thin films from dichloromethane or chloroform. High resolution mass
spectra (HRMS) were obtained on a JEOL AccuTOF JMS-T1000LC mass spectrometer
equipped with an IONICS® Direct Analysis in Real Time (DART) ion source or an
ABI/Sciex QStar mass spectrometer (ESI). The [M+H]" peak in positive ionisation mode
was observed unless otherwise stated. Melting points were taken on a Fisher-Johns
melting point apparatus and are uncorrected.
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3.2 Synthesis of Compounds in Section 2.1

! A non flame-dried 2-neck round bottom flask was charged with 2-bromo-3-

N“ 7 chloropyridine (1.65 g, 8.57 mmol), potassium carbonate (4 equiv., 4.74 g,

01 34.3 mmol), and tetrakistriphenylphosphinepalladium(0) (5 mol%, 502 mg,
0.434 mmol). A reflux condenser was added and the setup was purged with argon. A
mixture of DME/H.O (50 mL/25 mL) was added (previously degassed by sparging under
argon with sonication for 30 minutes), plus 4,4,6-trimethyl-2-vinyl-1,3,2-dioxaborinane
(1.1 equiv., 1.65 mL, d = 0.88 g/mL, 92.5% in THF - FrontierSci, 9.43 mmol). This
mixture was heated to 100 °C (reflux) for 5 hours, at which point a small aliquot of the
organic layer was removed and analysed by 'H NMR, which showed complete
consumption of starting material. Upon cooling to room temperature, the reaction was
quenched with additional water, partitioned with diethyl ether, the organic layer
separated and the aqueous layer extracted twice with diethyl ether. The combined
organic layers were dried over magnesium sulphate and concentrated in vacuo to a
yellow-orange oil. Silica flash column chromatography (25:1 Hexanes/Diethyl Ether)
gave the product (863 mg, 72%) as a yellow oil. '"H-NMR (400 MHz, CDCls): 8/ppm =
8.48 (dd, J = 4.5, 1.3 Hz, 1H), 7.65 (dd, J = 8.1, 1.5 Hz, 1H), 7.31 — 7.20 (m, 1H), 7.13
(dd, J = 8.1, 4.6 Hz, 1H), 6.48 (dd, J = 17.0, 2.0 Hz, 1H), 5.59 (dd, J = 10.7, 2.0 Hz, 1H);
®C-NMR (101 MHz, CDCls): 8/ppm = 152.4, 147.7, 137.6, 131.7, 130.7, 123.6, 121.4;
IR (film): v/iem™ = 3048, 2985, 2925, 2854, 1446, 1429, 1419, 1390, 1046, 788; HRMS
(El): m/z calculated for C7HsCIN (M*): 139.0189, found 139.0192.

Note: this product is extremely volatile; the product was concentrated on a rotovap with
the heating bath set no higher than 25 °C, at 30 — 40 mmHg; it was dried by passing a
gentle stream of air over the mouth of the flask used to contain it (not via high vacuum);
it was stored under argon in a -20 °C freezer, but was stable for several months in this
way, darkening on storage.
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B Cl oy A 2-dram vial was charged with 2.1 (40.9 mg, 0.293 mmol), potassium

7

N carbonate (2.1 equiv., 83 mg, 0.601), 4,4,55-tetramethyl-1,3,2-

2.2 dioxaborolan-2-yl)phenol (2.1 equiv., 136 mg, 0.618 mmol), and purged
with argon. Dioxane (2 mL) and water (300 yL) were added. A second vial was charged
with hydroxy(cyclooctadiene)rhodium(l) dimer (4x 2 mol%, 10.5 mg, 0.0230 mmol),
dppp (4x 8 mol%, 18.9 mg, 0.0458 mmol) and purged with argon. Dioxane (4 mL) was
added and the solution was heated to 50 °C for 15 minutes. Upon cooling to room
temperature, catalyst solution (1 mL, containing 4 mol% [Rh]) was transferred to the
reaction vial. The reaction mixture was then sealed and put into an oil-bath pre-heated
at 90 °C for 17 hours. Upon cooling to room temperature, the mixture was passed
through a silica plug (EtOAc), and concentrated in vacuo. Silica flash column
chromatography (8:2 Hexanes/EtOAc) gave the product (55.9 mg, 81%), as an off-white
solid, mp 113 — 114 °C. '"H-NMR (400 MHz, CDCls): 8/ppm = 10.41 (s, 1H), 8.45 (dd, J
=49, 1.5 Hz, 1H), 7.68 (dd, J = 8.0, 1.5 Hz, 1H), 7.22 — 7.16 (m, 2H), 7.11 (id, J = 8.1,
1.7 Hz, 1H), 6.91 (dd, J = 8.1, 1.3 Hz, 1H), 6.86 (id, J = 7.4, 1.3 Hz, 1H), 3.78 — 3.22 (m,
2H), 3.27 — 2.93 (m, 2H); *C-NMR (101 MHz, CDCls): 8/ppm = 157.3, 155.3, 145.7,
137.7, 132.4, 130.8, 129.0, 127.9, 122.9, 120.4, 117.9, 36.8, 25.4; IR (film): v/icm™ =
3360, 2360, 1570, 1460, 1421, 1240, 1122; HRMS (DART): m/z calculated for
C13H13CINO™ 234.0686, found 234.0690.

o A microwave vial was charged with 2.2 (46.7mg, 0.200 mmol), potassium
| N7 carbonate (1.5 equiv., 42 mg, 0.304 mmol), palladium (Il) acetate (2
23 mol%, 0.9 mg, 0.00400 mmol), X-Phos (4 mol%, 3.8 mg, 0.00797 mmol),

and purged with argon. +BuOH (1.0 mL) was added. The mixture was sealed with a
crimp-top cap, and put into an oil-bath pre-heated at 120 °C for 24 hours. Upon cooling
to room temperature, the mixture was passed through a silica plug (EtOAc), and
concentrated in vacuo. Silica flash column chromatography (8:2 Hexanes/EtOAc) gave
the product (33.0 mg, 84%), as a yellow oil. "H-NMR (400 MHz, CDCls): 5/ppm = 8.27
(dd, J = 4.6, 1.4 Hz, 1H), 7.48 (dd, J = 8.1, 1.4 Hz, 1H), 7.25 — 7.06 (m, 6H), 3.35 — 3.32
(m, 2H), 3.22 — 3.19 (m, 2H); *C-NMR (101 MHz, CDCl3): 8/ppm = 157.0, 153.6, 151.2,
144.0, 133.1, 130.1, 129.1, 127.8, 125.0, 122.5, 120.8, 35.2, 29.3; IR (film): viem™ =
3384, 3061, 3024, 2926, 2855, 1588, 1569, 1489, 1456, 1447, 1423, 1419, 1268, 1237,
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1158, 1094, 921, 803; HRMS (DART): m/z calculated for C43H:2N;O" 198.0919, found
198.0914.
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3.3 Synthesis of Compounds in Section 0

Note: Boron tribromide should be used in a well-ventilated hood using proper personal
protective equipment. The quench of boron tribromide must be done slowly to avoid
uncontrollable exotherm. Needles used to transfer boron tribromide were rinsed with

DCM and the washing quenched with sodium thiosulphate solution.

D:OH A round bottom flask was charged with 5-chloro-2-methoxyphenylboronic
cl Bpin acid (1.85 g, 9.92 mmol). DCM (25 mL) was added and the solution was

24 cooled to 0 °C. Boron tribromide (3.0 equiv., 2.9 mL, d = 2.6 g/mL, 30.1
mmol) was added dropwise at this temperature and the reaction was stirred for 15
minutes at 0 °C, at which point TLC indicated complete consumption of starting material.
The reaction was quenched by the dropwise addition of ice-water, transferred to another
round bottom flask with a small amount of EtOAc, and the organic layer was
concentrated in vacuo. The residue was taken up in EtOAc and the mixture was
transferred to a separatory funnel. The organic layer was separated and the aqueous
layer was extracted three times with EtOAc. The combined organic layers were dried
over sodium sulphate and concentrated in vacuo to a white solid. The crude
demethylated boronic acid was taken up in diethyl ether (50 mL) and transferred to a
round bottom flask charged with pinacol (2 equiv., 2.33 g, 19.7 mmol). This mixture was
stirred overnight at room temperature, concentrated in vacuo, and a small amount of
toluene was added. No crystallisation occurred upon standing overnight in a -20 °C
freezer, so the flask was submerged in a liquid nitrogen bath then warmed to room
temperature. The white solid formed (716 mg) was filtered off, and the mother liquor
was concentrated and subjected to silica flash column chromatography (9:1
Hexanes/EtOAc) to give an off-white solid (1.34 g). NMR analysis revealed both were
pure product. Total yield: 2.06 g, 80%. mp 55 — 58 °C; 'H-NMR (400 MHz, CDCls):
o/ppm =7.75 (s, 1H), 7.55 (d, d = 2.7 Hz, 1H), 7.29 (dd, J = 8.8, 2.7 Hz, 1H), 6.81 (d, J
= 8.7 Hz, 1H), 1.37 (s, 12H); *C-NMR (75 MHz, CDCls): 5/ppm = 162.2, 134.9, 133.7,
124.7,117.2, 85.0, 24.9; IR (film): v/cm™ = 3443, 2982, 2934, 1616, 1572, 1471, 1429,
1418, 1389, 1342, 1301, 1273, 1213, 1141, 1100, 1064, 963, 914, 876, 849, 914, 876,
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849, 827, 743, 686, 600, 646; HRMS (DART): m/z calculated for Ci2H{;BCIO3"
255.0959, found 255.0962.

@[OH A round bottom flask was charged with 5-bromo-2-methoxyphenylboronic
Br Bpin acid (2.00 g, 8.66 mmol). DCM (22 mL) was added and the solution was
cooled to 0 °C. Boron tribromide (3.0 equiv, 2.5 mL, d = 2.6 g/mL) was

25

added dropwise at this temperature. The mixture was stirred for 15 minutes at 0 °C, at
which point TLC indicated full consumption of starting material. The reaction was
quenched by the dropwise addition of ice-water, transferred to another round bottom
flask with a small amount of EtOAc, and the organic layer was concentrated in vacuo.
The residue was taken up in EtOAc, and the mixture was transferred to a separatory
funnely. The organic layer was separated, and the aqueous layer was extracted three
times with EtOAc. The combined organic layers were dried over sodium sulphate and
concentrated in vacuo. The crude demethylated boronic acid was taken up in diethyl
ether (43 mL) and transferred to a round bottom flask charged with pinacol (2 equiv.,
2.05 g, 17.3 mmol). This mixture was stirred overnight at room temperature and
concentrated in vacuo to a yellow oil. Silica flash column chromatography (40:1
Hexanes/EtOAc) gave the product (1.83g, 71%), as an off-white solid, mp 58 — 60 °C.
"H-NMR (400 MHz, CDCls): &/ppm = 7.76 (s, 1H), 7.69 (d, J = 2.6 Hz, 1H), 7.43 (dd, J =
8.7, 2.6 Hz, 1H), 6.77 (d, J = 8.8 Hz, 1H), 1.37 (s, 12H); *C-NMR (75 MHz, CDCls):
S/ppm = 162.7, 137.9, 136.5, 117.7, 112.0, 85.0, 24.9; IR (film): v/em™ = 3442, 2979,
2935, 1613, 1567, 1469, 1416, 1388, 1339, 1301, 1208, 1141, 1070, 961, 913, 867,
846, 824, 741, 678, 658, 625, 525; HRMS (DART, [M+NH4]*): m/z calculated for
C12H20BBrNO3;* 316.0720, found 316.0726.

©:0H A round bottom flask was charged with 2-fluoro-6-methoxyphenylboronic acid

Bpin (2.66 g, 15.7 mmol). DCM (50 mL) was added and the solution was cooled to
F

2.6
(3.0 equiv., 4.5 mL, d = 2.6 g/mL, 46.7 mmol) was added dropwise at this temperature,

0 °C. Some starting material precipitated out once cooled. Boron tribromide

and an orange colour developed. After 10 minutes at 0 °C the reaction became
homogenous and TLC indicated complete consumption of starting material. The

reaction was quenched by the dropwise addition of ice-cold water (5 mL), and the
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organic layer was concentrated in vacuo. The residue was taken up in EtOAc, and
transferred to a separatory funnel. The organic layer was separated and the aqueous
layer was extracted with EtOAc (3x). The combined organic layers were dried over
sodium sulphate and concentrated in vacuo. The residue was taken up in diethyl ether
(50 mL) and transferred to a round bottom flask charged with pinacol (1.2 equiv., 2.23 g,
18.9 mmol). The mixture was stirred overnight at room temperature and concentrated in
vacuo to a yellow oil. Silica flash column chromatography (6:1 Hexanes/EtOAc) gave
the product (2.51 g, 67%) as a white solid. The product was recrystallised (toluene) to
give colourless crystals, mp 47 — 49 °C. 'H-NMR (300 MHz, CDCls): 8/ppm = 8.35 (s,
1H), 7.30 (id, J = 8.3, 6.8 Hz, 1H), 6.67 (dd, J = 8.4, 0.8 Hz, 1H), 6.56 (ddd, J = 9.2, 8.2,
0.9 Hz, 1H), 1.39 (s, 12H); "*C-NMR (75 MHz, CDCls): 8/ppm = 167.9 (d, J = 251.6 Hz),
165.0 (d, J = 10.4 Hz), 134.6 (d, J = 11.5 Hz), 111.7 (d, J = 3.2 Hz), 106.5 (d, J = 23.9
Hz), 84.6, 24.9; F-NMR (282 MHz, CDCl3): &/ppm = -100.84 (dd, J = 9.1, 6.8 Hz); IR
(film): v/em™ = 3404, 2891, 2934, 1633, 1582, 1567, 1460, 1392, 1346, 1318, 1274,
1207, 1141, 1091, 1051, 999, 962, 857, 794, 744, 656; HRMS (DART): m/z calculated
for C12H17BFO3* 239.1255, found 239.1262.

J@:OH A round bottom flask was charged with 5-methyl-2-methoxyphenylboronic
Me Bpin acid (2.94 mg, 17.8 mmol). DCM (44 mL) was added and the solution was
cooled to 0 °C. Boron tribromide (3.0 equiv., 5.1 mL, d = 2.6 g/mL, 52.9

mmol) was added dropwise to the reaction at this temperature. After 10 minutes at 0 °C,

2.7

TLC indicated complete consumption of starting material. The reaction was quenched
by the careful dropwise addition of ice-cold water. The resulting heterogenous mixture
was concentrated in vacuo to remove DCM. The residue was taken up in EtOAc and the
mixture was transferred to a separatory funnel. The organic layer was separated and
aqueous layer was extracted three times with EtOAc. The combined organic layers were
dried over sodium sulphate and concentrated in vacuo to give the crude demethylated
boronic acid, which was transferred to another round bottom flask charged with pinacol
(2.0 equiv., 4.18 g, 35.4 mmol) and diethyl ether (88 mL). After stirring overnight at room
temperature, the mixture was concentrated in vacuo. Silica flash column
chromatography (49:1 — 20:1 Hexane/EtOAc) gave the product (2.69 g, 65%) as a
yellow solid, mp 34 - 35 °C. 'H-NMR (300 MHz, CDCls): 8/ppm = 7.63 (s, 1H), 7.41 (d, J
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= 2.3 Hz, 1H), 7.18 (dd, J = 8.3, 2.4 Hz, 1H), 6.79 (d, J = 8.4 Hz, 1H), 2.26 (s, 3H), 1.37
(s, 12H). "*C-NMR (75 MHz, CDCls): 8/ppm = 161.6, 135.7, 134.7, 128.56, 115.4, 84.5,
24.9, 20.4; IR (film): v/cm-1 = 3457, 3021, 2979, 2932, 2868, 1625, 1590, 1487, 1399,
1391, 1349, 1303, 1277, 1243, 1211, 1168, 1066, 964, 903, 853, 826, 795, 752, 746,
677, 663, 537; HRMS (DART- [M+NH4]"): m/z calculated for Cy3H23BNO3" 252.1771,
found 252.1768.

@[C’H A round bottom flask was charged with 2,5-dimethoxyphenylboronic acid
HO Bpin (5.00 g, 27.5 mmol). DCM (69 mL) was added and the solution was

cooled to 0 °C. Boron tribromide (6 equiv., 15.9 mL, 2.6 g/mL, 165 mmol)
was added dropwise at this temperature, and the mixture was stirred for 1 hour, at

28

which point TLC indicated complete consumption of starting material. The reaction was
quenched by the careful addition of ice-water, and the organic layer was concentrated in
vacuo. The residue was taken up in EtOAc and transferred to a separatory funnel. The
organic layer was separated and the aquoues layer was extracted three times with
EtOAc. The combined organic layers were dried over magnesium sulphate and
concentrated in vacuo to a brown solid. The crude demethylated boronic acid was taken
up in diethyl ether (100 mL) and transferred to a round bottom flask charged with
pinacol (1.3 equiv., 4.11 g, 34.8 mmol). This mixture was stirred at room temperature for
2 days, after which point the solvent was concentrated. The residue was taken up in
EtOAc and transferred to a separatory funnel. The organic layer was washed twice with
brine, dried over magnesium sulphate and concentrated in vacuo. Silica flash column
chromatography (7:3 Hexanes/EtOAc) gave the product (3.11 g) as a tan solid.
Additional product (1.12 g) was obtained by the recrystallisation (toluene) of the impure
fractions from column chromatography. Total yield: 4.23 g, 65%. mp 138 — 140 °C; 'H-
NMR (400 MHz, CDCls): &/ppm = 7.45 (s, 1H), 7.03 (d, J = 3.2 Hz, 1H), 6.89 (dd, J =
8.8, 3.2 Hz, 1H), 6.78 (d, J = 8.7 Hz, 1H), 4.45 (s, 1H), 1.36 (s, 12H); "*C-NMR (75 MHz,
CDCls): 5/ppm = 157.6, 148.5, 121.6, 120.8, 116.6, 84.8, 24.9; IR (film): vicm™ = 3383,
3358, 3036, 2978, 2929, 1630, 1508, 1453, 1410, 1378, 1297, 1248, 1209, 1138, 1058,
967, 920, 914, 877, 853, 825, 794, 767, 741, 735, 666, 678, 624; HRMS (DART): m/z
calculated for C12H1gBO4* 237.1298, found 237.1304.
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A round bottom flask was charged with 5-fluoro-2-methoxyphenylboronic

OH
@:Bpin acid (954 mg, 5.61 mmol). DCM (20 mL) was added and the solution was
2.9 cooled to 0 °C. Boron tribromide (3.1 equiv., 1.7 mL, d = 2.6 g/mL, 17.6

F

mmol) was added dropwise to the reaction at this temperature. After 15 minutes at 0 °C,
TLC indicated complete consumption of starting material. The reaction was quenched
by the dropwise addition of ice-cold water with the formation of a precipitate. The
heterogenous mixture was concentrated in vacuo to remove DCM, and the residue was
taken up in EtOAc and transferred to a separatory funnel. The organic layer was
separated and the aqueous layer was extracted three times with EtOAc. The combined
organic layers were dried over magnesium sulphate and concentrated in vacuo to give
the crude demethylated boronic acid. This was transferred to another round bottom flask
charged with pinacol (2.1 equiv., 1.39 g, 11.8 mmol) and diethyl ether (43 mL). After
stirring overnight at room temperature, the mixture was concentrated in vacuo. Silica
flash column chromatography (9:1 Pentanes/EtOAc) and subsequent recrystallisation
(toluene) gave the product (537 mg, 40%) as a white solid, mp 27 — 28 °C. 'H-NMR
(300 MHz, CDCl3): &/ppm = 7.63 (s, 1H), 7.28 — 7.23 (m, 2H), 7.05 (ddd, J = 9.0, 8.1,
3.2 Hz, 1H), 6.82 (dd, J = 9.0, 4.2 Hz, 1H), 1.37 (s, 12H); *C-NMR (75 MHz, CDCls):
o/ppm = 159.7 (d, J = 1.6 Hz), 156.4 (d, J = 237.5 Hz), 120.8 (d, J = 13.5 Hz), 120.5 (d,
J =113 Hz), 116.8 (d, J = 7.2 Hz), 84.9, 24.9; F-NMR (282 MHz, CDCls): d/ppm = -
126.03 (td, J = 8.1, 4.0 Hz); IR (film): v/icm™ = 3454, 2982, 2936, 1632, 1485, 1449,
1391, 1344, 1206, 1273, 1213, 1196, 1140, 1056, 965, 915, 853, 827, 758, 744, 676,
664, 542; HRMS (DART): m/z calculated for C12H;7,BFO3* 239.1255, found 239.1252. 'H
NMR was in accordance with a commercial sample kindly provided by CombiBlocks,
PN-2701, batch L32680.

