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ABSTRACT

This dissertation focuses on investigations of nickel-catalyzed cross-couplings
of alkyl amine electrophiles via carbon-nitrogen bond activation.

Chapter 1 describes a stereospecific nickel-catalyzed Miyaura borylation of
enantioenriched benzylic ammonium salts with bis(pinacolato)diboron. Under the mild
conditions identified, a variety of electronically and sterically diverse secondary
benzylic boronates are obtained in good yields and high enantioenrichment. Ni(cod)
in conjunction with a phosphine or N-heterocyclic carbene ligand provides borylated
products from both naphthyl- and phenyl-substituted ammonium salts. Additionally,
the practicality of this transformation was demonstrated by performing the reaction on
the bench using air- and moisture-stable Ni(OAc),-4H,0. Mechanistic investigations
suggest that the oxidative addition step proceeds through an Syx2° pathway.
Importantly, this was the first example of a stereospecific Miyaura borylation of a
benzylic electrophile to deliver benzylic boronates in high enantioenrichment.

Chapter 2 describes a nickel-catalyzed Suzuki-Miyaura cross-coupling of alkyl
pyridinium salts with aryl boronic acids. This reaction utilizes alkyl amines as sources
of unactivated alkyl groups via the intermediacy of redox-active Katritzky pyridinium
salts which can be easily obtained in a single step from the primary amine. The
optimized conditions, which employ a combination of Ni(OAc),4H,O and
bathophenanthroline, deliver both primary and secondary alkyl arenes in good yield
and excellent functional group tolerance. Importantly, this transformation is amenable

to cross-couplings of pyridyl or quinolinyl boronic acids and pyridinium salts derived

X1V



from drug-intermediates or amino acids. Mechanistic studies, including radical clock

v catalytic cycle is operative.

and radical trap experiments, suggest that a Ni

Chapter 3 describes a nickel-catalyzed Negishi alkylation of alkyl pyridinium
salts with primary alkyl zinc halides. Ni(acac), xH,O, in conjunction with a redox
non-innocent terpyrine or bis(N-pyrazolyl)pyridine ligand, has been identified as an
optimal catalyst system that furnishes a variety of functionally diverse products with
new alkyl-alkyl bonds. Both primary and secondary alkyl pyridinium salts can be
efficiently cross-coupled. Additionally, a number of pyridinium salts derived from
drugs or drug-intermediates are competent electrophiles in this transformation.

Chapter 4 describes my efforts toward the development of a nickel-catalyzed
reductive coupling of alkyl pyridinium salts with heteroaromatic halides. A variety of
reaction parameters have been screened including nickel precursors, ligands, and
stoichiometric reductants. However, the identity of the reductant and the inclusion of a
salt additive have proven most crucial in this transformation, with Mn” and LiCl
delivering the highest yield to date (64%). Optimization of this reaction is ongoing.

Chapter 5 describes a nickel-catalyzed Suzuki-Miyaura arylation of o-
pyridinium salts with aryl and heteroaryl boroxines. The pyridinium salts are
synthesized in a single step from commercially available a-amino esters and serve as a
readily available electrophile for the metal-catalyzed formation of a-aryl propionic

acid derivatives.

XV



Chapter 1

STEREOSPECIFIC MIYAURA BORYLATION OF ENANTIOENRICHED
BENZYLIC AMMONIUM SALTS

Work described here has already been published (Basch, C. H.; Cobb, K. M.; Watson,
M. P. Org. Lett. 2016, 18 (1), 136-139.). It is reprinted in this chapter with

permissions of Organic Letters (Copyright © 2016, American Chemical Society).

1.1 Introduction

The synthesis and utility of enantioenriched organoboronates has been, and
continues to be, a subject of intense interest in the field of methodology development.'
Their unique reactivity profile has led to the establishment of a number of
synthetically useful transformations which convert the boronate motif into various
other functional groups, including amines, alcohols, or halides. Importantly, these
transformations are often highly stereospecific. In this regard, alkyl boronate
derivatives, especially boronate esters, have found widespread use as enantioenriched
reagents or intermediates for asymmetric synthesis. Despite the existence of many
well-developed methods that utilize these versatile precursors, the synthesis of highly
enantioenriched alkyl boronates still presents challenges, many of which will be

discussed below.
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Figure 1.1 Examples of the synthetic utility of enantioenriched organoboronates

Enantioenriched organoboronates (1-6) are often converted to the
corresponding enantioenriched alcohols (1-9) via Brown oxidation® with H,O, and
NaOH (Figure 1.2A), or extended by one carbon via a Matteson homologation® (1-11)
using a combination of "BuLi and CH,Cl, (Figure 1.2B). Alternatively, they can be
stereoretentively cross-coupled with aryl halides under Pd-catalyzed conditions.* or
converted to the reduced alkane (1-5) via protodeboronation. Other reactions include,
for example, the conversion of enantioenriched alkyl boronates to alkyl amines,

halides (e.g. bromination or fluorination), olefins, or alkynes.
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Figure 1.2 Two commonly used 1,2-shift reactions of enantioenriched
organoboronates