OH A round bottom flask was charged with 2-bromo-4-methoxyphenol (8.29
MeO/O:Bpin g, 40.8 mmol). THF (68 mL) was added and the solution was cooled to -
2.10 78 °C. n-BuLi (2.2 equiv., 36 mL, 2.5 M, 90 mmol) was added dropwise

over a 45 minute period by syringe-pump. The mixture was then brought to 0 °C and
stirred for 30 minutes, at which point a yellow slurry had formed. TLC suggested
complete dianion formation, comparing to 4-methoxyphenol. 2-Methoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (OMeBpin, 3 equiv., 20.0 mL, 122 mmol) was added
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dropwise by syringe-pump to the reaction mixture at 0 °C. After complete addition of
OMeBpin, the mixture was allowed to come to room temperature overnight, giving a
heterogenous yellow solution. The reaction was quenched at room temperature with 2.5
N HCI, the aqueous layer adjusted to pH 2 with additional HCI, and the mixture stirred
for 30 minutes at which point it became homogenous. The mixture was transferred to a
separatory funnel and partitioned with diethyl ether. The organic layer was separated
and the aqueous layer was extracted three times with diethyl ether. The combined
organic layers were dried over magnesium sulphate and concentrated in vacuo to an
orange oil. Silica flash column chromatography (24:1 — 12:1 Hexanes/EtOAc) gave the
product (3.20 g, 31%) as a yellow oil which solidified upon standing overnight in a
freezer, mp 33 — 35 °C. 'H-NMR (400 MHz, CDCls): 5/ppm = 7.51 (s, 1H), 7.08 (d, J =
3.1 Hz, 1H), 6.96 (dd, J = 8.9, 3.2 Hz, 1H), 6.82 (d, J = 8.8 Hz, 1H), 3.78 (s, 3H), 1.37
(s, 12H); ¥C-NMR (75 MHz, CDCls): 8/ppm = 158.0, 152.7, 121.5, 118.2, 116.6, 84.7,
56.0, 24.9; IR (film): vicm™ = 3462, 2981, 2938, 2834, 1623, 1592, 1489, 1449, 1436,
1415, 1389, 1303, 1274, 1211, 1179, 1169, 1141, 1061, 1039, 964, 914, 852, 827, 750,
743, 670; HRMS (DART): m/z calculated for C13H20BO4" 251.1455, found 251.1460.

OMe A round bottom flask was charged with 2-iodo-6-methoxyphenol (1.00 g, 4.00
OH

mmol). THF (20 mL) was added and the solution was cooled to -78 °C. n-

BuLi (2.2 equiv., 5.5 mL, 1.6 M, 8.80 mmol) was added dropwise at this

temperature. The mixture was brought up to 0 °C and stirred for 40 minutes,

Bpin
2.1

at which point TLC suggested complete conversion to the dianion, comparing to 2-
methoxyphenol. The reaction was cooled to -78 °C, and a solution of 2-methoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (OMeBpin, 4.0 equiv., 2.6 mL, d = 0.9642 g/mL, 15.9
mmol) in THF (4 mL, wash 2x 4 mL), was added dropwise to the reaction flask. After
stirring for 1 hour at -78 °C, the mixture was allowed to warm to room temperature
overnight. The reaction was quenched with 0.5 M HCI (< pH 6), creating a
homogeneous solution, and partitioned with EtOAc. After transferring to a separatory
funnel, the organic layer was separated and the aqueous layer was extracted three
times with EtOAc. The combined organic layers were washed with brine, dried over
sodium sulphate, and concentrated in vacuo to a yellow oil. Silica flash column
chromatography (9:1 Hexanes/EtOAc) gave the product (302 mg, 30%) as a yellow
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solid. Recrystallization (acetonitrile) gave a colourless solid, mp 65 — 66 °C. 'H-NMR
(400 MHz, CDClg): 8/ppm = 7.76 (d, d = 0.6 Hz, 1H), 7.21 (dd, J = 7.5, 1.6 Hz, 1H), 6.98
(dd, J = 8.0, 1.4 Hz, 1H), 6.88 — 6.72 (m, 1H), 3.88 (s, 3H), 1.37 (s, 12H). *C-NMR (75
MHz, CDCls): &/ppm = 153.1, 147.5, 127.1, 119.8, 115.6, 84.6, 56.1, 24.9; IR (film):
viem™ = 3435, 2980, 2937, 2839, 1622, 1580, 1486, 1459, 1368, 1311, 1246, 1227,
1147, 1132, 1052, 965, 914, 851, 834, 744, 677; HRMS (DART): m/z calculated for
C13H20BO4" 251.1455, found 251.1459.

OMOM A round bottom flask was charged with 1-naphthol (10.0 g, 69.4 mmol).
OO DCM (139 mL) and DIPEA (3.0 equiv., 36 mL, 207 mmol, d = 0.742 g/mL)
were added, and the solution was cooled to -78 °C. MOM-CI (2.6 equiv.,
15.5 mL, 92% technical grade, 178 mmol) was added dropwise at this temperature. The
mixture was allowed to come to room temperature overnight. Water was added to
quench the reaction, and the mixture was transferred to a separatory funnel. After
separating the layers, the organic layer was washed with sat. sodium bicarbonate
solution (2x) and brine (1x), dried over magnesium sulphate, and concentrated in vacuo
to a red oil. Silica flash column chromatography (9:1 Hexanes:EtOAc) gave the product
(10.42g, 73%) as a yellow oil. 'TH-NMR (300 MHz, CDCls): 5/ppm = 8.32 — 8.24 (m, 1H),
7.86 —7.78 (m, 1H), 7.54 — 7.46 (m, 3H), 7.38 (dd, J = 8.3, 7.6 Hz, 1H), 7.11 (dd, J =
7.6, 1.0 Hz, 1H), 5.41 (s, 2H), 3.56 (s, 3H); *C-NMR (75 MHz, CDCls): 8/ppm = 153.0,
134.7,127.7, 126.4, 126.0, 126.0, 125.4, 122.0, 121.5, 107.9, 94.8, 56.3. IR (film): v/cm’
' = 3054, 2998, 2955, 2900, 2854, 2825, 1629, 1596, 1582, 1510, 1464, 1441, 1411,
1389, 1240, 1208, 1175, 1149, 1104, 1088, 1073, 1055, 1018, 924, 794, 772, 713, 577,
564; HRMS (DART): m/z calculated for C12H1302" 189.0916, found 189.0915.

OH o A round bottom flask was charged with MOM-protected phenol (6.01 g,
31.9 mmol) and diethyl ether (80 mL). TMEDA (1.3 equiv., 6.2 mL, 41.4
012 mmol, d = 0.777 g/mL) was added in one portion. The mixture was
cooled to -78 °C. s-BuLi (1.3 equiv., 30 mL, 42 mmol, 1.4M) was added dropwise over
12 minutes, such that the internal temperature did not rise above -70 °C. The mixture
was stirred for 1.5 hrs at -78 °C, after which trimethyl borate (2 equiv., 7.1 mL, 63.7

mmol, d = 0.932 g/mL) was added dropwise over 10 minutes, such that the internal
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temperature did not rise above -69 °C. After stirring for 1 hr at -78 °C, the mixture was
warmed to 0 °C, and a solution of pinacol (4 equiv., 15.1 g, 128 mmol) in diethyl ether
(80 mL) was added via cannula to the reaction flask, such that the internal temperature
did not rise above 7 °C. This mixture was stirred at 0 °C for 1 hr and allowed to come to
room temperature overnight. The reaction was quenched with 1M HCI (120 mL), forming
two homogenous layers. After transferring to a separatory funnel, the layers were
separated and the aquoues layer was extracted three times with diethyl ether. The
combined organic layers were dried over magnesium sulphate and concentrated in
vacuo to give the crude MOM-protected boronic ester. The residue was taken up in 1%
HCI/MeOH (3 mL conc. HCI + 297 mL MeOH), and stirred at room temperature for 4
hrs, at which point TLC indicated complete removal of the MOM group. The reaction
mixture was concentrated in vacuo, taken up in diethyl ether and brine, and transferred
to a separatory funnel. After separating the layers, the organic layer was washed once
with brine, dried over magnesium sulphate and concentrated in vacuo. Silica flash
column chromatography (9:1 Hexanes/EtOAc) gave the product (6.19g, 72%) as a
yellow solid, mp 48-50 °C. "H-NMR (400 MHz, CDCls): 5/ppm = 8.61 (s, 1H), 8.31 (dd, J
=8.3,1.3 Hz, 1H), 7.76 (d, d = 8.4 Hz, 1H), 7.59 (d, J = 8.3 Hz, 1H), 7.52 (ddd, J = 8.2,
6.8, 1.5 Hz, 1H), 7.46 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.34 (d, J = 8.3 Hz, 1H), 1.41 (s,
12H); "*C-NMR (10 1 MHz, CDCls): 8/ppm = 161.7, 137.1, 130.4, 128.0, 127.5, 125.2,
124.3,123.2, 119.1, 84.6, 25.0; IR (film): v/em™ = 3417, 3058, 2980, 2933, 1571, 1508,
1471, 1444, 1416, 1410, 1376, 1366, 1300, 1278, 1273, 125, 1203, 1141, 1075, 965,
850, 812, 750, 699, 576; HRMS (DART): m/z calculated for C16H20BO3* 271.1506, found
271.1507.

OH A round bottom flask with Dean-Stark apparatus and reflux condenser was
C[Bpin charged with 2-hydroxyphenylboronic acid (1.97 g, 14.3 mmol), and pinacol
2.13 (1.07 equiv., 1.79 g, 15.3 mmol). Toluene (48 mL) was added. The mixture
was heated to reflux (130 °C) for 25 hours, then cooled to room temperature and
concentrated. A small amount of hexanes was added to the residue and the mixture
was allowed to stand overnight in a -20 °C freezer, during which the mixture solidified.
Once warmed to room temperature, the majority of the solid melted but a white
precipitate remained. This solid was filtered and the filtrate was concentrated and dried
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to give the product (2.91 g, 93%) as a yellow oil. '"H-NMR (400 MHz, CDCls): 8/ppm =
7.80 (s, 1H), 7.61 (dd, J = 7.6, 1.8 Hz, 1H), 7.37 (ddd, J = 8.7, 7.4, 1.8 Hz, 1H), 6.94 —
6.80 (m, 2H), 1.37 (s, 12H). '"H NMR was in accordance with a commercial sample
kindly provided by CombiBlocks, PN-2519, batch L27675. This product is also available

commercially from several other companies, including Sigma-Aldrich, TCI and Alfa-

Aesar.
B o A 2-dram vial was charged with vinyl pyridine 2.1 (81.4 mg, 0.583
N" OMe mmol), boronic ester 2.11 (2.0 equiv, 294 mg, 1.18 mmol),
o 14dint potassium carbonate (2 equiv., 164 mg, 1.19 mmol), and purged

with argon. Dioxane (2 mL) and water (300 pL) were added.
Another vial was charged with hydroxy(cyclooctadiene)rhodium(l) dimer (83x 2 mol%,
15.8 mg, 0.0346 mmol), dppp (8x 4 mol%, 28.7 mg, 0.0696 mmol), and purged with
argon. Dioxane (3 mL) was added, and the solution was heated to 50 °C for 15 minutes.
Upon cooling to room temperature, a portion of catalyst solution (1 mL, containing 4
mol% [Rh]) was transferred to the reaction vial. The reaction mixture was then sealed
with a teflon cap and put into an oil-bath pre-heated at 90 °C for 21 hours. Upon cooling
to room temperature, the mixture was passed through a silica plug (EtOAc), and
concentrated in vacuo. Silica flash column chromatography (8:2 Hexanes/EtOAc) gave
the product (130.0 mg, 85%), as a yellow solid, mp 95 - 97 °C. 'H-NMR (400 MHz,
CDCl3): d/ppm = 8.48 (dd, J = 4.9, 1.5 Hz, 1H), 8.12 (br s, 1H), 7.64 (d, J = 8.0, 1H),
7.13 (dd, J = 8.0, 4.9 Hz, 1H), 6.91 — 6.53 (m, 3H), 3.86 (s, 3H), 3.31 (t, J = 7.0 Hz, 2H),
3.13 (t, J = 7.0 Hz, 2H); ®*C-NMR (101 MHz, CDCls): 8/ppm = 158.1, 147.9, 146.6,
144.3, 137.2, 131.8, 128.4, 122.6, 122.5, 119.6, 109.3, 56.0, 36.1, 27.0; IR (film): vicm™
= 3057, 2938, 2837, 1612, 1591, 1574, 1440, 1271, 1124, 1078; HRMS (DART): m/z
calculated for C14H15CINO.* 264.0791, found 264.0889.

MeQ A microwave vial was charged with 2.14-int (52.1 mg, 0.198 mmol),
| P potassium carbonate (1.4 equiv., 39 mg, 0.282 mmol), palladium (Il)
Nig acetate (2 mol%, 1.1 mg, 0.00490 mmol), X-Phos (4 mol%, 3.7 mg,
2.14 0.00776 mmol), and purged with argon. +BuOH (930 uL) was added. The

mixture was sealed with a crimp-top cap, and put into an oil-bath pre-heated at 120 °C
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for 22.5 hours. Upon cooling to room temperature, the mixture was passed through a
silica plug (EtOAc), and concentrated in vacuo. Silica flash column chromatography (8:2
Hexanes/EtOAc) gave the product (39.2 mg, 87%), as a yellow solid, mp 34-36 °C. 'H-
NMR (400 MHz, CDCls): &/ppm = 8.26 (dd, J = 4.7, 1.5 Hz, 1H), 7.58 (dd, J = 8.1, 1.5
Hz, 1H), 7.10 (dd, J = 8.1, 4.7 Hz, 1H), 7.03 (t, J = 7.9 Hz, 1H), 6.83 — 6.79 (m, 2H),
3.87 (s, 3H), 3.32 — 3.26 (m, 2H), 3.24 — 3.19 (m, 2H); *C-NMR (101 MHz, CDCly):
o/ppm = 153.6, 151.5, 151.4, 146.6, 144.4, 135.7, 129.3, 125.1, 122.2, 121.1, 110.7,
56.2, 35.2, 28.7; IR (film): viecm™ - 3062, 3003, 2931, 2838, 1609, 1584, 1477, 1445,
1424, 1268, 1254, 1228, 1196, 1087, 1030, 948, 889, 833, 803, 784, 752, 729, 714,
678, 643, 591, 541; HRMS (DART): m/z calculated for C4H14NO," 228.1025, found
228.1024.

o C on A microwave vial was charged with vinyl pyridine 2.1 (139.6 mg, 1.00

b

N mmol), boronic ester 2.10 (1.5 equiv., 383 mg, 2.04 mmol), potassium

carbonate (2 equiv., 279 mg, 2.02 mmol), and purged with argon.
OMe

2.15-int
charged with hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol% 9.1 mg, 0.0199 mmol),

Dioxane (1 mL) and water (400 pL) were added. Another vial was

dppp (2 mol%, 8.3 mg, 0.0201), and purged with argon. Dioxane (2 mL) was added, and
the solution was heated to 50 °C for 15 minutes. Upon cooling to room temperature, the
catalyst solution was transferred to the vial containing starting materials, washing with
additional dioxane (2x 500 pL). The reaction mixture was then sealed with a crimp-top
cap and put into an oil-bath pre-heated at 90 °C for 23 hours. Upon cooling to room
temperature, the mixture was passed through a silica plug (EtOAc), and concentrated in
vacuo. Silica flash column chromatography (8:2 Hexanes/EtOAc) gave the product
(200.0 mg, 76%), as an orange-pink solid, mp 122 — 124 °C. 'H-NMR (400 MHz,
CDCl3): d/ppm = 8.48 (dd, J = 4.9, 1.5 Hz, 1H), 8.12 (br s, 1H), 7.64 (d, J = 8.0, 1H),
7.13 (dd, J = 8.0, 4.9 Hz, 1H), 6.91 — 6.53 (m, 3H), 3.86 (s, 3H), 3.31 (t, J = 7.0 Hz, 2H),
3.13 (t, J = 7.0 Hz, 2H); ®*C-NMR (101 MHz, CDCls): 8/ppm = 158.1, 147.9, 146.6,
144.3,137.2, 131.8, 128.4, 122.6, 122.5, 119.6, 109.3, 56.0, 36.1, 27.0; IR (film) v/cm
= 3057, 2938, 2837, 1612, 1591, 1574, 1440, 1271, 1124, 1078; HRMS (DART): m/z
calculated for C14H15CINO.* 264.0791, found 264.0889.
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~° OMe A microwave vial was charged with 2.15-int (76.1 mg, 0.289 mmol),

\

potassium carbonate (1.3 equiv., 53 mg, 0.383 mmol), palladium (I1)
2.15 acetate (1.4 mg, 0.00624 mmol), X-Phos (4 mol%, 5.6 mg, 0.0117
mmol), and purged with argon. +BuOH (1.4 mL) was added. The mixture was sealed
with a crimp-top cap, and put into an oil-bath pre-heated at 120 °C for 23 hours. Upon
cooling to room temperature, the mixture was passed through a silica plug (EtOAc) and
concentrated in vacuo. Silica flash column chromatography (7:3 Hexanes/EtOAc) gave
the product (50.0 mg, 77%), as an off-white solid, mp 33-35 °C. 'H-NMR (400 MHz,
CDCl3): d/ppm = 8.25 (dd, J = 4.6, 1.5 Hz, 1H), 7.43 (dd, J = 8.1, 1.5 Hz, 1H), 7.11 —
7.05 (m, 2H), 6.73 (d, J = 3.1 Hz, 1H), 6.69 (dd, J = 8.7, 3.1 Hz, 1H), 3.76 (s, 3H), 3.33 —
3.28 (m, 2H), 3.19 — 3.13 (m, 2H); "*C-NMR (101 MHz, CDCls): &/ppm = 156.5, 153.8,
151.1,151.1, 144.2, 134.3, 128.6, 122.3, 121.4, 114.8, 112.4, 55.7, 35.3, 29.3; IR (film):
vicm™ = 3060, 3002, 2930, 2834, 2496, 1445, 1422, 1263, 1221, 1263, 1221, 1199,
1176, 1097, 1039, 932, 858, 825, 767, 751; HRMS (DART): m/z calculated for
C14H14N;10O2" 228.1025, found 228.1022.

| X oH A 2-dram vial was charged with vinyl pyridine 2.1 (39.4 mg, 0.284 mmol),
N” boronic ester 2.7 (1.5 equiv., 107 mg, 0.457 mmol), potassium carbonate
(2 equiv., 80 mg, 0.578 mmol), and purged with argon. Dioxane (2 mL)