Although they are generally employed as reagents or synthetic intermediates,

alkyl boronic acids, have recently garnered interest from the medicinal community due

to their bioisosteric properties. Currently, bortezomib (1-11, Velcade®, Millennium

Pharmaceuticals Inc.) and ixazomib (1-12, Ninlaro®, Millennium Pharmaceuticals

Inc.), both of which are protease inhibitors, are the only boron-containing drugs on the

market.’
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Figure 1.3 Bortezomib and ixazomib — boron-containing medications

The most common methods for synthesizing enantioenriched organoboronates
are metal-catalyzed, Markovnikov hydroborations of alkenes. In 1989, Hayashi’s
group demonstrated the first enantioselective alkene hydroboration.’ In order to
override the inherent anti-Markovnikov selectivity of non-catalyzed hydroboration
reactions, they elected to use a chiral thodium-BINAP catalyst (Figure 1.4A). Under
their optimized conditions, a number of styrenyl alkenes were hydroborated to afford a
variety of branched benzylic catechol boronates (1-15). Because of the inherent
instability of the catecholboronates, an in sifu oxidation was performed to obtain the
corresponding alcohols (1-9), generally in high yield and ee’s. Subsequent to this
ground-breaking work, the Crudden group developed a similar rhodium-catalyzed
hydroboration reaction using pinacolborane (HBpin) (Figure 1.4B).” The greater
stability of pinacolboronates, in comparison to catecholboronates, allowed for
purification of the enantioenriched organoboronates via silica gel chromatography.
More importantly, this substantially increases the synthetic utility of the products by
circumventing the need for in situ oxidations. In a complementary approach to Rh-
catalyzed hydroborations, the Yun group has shown that a copper catalyst bearing a
chiral Tangphos ligand (1-18) can smoothly promote the hydroboration of styrenes

with HBpin (Figure 1.4C).* Unlike the rhodium-catalyzed transformations which were



restricted to using terminal alkenes, the Yun group found that their Cu-based system
could also promote the asymmetric hydroboration of internal alkenes (1-19). This was

undoubtedly a significant advancement in the field of alkene hydroboration.

A. Hayashi’s enantioselective hydroboration of styrenes OO
Rh(cod),)]BF ;~2-14 (1-2 mol % Beat OH
AN+ HBoat [Rh(cod),)IBF4 - ( i ) o= 2 PPh,
(1.1 equiv) Dt,r\:lE’ H780 ?'\72(5}'0 Ar” "Me Ar” “Me PPh,
en a
1-13 e 1-15 1-9 O‘
54%—99%
57-96% ee 2-14
(R)-(+)-BINAP
B. Crudden’s enantioselective hydroboration of styrenes
[Rh(cod)z)IBF, (5 mol %) PCy»
A X + HBpin 1-16 (Smol%) P, ~_-Bpin <>
(1.2 equiv) THF, 25 °C A Me A PPhMe
1-13 1-6 1-17 2

|
Fe
72:28-95:5 rr (1-6:1-17) @
39-90% (1-6 + 1-17) 1-16
51-95% 1-6 -
bee (1-6) (R,S)-Josiphos
C. Yun’s enantioselective hydroboration of alkenes

CuCl (3 mol %)

H
. o Bpin
k(H) + HB 1-18 (3.3 mol %) %
a2 e = p N akH) P H P

(1.2 equiv) KOBu (6 mol %)

A :
1-17 toluene, 60 °C 1-19 Bu Bu
61-95% 118
51-95% ee

(S,S,R,R)-Tangphos

Figure 1.4  Enantioselective hydroborations of alkenes

In addition to hydroborations, enantioselective metal-catalyzed additions of
boron nucleophiles to alkenes have also been investigated. These methods include [3-
borations of a,B-unsaturated carbonyls, diborations of aliphatic alkenes, and three-
component couplings with aryl electrophiles. In their seminal publication on conjugate

additions of boron nucleophiles, the Yun group demonstrated a highly efficient,



copper-catalyzed P-addition of Bypin, to cinnamic acid esters and nitriles (1-20,
Figure 1.5A).” A combination of CuCl, and chiral, ferrocenyl-based phosphine ligand
(1-16 or 1-21) was found to be the optimal catalyst system and was able to deliver
enantioenriched, benzylic B-boronates (1-22) in high yields and ee’s. In the context of
difunctionlization reactions, Morken and coworkers developed a platinum-catalyzed
enantioselective addition of B,pin, to terminal aliphatic alkenes (1-23 Figure 1.5B)."°
The resulting enantioenriched vicinal diboronates (1-25) were oxidized in situ to
provide the corresponding diols (1-26) in high yields and ee’s. In a different approach,
the Toste group developed an arylboration of alkenes that employed a dual
platinum/chiral anion-phase-transfer (CAPT) catalytic system to promote a three-
component coupling between styrenes, Bypiny, and aryl diazonium salts (Figure
1.5C)."" Despite obtaining the crude, functionally diverse benzylic boronates (1-28) in
good to high ee’s, low to moderate yields were observed. The CAPT catalyst (1-27) is
believed to form a chiral ion pair with the insoluble aryl diazonium tetrafluoroborate
salt. After oxidative addition by the Pd-catalyst and extrusion of N, gas, the resulting
electron-poor CAPT-Pd-arene complex could then coordinate to the alkene and
undergo an enantioselective migratory insertion. Subsequent isomerization,

transmetallation, and reductive elimination would then provide the borylated product.



A. Yun’s enantioselective conjugate boration

NM62
CuCl (3 mol %) | Ph
o , PPh
1-16 or 1-21 (3.3 mol %)  BPIN Fe 2

XAEWG + Bypin, >
R (1. foqay)  NaOBu@5mol%) g~ EWG Q?\Pphz

1-20 THF, rt 1-22
87-97% Ph"" ~NMe,
82-92% ee 1-21

(R,S)-NMe,-PPh,-Mandyphos
B. Morken’s enantioselective diboration of alkenes

Ar Ar
Pto(dba)s (2.5 mol %) .
Bpin OH o] 0o
RN +  Boping 1-24 (6 mol %) _ =P I Me>< b_ph
(1.05 equiv) THF, 60 °C RPN RN Me™ o g
1-23 then H,O,/NaOH 1-26
1-25 Ar Ar
46-93%
86-94% ee 1-24

Ar = 3,5-diethylphenyl
C. Toste’s enantioselective 1,1-arylboration of alkenes

Ar-NLBF, (2 equiv) Ar

Pd,(dba); (5 mol %) 5o o o

- % W n W \

AN+ Baping 1-27 (10 mol /)of R/\_ pin| R/\A F,:,o
(2.4 equiv) M-CFg-dba (16 mol %) Ar Ar o OH
1-23 NazPO, (2.4 equiv) O
Et,0, 25 °C 1-28 1-29
then H,0,/NaOH ~ 29-58% (NMR)  84-98% ee Ar
1-27

_ Na1-27 ® O [Pd]° Ar =2,4,6-(Cy)3CeH2
via:  Ar-NBF; ——— Ar-N, 1-27 —N>
—Nz

—NaBF,

o
Ar—[Pd]" 1-27
®

-
chiral PA/CAPT ion pair

Figure 1.5 Metal-catalyzed additions of boron nucleophiles to alkenes

An alternative approach to the formation of enantioenriched organoboronates
is the derivatization of boron-containing starting materials. These transformations are
typically accomplished through stereospecific or stereoselective cross-couplings of
gem-diboronates, asymmetric reductions of vinyl boronates, or homologations of
achiral pinacolboronates with enantioenriched carbene equivalents. The groups of Hall
and Morken have demonstrated that gem-diboronate derivatives can be utilized in

stereospecific and stereoselective cross-couplings, respectively, with aryl halides



(Figure 1.6). The palladium-catalyzed, stereospecific reaction developed by the Hall
group takes advantage of the orthogonal reactivity between alkyl trifluoroborates and
other alkyl boronate derivatives (Figure 1.6A)."* In this example, a chemoselective
transmetallation of the trifluoroborate unit was achieved with inversion of
configuration. Notably, the B-ester of the diborylated starting material (1-30) is crucial
for promoting the otherwise difficult transmetallation step. The enantioselective
approach  developed by the Morken group utilizes alkyl gem-
bis(pinacolatodiboronates) as the achiral starting material (1-34, Figure 1.6B)."* They
identified that a chiral TADDOL-based phosphine (1-36)/Pd catalyst leads to efficient

desymmetrization of the diboronate via an enantiotopic transmetallation.

Pd(OAc), (10 mol %)
Bdan 1-32 (20 mol %) Bdan

i i
: + Ar-Br —— Pr Pr
MGOQC\/\BFSK K2003 (3 eqUIV) M602Cv'\Ar O
1-31 tquene/HQO, 80 °C

1-30 1-33

99% ee 33-88% ,-
(1.2 equiv) HN O 88-99% ee Pr

Bdan = g—B
HN O XPhos

B. Morken’s enantioselective cross coupling of gem-diboronates

A. Hall’s stereospecific cross coupling of gem-bis(boronates) O
PCy2

. Pd(OAc), (5 mol %) _ p
Bpin 1-36 (10 mol %) Bpin Me. O ]
+ Ar-l — 1 > P-NMe,
R™ "Bpin (I}OH (1%9%uvi R™ DAr Me™ o q
. ioxane/H 0, r .
s e 43-98% p-Tol p-Tol
(1.1 equiv) 58-92% ee 1-36

Figure 1.6  Cross couplings of gem-diboronate derivatives

Asymmetric conjugate additions have also been investigated as methods for

obtaining enantioenriched organoboronates. The Hall group has developed an elegant



Cu-BINAP  reduction of [B-boryl-a,B-unsaturated esters (1-38)  using
polymethylhydrosiloxane (PMHS) as the hydride source (Figure 1.7A).'* The method
delivers both benzylic and non-benzylic B-boronates (1-40) in synthetically useful
yields and modest to excellent ee’s. Using a similar catalytic system, the Hall group
has developed an asymmetric conjugate addition of Grignard reagents to B-boryl-a.,f3-
unsaturated esters and thioesters (1-41, Figure 1.7B)."” Like the conjugate reduction,
this reaction provides a variety of highly enantioenriched alkyl B-boronates (1-42) in

good to excellent yields.