2.16-int and water (300 pL) were added. Another vial was charged with

hydroxy(cyclooctadiene)rhodium(l) dimer (5x 2 mol%, 13.2 mg, 0.0289 mmol), dppp (5x
2 mol%, 12.0 mg, 0.0291 mmol), and purged with argon. Dioxane was added (5 mL),
and the solution was heated to 50 °C for 15 minutes. Upon cooling to room temperature,
a portion of catalyst solution (1 mL, containing 4 mol% [Rh]) was transferred to the
reaction vial. The reaction mixture was then sealed with a teflon cap and put into an oil-
bath pre-heated at 90 °C for 28.5 hours. Upon cooling to room temperature, the mixture
was passed through a silica plug (EtOAc), and concentrated in vacuo. Silica flash
column chromatography (8:2 Hexanes/EtOAc) gave the product (51.2 mg, 72%), as an
off-white solid, mp 135 — 137 °C. 'H-NMR (400 MHz, CDCls): 8/ppm = 10.20 (br s, 1H),
8.45 (dd, J = 4.9, 1.5 Hz, 1H), 7.67 (dd, J = 8.0, 1.5 Hz, 1H), 7.17 (dd, J = 8.0, 4.9 Hz,
1H), 7.02 (d, J = 2.2 Hz, 1H), 6.92 (dd, J = 8.1, 2.2 Hz, 1H), 6.81 (d, J = 8.1 Hz, 1H),
3.39 — 3.34 (m, 2H), 3.19 — 3.11 (m, 2H), 2.27 (s, 3H); *C-NMR (101 MHz, CDCls):
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o/ppm = 157.3, 152.9, 145.7, 137.6, 132.4, 131.3, 129.4, 128.7, 128.4, 122.8, 117.7,
77.5, 76.8, 36.8, 25.3, 20.6; IR (film): viem™ = 3134, 1580, 1501, 1269, 1132, 1105,
1073, 1047; HRMS (DART): m/z calculated for C14H15sCINO* 248.0842, found 248.0833.

o y A microwave vial was charged with 2.16-int (70.4 mg, 0.284 mmol),

AN e
| potassium carbonate (1.4 equiv., 53 mg, 0.383 mmol), palladium (II)
216 acetate (5 mol%, 3.3 mg, 0.0146 mmol), X-Phos (10 mol%, 13.7 mg,

0.0287 mmol), and purged with argon. +-BuOH (1.4 mL) was added. The mixture was

\

sealed with a crimp-top cap, and put into an oil-bath pre-heated at 120 °C for 22.5
hours. Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc), and concentrated in vacuo. Silica flash column chromatography (8:2
Hexanes/EtOAc) gave the product (48.0 mg, 80%), as a yellow oil. '"H-NMR (400 MHz,
CDCl3): &/ppm =8.26 (dd, J = 4.6, 1.5 Hz, 1H), 7.45 (dd, J = 8.2, 1.5 Hz, 1H), 7.10 (dd,
J=8.1,4.6 Hz, 1H), 7.05 (d, J = 8.1 Hz, 1H), 7.02 — 6.94 (m, 2H), 3.34 — 3.28 (m, 2H),
3.18 — 3.12 (m, 2H), 2.30 (s, 3H); *C-NMR (101 MHz, CDCls): 8/ppm = 155.0, 153.7,
151.4,144.2, 134.3, 132.7, 130.5, 128.6, 128.1, 122.3, 120.4, 35.4, 29.2, 20.8; IR (film):
viem™ = 3059, 3010, 2924, 2858, 1586, 1570, 1494, 1450, 1446, 1441, 1349, 1274,
1267, 1255, 1222, 1199, 1176, 1160, 1097, 933, 857, 829, 810, 789, 759, 722, 713,
633, 572, 548; HRMS (DART): m/z calculated for C14H14,NO*212.1075, found 212.1070.

@ oH A microwave vial was charged with vinyl pyridine 2.1 (140.0mg, 1.00

bz

N mmol), boronic ester 2.9 (2 equiv., 485 mg, 2.04 mmol), potassium
carbonate (2 equiv., 281 mg, 2.03 mmol), and purged with argon.

247-int Dioxane (1 mL) and water (400 pL) were added. Another vial was
charged with hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 9.1 mg, 0.0199 mmol),
dppp (2 mol%, 8.3 mg, 0.0201 mmol), and purged with argon. Dioxane (2 mL) was
added, and the solution was heated to 50 °C for 15 minutes. Upon cooling to room
temperature, the catalyst solution was transferred to the vial containing starting
materials, washing with additional dioxane (2x 500 pL). The reaction mixture was then
sealed with a crimp-top cap and put into an oil-bath pre-heated at 90 °C for 17.5 hours.
Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc), and concentrated in vacuo. Silica flash column chromatography (8:2
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Hexanes/EtOAc) gave the product (225.0 mg, 89%), as a yellow solid, mp: 141 — 142
°C. 'TH-NMR (400 MHz, CDCls): 8/ppm 10.30 (br s, 1H), 8.44 (dd, J = 4.9, 1.5 Hz, 1H),
7.71 (dd, J = 8.0, 1.5 Hz, 1H), 7.21 (dd, J = 8.0, 4.9 Hz, 1H), 6.89 (dd, J = 9.2, 2.9 Hz,
1H), 6.85 — 6.74 (m, 2H), 3.40 — 3.33 (m, 2H), 3.18 — 3.11 (m, 2H); *C-NMR (101 MHz,
CDCl3): &/ppm = 156.86 (d, J = 237.1 Hz), 156.83, 151.16 (d, J = 1.9 Hz), 145.57,
137.74, 132.35, 130.14 (d, J = 7.0 Hz), 122.92 , 118.56 (d, J = 8.2 Hz), 116.45 (d, J =
22.2 Hz), 114.07 (d, J = 22.7 Hz), 36.48 , 25.40 (d, J = 1.4 Hz); "®F-NMR (376 MHz,
CDCls): 8/ppm = -125.86 (td, J = 8.2 Hz, 5.4 Hz); IR (film) v/em™ = 3100, 1512, 1371,
1256, 1192, 1047; HRMS (DART): m/z calculated for Ci3H12CIFNO* 252.0591, found
252.0589;

A microwave vial was charged with 2.17-int (74.8 mg, 0.297 mmol),
B " potassium carbonate (1.4 equiv., 58 mg, 0.420 mmol), palladium (ll)

217 acetate (5 mol%, 3.4 mg, 0.0151 mmol), X-Phos (10 mol%, 14.3 mg,
0.0300 mmol), and purged with argon. +BuOH (1.5 mL) was added. The mixture was
sealed with a crimp-top cap, and put into an oil-bath pre-heated at 120 °C for 24 hours.
Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc), and concentrated in vacuo. Silica flash column chromatography (8:2
Hexanes/EtOAc) gave the product (46.1 mg, 72%), as a yellow oil. "TH-NMR (400 MHz,
CDCl3): &/ppm = 8.27 (dd, J = 4.5, 1.5 Hz, 1H), 7.44 (dd, J = 8.1, 1.5 Hz, 1H), 7.14 —
7.07 (m, 2H), 6.90 (dd, J = 8.6, 3.1 Hz, 1H), 6.84 (id, J = 8.3, 3.1 Hz, 1H), 3.33 — 3.28
(m, 2H), 3.18 — 3.14 (m, 2H); "*C-NMR (101 MHz, CDCls): 5/ppm = 159.40 (d, J = 243.1
Hz), 153.46, 153.16 (d, J = 2.6 Hz), 150.98, 144.52, 135.02 (d, J = 7.8 Hz), 128.64,
122.47,121.99 (d, J = 8.7 Hz), 116.20 (d, J = 23.1 Hz), 113.99 (d, J = 23.1 Hz), 34.94,
29.15 (d, J = 1.2 Hz); F-NMR (376 MHz, CDCls): 5/ppm = -119.38 (td, J = 8.3 Hz, 5.0
Hz); IR (film): v/em™ = 3061, 2927, 2855, 1623, 1586, 1496, 1488, 1444, 1429, 1348,
1236, 1220, 1188, 1175, 1142, 1104, 987, 938, 868, 859 828, 809, 791, 765, 756, 713;
HRMS (DART): m/z calculated for C13H11FNO*216.0825, found 216.0832;
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| O oH A microwave vial was charged with vinyl pyridine 2.1 (140.0mg, 1.00
NG mmol), boronic ester 2.6 (2 equiv., 484 mg, 2.08 mmol), potassium
F carbonate (2 equiv., 278 mg, 2.01 mmol), and purged with argon.
ptBint Dioxane (1 mL) and water (400 pL) were added. Another vial was

charged with hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 9.1 mg,
0.0199 mmol), dppp (4 mol%, 16.6 mg, 0.0403 mmol), and purged with argon. Dioxane
(2 mL) was added, and the solution was heated to 50 °C for 15 minutes. Upon cooling to
room temperature, the catalyst solution was transferred to the vial containing starting
materials, washing with additional dioxane (2x 500 pL). The reaction mixture was then
sealed with a crimp-top cap and put into an oil-bath pre-heated at 110 °C for 21 hours.
Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc), and concentrated in vacuo. Silica flash column chromatography (6:1
Hexanes/EtOAc) gave the product (169.9 mg, 67%) as a white solid, mp: 143-144 °C.
'H-NMR (400 MHz, CDCls): 5/ppm = 10.94 (s, 1H), 8.44 (dd, J = 4.9, 1.5 Hz, 1H), 7.71
(dd, J = 8.0, 1.5 Hz, 1H), 7.21 (ddt, J = 8.0, 4.9, 0.9 Hz, 1H), 7.05 (td, J = 8.2, 6.7 Hz,
1H), 6.70 (dt, J = 8.2, 1.1 Hz, 1H), 6.60 (ddd, J = 9.4, 8.2, 1.1 Hz, 1H), 3.40 — 3.35 (m,
2H), 3.23 — 3.19 (m, 2H); "*C-NMR (101 MHz, CDCls): &/ppm = 162.4 (d, J = 243.7 Hz),
157.2, 157.1 (d, J = 6.9 Hz), 145.5, 137.9, 132.7, 127.9 (d, J = 10.9 Hz), 123.0, 116.8
(d,J =16.8 Hz), 113.6 (d, J = 2.8 Hz), 106.8 (d, J = 22.5 Hz), 35.1, 18.4 (d, J = 4.0 Hz);
YE.NMR (376 MHz, CDCls): 8/ppm = -118.27 (t, J = 8.2 Hz); IR (film): v/cm™ = 3071,
2934, 2662, 1466, 1360, 1292, 1161, 1130, 1020, 936; HRMS (DART): m/z calculated
for C13H12CIFNO™ 252.0591, found 252.0593.

o) A microwave vial was charged with 2.18-int (72.0 mg, 0.286 mmol),
|N/ - Ppotassium carbonate (1.5 equiv., 60 mg, 0.434 mmol), palladium (II)
2.18 acetate (5 mol%, 4.5 mg, 0.0156 mmol), X-Phos (10 mol%, 14.3 mg,

0.0300 mmol), and purged with argon. +BuOH (1.5 mL) was added. The mixture was
sealed with a crimp-top cap, and put into an oil-bath pre-heated at 120 °C for 24 hours.
Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc), and concentrated in vacuo. Silica flash column chromatography (9:1
Hexanes/EtOAc) gave the product (46.2 mg, 75%), as a yellow oil. '"H-NMR (400 MHz,
CDCl3): d/ppm = 8.29 (dd, J = 4.7, 1.5 Hz, 1H), 7.45 (dd, J = 8.1, 1.5 Hz, 1H), 7.16 —
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7.06 (m, 2H), 6.98 (dt, J = 8.3, 1.3 Hz, 1H), 6.86 — 6.80 (m, 1H), 3.45 — 3.23 (m, 2H),
3.25 —2.96 (m, 2H); "*C-NMR (101 MHz, CDCls): 8/ppm = 161.0(d, J = 245.8 Hz), 157.6
(d, J = 6.5 Hz), 153.5, 152.5, 145.0, 128.5, 127.4 (d, J = 10.4 Hz), 122.6, 120.1 (d, J =
18.4 Hz), 116.5 (d, J = 3.3 Hz), 111.3 (d, J = 22.9 Hz), 33.6, 21.6 (d, J = 5.0 Hz); °F-
NMR (377 MHz, CDCls): 8/ppm = -116.45 (t, J = 7.9 Hz); IR (film): v/cm™ = 3065, 2929,
1620, 1592, 1570, 1460, 1447, 1264, 1242, 1172, 1102, 999, 817, 765, 744; HRMS
(DART): m/z calculated for C13H{{FNO*216.0825, found 216.0824.

! OH A 2-dram vial was charged with vinyl pyridine 2.1 (82.0 mg, 0.587
|

N mmol), boronic ester 2.4 (2.2 equiv., 324 mg, 1.27 mmol), potassium

carbonate (2 equiv., 161 mg, 1.16 mmol), and purged with argon.
Cl

2.19-int
charged with hydroxy(cyclooctadiene)rhodium(l) dimer (3x 2 mol%, 15.8 mg, 0.0346

Dioxane (2 mL) and water (300 pL) were added. Another vial was

mmol), dppp (3x 4 mol%, 28.7 mg, 0.0696 mmol), and purged with argon. Dioxane (3
mL) was added and the solution was heated to 50 °C for 15 minutes. Upon cooling to
room temperature, a portion of catalyst solution (1 mL, containing 4 mol% [Rh]) was
transferred to the reaction vial. The reaction mixture was then sealed with a teflon cap
and put into an oil-bath pre-heated at 90 °C for 21 hours. Upon cooling to room
temperature, the mixture was passed through a silica plug (EtOAc), and concentrated in
vacuo. Silica flash column chromatography (8:2 Hexanes/EtOAc) gave the product
(127.7 mg, 81%), as an off-white solid, mp 167 - 169 °C. '"H-NMR (400 MHz, CDCls):
o/ppm =10.62 (s, 1H), 8.43 (dd, J = 5.0, 1.5 Hz, 1H), 7.70 (dd, J = 8.0, 1.5 Hz, 1H), 7.20
(dd, d = 8.0, 5.0 Hz, 1H), 7.15 (d, J = 2.6 Hz, 1H), 7.04 (dd, J = 8.6, 2.6 Hz, 1H), 6.81 (d,
J = 8.6 Hz, 1H), 3.50 — 3.21 (m, 2H), 3.21 — 2.80 (m, 2H); '*C-NMR (101 MHz, CDCls):
o/ppm = 156.9, 154.1, 145.6, 137.9, 132.5, 130.68, 130.3, 127.7, 124.8, 123.1, 119.3,
36.6, 25.4; IR (film): vicm™ - 2939, 2650, 1599, 1580, 1492, 1442, 1431, 1419,
1361, 1271, 1237, 1174, 1129, 1086, 1049, 987, 882, 812; HRMS (DART): m/z
calculated for C13H12Cl.NO* 268.0296, found 268.0298.
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~.-B" A sealable pressure flask was charged with 2,3-dibromopyridine (0.999 g,

lN/ Z 422 mmol), [1,1-bis(diphenylphosphino)ferrocene] dichloropalladium(ll)-

220 dichloromethane complex (6 mol%, 209 mg, 0.256 mmol), potassium
vinyltrifluoroborate (1.1 equiv., 624 mg, 4.66 mmol), and purged with argon. Anhydrous
methanol (3.2 mL) was added, followed by triethylamine (1.1 equiv., 650 pL, 4.66 mmol,
d = 0.726 g/mL). The flask was sealed and put into a pre-heated oil-bath at 100 °C for
22 hrs. Upon cooling to room temperature, the reaction mixture was transferred to a
round bottom flask (EtOAc) and concentrated in vacuo. Silica flash column
chromatography (9:1 DCM/Pentanes) gave the product (388 mg, 50%) as a yellow oil.
'H NMR (300 MHz, CDCls): 8/ppm = 8.49 (dd, J = 4.5, 1.5 Hz, 1H), 7.82 (dd, J=8.1,1.5
Hz, 1H), 7.23 (dd, J = 16.9, 10.7 Hz, 1H), 7.02 (dd, J = 8.1, 4.6 Hz, 1H), 6.44 (dd, J =
16.9, 2.0 Hz, 1H), 5.55 (dd, J = 10.7, 2.0 Hz, 1H); "*C-NMR (75 MHz, CDCls): 8/ppm =
153.2, 148.1, 140.8, 133.7, 123.7, 121.6, 120.8; IR (film): v/cm™ = 3099, 3045, 2983,
1631, 1568, 1545, 1442, 1429, 1387, 1299, 1272, 1233, 1214, 1130, 1074, 1034, 1007,
9885, 939, 913, 787, 746, 743, 665, 588; HRMS (DART): m/z calculated for C;H;BrN*

183.9762; found 183.9760.

Note: this product is extremely volatile; the product was concentrated on a rotovap with
the heating bath set no higher than 25 °C, at 30 — 40 mmHg; it was dried by passing a
gentle stream of air over the mouth of the flask used to contain it (not via high vacuum);
it was stored under argon in a -20 °C freezer, but was stable for several months in this

way, darkening on storage.

FsC B Cl stille Protocol: A non flame-dried round bottom flask was charged with
N7 2,3-dichloro-5-(trifluoromethyl)pyridine (1.00 g, 4.63 mmol), lithium chloride

2.22 (1.2 equiv., 236 mg, 5.56 mmol,), and tetrakistriphenylphosphinepalladium

(5 mol%, 385 mg, 0.23 mmol). The flask was fitted with a condenser and purged with
argon. Dioxane (20 mL) was added, followed by tributylvinyltin (1.1 equiv, 1.5 ml, 5.1
mmol). The reaction was heated to 85 °C for 16 hours, at which point an aliquot showed
full consumption of starting material by '"H NMR. Upon cooling to room temperature, the
reaction was filtered through Celite and the solvent was concentrated in vacuo. Silica

flash column chromatography (Hexanes/Triethylamine 98:2) gave the product (624 mg,



97

65%) as a yellow oil. 'TH-NMR (400 MHz, CDxCl,): 8/ppm = 8.70 (d, J = 0.8 Hz, 1H),
7.91 (d, J = 1.4 Hz, 1H), 7.26 (dd, J = 16.9, 10.7 Hz, 1H), 6.60 (dd, J = 16.9, 1.9 Hz,
1H), 5.71 (dd, J = 10.7, 1.9 Hz, 1H); '"H NMR (400 MHz, CDCls): &/ppm = 8.75 — 8.69
(m, 1H), 7.90 (dq, Jd = 2.1, 0.7 Hz, 1H), 7.27 (dd, J = 17.2, 10.7 Hz), 6.63 (dd, J = 16.9,
1.8 Hz, 1H), 5.74 (dd, J = 10.7, 1.8 Hz, 1H), NMR in CDCI; useful for reaction
monitoring. *C-NMR (101 MHz, CD.Cl,): 8/ppm = 155.3 (q, J = 1.5 Hz), 144.3 (q, J =
4.0 Hz), 134.7 (g, J = 3.7 Hz), 130.6, 130.0, 126.0 (q, J = 33.5 Hz), 124.0, 123.0 (q, J =
272.5 Hz); ®F NMR (377 MHz, CD,Cl,): 8/ppm = -63.7; IR (film): v/icm™ = 2955, 2916,
2849, 1599, 1323, 1163, 1138, 1094, 1055; HRMS (DART): m/z calculated for
CgHsCIF3N™ 208.0141, found 208.0145.

Note: this product is extremely volatile and several precautions were taken to ensure
the best possible yield: the product was concentrated on a rotovap with the heating bath
set no higher than 25 °C, at 30 — 40 mmHg; it was dried by passing a gentle stream of
air over the mouth of the flask used to contain it (not via high vacuum); it was stored
under argon in a -20 °C freezer, but was stable only for several weeks when stored in
this way, darkening upon storage; unusable samples are those which have darkened to
black and/or have thickened to viscous gums. Multiple column purifications may be
necessary to remove all the tin residues from the product. Due to the volatile nature of
the product, the yield quoted will only be obtained if two column purifications are

performed.

FsC B € Suzuki Protocol: A non flame-dried sealable pressure flask was charged
N> with 2,3-dichloro-5-trifluoromethylpyridine (947 mg, 4.38 mmol), potassium

2.22 carbonate (4 equiv., 2.42g, 17.5 mmol), tetrakistriphenylphosphinepalladium

(5 mol%, 253 mg, 0.219 mmol), 4,4,6-trimethyl-2-vinyl-1,3,2-dioxaborinane (1.1 equiv.,
771 mg, 5.01 mmol), and purged with argon. DME (24 mL) and water (12 mL) were
added. The flask was sealed and put into an oil-bath pre-heated at 100 °C for 4 hours.
At this point, a small aliquot of the organic layer was removed and analysed by 'H NMR,
which showed complete consumption of starting material. Upon cooling to room
temperature, the reaction was quenched with additional water, partitioned with diethyl

ether, and transferred to a separatory funnel. The organic layer was separated and the
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aqueous layer was extracted twice with diethyl ether. The combined organic layers were
dried over magnesium sulphate and concentrated in vacuo to a red oil. Silica flash
column chromatography (Hexanes — 99:1 Hexanes/Diethyl Ether) gave the product

(548 mg, 60%) as a yellow oil.
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3.4 Synthesis of Compounds in Section 2.3

Note: In order to determine the indentity of by-product 2.25, we also also attempted the
synthesis of compounds A and B in Figure 2.3-1 via silyl protection of 2.23 and a
subsequent cross-coupling. Our isolated sample of 2.23 arouse from incomplete

silylation of 2.23 under our reaction conditions:

FiC o Cl oy A 2-dram vial was charged with 2-hydroxyphenylboronic acid (2.1
| N7 equiv.,, 141 mg, 1.02 mmol), hydroxy(cyclooctadiene)rhodium(l)
dimer (2 mol%, 4.4 mg, 0.0965 mmol), potassium carbonate (2.1

22 equiv., 144 mg, 1.04 mmol), vinyl pyridine 2.22 (102.8 mg, 0.495
mmol), and purged with argon. Dioxane (5 mL) and water (500 yL) were added. The
mixture was stirred at room temperature for 10 minutes, at which point TLC indicated
complete consumption of starting material. The mixture was passed through a silica
plug (EtOAc), concentrated in vacuo, and the residue was taken up in anhydrous DMF
(5 mL). TBS-CI (excess, 2.3 equiv., 171 mg, 1.13 mmol) and imidazole (5.1 equiv., 172
mg, 2.53 mmol) were added, and the mixture was stirred at room temperature for 33
hours. An additional portion of TBS-CI (1.1 equiv., 84 mg, 0.557 mmol) and imidazole
(2.2 equiv., 74 mg, 1.09 mmol) were added after 16 hours. The reaction was quenched
with sat. sodium bicarbonate solution, partioned with diethyl ether, transferred to a
separatory funnel, and the layers were separated. The organic layer was washed five
times with water, and the combined aquoeus washings were back-extracted twice with
diethyl ether. The combined organic layers were dried over magensium sulphate and
concentrated in vacuo to a yellow oil. Silica flash column chromatography (20:1
Hexanes/EtOAc — 9:1 Hexanes/EtOAc) gave silyl-protected 2.23 (55.7 mg, 27%) as a
colourless oil, and intermediate 2.23 as a white solid (67.8 mg, 45%). 'H-NMR (400
MHz, CDCl3): &/ppm = 8.75 (s, 1H), 7.93 (d, J = 1.9 Hz, 1H), 7.18 (dd, J = 7.5, 1.7 Hz,
1H), 7.12 (id, J= 7.7, 1.7 Hz, 1H), 6.94 — 6.81 (m, 2H), 3.43 (t, J = 6.2 Hz, 2H), 3.24 —
3.15 (m, 2H); "*C-NMR (101 MHz, CDCls): 8/ppm = 161.8 (m), 154.8, 142.9 (q, J = 4.1
Hz), 134.5 (q, J = 3.4 Hz), 132.7, 130.8, 128.1 (2), 126.4 (q, J = 34.1 Hz), 122.6 (9, J =
272.8 Hz), 120.8, 117.7, 37.0, 25.4; "F-NMR (376 MHz, CDCls): &/ppm = -62.42; IR
(film): v/iem™ = 3426, 3065, 2952, 2934, 2863, 1608, 1504, 1459, 1399, 1325, 1297,
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1273, 1238, 1169, 1142, 1126, 1100, 1088, 1067, 922, 895, 863, 756, 705; HRMS: m/z
calculated for C14H12CIFsNO™ 302.0560, found 302.0561.

FsCo PO A 2-dram vial was charged with vinyl pyridine 2.22 (86.7 mg, 0.418
lN/ mmol), boronic ester 2.13 (2.0 equiv., 180 mg, 0.818 mmol),
2.24 potassium carbonate (2.0 equiv., 113 mg, 0.818 mmol), potassium

phosphate (1.9 equiv., 170 mg, 0.801 mmol), hydroxy(cyclooctadiene)rhodium(l) dimer
(2 mol%, 3.7 mg, 0.00811 mmol), palladium (ll) acetate (5 mol%, 4.6 mg, 0.0205
mmol), BuX-Phos (10 mol%, 17.3 mg, 0.0407 mmol), and purged with argon. Dioxane
(2 mL) and water (200 uL) were added, and the mixture was stirred at room temperature
for 10 minutes. The mixture was then sealed with a Teflon cap, and put into an oil-bath
pre-heated at 100 °C for 19 hours. Upon cooling to room temperature, the mixture was
passed through a silica plug (EtOAc), and concentrated in vacuo. Silica flash column
chromatography (25:1 Hexanes/EtOAc) gave the product (73.9 mg, 67%), as a yellow
oil. "TH-NMR (400 MHz, CDCls): &/ppm = 8.52 (d, J = 1.8 Hz, 1H), 7.70 (d, J = 2.0 Hz,
1H), 7.21 (td, J = 6.9, 1.8 Hz, 2H), 7.22 — 7.14 (m, 1H), 7.12 (td, J = 6.9, 1.9 Hz, 1H),
3.42 — 3.34 (m, 2H), 3.24 — 3.18 (m, 2H); *C-NMR (101 MHz, CDCls): 156.6, 155.4 (d, J
= 1.5 Hz), 152.9, 140.6 (q, J = 4.1 Hz), 132.8, 130.0, 128.0, 126.0 (g, J = 3.5 Hz), 125.7
(9, J = 33.3 Hz), 125.4, 123.2 (q, J = 272.5 Hz), 120.8, 35.7, 28.9; ®F-NMR (376 MHz,
CDCls): &/ppm = -62.07; IR (film): v/cm™ - 3065, 3040, 2930, 2859, 1616, 1607, 1564,
1489, 1451, 1431, 1410, 1335, 1267, 1238, 1204, 1173, 1128, 1100, 1084, 955, 912,
764, 748, 650; HRMS (DART): m/z calculated for Ci4H:10FsNO* 266.0793, found
266.0796.

Note: Mixed fractions containing phenol (the deborylation product) were concentrated
separately, taken up in diethyl ether and transferred to a separatory funnel. The organic
layer was washed 3x with a 1M KOH solution, dried over magnesium sulphate and
concentrated, then combined with pure fractions to give the product.
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A 2-dr vial was charged with tris(dibenzylideneacetone)dipalladium

PG OH o
| (4 mol%, 2.8 mg, 0.00306 mmol), tBuX-Phos (8 mol%, 0.0101

N
mmol), potassium hydroxide (4 equiv., 29 mg, 0.517 mmol) and
225 purged with argon. A solution of arylated intermediate (38 mg, 0.126

mmol) in dioxane (400 L, wash 3x 400 yL) was added, following by water (1600 puL).
The reaction was sealed with a Telfon cap and put into a pre-heated oil-bath at 100 °C
for 19 hours. The following day, the reaction was cooled to room temperature and
acidified to pH 2 with 5% H»SO, solution. After transferring to a separatory funnel, the
organic layer was separated and the aqueous layer was extracted 3x with EtOAc. The
combined organic layers were dried over magnesium sulphate and concentrated in
vacuo. Silica flash column chromatography (40:1 — 2:1 Hexanes/EtOAc) gave the
domino product as a yellow oil (15 mg, 44%) and the phenol as an off-white solid (13
mg, 35%), isolated with an inseparable alkyl-based impurity, mp 138 — 143 °C; 'H-NMR
(500 MHz, CDCl3): &/ppm = 8.32 (dd, J = 2.0, 1.0 Hz, 1H), 7.32 (d, J = 1.9 Hz, 1H), 7.18
(dd, J = 7.5,1.7 Hz, 1H), 7.12 (ddd, J = 8.0, 7.3, 1.7 Hz, 1H), 6.91 — 6.85 (m, 2H), 3.30
(t, J = 6.5 Hz, 2H), 3.15 — 3.08 (m, 2H); '*C-NMR (126 MHz, CDCls): 5/ppm = 154.1,
152.8 (q, J = 1.3 Hz), 151.6, 135.5 (q, J = 4.4 Hz), 130.8, 128.7, 128.2, 126.5 (q, J =
33.4 Hz), 123.2 (g, J = 272.4 Hz), 121.2, 119.2 (q, J = 3.4 Hz), 117.5, 33.6, 26.2; '°F
NMR (376 MHz, CDCl3): 8/ppm = -62.42; IR (film): v/icm™ = 2961, 2932, 2855, 1613,
1457, 1430, 1343, 1248, 1170, 1134, 1089, 949, 913, 749; HRMS: m/z calculated for
C14H13F3NO." 284.0898, found 284.0905.

FsCoo O oMo A 2-dram vial was charged with vinyl pyridine 2.22 (87.6 mag,
|N/ 0.422 mmol), boronic ester 2.10 (1.9 equiv., 208 mg, 0.812

2.26 mmol), potassium carbonate (1.9 equiv., 112 mg, 0.810 mmol),
potassium phosphate (2.0 equiv., 176 mg, 0.829 mmol),

hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 3.8 mg, 0.00833 mmol), palladium
(Il) acetate (5 mol%, 4.6 mg, 0.0205 mmol), tBuX-Phos (10 mol%, 17.2 mg, 0.0422
mmol), and purged with argon. Dioxane (2 mL) and water (200 pyL) were added, and the
mixture was stirred at room temperature for 10 minutes. The mixture was then sealed
with a Teflon cap, and put into an oil-bath pre-heated at 100 °C for 18 hours. Upon

cooling to room temperature, the mixture was passed through a silica plug (EtOAc), and



102

concentrated in vacuo. The residue was taken up in diethyl ether, transferred to a
separatory funnel, and the organic layer was washed 3x with a 1M KOH solution. The
organic layer was dried over magnesium sulphate and concentrated in vacuo. Silica
flash column chromatography (9:1 Hexanes/EtOAc) gave the product (73.0 mg, 59%),
as a tan solid, mp 36 — 38 °C; '"H-NMR (400 MHz, CDCls): 5/ppm = 8.52 — 8.49 (m, 2H),
7.67 (d,J =1.9 Hz, 1H), 7.09 (d, J = 8.7 Hz, 1H), 6.75 (d, J = 3.0 Hz, 1H), 6.71 (dd, J =
8.7, 3.1 Hz, 1H), 3.78 (s, 3H), 3.38 — 3.33 (m, 2H), 3.20 — 3.14 (m, 2H); *C-NMR (101
MHz, CDCls): 156.9, 155.2 (q, J = 1.4 Hz), 153.2, 150.7, 140.5 (q, J = 4.1 Hz), 134.1,
125.8 (9, J = 3.6 Hz), 125.6 (q, J = 33.1 Hz), 123.2 (q, J = 272.4 Hz), 121.5, 114.8,
112.6, 55.7, 35.7, 28.9; "*F-NMR (376 MHz, CDCls): 8/ppm = -62.07; IR (film) v/cm™ :
3067, 3004, 2938, 2844, 1607, 1564, 1496, 1469, 1428, 1411, 1339, 1287, 1264, 1224,
1202, 1187, 1129, 1085, 1042, 957, 913, 69, 851, 817, 794, 761, 747, 716, 687, 653;
HRMS (DART): m/z calculated for C15H13F3NO2>"296.0898, found 296.0900.

FiC~ O " A 2-dram vial was charged with vinyl pyridine 2.22 (43.0 mg,
e

| N 0.207 mmol), boronic ester 2.7 (2.0 equiv., 96 mg, 0.410 mmol),

2.27 potassium carbonate (2.0 equiv., 56 mg, 0.405 mmol), potassium

phosphate (2.0 equiv., 87 mg, 0.410 mmol), hydroxy(cyclooctadiene)rhodium(l) dimer (2
mol%, 1.9 mg, 0.00416 mmol), tris(dibenzylideneacetone)dipalladium(0) (2.5 mol%, 4.7
mg, 0.00513 mmol), tBuX-Phos (10 mol%, 8.6 mg, 0.0203 mmol), and purged with
argon. Dioxane (2 mL) and water (200 pL) were added, and the mixture was stirred at
room temperature for 10 minutes. The mixture was then sealed with a Teflon cap, and
put into an oil-bath pre-heated at 100 °C for 17 hours. Upon cooling to room
temperature, the mixture was passed through a silica plug (EtOAc), and concentrated in
vacuo. Silica flash column chromatography (60:1 — 20:1 Hexanes/EtOAc) gave the
product as a yellow solid, mp 36 — 38 °C; 'H-NMR (400 MHz, CDCls): &/ppm = 8.51 (s,
1H), 7.68 (d, J = 1.9 Hz, 1H), 7.07 (d, J = 8.1 Hz, 1H), 7.03 (d, J = 2.0 Hz, 1H), 7.00 (dd,
J = 8.0, 2.2 Hz, 1H), 3.39 — 3.34 (m, 2H), 3.19 — 3.15 (m, 2H), 2.31 (s, 3H); '*C-NMR
(101 MHz, CDCl3): 155.4 (t, J = 1.4 Hz), 140.5 (g, J = 4.1 Hz), 135.0, 132.4, 130.5,
128.4,125.8 (g, J = 3.5 Hz), 125.7 (q, J = 33.2 Hz), 123.2 (q, J = 272.4 Hz), 120.5, 35.8,
28.8, 20.8; "®F-NMR (376 MHz, CDCls): 8/ppm = -63.13; IR (film) v/cm™ : 3028, 2931,
2862, 1497, 1431, 1408, 1334, 1265, 1247, 1221, 1201, 1168, 1137, 1110, 1084, 958,
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914, 824, 797, 773, 746; HRMS (DART): m/z calculated for CysH13F3sNO 280.0949,
found 280.0951.

FsCo PO OTBS A 2-dram vial was charged with vinyl pyridine 2.22 (83.8 mg,
lN/ 0.404 mmol), boronic ester 2.8 (2.0 equiv., 193 mg, 0.818
2.28 mmol), potassium carbonate (2.1 equiv., 116 mg, 0.839 mmol),
potassium phosphate (2.1 equiv., 177 mg, 0.834 mmol),

hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 3.8 mg, 0.00833 mmol), palladium
(Il) acetate (5 mol%, 4.6 mg, 0.0205 mmol), BuX-Phos (7 mol%, 11.9 mg, 0.0280
mmol), and purged with argon. Dioxane (2 mL) and water (200 pL) were added, and the
mixture was stirred at room temperature for 10 minutes. The mixture was then sealed
with a Teflon cap, and put into an oil-bath pre-heated at 100 °C for 18 hours. Upon
cooling to room temperature, the mixture was passed through a silica plug (EtOAc), and
concentrated in vacuo. The residue was taken up in DMF (4 mL) and purged with argon.
Excess triethylamine (4 equiv., 220 uL, 1.58 mmol), and TBS-CI (3 equiv., 181 mg, 1.20
mmol) were added, and the mixture was stirred at room temperature overnight. The
following day, the reaction mixture was diluted with diethyl ether and transferred to a
separatory funnel. The organic layer was washed 5x with water, and the combined
aqueous washings were back-extracted twice with diethyl ether. The organic layer was
dried over magnesium sulphate and concentrated in vacuo. Silica flash column
chromatography (30:1 Hexanes/EtOAc) gave the product (73.7 mg, 46% over 2 steps),
as an orange solid, mp 33 — 34 °C. '"H-NMR (300 MHz, CDCls): 8/ppm = 8.51 (dd, J =
2.0, 1.0 Hz, 1H), 7.67 (d, d = 1.7 Hz, 1H), 7.03 (d, J = 8.6 Hz, 1H), 6.69 (d, J = 2.8 Hz,
1H), 6.65 (dd, J = 8.6, 2.9 Hz, 1H), 3.38 — 3.31 (m, 2H), 3.17 — 3.11 (m, 2H), 0.98 (s,
9H), 0.19 (s, 6H); "*C-NMR (101 MHz, CDCls): 155.3 (q, J = 1.3 Hz), 153.2, 152.9,
151.1, 140.5 (q, d = 4.1 Hz), 134.0, 125.8 (q, J = 3.7 Hz), 125.8 (g, J = 33.2 Hz), 123.2
(9, J = 272.4 Hz), 121.4, 120.9, 118.9, 35.8, 28.8, 25.8, 18.3, -4.3; F-NMR (282 MHz,
CDCls): 8/ppm = -62.10; IR (film) v/em™ . 2957, 2931, 2898, 2860, 1617, 1607, 1591,
1490, 1473, 1408, 1334, 1296, 1261, 1221, 1194, 1165, 1136, 1102, 1084, 994, 960,
941, 913, 874, 852, 840, 804, 781; HRMS (DART): m/z calculated for CooHa5F3NO.Si*
396.1607, found 396.1612.
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F.G o A 2-dram vial was charged with vinyl pyridine 2.22 (83.0 mg, 0.400
3

F
| mmol), boronic ester 2.9 (2.1 equiv., 198 mg, 0.832 mmol),

X

" 2.29 potassium carbonate (2.1 equiv., 117 mg, 0.847 mmol), potassium
phosphate (2.0 equiv., 174 mg, 0.820 mmol), hydroxy(cyclooctadiene)rhodium(l) dimer
(2 mol%, 3.8 mg, 0.00833 mmol), palladium (ll) acetate (5 mol%, 4.6 mg, 0.0205
mmol), BuX-Phos (7 mol%, 12.0 mg, 0.0283 mmol), and purged with argon. Dioxane (2
mL) and water (200 pL) were added, and the mixture was stirred at room temperature
for 10 minutes. The mixture was then sealed with a Teflon cap, and put into an oil-bath
pre-heated at 100 °C for 18 hours. Upon cooling to room temperature, the mixture was
passed through a silica plug (EtOAc), and concentrated in vacuo. The residue was
taken up in diethyl ether, transferred to a separatory funnel, and the organic layer was
washed 3x with a 1M KOH solution. The organic layer was dried over magnesium
sulphate and concentrated in vacuo. Silica flash column chromatography (1:1
DCM/Hexanes) gave the product (67.8 mg, 60%), as a yellow oil which solidified upon
standing overnight in a -20 °C freezer, mp 27 — 28 °C. 'H-NMR (400 MHz, CDCls):
o/ppm = 8.53 (s, 1H), 7.69 (d, J = 1.9 Hz, 1H), 7.13 (dd, J = 8.8, 4.8 Hz, 1H), 6.93 (dd, J
= 8.5, 3.0 Hz, 1H), 6.88 (id, J = 8.3, 3.1 Hz, 1H), 3.39 — 3.34 (m, 2H), 3.21 — 3.16 (m,
2H); '*C-NMR (101 MHz, CDCls): 159.7 (d, J = 244.2 Hz), 155.0 (q, J = 1.4 Hz), 140.8
(9, J=4.1 Hz),134.8 (d, J = 7.8 Hz), 125.9 (q, J = 3.6 Hz), 125.8 (9, J = 33.3 Hz), 123.1
(9, J = 272.5 Hz), 122.1 (d, J = 8.7 Hz), 116.3 (d, J = 23.3 Hz), 114.4 (d, J = 23.1 Hz),
35.4,28.8 (d, J = 1.2 Hz); "®F-NMR (376 MHz, CDCls): 8/ppm = -63.11, -118.48 (td, J =
8.1, 4.8 Hz); IR (film): v/cm™ - 2965, 2928, 1494, 1430, 1407, 1335, 1282, 1259, 1187,
1164, 1132, 1084, 960, 912, 867, 828, 798, 773, 750, 727, 689; HRMS (DART): m/z
calculated for C14H1oF4sNO™ 284.0699, found 284.0689.