A. Hall’s enantioselective conjugate reduction of vinyl boronates

PHMS (4 equiv)
CuCl (5 mol %) OO
danB  CO,Me 1-39 (10 mol %) Bdan P(p-Tol),
>=/ > CO,Me

NaOBu (5 mol %) R P(p-Tol),
R toluene, rt OO
1_38 1-40

65—-88%
51-98% ee 1-39
(R)-p-Tol-BINAP

B. Hall’s enantioselective conjugate cuprate addition to vinyl boronates
R—-MgBr (2.5 equiv)

Q Cul (5 mol %)
/_>~Y 1-39 (7.5 mol %) BdanO
— CH,Cl,, 78 °C R/'\)J\Y
danB ta2
1-41 -
Y = OMe or SMe 46-94%

0-98% ee (avg 82%)

Figure 1.7 Enantioselective conjugate additions to 3-boryl-a,-unsaturated esters

In addition to diborations of alkenes, the Morken group has pioneered the
asymmetric reduction of vinyl bis(boronates) (1-43) to provide enantioenriched vicinal
alkyldiboronates (1-25).'® The optimized Rh-Walphos (1-44)-based catalyst leads to

efficient reduction of the alkene under a pressurized hydrogen atmosphere (20 bar) in



good yields and ee’s. Impressively, a very sterically encumbering vinyl zers-butyl
group has no effect on the reaction efficiency or selectivity, leading to diol 1-26 in
both high yield and ee (Figure 1.8). Although the method delivers both benzylic and

non-benzylic boronates, limited functional group compatibility is demonstrated.

PR
H» (20 bar) 2
. (nbd),RhBF, (2 mol %) .

Boin " 144(4mol%) _| Ben | OH

R)\/ BPin " DCE or toluene R~ BpPin rOH AP Fe

23°C Me
1-43 1-26 -

then H,O,/NaOH 1-25 60-92% Q

77-93% ee 1-44
Ar=3,5-CF3-phenyl
Walphos-W001 (R=Ph)
Walphos-W008 (R=Cy)

Figure 1.8 Morken’s asymmetric hydrogenation of vicinal bis(boronates)

Stereospecific homologations have become one of the most prevalent methods
for the construction of enantioenriched boronates. In Matteson’s seminal publication,
the pinane diol backbone of the boronate ester 1-45 is used as a stoichiometric chiral
auxiliary (Figure 1.9)."” After treatment with LiICHCI, (derived from n-butyllithium
and methylene chloride), the resulting boron-‘ate’-complex (1-46) undergoes, upon
warming, a stereospecific 1,2-shift to formally inserts a methylene unit into the
carbon—boron bond of the starting boronate. This reaction leads to an a-chloroalkyl
boronate (1-47), which can then be treated with a Grignard reagent to form a second
‘ate’-complex (1-48). Upon warming, a second stereospecific 1,2-shift occurs. In most
cases, the newly formed organoboronate (1-49) is obtained in high yield and >95% dr

and >95% ee.

10



LICHCI,
O -100°C
T then B.
R' ZnCl,, 0-25°C | ClLLHC" R!

1-45

)

N

1-46
first
‘ate’-complex

R1 R1 R2" R!
1-47 1-48 1-49
second
‘ate’-complex
Me Me

it
i
(o9]

0

Figure 1.9 Matteson’s stereospecific homologation of alkyl boronates

In an alternative approach, the Hoppe group demonstrated that the source of
chirality can be introduced via the carbon nucleophile (Figure 1.10)."® In this case, the
naturally occurring diamine ligand, (-)-sparteine (1-51), is complexed with the lithium
ion of sec-butyllithium. The newly formed chiral base is then used to selectively
deprotonate alpha to the oxygen of a carbamate (1-50). Notably, this alkyl lithium
species (1-52) is configurationally stable at —78 °C. The reaction of 1-52 with B(O'Pr);
followed by pinacol and a Grignard reagent leads to a boron-‘ate’-complex, which can

subsequently undergo a stereospecific 1,2-shift to reveal a highly enantioenriched

alkylboronate (1-54).
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; i 2
10 SBulLi 1. B(O'Pr)3 R @
Rk (-)-sparteine Et,0, -78 °C pg@) O i
_— > - —_—
0" 'N(P2 g0 —78°C 2. pinacol, p-TSOH | g1 07 “N(Pr)
1-50 2 N(iPr),| MgSO,, CH.Cl, (} 2
i J3. R2MgX 153
Et,0, —78 °C
Bpin
B
1-51 gz ~LIO,CN(PN),
—)-sparteine
(-)-sp 154