FsCo O ol A 2-dram vial was charged with vinyl pyridine 2.22 (87.5 mg,
| N 0.422 mmol), boronic ester 2.4 (1.9 equiv., 207 mg, 0.813 mmol),
2.30 potassium carbonate (2.0 equiv., 114 mg, 0.825 mmol), potassium

phosphate (2.0 equiv., 175 mg, 0.824 mmol), hydroxy(cyclooctadiene)rhodium(l) dimer
(2 mol%, 3.7 mg, 0.00811 mmol), palladium (ll) acetate (5 mol%, 4.7 mg, 0.0209
mmol), BuX-Phos (7 mol%, 12.1 mg, 0.0285 mmol), and purged with argon. Dioxane (2

mL) and water (200 yL) were added, and the mixture was stirred at room temperature
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for 10 minutes. The mixture was then sealed with a Teflon cap, and put into an oil-bath
pre-heated at 100 °C for 18 hours. Upon cooling to room temperature, the mixture was
passed through a silica plug (EtOAc), and concentrated in vacuo. Silica flash column
chromatography (25:1 Hexanes/EtOAc) gave the product (49.9 mg, 39%) as an off-
white solid, mp 63 — 65 °C. 'TH-NMR (400 MHz, CDCls): 8/ppm = 8.53 (d, J = 1.8 Hz,
1H), 7.68 (d, J = 1.9 Hz, 1H), 7.21 (d, J = 2.5 Hz, 1H), 7.16 (dd, J = 8.6, 2.5 Hz, 1H),
7.10 (d, J = 8.6 Hz, 1H), 3.38 — 3.33 (m, 2H), 3.19 — 3.14 (m, 2H); "*C-NMR (101 MHz,
CDCl3): 155.0, 154.8 (9, J = 1.4 Hz), 152.5, 140.8 (q, J = 4.1 Hz), 134.3, 130.2, 129.7,
127.8,125.8 (q, J = 3.6 Hz), 125.8 (q, J = 33.4 Hz), 128.0 (q, J = 272.5 Hz), 122.1, 35.2,
28.6; 9F-NMR (376 MHz, CDCls): 8/ppm = -62.09; IR (film) v/em™ : 3071, 2932, 2863,
1615, 1482, 1429, 1410, 1335, 1264, 1239, 1204, 1173, 1136, 1084, 955, 914, 876,
862, 826, 772, 745; HRMS (DART): m/z calculated for C14H1,CIF3NO* 300.0403, found
300.0401.

F.C o A 2-dram vial was charged with palladium (ll) acetate (5 mol%,

N N
| N7 ° 1.0 mg, 0.00445 mmol), RuPhos (10 mol%, 4.3 mg, 0.00921
2.30a mmol), and sodium t-butoxide (2 equiv., 18 mg, 0188 mmol).

The vial was purged with argon, and a solution of 2.30 (26.8 mg, 0.0894 mmol) in
dioxane (500 uL, wash 3x 500 uL) was added, followed by morpholine (1.3 equiv., 10
ML, d = 0.996 g/mL, 0.114 mmol). The vial was then sealed with a Teflon cap and put
into a pre-heated oil-bath at 100 °C for 21 hours. Upon cooling to room temperature, the
mixture was passed through a silica plug (EtOAc), and concentrated in vacuo. Silica
flash column chromatography (6:4 Hexanes/EtOAc) gave the product (25.8 mg, 82%) as
an off-white solid, mp: 74 — 76 °C. "H-NMR (400 MHz, CDCls): 5/ppm =8.50 (d, J = 1.8
Hz, 1H), 7.67 (d, J = 2.0 Hz, 1H), 7.10 (d, J = 8.5 Hz, 1H), 6.78 — 6.71 (m, 2H), 3.88 —
3.82 (m, 4H), 3.40 — 3.33 (m, 2H), 3.20 — 3.15 (m, 2H), 3.13 — 3.08 (m, 4H); *C-NMR
(101 MHz, CDCl3): 155.2 (m), 153.3, 150.4, 149.00, 140.4 (q, J = 4.1 Hz), 133.5, 125.8
(9, J = 3.6 Hz), 125.6 (q, J = 132.0 Hz), 123.2 (q, J = 272.5 Hz), 121.3, 116.9, 115.1,
67.0, 50.0, 35.9, 29.2; "®F-NMR (376 MHz, CDCls): 8/ppm = -62.06; IR (film): v/icm™ -
2962, 2856, 2823, 1502, 1409, 1263, 1232, 1209, 1167, 1138, 2224, 1084, 994, 959,
942, 913, 744; HRMS (DART): m/z calculated for CigH1gF3N2O2>" 351.1320, found
351.1321.



106

FsC | Y on A 2-dram vial was charged with vinyl pyridine 2.22 (43.7 mg, 0.211

—

N mmol), boronic ester 2.5 (1.9 equiv., 122 mg, 0.408 mmol),

potassium carbonate (2.0 equiv., 58 mg, 0.420 mmol), potassium

Br
2.31 phosphate (1.9  equiv, 87 mg, 0.410  mmol),

hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 2.0 mg, 0.00438 mmol), palladium
() acetate (5 mol%, 2.4 mg, 0.0107 mmol), BuX-Phos (7 mol%, 6.0 mg, 0.0141 mmol),
and purged with argon. Dioxane (2 mL) and water (200 uL) were added, and the mixture
was stirred at room temperature for 10 minutes. The mixture was then sealed with a
Teflon cap, and put into an oil-bath pre-heated at 100 °C for 18 hours. Upon cooling to
room temperature, the mixture was passed through a silica plug (EtOAc), and
concentrated in vacuo. The residue was taken up in diethyl ether, transferred to a
separatory funnel, and the organic layer was washed 3x with a 1M KOH solution. The
organic layer was dried over magnesium sulphate and concentrated in vacuo. Silica
flash column chromatography (12:1 Hexanes/EtOAc) gave the product as a yellow solid.
'"H-NMR (300 MHz, CDCls): 8/ppm = 8.73 (dd, J = 2.0, 1.0 Hz, 1H), 7.95 (dd, J = 2.0,
0.7 Hz, 1H), 7.29 (d, J = 2.5 Hz, 1H), 7.19 (dd, J = 8.6, 2.5 Hz, 1H), 6.77 (d, J = 8.6 Hz,
1H), 3.45 — 3.38 (m, 2H), 3.17 — 3.11 (m, 2H); *C-NMR (101 MHz, CDCls): 5/ppm =
161.4 — 161.2 (m), 154.1, 142.8 (q, J = 4.1 Hz), 134.7 (g, J = 3.5 Hz), 133.2, 132.8,
130.9, 130.4, 126.6 (g, J = 34.2 Hz), 123.9 (g, J = 272.7 Hz), 119.6, 112.6, 36.8, 25.1;
“F.NMR (377 MHz, CDCls): &/ppm = -62.31; HRMS (DART): m/z calculated for
C14H11BrCIF3NO* 379.9665, found 379.9662.

FaCo O A 2-dram vial was charged with vinyl pyridine 2.22 (87.0 mg, 0.419
| NG - mmol), boronic ester 2.6 (1.9 equiv., 193 mg, 0.811 mmol),
2.32 potassium carbonate (2.0 equiv., 118 mg, 0.854 mmol), potassium

phosphate (1.9 equiv., 171 mg, 0.806 mmol), hydroxy(cyclooctadiene)rhodium(l) dimer
(2 mol%, 3.8 mg, 0.00833 mmol), palladium (ll) acetate (5 mol%, 4.6 mg, 0.0205
mmol), BuX-Phos (10 mol%, 18.0 mg, 0.0424 mmol), and purged with argon. Dioxane
(2 mL) and water (200 yL) were added, and the mixture was stirred at room temperature
for 10 minutes. The mixture was then sealed with a Teflon cap, and put into an oil-bath
pre-heated at 100 °C for 18 hours. Upon cooling to room temperature, the mixture was
passed through a silica plug (EtOAc), and concentrated in vacuo. The residue was
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taken up in diethyl ether, transferred to a separatory funnel, and the organic layer was
washed 3x with a 1M KOH solution. The organic layer was dried over magnesium
sulphate and concentrated in vacuo. Silica flash column chromatography (40:1
Hexanes/EtOAc) gave the product (39.0 mg, 33%), as a yellow oil. 'H(*°F)-NMR (400
MHz, CDCl3): 8/ppm = 8.56 (d, J = 2.0 Hz, 1H), 7.69 (d, J = 2.0 Hz, 1H), 7.16 (1, J = 8.2
Hz, 1H), 7.01 (dd, J = 8.3, 1.1 Hz, 1H), 6.88 (dd, J = 8.3, 1.1 Hz, 1H), 3.43 — 3.38 (m,
2H), 3.23 —3.17 (m, 2H); *C-NMR (101 MHz, CDCls): 160.8 (d, J = 246.4 Hz), 157.1 (d,
J =6.2 Hz), 156.5 (d, J = 1.4 Hz), 153.0, 141.4 (q, J = 4.2 Hz), 127.8 (d, J = 10.3 Hz),
126.0 (q, d = 33.3 Hz), 125.8 (q, J = 3.5 Hz), 123.1 (q, J = 272.5 Hz), 120.0 (d, J = 18.7
Hz), 116.5 (d, J = 3.3 Hz), 111.9 (d, J = 22.8 Hz), 34.0, 21.1 (d, J = 5.0 Hz); ®F-NMR
(376 MHz, CDCl3): &/ppm = -62.08, -115.36 (t, J = 7.5 Hz); IR (film): v/em™ -3078, 2931,
2858, 1621, 1613, 1573, 1461, 1409, 1334, 1259, 1173, 1133, 1086, 1045, 1006, 928,
913, 791, 771, 748, 743; HRMS (DART): m/z calculated for Cy4H1oFsNO* 284.0699,
found 284.0697.
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3.5 Synthesis of Compounds in Section 2.4

NC ci A round bottom flask was charged with 2-amino-5-cyanopyridine (1.00 g,

X
| N“ g 840 mmol) and NCS (1.1 equiv, 1.24 g, 9.29 mmol). MeCN (20 mL) was
233 added. The mixture was stirred at room temperature for 39 hours, at which

point TLC showed incomplete consumption of starting material. The mixture was then
heated to 60 °C for 2 hours, at which point TLC showed complete consumption of
starting material. Upon cooling to room temperature, copper (II) bromide (2 equiv., 3.75
g, 16.8 mmol) and isopentyl nitrite (2 equiv., 2.3 mL, d = 0.872 g/mL, 17.1 mmol) were
added and the mixture was heated to 65 °C for 2 hours. Upon cooling to room
temperature, the reaction was quenched with sat. ammonium chloride solution,
partitioned with DCM, and transferred to a separatory funnel. The organic layer was
separated and the aqueous layer was extracted three times with DCM. The combined
organic layers were dried over magnesium sulphate and concentrated in vacuo to a
brown solid. Silica flash column chromatography (11:1 Hexanes/EtOAc) gave the
product (635 mg, 35% over 2 steps) as a yellow solid, recrystallised (hexanes/DCM) to
give white needles, mp 129 C, subl. '"H-NMR (300 MHz, CDCls): &/ppm = 8.55 (d, J =
2.0 Hz, 1H), 7.99 (d, J = 2.0 Hz, 1H); "*C-NMR (75 MHz, CDCls): 8/ppm = 149.7, 146.9,
140.2, 134.6, 114.6, 110.0; IR (film): v/cm-1 = 3030, 2993, 2240, 1409, 1371, 1276,
1259, 1133, 1041, 914, 765, 750; HRMS (DART): m/z calculated for CgH2BrCINo*
216.9168, found 216.9165.

0.0 A round bottom flask was charged with 2,3-dichloro-5-bromopyridine (807
g cl
VEN S mg, 3.56 mmol). THF (6 mL) was added. The solution was cooled to 0 °C
N© ¢ and iPrMgCl (1.3 equiv., 2.3 mL, 2.0 M) was added dropwise at this
2.34

temperature. The mixture was stirred for 50 minutes at 0 °C, at which
point TLC indicated complete magnesium-halogen exchange (comparing to 2,3-
dichloropyridine). MsCI (2.0 equiv., 550 uL, 7.11 mmol) in THF (2 mL, wash 2x 1 mL)
was added dropwise to the reaction at 0 °C. The mixture was stirred at 0 °C for 5
minutes, the ice bath was removed, and the mixture was allowed to come to room
temperature overnight. TLC the next day indicated formation of the product, along with
unquenched magnesium-exchanged staring material. The mixture was cooled back to 0
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2C and another portion of MsCI (1.0 equiv, 230 uL) in THF (1 mL, wash 2x 1 mL) was
added dropwise. After complete addition, the mixture was allowed to come to room
temperature and was stirred for 1.5 hours. TLC at this point indicated little change in
consumption of unquenched Grignard. The reaction was quenched with sat. ammonium
chloride solution, partitioned with diethyl ether, and transferred to a separatory funnel.
The layers were separated, and the aqueous layer extracted twice with diethyl ether.
The combined organic layers were dried over magnesium sulphate and concentrated in
vacuo to a yellow solid. Silica flash column chromatography (8:2 — 7:3 Hexanes/EtOAc)
gave the product (467 mg, 58%) as a white solid, mp 125 — 127 °C. '"H-NMR (400 MHz,
CDCl3): 8/ppm = 8.82 (d, J = 2.2 Hz, 1H), 8.29 (d, J = 2.2 Hz, 1H), 3.15 (s, 3H); *C-
NMR (101 MHz, CDCls): &/ppm = 154.7, 146.1, 137.7, 136.8, 131.8, 45.0; IR (film):
viem™ = 3050, 3023, 2934, 1557, 1543, 1405, 1370, 1360, 1306, 1150, 1103, 1044,
970, 914, 855, 748, 743, 664; HRMS (DART): m/z calculated for CgHgCIloNOLS*
225.9507, found. 225.9496.

Me._~_-Cl A round bottom flask was charged with 3-amino-2-chloro-5-methylpyridine
\(N:[CI (1.01 g, 7.07 mmol). Conc. HCI (7 mL) was added, and the mixture was

2.35 cooled to 0 °C. Sodium nitrite (1.2 equiv., 592 mg, 8.58 mmol) in water (7
mL) was added dropwise to the reaction mixture at this temperature. After 1 hour at 0
°C, CuCl (1.4 equiv., 972 mg, 9,82 mmol) was added slowly, in three portions. Vigorous
gas evolution was observed and an orange precipitate began to form. The reaction was
stirred for an additional hour at 0 °C, quenched by pouring onto a 1:1 mixture of conc.
NH4OH/H,O (10 mL/10 mL) and partitioned with DCM. An additional portion of conc.
NH4sOH (10 mL) was added to dissolve the remaining Cu salts. After transferring to a
seperatory funnel, the layers were separated, and the aqueous layer was extracted
twice with DCM. The combined organic layers were washed with brine, dried over
magnesium sulphate and concentrated in vacuo to a red oil. Silica flash column
chromatography (30:1 Hexanes/EtOAc) gave the product (596 mg, 52%) as a white
solid, mp 38 — 40 °C. 'H-NMR (300 MHz, CDCls): 8/ppm = 8.12 (s, 1H), 7.60 (d, J = 2.0
Hz, 1H), 2.33 (s, 3H); "*C-NMR (75 MHz, CDCls): 8/ppm = 147.7, 146.3, 139.4, 133.8,
123.0, 17.5; IR (film): vicm™ = 3036, 2957, 2928, 1583, 1553, 1421, 1380, 1203, 1157,
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1046, 907, 895, 743, 720, 682, 641, 543; HRMS (DART): m/z calculated for CgHgCIoN*
161.9877, found 161.9877.

o) A sealable pressure flask was charged with 2,3-dichloro-5-bromopyridine
K/N\(j:CI (674 mg, 2.97 mmol), bis(dibenzylideneacetone)palladium(0) (2.5 mol%,
2_36N € 43 mg, 0.0748 mmol), XantPhos (2.6 mol%, 44 mg, 0.0760 mmol),
sodium t-butoxide (1.5 equiv., 427 mg, 4.44 mmol) and purged with
argon. Toluene (15 mL) and morpholine (1.1 equiv., 280 pL, 3.20 mmol, d = 0.996 g/mL)
were added. The flask was sealed with a screw-top cap, and put into a pre-heated oil-
bath at 100 °C. After 3 hours, TLC indicated complete consumption of starting material.
Upon cooling to room temperature, the reaction was filtered through Celite (EtOAc) and
concentrated in vacuo. Silica flash column chromatography (9:1 — 7:3 Hexanes/EtOAc)
gave the product (606 mg, 88%) as an off-white solid, mp 96 — 98 °C. 'H-NMR (300
MHz, CDCls3): &/ppm =06 7.94 (d, J = 2.8 Hz, 1H), 7.26 (d, J = 2.7 Hz, 1H), 3.89 — 3.84
(m, 4H), 3.21 — 3.15 (m, 4H); *C-NMR (75 MHz, CDCls): 8/ppm = 146.8, 138.4, 134.7,
130.2, 124.5, 66.3, 48.1; IR (film): v/icm-1 = 2972, 2959, 2815, 2876, 2849, 1582, 1559,
1447, 1398, 1261, 1233, 1169, 1126, 1020, 957, 874, 853, 801, 706, 664; HRMS
(DART): m/z calculated for CgH11CIoN-O" 233.0248, found 233.0252.

NC\(Y'/ A non flame-dried 2-neck round bottom flask was charged with 2.33 (303
NTNF mg, 1.39 mmol), potassium carbonate (4 equiv., 763 mg, 5.53 mmol), and

2.37 tetrakistriphenylphosphinepalladium (5 mol%, 80 mg, 0.0692 mmol). A
reflux condenser was added and the setup was purged with argon. DME (8 mL) and
water (4 mL) were added, followed by 4,4,6-trimethyl-2-vinyl-1,3,2-dioxaborinane (1.2
equiv., 254 mg, 1.65 mmol). The mixture was sealed and put into a pre-heated oil-bath
at 80 °C for 13 hours. At this point, a small aliquot of the organic layer was removed and
analysed by 'H NMR, which showed complete consumption of starting material. Upon
cooling to room temperature, the reaction was quenched with additional water,
partitioned with diethyl ether, and transferred to a separatory funnel. The organic layer
was separated and the aqueous layer extracted three times with diethyl ether. The
combined organic layers were dried over magnesium sulphate and concentrated in
vacuo to a red oil. Silica flash column chromatography (40:1 — 30:1 Hexanes/EtOAc)
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gave the product (131 mg, 58%) as a white solid, mp 87 — 89 °C. 'H-NMR (300 MHz,
CDCls): 8/ppm = 8.70 (d, J = 1.9 Hz, 1H), 7.92 (d, J = 1.9 Hz, 1H), 7.24 (dd, J = 16.9,
10.7 Hz, 1H), 6.66 (dd, J = 16.9, 1.8 Hz, 1H), 5.80 (dd, J = 10.7, 1.8 Hz, 1H); *C-NMR
(75 MHz, CDCls): 5/ppm = 155.6, 149.8, 140.2, 130.4, 130.1, 125.8, 115.7, 109.0; IR
(film): v/icm-1 = 3071, 3063, 2234, 1583, 1451, 1385, 1373, 1302, 1276, 1262, 1233,
1209, 1061, 988, 944, 915, 906, 791, 748, 744; HRMS (DART): m/z calculated for
CgHsCIN,* 165.0220, found 165.0219.