Figure 1.10 Hoppe’s chiral-carbenoid-based synthesis of enantioenriched boronates

The Aggarwal group pioneered a hybrid approach to Matteson and Hoppe’s
work in boronate homologations. Rather than utilizing trialkylborates as the source of
boron functionality, they found that using alkyl pinacolboronates can lead to the same
boron-‘ate’ intermediate when treated with the enantioenriched, alkyllithium species
(1-52, Figure 1.11A)." They subsequently discovered that secondary, enantioenriched
carbamates (1-55) can also undergo an analogous stereospecific homologation in the
absence of sparteine to form enantioenriched, tertiary organoboronates (1-56, Figure

1.11B).%
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A. Lithiation-borylation strategy to form enantioenriched, secondary alkyl boronates

. =T
1 0 SBuli 1. R“Bpin .
Rk L (-)-sparteine Et;0, -78 °C Bpin
—_—
(@] N(IPr)2 Et20, -78°C 2. MgBrz/MeoH R1 Rz
1-50 —78 °C—reflux

1-54

B. Formation of enantioenriched, tertiary alkyl boronates

1. SBulLi
Et,0, 78 °C

Py
R' O 2. R°Bpin . -
L Et,0, -78 °C R'R

A0 OGP > AL
r 2 3.MgBro/MeOH  Ar” ~Bpin
1-55 —78 °C—reflux 1-56
99% ee 61-93%

96-99%

Figure 1.11 Aggarwal’s lithiation-borylation strategy

Alternatively, a number of non-asymmetric Miyaura borylations of alkyl
halides and pseudohalides have been developed. Despite the breadth of research
targeted at constructing these valuable synthetic intermediates, only two examples of
an enantioselective, or enantiospecific, Miyaura borylation have been reported. In this
regard, Ito and Sawamura have shown that enantioenriched allylic carbonates are
competent electrophiles in a stereospecific copper-catalyzed cross-coupling with
bis(pinacolato)diboron (B,pin,) (Figure 1.12A).*" As the first reported example of a
stereospecific Miyaura borylation, they demonstrated that a Tsuji-Trost-type C-O
activation could deliver a variety of racemic, allylic boronates in both high yields and
regioselectivities. Notably, they only disclosed two examples of the reaction using
enantioenriched allylic carbonates. In these examples, however, they obtained the
enantioenriched products with near perfect stereochemical fidelity. Similarly, the

Hoveyda group has developed a stereoselective Cu-(N-heterocyclic carbene)
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(Cu(NHC))-catalyzed boration of allylic carbonates (1-61) to form enantioenriched
tertiary boronates (1-62) in high yields and ee’s (Figure 1.12B).** Because of stability
issues during isolation, the secondary benzylic boronates were oxidized to the alcohols
(1-63) in situ. They were, however, able to successfully isolate two tertiary allylic
boronates (1-64 and 1-65), both in very good yield and ee. This complementary
approach for the synthesis of enantioenriched alkyl boronates represents the first
general example of an enantioselective Miyaura borylation. However, no
enantioselective or stereospecific Miyaura borylations of non-allylic electrophiles

were reported before my efforts described below.
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A. lto and Sawamura’s stereospecific borylation of allylic carbonates
CuOBu (10 mol %)

MeO,CO Boi Xantphos (10 mol %) Bpin
- + 2p|n2 >
Me/\/\”Bu THF, 0 °C Me/\/LnBU
1-57 (1.1 equiv) 1-58
98% ee 95%, 96% ee

y:a=98:2, E:.Z=98:2
CuOBu (10 mol %)

MeO,CH,O  "Bu , Xantphos (10 mol %) Bpin
- + Bopin, S > S
N THF, 0 °C Mo X"ng,,
1-59 (1.1 equiv) 1-60
97% ee 88%, 97% ee

y:a=>99:1, E:Z=>99:1

B. Hoveyda’s stereoselective borylation of allylic carbonates

Cu(OTf), (5 mol %) Ph, R
alk(H) o LiorL2 ©mol %) [(H)alk Bpin] _(H)alk OH »8\
+ Bopin - g > - N & NAr
R)\/\ocozme 2P NaoMe (80 mol %) | R Rﬁ Ve
(2 equiv) DME, -30-22 °C | | 883
1-61 then 1-62 1-63 o
R = alk, Ar H,0,, NaOH 71-97% Y.~ .
Me_ Bpin Me Bpin 62-98%ee i

Ar = 2,6-(Pr),-CgHg, R=H
isolated boronates: | |
Br

1-64 1-65
>98%, 96% ee  83%, 98% ee

Figure 1.12 Prior art in stereospecific/stereoselective Miyaura borylations

With our group’s prior success in the stereospecific Suzuki-Miyaura cross-
couplings of enantioenriched benzylic ammonium salts with aryl and vinyl boronic
acids (Figure 1.13A), I envisioned that an analogous Miyaura borylation might also be
feasible (Figure 1.13B).>** Furthermore, given the ease by which one can obtain
enantioenriched amines (e.g., classical, kinetic, or enzymatic resolutions, chiral
auxiliaries, asymmetric hydrogenations, etc.), I recognized that they would be an ideal

electrophile for a stereospecific Miyaura borylation. With an opportunity to expand
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the utility of enantioenriched benzylic ammonium salts, I set out to develop a nickel-

catalyzed stereospecific Miyaura borylation.