0.’ A microwave vial was charged with 2.34 (354 mg, 1.57 mmol), lithium

SO
Me \(Nj/\/ chloride (1.4 equiv., 92 mg, 217 mmol),

2.38 tetrakistriphenylphosphinepalladium (5 mol%, 97 mg, 0.0839 mmol), and
purged with argon. Dioxane (8 mL) and tributylvinyltin (1.3 equiv, 610 uL, 2.09 mmol)
were added. The vial was sealed with a crimp-top cap, and put into a pre-heated oil-
bath at 85 °C for 21 hours. At this point, an aliquot was removed and analysed by 'H
NMR, which revealed complete consumption of staring material. Upon cooling to room
temperature, the reaction was filtered through Celite (EtOAc) and concentrated in vacuo
to a red oil. Silica flash column chromatography (90:8:2 — 70:25:5 — 85:15:5
Hexanes/EtOAc/Triethylamine) gave the product (189 mg, 55%) as a yellow solid, mp
87 — 88 °C. 'H-NMR (400 MHz, CDCls): 5/ppm = 8.96 (d, J = 2.1 Hz, 1H), 8.18 (d, J =
2.1 Hz, 1H), 7.29 (dd, J = 16.9, 10.6 Hz, 1H), 6.70 (dd, J = 16.9, 1.8 Hz, 1H), 5.81 (dd, J
= 10.6, 1.8 Hz, 1H), 3.13 (s, 3H); *C-NMR (101 MHz, CDCls): 8/ppm = 156.7, 146.0,
136.7, 136.0, 130.4, 130.4, 125.9, 45.1; IR (film): vicm™ = 3100, 3065, 2928, 1568,
1533, 1443, 1362, 1154, 1109, 1049, 974, 910, 789, 770, 743, 648; HRMS (ESI): m/z
calculated for CgHgCINO.S™ 218.0037, found 218.0046.

0.N._~_Cl A non flame-dried round bottom flask was charged with 2,3-dichloro-5-
| N~ hitropyridine (588 mg, 3.05 mmol), lithium chloride (1.2 equiv., 155 mg,
2.39 3.66 mmol), and tetrakistriphenylphosphinepalladium (5 mol%, 176 mg,

0.152 mmol). The flask was fitted with a reflux condenser and purged with argon.
Dioxane (15 mL) and tributylvinyltin (1.1 equiv, 1.09 ml, 3.70 mmol) were added. The
reaction was heated to 100 °C for 3 hours, at which point an aliquot showed full
consumption of starting material by 'H NMR. Upon cooling to room temperature, the
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reaction was filtered through Celite and concentrated in vacuo. Silica flash column
chromatography (95:5 Hexanes/EtOAc) gave the product (124 mg, 25%) as a white
solid, mp 34 — 36 °C. "H-NMR (400 MHz, CDCls): 8/ppm = 9.27 (d, J = 2.3 Hz, 1H), 8.46
(d, J = 2.3 Hz, 1H), 7.29 (dd, J = 16.9, 10.6 Hz, 1H), 6.72 (dd, J = 16.9, 1.7 Hz, 1H),
5.85 (dd, J = 10.6, 1.7 Hz, 1H); '*C-NMR (101 MHz, CDCls): 5/ppm = 157.3, 142.8,
142.7, 132.6, 130.3, 130.0, 126.7; IR (film): v/icm™ = 3080, 2916, 2849, 1645, 1587,
1570, 1520, 1348, 1294, 1275, 1223, 1049, 908, 743; HRMS (ESI): m/z calculated for
C7H6CIN2O," 185.0118, found 185.0110;

Note: This product turns red upon prolonged storage at room temperature, and should
be stored under argon at -20 °C.

Me ca A sealable pressure flask was charged with 2.35 (300 mg, 1.85 mmol),
m tetrakistriphenylphosphinepalladium (5 mol%, 109 mg, 0.0943 mmol),
2.40 lithium chloride (1.2 equiv., 97 mg, 2.29 mmol) and purged with nitrogen.
Dioxane (9 mL) and tributylvinyltin (1.1 equiv., 600 L, 2.05 mmol) were added. The
flask was sealed and put into a pre-heated oil-bath at 100 °C for 16 hours. At this point,
an aliquot was removed and analysed by 'H NMR, which revealed complete
consumption of starting material. Upon cooling to room temperature, the mixture was
filtered through Celite (5% Triethylamine/EtOAc) and concentrated in vacuo. Silica flash
column chromatography (30:1 Hexanes/EtOAc) gave the product, which by TLC still
contained tin by-products. The residue was passed through a plug of Silica (~30:1:2
Hexanes/EtOAc/Triethylamine, 5 mL triethylamine + 100 mL 30:1 Hexanes/EtOAc) and
concentrated to give the product (213 mg, 75%) as a yellow oil. '"H-NMR (300 MHz,
CDCl3): 8/ppm = 8.34 — 8.27 (m, 2H, unresolved dq), 7.48 (dqg, J = 1.6, 0.8 Hz, 1H), 7.20
(dd, J =17.1, 10.8 Hz, 1H), 6.41 (dd, J = 17.1, 2.0 Hz, 1H), 5.53 (dd, J = 10.7, 2.0 Hz,
1H), 2.33 (s, unresolved t, 3H); "*C-NMR (100 MHz, CDCls): d/ppm = 149.2, 147.9,
138.0, 133.8, 131.2, 130.0, 120.5, 17.9; IR (film): v/icm™ = 3004, 2926, 2864, 1456,
1375, 1055, 987, 913, 784, 749; HRMS (DART): m/z calculated for CgHgCIN* 154.0424,
found 154.0419.



113

0
LN e A sealable pressure flask was charged with 2.36 (500 mg, 2.15 mmol),

| NPNF tetrakistriphenylphosphinepalladium (5 mol%, 126 mg, 0.109 mmol),

2.41 lithium chloride (1.2 equiv., 113 mg, 2.67 mmol), and purged with argon.
Dioxane (8 mL) and tributylvinyltin (1.2 equiv., 750 pL, 2.57 mmol) were added. The
flask was sealed and put into a pre-heated oil-bath at 100 °C for 23 hours. At this point,
an aliquot was removed and analysed by 'H NMR, revealing complete consumption of
starting material. Upon cooling to room temperature, the reaction was passed through a
silica plug (5% Triethylamine/EtOAc) and concentrated in vacuo. Silica flash column
chromatography (90:8:2 — 80:15:5 — 70:25:5 Hexanes/EtOAc/Triethylamine, then 9:1
— 7:3 Hexanes/EtOAc) gave the product (321 mg, 67%) as an off-white solid, mp 73 —
74 °C, after 2 purifications. "TH-NMR (300 MHz, CDCls): 8/ppm = & 8.17 (d, J = 2.7 Hz,
1H), 7.11 (dd, J = 17.1, 10.8 Hz, 1H), 7.07 (d, J = 2.7 Hz, 1H), 6.24 (dd, J = 17.1, 2.0
Hz, 1H), 5.40 (dd, J = 10.8, 2.0 Hz, 1H), 3.94 — 3.75 (m, 4H), 3.26 — 3.08 (m, 4H); **C-
NMR (75 MHz, CDCls): &/ppm = 146.7, 142.9, 136.0, 131.2, 130.5, 122.1, 117.8, 66.5
(2), 48.2 (2); IR (film): v/cm-1 = 3090, 3065, 3032, 2953, 2916, 2849, 1589, 1472, 1449,
1396, 1357, 1313, 1261, 1250, 1069, 1014, 986, 905, 739, 696; HRMS (DART): m/z
calculated for C11H14CIN,O™ 225.0795, found 225.0797.

FaC | - C! A non flame-dried round bottom flask was charged with 2,3- dichloro-
N“ A e 5-(trifluoromethyl)pyridine (648 mg, 3.00 mmol), (E)-pent-1-en-1-
2.42

ylboronic acid (1.5 equiv., 513 mg, 45 mmol), 1,1-
bis(diphenylphosphino)ferrocene]dichloropalladium(ll) dichloromethane complex (5
mol%, 123 mg, 0.151 mmol), and sodium carbonate (3.3 equiv., 1.05 g, 9.84 mmol).
The flask was fitted with a reflux condenser, and purged with argon. Dioxane (30 mL)
and water (5 mL) were added, and the mixture was heatd at 85 °C for 16 hours. Upon
cooling to room temperature, the reaction was quenched with additional water,
partitioned with EtOAc and transferred to a separatory funnel. The layers were
separated and the aqueous layer was extracted with EtOAc. The combined organic
layers were washed with water, dried over magnesium sulphate and concentrated in
vacuo. Silica flash column chromatography (96:4 Hexanes/DCM) gave the product (576
mg, 77%) as a colourless oil. "H-NMR (400 MHz, CDCls): &/ppm = 8.66 (dd, J = 2.1, 1.0
Hz, 1H), 7.85 (dd, J = 1.9, 0.8 Hz, 1H), 7.17 (dt, J = 15.2, 7.1 Hz, 1H), 6.93 (dt, J = 15.3,
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1.5 Hz, 1H), 2.33 (qd, J = 7.2, 1.5 Hz, 2H), 1.65 — 1.51 (m, 4H), 0.99 (t, J = 7.4 Hz, 3H);
3C NMR (75 MHz, CDCls): 8/ppm = 156.95 — 154.03 (m, apparent q), 144.1 (q, J = 4.0
Hz), 142.9, 134.5 (q, J = 3.7 Hz), 125.2 (q, J = 33.5 Hz), 124.0, 123.0 (q, J = 272.4 Hz),
35.3, 22.1, 14.0; 'F NMR (564 MHz, CDCls): 8/ppm = -62.21; IR (film): vicm™ = 2963,
2931, 2875, 1610, 1502, 1318, 1280, 1134, 1089, 1052, 973, 913; HRMS (DART): m/z
calculated for C11H11CIF3N* 249.0532, found 249.0610.

NC._~Cl A round bottom flask with reflux condenser was charged with 2.33
\(Nj/\/\n_Hex (297 mg, 1.37 mmol), [1,1"-bis(diphenylphosphino)ferrocene]
2.43 dichloropalladium(ll) dichloromethane complex (5 mol%, 57 mg,
0.0698 mmol), sodium bicarbonate (3.3 equiv., 382 mg, 4.55 mmol), (E)-1-
octenylboronic acid (1.0 equiv., 219 mg, 1.40 mmol), and purged with argon. Dioxane
(14 mL) and water (3 mL) were added, and the reaction was heated to 85 °C for 17
hours. At this point, a small aliquot was withdrawn and analysed by 'H NMR, revealing
complete consumption of starting material. Upon cooling to room temperature, the
reaction was quenched with additional water, partitioned with EtOAc and transferred to
a separatory funnel. The layers were separated and the aqueous layer was extracted
three times with EtOAc. The combined organic layers were dried over magnesium
sulphate and concentrated in vacuo. Silica flash column chromatography (60:1 — 20:1
Hexanes/EtOAc) gave the product (261 mg, 77%) as a tan solid, mp 34 — 35 °C. 'H-
NMR (300 MHz, CDCl3): &/ppm = 8.65 (dd, J = 2.0, 0.4 Hz, 1H), 7.87 (d, J = 2.0 Hz,
1H), 7.29 — 7.19 (m, 1H), 6.91 (dt, J = 15.2, 1.5 Hz, 1H), 2.35 (qd, J = 7.3, 1.6 Hz, 2H),
1.63 — 1.46 (m, apparent quintet, 2H), 1.42 — 1.22 (m, 6H), 0.97 — 0.76 (m, apparent t,
1H); "*C-NMR (75 MHz, CDCls): d/ppm = 156.2, 149.7, 145.0, 140.0, 129.1, 123.7,
115.9, 107.8, 33.4, 31.8, 29.1, 28.7, 22.7, 14.2; IR (film): v/icm™ = 3065, 3054, 2956,
2927, 2869, 2853, 2230, 1642, 1578, 1450, 1387, 1375, 1286, 1269, 1226, 1123, 1113,
1059, 975, 929, 913, 845, 807, 747, 680, 596; HRMS (DART): m/z calculated for
C14H1sCIN2" 249.1153, found 249.1155.
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NG~ O A 2-dram vial was charged with 2.44 (33.4 mg, 0.203 mmol), boronic
| NS ester 2.13 (2.0 equiv., 89 mg, 0.404 mmol), potassium carbonate (2.1
2.44 equiv., 59 mg, 0.427 mmol), potassium phosphate (2.1 equiv., 91 mg,
0.429 mmol), hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 1.9 mg, 0.00416
mmol), palladium (ll) acetate (5 mol%, 2.3 mg, 0.0102 mmol), BuX-Phos (10 mol%, 8.6
mg, 0.0203 mmol), and purged with argon. Dioxane (2 mL) and water (200 pL) were
added, and the mixture was stirred at room temperature for 10 minutes. The mixture
was then sealed with a Teflon cap, and put into an oil-bath pre-heated at 100 °C for 18
hours. Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc), and concentrated in vacuo. Silica flash column chromatography (12:1 — 9:1
Hexanes/EtOAc, then 99:1 DCM/Diethyl Ether — 98:2 DCM/Diethyl Ether) gave the
product (27.4 mg, 61%) as a white solid, after two purifications, mp 101 — 103 °C. 'H-
NMR (400 MHz, CDCl3): 8/ppm =8.51 (d, J = 1.9 Hz, 1H), 7.73 (d, J = 1.9 Hz, 1H), 7.25
—7.19 (m, 2H), 7.21 — 7.07 (m, 2H), 3.41 — 3.33 (m, 2H), 3.24 — 3.17 (m, 2H); '*C-NMR
(101 MHz, CDClg): 8/ppm = 156.4 (2), 152.8, 146.2, 132.7, 131.6, 130.0, 128.2, 125.6,
120.8, 116.1, 108.3, 36.1, 28.7; IR (film): v/icm™ = 3061, 2957, 2928, 2855, 2233, 1596,
1547, 1490, 1459, 1399, 1286, 1278, 1236, 1222, 1199, 1181, 1128, 1099, 1033, 992,
939, 911, 835, 773, 745, 704, 644, 621, 589; HRMS (DART): m/z calculated for
C14H11N2O* 223.0871, found 223.0873.

o\\szp o A 2-dram vial was charged with 2.38 (44.3 mg, 0.204 mmol), boronic
X

Me ] _ ester 2.13 (2.0 equiv., 91 mg, 0.414 mmol), potassium carbonate
N

045 (2.1 equiv., 58 mg, 0.420 mmol), potassium phosphate (2.1 equiv.,
91 mg, 0.429 mmol), hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 2.0 mg,
0.00438 mmol), palladium (Il) acetate (5 mol%, 2.4 mg, 0.0107 mmol), tBuX-Phos (9
mol%, 8.8 mg, 0.0193 mmol), and purged with argon. Dioxane (2 mL) and water (200
ML) were added, and the mixture was stirred at room temperature for 10 minutes. The
mixture was then sealed with a Teflon cap, and put into an oil-bath pre-heated at 100 °C
for 19 hours. Upon cooling to room temperature, the mixture was passed through a
silica plug (EtOAc), and concentrated in vacuo. Silica flash column chromatography (2:1
Hexanes/EtOAc) gave two portions of product, one which was pure, another which co-

eluted with pinacol residue from the boronic ester. The second portion was taken up in
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DCM (4 mL) and transferred to a round bottom flask charged with sodium periodate
(excess, 56 mg, 0.262 mmol), tetramethylammonium chloride (cat., spatula tip) and
water (2 mL). The biphasic mixture was stirred overnight, and then transferred to a
separatory funnel. The organic layer was separated and the aqueous layer was
extracted twice with DCM. The combined organic layers were dried over magnesium
sulphate, concentrated in vacuo and combined with the first portion of product to give a
yellow solid (31.3 mg, 56%). 'H-NMR (400 MHz, CDCls): 8/ppm = 8.76 (d, J = 2.1 Hz,
1H), 7.98 (d, J = 2.1 Hz, 1H), 7.25 - 7.17 (m, 3H), 7.16 — 7.10 (m, 1H), 3.43 — 3.38 (m,
2H), 3.25 — 3.20 (m, 2H), 3.11 (s, 3H); *C-NMR (101 MHz, CDCls): 8/ppm = 157.5,
156.5, 153.1, 142.3, 135.6, 132.5, 130.1, 128.1, 127.7, 125.6, 120.9, 45.1, 36.0, 28.7;
IR (film) vicm™ . 3062, 3010, 2927, 2863, 1490, 1457, 1395, 1316, 1274, 1268, 1235,
1201, 1177, 1152, 1137, 1098, 979, 948, 913, 834, 765, 751; HRMS (ESI*): m/z
calculated for C14H14sNO3S™ 276.0688, found 276.0690.

ON__~_O A 2-dram vial was charged with 2.46 (36.9 mg, 0.200 mmol), boronic
| N7 ester 2.13 (2 equiv., 88 mg, 0.400 mmol),
2.46 hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 1.8 mg, 0.00395

mmol), palladium (II) acetate (5 mol%, 2.2 mg, 0.00980 mmol), tBuX-Phos (10 mol%,
8.2 mg, 0.0193 mmol), potassium carbonate (2 equiv., 55 mg, 0.398 mmol), potassium
phosphate (2 equiv., 85 mg, 0.400 mmol), and purged with argon. Dioxane (2 mL) and
water (200 pL) were added, and the mixture was stirred at room temperature for 10
minutes. The vial was then sealed with a Teflon cap, and put into an oil-bath pre-heated
at 100 °C for 16 hours. Upon cooling to room temperature, the mixture was passed
through a silica plug (EtOAc), and concentrated in vacuo. Silica flash column
chromatography (9:1 Hexanes/EtOAc) gave the product (24.1 mg, 50%) as an off-white
solid, mp 98 — 101 2C. '"H-NMR (400 MHz, CDCls): 8/ppm = 9.09 (d, J = 2.0 Hz, 1H),
8.25 (d, J = 2.1 Hz, 1H), 7.30 — 7.09 (m, 4H), 3.48 — 3.35 (m, 2H), 3.30 — 3.18 (m, 2H);
3C-NMR (101 MHz, CDCls): &/ppm = 158.3, 156.4, 152.9, 138.9, 132.6, 130.1, 128.2,
125.7,123.7, 120.8, 36.2, 28.5; IR (film): v/em™ = 3080, 2918, 2851, 1595, 1578, 1520,
1489, 1456, 1404, 1348, 1252, 1234, 1177; HRMS (DART) m/z calculated for
C13H11N20O3" 243.0770, found 243.0773.
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Me B C o4 A 2-dram vial was charged with vinyl pyridine 2.40 (48.0 mg, 0.312

—

N mmol), potassium carbonate (2 equiv., 87 mg, 0.629 mmol), boronic
2.47 ester 2.13 (2 equiv., 135 mg, 0.613 mmol), and purged with argon. A
round bottom flask was charged with hydroxy(cyclooctadiene)rhodium(l) dimer (3x 2
mol%, 8.2 mg, 0.0180 mmol) and purged with argon. Dioxane (8 mL) was added and
the mixture was stirred at room temperature for 15 minutes. Catalyst solution (1 mL,
containing 4 mol% [Rh]) was added to the reaction vial, followed by additional dioxane
(2 mL). The vial was sealed with a Teflon cap and put into a pre-heated oil-bath at 90 °C
for 14 hours. Upon cooling to room temperature, the mixture was passed through a
silica plug (EtOAc). Silica flash column chromatography (9:1 Hexanes/EtOAc) gave the
product (65 mg, 88%) as a tan solid, mp 87 — 89 °C. 'H-NMR (400 MHz, CDCl3): 8/ppm
= 10.57 (s, 1H), 8.28 (s, 1H), 7.50 (s, 1H), 7.19 (dd, J = 7.5, 1.8 Hz, 1H), 7.11 (id, J =
7.6, 1.7 Hz, 1H), 6.90 (dd, J = 8.1, 1.3 Hz, 1H), 6.85 (td, J = 7.4, 1.3 Hz, 1H), 3.36 —
3.28 (m, 2H), 3.20 — 3.13 (m, 2H), 2.30 (s, 3H); '*C-NMR (101 MHz, CDCls): &/ppm =
155.3, 154.0, 145.9, 138.3, 133.0, 131.8, 130.8, 129.1, 127.8, 120.3, 117.9, 36.3, 25.5,
17.7; IR (film): viem™ = 3322, 3144, 3066, 3010, 2928, 1594, 1584, 1488, 1456, 1421,
1387, 1241, 1141, 1096, 1067, 1041, 882, 752; HRMS (DART): m/z calculated for

C14H15CINO™ 248.0842, found 248.0842.