A. Suzuki-Miyaura cross-couplings

(HO),B-R?
Ni(cod), (1-15 mol %)
R! P(o-Tol); or +-Bu-Xantphos (3-22 mol %) R
A~ K3PO,, dioxane o o
Ar NMezOTf 40-80 °C. 6 h Ar R
1-66 1-67
=95% ee 60 examples
R'=H, alk, or Ar up to quantitative
up to 99% ee
B. Proposed Miyaura borylation
R Ni cat. R
Ar” > NMe;OTf BX4 Ar)\ BX,
1-66 1-68

Figure 1.13 Suzuki-Miyaura cross-coupling of benzylic ammonium salts and
proposed Miyaura borylation

1.2 Results and Discussion

The enantioenriched benzylic ammonium salts were synthesized according to
Figure 1.14. Commercially available amines (1-69) were converted to the
corresponding dimethylamines (1-70) via Eschenweiler-Clark conditions (CH;O,
HCO,H, reflux). The third methyl group was installed via treatment of 1-70 with
methyl triflate (MeOTf) in diethyl ether at 0 °C. In most cases, the
trimethylammonium salts (1-66) would precipitate after 10-20 minutes of stirring.
However, if precipitation failed, the salts were washed with Et,O and hexanes and
placed under hi-vacuum overnight (at which point they were obtained as foams). In

order to synthesize non-commercial enantioenriched amines, I employed Ellman’s
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auxiliary. Enantioenriched sulfinimine 1-73 was obtained via reductive amination of
(R)-(+)-2-methyl-2-propanesulfinamide (1-73, Ellman’s auxiliary) with aldehyde 1-71.
A subsequent, temperature-controlled 1,2-addition of the alkyl Grignard reagent
afforded sulfonamide 1-74 as a mixture of diastereomers. In all cases, the
diastereomers were separable by silica gel chromatography such that only a single
diastereomer was observed by '"H NMR. To that end, I assumed that the dr of the
purified sulfonamide 1-74 was >95:5 dr. With pure 1-74 in hand, I then removed the
auxiliary with anhydrous HCI to reveal the hydrochloride salt of 1-69. Subjection of
the hydrochloride salt to a mild base wash provided the primary benzylic amine (1-69)
in >95% ee. At this point, 1-69 was taken forward to the trimethylammonium salt

using the previously mentioned two-step protocol.

NH, CH,0 NMe,  MeOTf NMe,OTf
—_— —_—
Ar R! HCO,H Ar =Y Ar R!
reflux
1-69 1-70 1-66
o}
é
H,N"" "Bu o o
) 1-72 S. R'-MgX s HCI (Et,0) NH,
] ——— N| By ——— > HN" By ——— >
Ar Ti(OEt), -78 °C Ar R?
Ar) Ar/LR1
1-71 1-73 1-74 1-69

Figure 1.14 Synthesis of enantioenriched benzylic ammonium salts

My optimization began with examining the use of the optimal, first-generation
Suzuki-Miyaura cross-coupling conditions. Interestingly, the desired product (1-76)
was obtained in only 12% yield (Table 1.1, entry 1). After screening a variety of bases,

I identified that alkoxides were superior in promoting the formation of the benzylic
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boronate (entry 2). Lowering the temperature from 70 °C to room temperature (23 °C)
greatly suppressed the formation of the protodeboronation byproduct, leading to an
improvement in the yield of the desired boronate (entry 3). Air-stable and inexpensive
triphenylphosphine (PPh;) was found to be an optimal ligand in this transformation
and provided a slight increase in ee and yield (entry 4). Interestingly, removal of
ligand gave comparable yield to the Ni/PPhs system, but in slightly lower ee (entry 5).
Notably, use of air-stable Ni(OAc),-4H,0O yielded the desired benzylic boronate in
both comparable yield and ee to Ni(cod); (entry 6); however, it proved to be inferior

across a broader range of substrates.

Table 1.1  Optimization of the stereospecific Miyaura borylation”

Bopin, (1.5 equiv)
Ni source (10 mol %)

Me ligand (22 mol %) . Me
o weon QLG 2 o
99% ee
entry Ni source ligand  temp (°C) yield (%) ee (%)"
1€ Ni(cod)s P(o-Tol)s 70 12 n.d.
2 Ni(cod), P(0-Tol); 70 78 95
3 Ni(cod), P(o-Tol)s t 84 98
4 Ni(cod)s PPh, t 86 99
5 Ni(cod), none rt 81 97
6  Ni(OAc)'4H,O0  PPhs rt 80 99

“Yields based on 'H NMR analysis with 1,3,5-trimethoxybenzene as an internal
standard. ° Ee’s are of the corresponding alcohol after oxidation with
H,0,/NaOH. “ With K5PO, instead of NaOMe.