Me._~ O A 2-dram vial was charged with 2.47 (40.6 mg, 0.164 mmol),
| N palladium (ll) acetate (5 mol%, 2.0 mg, 0.00891 mmol), tBuX-Phos
2.48 (10 mol%, 7.2 mg, 0.0170 mmol), potassium phosphate (2 equiv., 72

mg, 0.339 mmol) and purged with argon. Dioxane (820 yL) was added. The vial was
sealed with a Teflon cap, and put into a pre-heated oil-bath at 100 °C for 24 hours.
Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc) and concentrated in vacuo. Silica flash column chromatography (8:2
Hexanes/EtOAc) gave the product (24.0 mg, 69%) as a yellow solid, mp 54 — 55 °C. 'H-
NMR (400 MHz, CDCls): &/ppm = 8.10 (s, 1H), 7.30 (s, 1H), 7.22 - 7.17 (m, 1H), 7.17 —
7.13 (m, 1H), 7.07 (id, Jd = 7.1, 1.9 Hz, 1H), 3.30 — 3.25 (m, 2H), 3.21 — 3.16 (m, 2H),
2.30 (s, 3H); *C-NMR (101 MHz, CDCls): &/ppm = 157.1, 153.1, 148.0, 144.7, 133.2,
132.4, 130.0, 129.2, 127.7, 124.8, 120.7, 34.9, 29.4, 17.8; IR (film): viem™ = 3014,
2923, 2865, 1559, 1490, 1465, 1457, 1448, 1398, 1288, 1278, 1236, 1201, 1177, 1127,
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1099, 901, 883, 834, 771, 746; HRMS (DART): m/z calculated for C14H14sNO* 212.1075,
found 212.1074.

o) A 2 dram vial was charged with vinyl pyridine 2.41 (67.7 mg,
A B @ on 0.301 mmol), potassium carbonate (2 equiv., 85 mg, 0.615
% mmol), 2-hydroxyphenylboronic acid (5 equiv.,, 211 mg, 1.53
=4 mmol), hydroxyl(cyclooctadiene)rhodium(l) dimer (2 mol%, 3.0
mg, 0.00658 mmol), and purged with argon. Dioxane (3 mL) and water (300 yL) were
added. The vial was sealed with a Teflon cap, and put into a pre-heated oil-bath at 100
2C for 15 hours. Upon cooling to room temperature, the mixture was passed through a
silica plug (EtOAc) and concentrated in vacuo. Silica flash column chromatography (8:2
— 7:3 Hexanes/EtOAc) gave the product (87.1 mg, 91%) as an orange solid, mp 133 —
135 °C. 'H-NMR (400 MHz, CDCls): &/ppm = 10.65 (s, 1H), 8.08 (d, J = 2.6 Hz, 1H),
7.21 (d,Jd =2.6 Hz, 1H), 7.19 (dd, J = 7.5, 1.6 Hz, 1H), 7.13 — 7.07 (m, 1H), 6.88 (dd, J
=8.1,1.1 Hz, 1H), 6.85 (ap td, J = 7.4, 1.2 Hz, 1H), 3.91 — 3.78 (m, 4H), 3.29 — 3.23 (m,
2H), 3.18 — 3.09 (m, 6H); *C-NMR (101 MHz, CDCls): 8/ppm = 155.4, 147.1, 146.6,
133.3, 132.3, 130.9, 129.4, 127.8, 124.1, 120.3, 117.9, 66.5 (2), 48.4 (2), 35.7, 25.5; IR
(film) v/icm™: 3347, 2965, 2918, 2851, 1593, 1489, 1456, 1398, 1381, 1267, 1236, 1140,
1123, 1063, 1045, 959, 870, 756, 735; HRMS (DART): m/z calculated for C17H20CIN2O2"
319.1208, found 319.1205.

o) A 2 dram vial was charged with 2.49 (36.7 mg, 0.115 mmol),
K/N\(\/(O/\Q palladium (I1) acetate (10 mol%, 2.7 mg, 0.0120 mmol), BuX-Phos
N;SO (20 mol%, 9.9 mg, 0.0233 mmol), potassium phosphate (2 equiv.,

54 mg, 0.254 mmol), and purged with argon. Dioxane (1 mL) was

added. The vial was sealed with a Teflon cap, and put into a pre-heated oil-bath at 100
2C for 36 hours. Upon cooling to room temperature, the mixture was passed through a
silica plug (EtOAc) and concentrated in vacuo. Silica flash column chromatography (7:3
Hexanes/EtOAc — 3:7 Hexanes/EtOAc) gave the product (25.6 mg, 78%) as an off-
white solid, mp 59 — 62 °C. 'H-NMR (400 MHz, CDCls): &/ppm = 7.98 (d, J = 2.6 Hz,
1H), 7.20 (ddd, J = 7.7, 5.7, 1.8 Hz, 2H), 7.17 — 7.11 (m, 1H), 7.08 (td, J = 7.1, 1.7 Hz,
1H), 6.99 (d, J = 2.5 Hz, 1H), 3.90 — 3.83 (m, 4H), 3.25 — 3.20 (m, 2H), 3.19 — 3.14 (m,
7H); BC-NMR (101 MHz, CDCls): &/ppm = 157.1, 153.4, 146.8, 141.4, 133.5, 132.7,
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130.0, 127.7, 124.9, 120.7, 115.0, 66.8 (2), 48.9 (2), 34.6, 29.5; IR (film) v/cm™: 2959,
2920, 2853, 1597, 1553, 1489, 1449, 1412, 1267, 1230, 1199, 1169, 1123, 1051, 999,
887; HRMS (DART): m/z calculated for C17H1sN2O>" 283.1446, found 283.1443.

Fsc\(ﬁ/\i% A 2-dram vial was charged with chlorobis(ethylene)rhodium dimer (5
Nig mol%, 2.9 mg, 0.00746 mmol), L5 (10 mol%, 5.8 mg, 0.015 mmol),
2.51 potassium carbonate (42 mg, 0.304 mmol, 2 equiv), and was
purged with argon. Dioxane (1 mL) and water (0.3 mL) were added, and the mixture
was stirred at room temperature for 5 minutes. Another 2-dram vial was charged with
vinyl pyridine 2.42 (37.5 mg, 0.150 mmol), boronic ester 2.13 (66 mg, 0.300 mmol, 2
equiv), and purged with argon. Dioxane (1 mL) was added. The solution of starting
materials was transferred to the vial containing base and rhodium catalyst, rinsing with
additional dioxane (1 mL). The reaction vial was sealed with a Teflon cap, and put into a
pre-heated oil-bath at 80°C for 16 hrs. Upon cooling to room temperature, the mixture
was passed through a silica plug (EtOAc) and concentrated in vacuo. Silica flash
column chromatography (9:1 Pentanes/EtOAc) gave the product (37 mg, 72%) as a
colourless oil. '"H-NMR (400 MHz, CDCls): &/ppm = 8.70 (s, 1H), 8.68 (s, 1H), 7.89 (d, J
=2.1Hz, 1H), 7.21 (dd, J= 7.6, 1.7 Hz, 1H), 7.11 — 7.05 (m, 1H), 6.94 — 6.86 (m, 2H),
3.77 (tdd, J=9.1, 6.2, 4.5 Hz, 1H), 3.43 — 3.26 (m, 2H), 1.97 — 1.85 (m, 1H), 1.78 (ddt, J
=13.0, 9.2, 6.4 Hz, 1H), 1.35 — 1.16 (m, 2H), 0.90 (t, J = 7.3 Hz, 3H). '*C-NMR (101
MHz, CDCl3): &/ppm = 161.8 — 161.7 (m), 154.7, 142.9 (q, J = 4.1 Hz), 134.4 (9, J = 3.5
Hz), 132.5, 131.9, 127.4, 126.9, 126.2 (q, J = 34.1 Hz), 122.6 (q, J = 272.8 Hz), 121.2,
118.0, 43.5, 38.6, 33.3, 20.9, 14.0; 9F NMR (376 MHz, CDCl3): 5/ppm = -62.35; IR
(film) viem™: 3325, 2958, 2931, 2872, 1700, 1653, 1607, 1507, 1456, 1324, 1236, 1177,
1138, 1089, 1065, 753; HRMS (DART): m/z calculated for C;7H7CIF3NO" 344.0951,
found: 344.1029; [a]p?®® = +22.5 (¢ 1.00, CHClIs) for 97.2:2.8 er, as measured by HPLC
analysis (Chiralcel AD-H, isocratic 0.25% i-PrOH/hexane, 0.70 mL/min, 225 nm), fg =
17.07 min (major), tr = 17.85 min (minor).
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FsCo O Stepwise: A 2 dram vial was charged with palladium (Il) acetate (5
L mol%, 1.8 mg, 0.00802 mmol), BBuX-Phos (10 mol%, 6.8 mg, 0.0160
»5s "' mmol), potassium phosphate (2 equiv., 68 mg, 0.320 mmol), and

purged with argon. A solution of 2.51 (54.8 mg, 0.159 mmol) in
dioxane (400 uL, wash 4x 400 pL) was added. The reaction vial was sealed with a
Teflon cap, and put into a pre-heated oil-bath at 100 °C for 19 hours. Upon cooling to
room temperature, the mixture was passed through a silica plug (EtOAc) and
concentrated in vacuo. Silica flash column chromatography (50:1 — 20:1

Hexanes/EtOAc) gave the product (39.4 mg, 81%) as a colourless oil.

Domino: A 2 dram vial was charged with vinyl pyridine 2.42 (37.5

| mg, 0.150 mmol), potassium carbonate (2 equiv, 42 mg, 0.304
nPr mmol), potassium phosphate (2 equiv, 64 mg, 0.302 mmol),
palladium (Il) acetate (5 mol%, 1.8 mg, 0.00802 mmol), BuX-Phos

(10 mol%, 6.4 mg, 0.015 mmol), and purged with argon. Water (150 yL) was added. A

2.52

second 2 dram vial was charged with chlorobis(ethylene)rhodium dimer (5 mol%, 2.9
mg, 0.00746 mmol), L5 (10 mol%, 5.8 mg, 0.015 mmol), boronic ester 2.13 (2 equiv.,
66mg, 0.300 mmol) and purged with argon. Dioxane (500 uL) was added. The mixture
was stirred at room temperature until the contents dissolved (typically 30 seconds or
less), then transferred to the first vial, washing with additional dioxane (2x 500 uL). The
reaction was sealed with a Teflon cap and put into a pre-heated oil-bath at 100 °C for 16
hours. Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc) and concentrated in vacuo. Silica flash column chromatography (95:5
Hexanes/Diethyl Ether) gave the product (25.8 mg, 56%) as a colourless oil. '"H-NMR
(400 MHz, CDCls3): &/ppm = 8.53 (dt, J = 2.0, 0.9 Hz, 1H), 7.69 (d, J = 1.8 Hz, 1H), 7.25
—7.11 (m, 4H), 3.50 (ddt, J = 16.5, 2.9, 1.2 Hz, 1H), 3.33 (qd, J = 7.4, 3.0 Hz, 1H), 3.25
(dd, J = 16.3, 7.5 Hz, 1H), 1.81 (dddd, J = 13.3, 9.8, 7.3, 5.7 Hz, 1H), 1.65 — 1.55 (m,
1H), 1.52 — 1.42 (m, 1H), 1.41 — 1.33 (m, 1H), 0.93 (t, J = 7.3 Hz, 3H). '*C-NMR (101
MHz, CDCls): 8/ppm = 155.8, 153.9 (d, J = 1.4 Hz), 152.3, 140.4 (q, J = 4.1 Hz), 135.8,
129.2,127.9, 125.7 (9, J = 33.1 Hz), 125.5 (q, J = 3.4 Hz), 123.3 (q, J = 272.4 Hz), 41 .1,
39.3, 35.9, 20.9, 14.2; F NMR (377 MHz, CDCls) d/ppm = -62.10; IR (film): vicm™ =
2960, 2930, 2874, 2359, 2345, 1700, 1683, 1653, 1616, 1559, 1507, 1490, 1457, 1419,
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1335, 1170, 1134, 1085, 956, 912, 757; HRMS (DART): m/z calculated for C17H;gF3NO™
307.1184, found 307.1262; [a]p?®® = +22.5 (¢ 1.00, CHClIs) for 97.2:2.8 er, as measured
by HPLC analysis (Chiralcel AD-H, isocratic 0.25% i-PrOH/hexane, 0.70 mL/min, 225

nm), tr = 17.07 min (major), tr = 17.85 min (minor).

G o A 2 dram vial was charged with vinyl pyridine 2.42 (37.5 mg,
3 Me

| 0.150 mmol), potassium carbonate (2 equiv, 42 mg, 0.304 mmol),

\

ner potassium phosphate (2 equiv, 64 mg, 0.302 mmol), palladium

29 (Il) acetate (5 mol%, 1.8 mg, 0.00802 mmol), BuX-Phos (10

mol%, 6.4 mg, 0.015 mmol), and purged with argon. Water (150 uL) was added. A
second 2 dram vial was charged with chlorobis(ethylene)rhodium dimer (5 mol%, 2.9
mg, 0.00746 mmol), L5 (10 mol%, 5.8 mg, 0.015 mmol), boronic ester 2.7 (4 equiv., 142
mg, 0.606 mmol), and purged with argon. Dioxane (500 pyL) was added. The mixture
stirred at room temperature until the contents dissolved (typically 30 seconds or less),
then transferred to the first vial, washing with additional dioxane (2x 500 pL). The
reaction was sealed with a Teflon cap and put into a pre-heated oil-bath at 100 °C for 16
hours. Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc) and concentrated in vacuo. Silica flash column chromatography (9:1
Hexanes/EtOAc) gave the product (28.6 mg, 62%) as a colourless oil. '"H-NMR (400
MHz, CDCls): 8/ppm = 8.51 (s, 1H), 7.66 (d, J = 1.9 Hz, 1H), 7.08 — 6.97 (m, 3H), 3.54 —
3.43 (m, 1H), 3.30 — 3.16 (m, 2H), 2.32 (s, 3H), 1.81 (dddd, J = 12.8, 9.7, 7.0, 5.6 Hz,
1H), 1.65 — 1.52 (m, 2H), 1.50 — 1.41 (m, 1H), 1.41 —1.32 (m, 1H), 0.93 (t, J = 7.3 Hz,
3H); "*C-NMR (101 MHz, CDCls): &/ppm = 154.0 (m, apparent q), 153.8, 152.4, 140.3
(q,J =4.2 Hz), 135.4,134.7, 129.7, 128.3, 125.7 (q, J = 33.0 Hz), 125.4 (q, J = 3.6 Hz),
123.3 (q, J = 273.1 Hz), 120.8, 41.2, 39.3, 35.8, 21.0, 21.0, 14.2; "°F NMR (377 MHz,
CDCls) 8/ppm = -62.05; IR (film): v/iem™ = 3304, 2959, 2932, 2873, 2359, 2344, 1705,
1559, 1495, 1457, 1410, 1335, 1201, 1169, 1157, 1085, 957, 911, 826, 668; HRMS
(DART): m/z calculated for C1gH1gFsNO* 321.1340, found 321.1319; [a]p?>* = +100.6 (c
0.50, CHCIs) for 97.2:2.8 er, as measured by HPLC analysis (Chiralcel AD-H, isocratic
0.05% i-PrOH/hexane, 0.70 mL/min, 225 nm), tg = 5.90 min (major), fr = 6.22 min

(minor).
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Note: a racemic sample was prepared according to the previous stepwise protocol in
order to provide a sample for HPLC determination of enantiomeric excess.

NG~ O A 2 dram vial was charged with vinyl pyridine 2.43 (49.9 mg, 0.201
z mmol), potassium carbonate (2.1 equiv, 59 mg, 0.427 mmol),
e potassium phosphate (2.2 equiv, 93 mg, 0.438 mmol), palladium (II)
acetate (6 mol%, 2.5 mg, 0.0111 mmol), tBuX-Phos (10 mol%, 6.4

mg, 0.0210 mmol), and purged with argon. Water (200 yL) was added. A second 2

254

dram vial was charged with chlorobis(ethylene)rhodium dimer (5 mol%, 3.9 mg, 0.0102
mmol), L5 (11 mol%, 8.9 mg, 0.0231 mmol), boronic ester 2.13 (4 equiv., 177 mg, 0.805
mmol) and purged with argon. Dioxane (500 yL) was added. The mixture was stirred at
room temperature until the contents dissolved (typically 30 seconds or less), then
transferred to the first vial, washing with additional dioxane (3x 500 pL). The reaction
was sealed with a Teflon cap and put into a pre-heated oil-bath at 100 °C for 16 hours.
Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc) and concentrated in vacuo. Silica flash column chromatography (60:1 — 20:1
Hexanes/EtOAc) gave two fractions of product, one pure and the other containing the
phenol by-product. The impure fractions were concentrated, taken up in diethyl ether,
and transferred to a separatory funnel. The organic layer was washed three times with a
1M KOH solution, dried over magnesium sulphate, concentrated in vacuo, and
combined with the pure fractions to give the product (34.3 mg, 56%) as a colourless oil.
"H-NMR (400 MHz, CDCls): 8/ppm = & 8.52 (d, J = 1.8 Hz, 1H), 7.71 (d, J = 1.8 Hz, 1H),
7.25 —7.20 (m, 2H), 7.18 — 7.10 (m, 2H), 3.49 (dd, J = 16.3, 2.7 Hz, 1H), 3.33 — 3.19
(m, 2H), 1.87 — 1.74 (m, 1H), 1.66 — 1.51 (m, 1H), 1.48 — 1.18 (m, 5H), 0.90 — 0.82 (m,
3H); 3 C-NMR (75 MHz, CDCls): &/ppm = 155.6, 155.1, 152.2, 146.2, 135.6, 131.1,
129.2, 128.0, 125.4, 121.1, 116.2, 108.3, 41.5, 39.4, 33.6, 31.8, 29.3, 27.7, 22.7, 14.2;
IR (film): v/iem™ = 2955, 2928, 2857, 2233, 2595, 1547, 1486, 1457, 1402, 1279, 1219,
1199, 1132, 1095, 990, 914, 773; HRMS (DART): m/z calculated for CyoH23N.O"
307.1810, found 307.1807; [a]p®"® = -8.4 (c 0.25, CHCls) for 95.9:4.1 er, as measured
by HPLC analysis (Chiralcel AD-H, isocratic 0.05% i-PrOH/hexane, 0.70 mL/min, 235
nm), tr = 30.34 min (major), tr = 33.96 min (minor).
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Note: a racemic sample was prepared according to the previous stepwise protocol in
order to provide a sample for HPLC determination of enantiomeric excess.
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3.6 Synthesis of Compounds in Section 2.5

Ne_Cl A round bottom flask was charged with TMP (1.35 equiv., 4.6 mL, 27.3 mmol,
EN/ | d = 0.837 g/ML). THF (60 mL) was added. The solution was cooled to -78 °C,
255  and n-BuLi (1.25 equiv, 11.5 mL, 2.2 M, 25.3 mmol) was added dropwise at
this temperature. The mixture was warmed to 0 °C and stirred for 30 minutes. This
solution of LITMP was cooled back to -78 °C and 2-chloropyrazine (1.8 mL, 20.2 mmol,
d = 1.283 g/mL) was added dropwise, such that the internal temperature did not rise
above -70 °C. The mixture was stirred for 30 mins at -78 °C, developing a deep red
colour, before iodine (2 equiv., 10.3 g, 40.6 mmol) in THF (15 mL) was added dropwise,
such that the internal temperature did not rise above -68 °C. The reaction was stirred for
2 hrs at -78 °C, quenched by the addition of MeOH (5 mL) in one portion, and allowed to
come to room temperature. The solvent was concentrated in vacuo, the residue was
taken up in DCM and sat. sodium thiosulphate solution, and the mixture was transferred
to a separatory funnel. The layers were separated and the aqueous layer was extracted
three times with DCM. The combined organic layers were dried over magnesium
sulphate, and concentrated in vacuo to a red-brown oil. Silica flash column
chromatography (21:1 Hexanes/EtOAc) gave the product (3.79 g, 78%) as a yellow
solid, mp 65-67 °C. '"H-NMR (400 MHz, CDCls): &/ppm = 8.30 (d, J = 2.4 Hz, 1H), 8.28
(d, J = 2.4 Hz, 1H); *C-NMR (101 MHz, CDCls): d/ppm = 154.6, 142.7, 142.1, 119.7;
HRMS (DART): m/z calculated for C4H3CIIN,* 240.9029, found 240.9029.