18



With optimized conditions in hand, my colleague Kelsey Cobb and I explored
the scope of the stereospecific, nickel-catalyzed Miyaura borylation (Figure 1.15). In
addition to the 2-naphthyl substituent, a more sterically bulky 1-naphthyl group is well
tolerated, providing product 1-78 in 56% isolated yield and 92% ee. The electron-rich
6-OMe-naphthyl substrate afforded the desired boronate 1-79 in both high yield (83%)
and ee (98%). Silyl-protected ammonium salts can also be utilized in this
transformation as demonstrated by boronate 1-80, which was obtained in 47% isolated
yield and 92% ee. The reaction is also amenable to the cross-coupling of ammonium
salts with substituents at the 3-position of the naphthyl ring, as evidenced by 3-OMe-
naphthyl benzylic boronate 1-81. Importantly, heteroaromatic substrates bearing
extended conjugation such as benzofuran and indole can also be borylated, delivering
products in 64% yield and 98% ee (1-82), and 44% yield (NMR) and 96% ee (1-83),
respectively. In addition to a methyl group at the benzylic position, linear alkyl
substituents (R') were well tolerated, such as those bearing trifluoromethyl 1-84 (62%,
96% ee), acetal 1-85 (58%, 99% ee), or phenethyl 1-86 (72%, 98% ee) groups. The
acetal in particular provides a handle for further functionalization upon deprotection to
the parent aldehyde. Remarkably, the substrate bearing an ‘Pr-substituent at the
benzylic position also provided the corresponding boronate 1-87 in 50% isolated yield
and 98% ee. Access to this type of sterically hindered alkyl boronate has not been

accomplished thus far by asymmetric hydroboration methods.
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Bopin, (1.5 equiv) :
NMesOTT Ni(cod), (10 mol %), PPhs (22 mol %) Bpin

/'\

Ar” OR! NaOMe (1.5 equiv), THF (0.2M)  Ar” "R!
1-75 r, 24 h 1-77
=95% ee
Bpln ‘ﬁ)m Bpin Bpln
O MeO TBDPSO~ ‘ ‘
1-76 1-78 1-79 1-80
81%, 99% ee 56% (65%), 92% ee 83%, 98% ee? 47% (59%), 92% ee?
E_%pin ?pin ?pin Bpin
OMe o N
1-81 1-82 1-83 1-84
49% (61%), 95% ee  64% (72%)PC, 98% ee (44%), 96% ee 62% (83%), 96% ee
Bpin Bpin Bpln
: 0
DORRY CO
1-85 1-86 1-87
58% (83%), 99% ee 72% (78%), 98% ee 50% (59%), 98% ee

4 Conditions: ammonium triflate 1-75 (>95% ee, 0.30 mmol, 1.0 equiv), B,pin, (1.5
equiv), Ni(cod), (10 mol %), PPh; (22 mol %), NaOMe (1.5 equiv), THF (0.2 M), rt, 24
h, unless otherwise noted. Isolated yields. Yields in parentheses determined by 'H NMR
analysis using 1,3,5-trimethoxybenzene as internal standard. Ee’s of the subsequent
alcohol, formed via oxidation with H,O, and NaOMe, determined by HPLC analysis
using a chiral stationary phase. Enantiospecificity (es) = eepoq/€esm < 100. b Opposite
enantiomer of 1-75 used. ¢ 50 °C.

Figure 1.15 Scope in extended n-system”

Benzylic ammonium salts with non-extended m-systems provided only trace
product under the optimized conditions. Recognizing that the oxidative addition step
would be much less favorable in the phenyl-based system, I reinvestigated the choice
of ligand. Not surprisingly, I found that more electron rich, monodentate phosphine

ligands or NHC ligands proved much more effective than PPhs;. Additionally,
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increasing the concentration and raising the temperature from temperature to 70 °C
was necessary for obtaining synthetically useful yields of the benzylic boronates. With
newly optimized conditions in hand, phenyl-substituted ammonium salts bearing p-
fluoro (1-88), p-methoxy (1-89), and dioxolane (1-90) substituents provided useful

yields of the desired products, albeit in slightly lower ee’s.

Bopin, (1.5 equiv)

NMe;OTf Ni(cod), (10 mol %) .
PPh,Cy (22 mol %) or ICy-HBF, (12 mol %) Bpin
1 > :
Ar” R KOMe (1.7 equiv), THF (1.0 M) AR
1-75 70°C, 24 h 1-77
=95% ee
Bpin Bpin Bpin
F MeO (0]
1-88 1-89 1-90
53%P (60%), 86% ee 55%, 86% ee 60%, 85% ee

4 Conditions: ammonium triflate 1-75 (=95% ee, 0.3 mmol, 1.0 equiv), B,pin,
(1.5 equiv), Ni(cod), (10 mol %), PPh,Cy (22 mol %), KOMe (1.7 equiv),
THF (1.0 M), 70 °C, 24 h, unless otherwise noted. Average isolated yields
(£3%). Yields in parentheses determined by 'H NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. Average ee’s (£1%) of the subsequent
alcohol, formed via oxidation with H,O, and NaOMe, determined by HPLC
analysis using a chiral stationary phase. ? 0.5 mmol scale. ICy-HBF, (12 mol
%) in place of PPh,Cy. Result of a single experiment.