[ I'/ Suzuki Protocol: A 2-neck round bottom flask was charged with iodopyrazine
2.55 (1.14 g, 4.74 mmol), potassium vinyl trifluoroborate (1.2 equiv., 760 mg,

256 5,67 mmol), cesium carbonate (3 equiv., 4.61 g, 14.1 mmol), and 1,1"-
bis(diphenylphosphino)ferrocene]ldichloropalladium(ll) dichloromethane complex (10
mol%, 389 mg, 0.476 mmol). A reflux condenser was attached and the setup was
purged with argon. THF (47 mL) and water (5 mL) were added, and the mixture was
heated to reflux (85 °C) for 18 hours. At this point, an aliquot of the organic layer was
withdrawn and analysed by 'H NMR, revealing full consumption of starting material.
Upon cooling to room temperature, the reaction was quenched with additional water,
partitioned with diethyl ether, and transferred to a separatory funnel. The layers were
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separated, and the aqueous layer was extracted three times with diethyl ether. The
combined organic layers were dried over magnesium sulphate and concentrated in
vacuo. Silica flash column chromatography (30:1 Hexanes/EtOAc) gave the product
(363 mg, 55%) as a yellow oil. "H-NMR (400 MHz, CDCls): 5/ppm = 8.47 (dd, J = 2.4,
0.5 Hz, 1H), 8.25 (d, J = 2.4 Hz, 1H), 7.20 (ddd, J = 16.9, 10.7, 0.5 Hz, 1H), 6.57 (ddd, J
= 17.0, 1.7, 0.2 Hz, 1H), 5.72 (ddd, J = 10.8, 1.7, 0.3 Hz, 1H); "*C-NMR (151 MHz,
CDCls): 8/ppm = 149.1, 147.5, 142.5, 142.5, 130.4, 124.0.; IR (film): v/cm™ = 3050,
1626, 1546, 1517, 1447, 1411, 1349, 1189, 1161, 1080, 1065, 985, 945, 857, 798, 688,
657; HRMS (DART): m/z calculated for CgHeCIN2" 141.0220, found 141.0221.

Note: this product is extremely volatile and several precautions were taken to ensure
the best possible yield: the product was concentrated on a rotovap with the heating bath
set no higher than 25 °C, at 30 — 40 mmHg; it was dried by passing a gentle stream of
air over the mouth of the flask used to contain it (not via high vacuum); it was stored
under argon in a -20 °C freezer, but was stable only for several weeks when stored in
this way, darkening upon storage; unusable samples are those which have darkened to

black and/or have thickened to viscous gums.

EN\ Cl' Wittig Protocol: A round bottom flask was charged with sodium t-butoxide
N (1.5 equiv., 916 mg, 9.53 mmol). THF (16 mL), was added and the
256  heterogeneous mixture was cooled to 0 °C. Methyl triphenylphosphonium

bromide (1.5 equiv., 3.40 g, 9.53 mmol) was added in portions and the mixture was

stirred at 0 °C for 30 mins. A solution of aldehyde 2.57 (905 mg, 6.35 mmol) in THF (10

mL, wash 2x 3 mL) was added dropwise at this temperature. After stirring for another 30

mins at 0 °C, TLC indicated complete consumption of starting material. The reaction

was quenched with sat. ammonium chloride solution and allowed to come to room

temperature. The mixture was filtered through Celite (Diethyl Ether) and transferred to a

separatory funnel. The layers were separated and the aqueous layer was extracted

twice with diethyl ether. The combined organic layers were dried over magnesium

sulphate and concentrated in vacuo. Silica flash column chromatography (50:1 — 20:1

Hexanes/EtOAc) gave the product (181 mg, 20%) as a yellow oil.
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N O A 2-dram vial was charged with hydroxy(cyclooctadiene)rhodium(l) dimer
[N/ (2 mol%, 1.8 mg, 0.00395 mmol), potassium hydroxide (2.9 equiv., 34
2.50 mg, 0.606 mmol) and purged with argon. Another 2-dram vial was

charged with boronic ester 2.13 (2 equiv., 88 mg, 0.400 mmol), vinyl pyrazine 2.56 (28.1
mg, 0.200 mmol) and purged with argon. Dioxane (1 mL) was added. The contents were
transferred to the vial containing catalyst and base, rinsing with additional dioxane (2x
500 pL). Water (200 yL) was added to the reaction vial, and the mixture was stirred at
room temperature for 2 minutes. The reaction was then sealed with a Teflon cap, and
put into a pre-heated oil-bath at 110 °C for 18 hrs. Upon cooling to room temperature,
the mixture was passed through a silica plug (EtOAc) and concentrated in vacuo. Silica
flash column chromatography (9:1 — 7:3 Hexanes/EtOAc) gave the product (35.0 mg,
88%) as a yellow oil. "H-NMR (400 MHz, CDCls): 5/ppm = 8.26 (d, J = 2.5 Hz, 1H), 8.12
(d,d =2.5Hz, 1H), 7.33 — 7.28 (m, 1H), 7.22 (id, J = 6.8, 1.8 Hz, 2H), 7.13 — 7.08 (m,
1H), 3.34 — 3.29 (m, 2H), 3.22 — 3.15 (m, 2H); *C-NMR (101 MHz, CDCls): 8/ppm =
158.2 155.2 146.7 140.0, 139.5, 132.9 129.6, 128.1 125.5 121.4, 5.7, 28.8; IR (film):
viem™ = 3055, 2930, 2857, 1586, 1536, 1488, 1456, 1429, 1394, 1354, 1266, 1223,
1183, 1166, 1136, 1102, 1075, 1033, 932, 858, 765, 736, 689; HRMS (DART): m/z
calculated for C12H11N2O" 199.0871, found 199.0871.

A 2-dram vial was charged with hydroxy(cyclooctadiene)rhodium(l)

N O O dimer (2 mol%, 2.2 mg, 0.00483 mmol), potassium hydroxide (2.9 equiv.,
[ Z 34 mg, 0.606 mmol) and purged with argon. Another 2-dram vial was
2.60 charged with boronic ester 2.13 (2 equiv., 109 mg, 0.404 mmol), vinyl
pyrazine 2.56 (28.9 mg, 0.206 mmol) and purged with argon. Dioxane (1 mL) was
added. The contents were transferred to the vial containing catalyst and base, rinsing
with additional dioxane (2x 500 uL). Water (200 pL) was added to the reaction vial, and
the mixture was stirred at room temperature for 2 minutes. The reaction was then
sealed with a Teflon cap, and put into a pre-heated oil-bath at 110 °C for 18 hrs. Upon
cooling to room temperature, the mixture was passed through a silica plug (EtOAc) and
concentrated in vacuo. Silica flash column chromatography (9:1 — 6:4 Hexanes/EtOAc)
gave the product (35.0 mg, 88%) as a brown solid, mp 70-72 °C. '"H-NMR (400 MHz,
CDCl3): &/ppm = 8.59 (d, J = 8.4 Hz, 1H), 8.29 (d, J = 2.4 Hz, 1H), 8.18 (d, J = 2.4 Hz,
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1H), 7.81 (d, J = 8.1 Hz, 1H), 7.63 (d, J = 8.3 Hz, 1H), 7.58 (ddd, J = 8.3, 6.8, 1.3 Hz,
1H), 7.48 (ddd, J = 8.1, 6.7, 1.3 Hz, 1H), 7.32 (d, J = 8.3 Hz, 1H), 3.43 — 3.39 (m, 2H),
3.38 — 3.34 (m, 2H); *C-NMR (101 MHz, CDCl3): 8/ppm = 158.5, 150.5, 147.6, 140.1,
139.9, 133.7, 128.5, 127.6, 127.5, 127.2, 126.8, 126.3, 125.2, 122.2, 35.4, 28.7; IR
(film): v/em™ = 3417, 3058, 2980, 2933, 1634, 1571, 1508, 1471, 1444, 1416, 1409,
1376, 1366, 1300, 1278, 1258, 1141, 1075, 965, 850, 812, 750, 699, 576;. HRMS
(DART): m/z calculated for C1¢H13N2O" 249.1028, found 249,1033

[ - dimer (2 mol%, 2.1 mg, 0.00460 mmol), potassium hydroxide (2.9
equiv., 34 mg, 0.606 mmol) and purged with argon. Another 2-dram

N f/\QMe A 2-dram vial was charged with hydroxy(cyclooctadiene)rhodium(l)

2.61
vial was charged with boronic ester 2.7 (2 equiv., 94 mg, 0.402 mmol), vinyl pyrazine

2.56 (28.1 mg, 0.200 mmol) and purged with argon. Dioxane (1 mL) was added. The
contents were transferred to the vial containing catalyst and base, rinsing with additional
dioxane (2x 500 uL). Water (200 uL) was added to the reaction vial, and the mixture
was stirred at room temperature for 2 minutes. The reaction was then sealed with a
Teflon cap, and put into a pre-heated oil-bath at 110 °C for 18 hrs. Upon cooling to room
temperature, the mixture was passed through a silica plug (EtOAc) and concentrated in
vacuo. Silica flash column chromatography (9:1 — 7:3 Hexanes/EtOAc) gave the
product (42.5 mg, 79%) as a yellow oil. "H-NMR (400 MHz, CDCls): 8/ppm = 8.25 (d, J =
2.5 Hz, 1H), 8.11 (d, J = 2.4 Hz, 1H), 7.21 - 7.15 (m, 1H), 7.01 (d, J = 6.7 Hz, 2H), 3.34
—3.27 (m, 2H), 3.17 — 3.10 (m, 2H), 2.30 (s, 3H); *C-NMR (75 MHz, CDCls): 8/ppm =
158.3, 153.0, 146.7, 139.9, 139.4, 135.1, 132.5, 130.0, 128.5, 121.1, 35.8, 28.7, 20.8;
IR (film): viem™ = 3052, 2921, 2858, 1494, 1430, 1396, 1348, 1267, 1235, 1222, 12086,
1159, 1138, 1113, 1075, 1500, 940, 891, 871, 855, 825, 805, 745, 700, 687; HRMS
(DART): m/z calculated for C13H13N.O" 213.1022 ,found 213,1022.

A 2-dram vial was charged with hydroxy(cyclooctadiene)rhodium(l)
[NIO/\QC' dimer (3 mol%, 2.5 mg, 0.00548 mmol), potassium hydroxide (2.9
equiv., 34 mg, 0.606 mmol) and purged with argon. Another 2-dram
vial was charged with boronic ester 2.4 (2 equiv., 103 mg, 0.405
mmol), vinyl pyrazine 2.56 (28.9 mg, 0.206 mmol) and purged with argon. Dioxane (1
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mL) was added. The contents were transferred to the vial containing catalyst and base,
rinsing with additional dioxane (2x 500 pL). Water (200 pyL) was added to the reaction
vial, and the mixture was stirred at room temperature for 2 minutes. The reaction was
then sealed with a Teflon cap, and put into a pre-heated oil-bath at 110 °C for 18 hrs.
Upon cooling to room temperature, the mixture was passed through a silica plug
(EtOAc) and concentrated in vacuo. Silica flash column chromatography (9:1 — 1:1
Hexanes/EtOAc) gave the product (40.8 mg, 85%) as a yellow solid, mp 56-58 °C. 'H-
NMR (400 MHz, CDCl5): &/ppm = 8.29 (d, J = 2.5 Hz, 1H), 8.13 (d, J = 2.4 Hz, 1H), 7.25
—7.20 (m, 2H), 7.18 (dd, J = 8.5, 2.6 Hz, 1H), 3.34 — 3.28 (m, 2H), 3.19 — 3.13 (m, 2H);
3C-NMR (75 MHz, CDCls): 8/ppm = 157.9, 153.7, 146.3, 140.2, 139.9, 134.5, 130.4,
129.4, 128.0, 122.9, 35.3, 28.7; IR (film): viem™ = 3057, 2952, 2927, 2854, 1750, 1700,
1601, 1570, 1525, 1478, 1432, 1393, 1350, 1266, 1235, 1221, 1179, 1164, 1142, 1137,
1112, 1085, 1043, 970, 925, 872, 861, 824, 800, 657; HRMS (DART): m/z calculated for
C12H10CIN2O™ 233.0482, found 233.0484.

N_ O . A 2-dram vial was charged with hydroxy(cyclooctadiene)rhodium(l)
[ e dimer (2 mol%, 1.9 mg, 0.00416 mmol), potassium hydroxide (3.2

2.63 equiv., 37 mg, 0.660 mmol) and purged with argon. Another 2-dram
vial was charged with boronic ester 2.9 (2 equiv., 96 mg, 0.403 mmol), vinyl pyrazine
2.56 (28.8 mg, 0.205 mmol) and purged with argon. Dioxane (1 mL) was added. The
contents were transferred to the vial containing catalyst and base, rinsing with additional
dioxane (2x 500 pL). Water (200 yL) was added to the reaction vial, and the mixture
was stirred at room temperature for 2 minutes. The reaction was then sealed with a
Teflon cap, and put into a pre-heated oil-bath at 110 °C for 18 hrs. Upon cooling to room
temperature, the mixture was passed through a silica plug (EtOAc) and concentrated in
vacuo. Silica flash column chromatography (9:1 — 6:4 Hexanes/EtOAc) gave the
product (37.5 mg, 85%) as a yellow-orange solid, mp 48-50 °C. 'H-NMR (300 MHz,
CDCl3): &/ppm =8.29 (d, J = 2.5 Hz, 1H), 8.13 (d, J = 2.4 Hz, 1H), 7.31 — 7.22 (m, 1H),
6.99 — 6.84 (m, 2H), 3.36 — 3.29 (m, 2H), 3.20 — 3.14 (m, 2H). "*C-NMR (75 MHz,
CDCl3): &/ppm = 159.7 (d, J = 244.4 Hz), 158.1, 151.2 (d, J = 2.7 Hz), 146.3, 140.1,
139.7,134.9 (d, J = 8.0 Hz), 122.8 (d, J = 8.8 Hz), 115.9 (d, J = 23.3 Hz), 1145 (d, J =
23.1 Hz), 35.2, 28.6 (d, J = 1.2 Hz); "®F NMR (564 MHz, CDCls): &/ppm = -117.29 - -
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117.37 (m); IR (film): v/iem™ = 3059, 2927, 2854, 2358, 2333, 1700, 1595, 1488, 1429,
1394, 1350, 1279, 1262, 1250, 1252, 1194, 1164, 1144, 1134, 987, 945, 901, 868, 820,
730, 690, 550; HRMS (DART): m/z calculated for Ci2HioFN.O™ 217.0778, found
217.0773.

Note: HQSC was used to assign splittings due to F in the *C NMR.

N_ O A 2-dram vial was charged with hydroxy(cyclooctadiene)rhodium(l) dimer
[N/ = (2 mol%, 2.2 mg, 0.00482 mmol), potassium hydroxide (3 equiv., 36 mg,

2.64 0.642 mmol) and purged with argon. Another 2-dram vial was charged
with boronic ester 2.9 (1.9 equiv., 96 mg, 0.403 mmol), vinyl pyrazine 2.56 (29.6 mg,
0.211 mmol) and purged with argon. Dioxane (1 mL) was added. The contents were
transferred to the vial containing catalyst and base, rinsing with additional dioxane (2x
500 uL). Water (200 pL) was added to the reaction vial, and the mixture was stirred at
room temperature for 2 minutes. The reaction was then sealed with a Teflon cap, and
put into a pre-heated oil-bath at 110 °C for 18 hrs. Upon cooling to room temperature,
the mixture was passed through a silica plug (EtOAc) and concentrated in vacuo. Silica
flash column chromatography (9:1 — 7:3 Hexanes/EtOAc) gave the product (37.7 mg,
83%) as a yellow-orange solid, mp 51-53 2C. 'H-NMR (300 MHz, CDCls): &/ppm = 8.30
(d,J =2.5Hz, 1H), 8.14 (d, d = 2.5 Hz, 1H), 7.21 — 7.09 (m, 2H), 6.89 (ddd, J = 9.3, 7.5,
2.0 Hz, 1H), 3.39 — 3.27 (m, 2H), 3.27 — 3.15 (m, 2H); *C-NMR (75 MHz, CDCly):
o/ppm = 160.4 (d, J = 246.0 Hz), 158.3, 155.9 (d, J = 6.2 Hz), 147.4, 140.3, 140.1,
127.9 (d, J = 10.2 Hz), 120.3 (d, J = 18.9 Hz), 117.2 (d, J = 3.4 Hz), 112.0 (d, J = 22.8
Hz), 33.0 (d, J = 0.9 Hz), 20.6 (d, J = 4.8 Hz); ®F NMR (282 MHz, CDCls): &/ppm = -
116.43 (dd, J = 9.2, 5.4 Hz); IR (film): v/cm™ = 3033, 2922, 2865, 2362, 2341, 1877,
1616, 1600, 1511, 1505, 1436, 1364, 1239, 1171, 1104, 1025, 815, 739, 650; HRMS
(DART): m/z calculated for C12H1oFN-O" 217.0778, found 217.0771.

Note: HQSC was used to assign splittings due to F in the *C NMR.
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N O B A 2-dram vial was charged with boronic ester 2.5 (2 equiv., 176 mg,
[ /I/\Q 0.885 mmol), potassium hydroxide (3.3 equiv., 54 mg, 0.962 mmol),
2.65 hydroxy(cyclooctadiene)rhodium(l) dimer (2 mol%, 2.6 mg, 0.00570
mmol), vinyl pyrazine 2.56 (41.6 mg, 0.296 mmol), and purged with argon. Dioxane (3
mL) and water (300 yL) were added, and the mixture was stirred at room temperature
(30 seconds) to dissolve all components. The reaction was then sealed with a Teflon
cap, and put into an oil-bath pre-heated at 110 °C for 19 hours. Upon cooling to room
temperature, the mixture was passed through a silica plug (EtOAc), and concentrated in
vacuo. Silica flash column chromatography (20:1 — 7:3 Hexanes/EtOAc) gave the
product (66.8 mg, 81%), as an orange solid, mp 76-78 °C. '"H-NMR (400 MHz, CDCls):
8.27 (d,J = 2.4 Hz, 1H), 8.12 (d, J = 2.3 Hz, 1H), 7.35 (d, J = 2.4 Hz, 1H), 7.32 (dd, J =
8.5, 2.5 Hz, 1H), 7.16 (d, J = 8.5 Hz, 1H), 3.32 — 3.28 (m, 2H), 3.16 — 3.12 (m, 2H); "*C-
NMR (75 MHz, CDClIs): &/ppm = 157.8, 154.2, 146.3, 140.2, 139.9, 135.0, 132.4, 131.1,
123.3, 118.1, 35.3, 28.7; IR (film): v/cm™ = 3056, 2927, 2854, 1750, 1693, 1578, 1476,
1431, 1393, 1264, 1235, 1222, 1206, 1160, 1137, 1111, 1077, 1000, 960, 925, 900,
872, 852, 822, 785, 640, 550; HRMS (DART): m/z calculated for Ci2H1oBrN,O"

276.9977, found 276.9976.
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Appendix 1: Spectra of Newly Synthesised Compounds
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