Figure 1.16 Stereospecific Miyaura borylation of phenyl-substituted ammonium salts”

In order to demonstrate the practicality of this transformation, I conducted the
synthesis of boronate 1-79 on a one-gram scale and outside of the glovebox (Figure
1.17). In order to circumvent air- and moisture-sensitivity, I switched the nickel source

from Ni(cod), to Ni(OAc),-4H,0. The benzylic boronate (1-79), a known precursor to
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the anti-inflammatory agent (S)-naproxen (1-92), was formed in good yield (68%) and

excellent ee (99%).”

szinz (1 5 eqUiV)

NMesOTf  Ni(OAC)»4H,0 (10 mol %) Bpin
e PPhy (22 mol %) Vo
NaOMe (1.5 equiv)
THF (0.2 M) MeO
MeO e
1-91 n,24h 1-79
1 gram, 299% ee 68%, 99% ee
Bpin COyH
e "
MeO MeO
1-79 1-92

(S)-naproxen

Figure 1.17 Miyaura borylation performed on a one-gram scale on the bench

The Jarvo group,” as well as our group, have proposed that an Sy2’ oxidative
addition is likely operative in cases where the aryl group of the electrophile has an
extended m-system such as 2-naphthyl. In order to probe this, I synthesized both the 1-
and 3-methoxynaphthyl enantioenriched benzylic ammonium salts (1-93 and 1-96,
respectively) and subjected them to the cross-coupling conditions (Figure 1.18). The
I-methoxy (1-OMe) salt did not provide the desired product (1-95), likely due to
hindrance of the Ni catalyst attacking C1 by the methoxy group. By blocking this
position, the Ni catalyst could only attack in an Sy2’-fashion at C3. However, doing so
would lead to a highly endergonic total loss of aromaticity in the naphthyl ring (1-94).
Interestingly, the 3-methoxy (3-OMe) salt provides a synthetically useful yield of the
desired enantioenriched organoboronate (1-81). I postulate that moving the methoxy

group to C3 allows the active Ni catalyst to attack C1 via an Sy2’-addition. This SN2’-
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addition would lead to a less unfavorable, partial loss of aromaticity (1-97), thereby

allowing for a subsequent transmetallation and reductive elimination.

Bopin, oM _
OMe NMe;OTf  Ni(cod), (10 mol%) N OMe Bpin
1 PPh3 (22 mol%) % :
> Me
Cr e esre - o™
3 n, 24 h “NiL,OTf

1-93 1-94 1-95
complete loss of aromaticity (0%)

NMezOTf Bopin, NiL,OTf Bpin

1 Ni(cod), (10 mol%) :
Me PPhg (22 mol%) Me S Me
NaOMe, THF
3 OMe i, 24 h 3 "OMe OMe

1-96 1-97 1-81
partial loss of aromaticity 49% (61%), 95% ee

Figure 1.18 Effects of 1- and 3-OMe substituents on borylation reaction

Based on these studies, we believe that an Sn2’-type oxidative addition is
operative (Figure 1.19). Electron-rich Ni° species A can undergo a stereospecific Sx2’
oxidative addition to the benzylic ammonium salt 1-75. The resulting Ni" species (B),
in equilibrium benzylic Ni" complex C via the m-allyl intermediate D, can undergo
transmetallation with the boron-‘ate’ complex of Bjpin, to form complex E. A
subsequent reductive elimination regenerates the active Ni’ catalyst (A) and provides
the enantioenriched boronate 1-76 with overall inversion of configuration at the
benzylic carbon. The inversion of stereochemistry was determined by comparing the
HPLC retention times of the alcohol derived from boronate oxidation to an

enantioenriched authentic sample of known configuration.
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Bopin, + NaOMe Me

D
c via z-allyl complex

Figure 1.19 Proposed catalytic cycle

1.3 Conclusion

In summary, the first Miyaura borylation of a benzylic electrophile to deliver
highly enantioenriched organoboronates in synthetically useful yields from readily
available enantioenriched benzylic trimethylammonium salts has been described. This
reaction tolerates a variety of both electronically and sterically diverse ammonium
salts, including both extended and non-extended m-systems as well as electron-rich
heterocyclic systems, and delivers versatile synthetic intermediates. This work was

published in Organic Letters and highlighted in Synfacts.*®*’

1.4 Experimental

1.4.1 General Information
Reactions were performed in oven-dried vials with Teflon-lined caps or in

oven-dried round-bottomed flasks unless otherwise noted. Flasks were fitted with
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rubber septa, and reactions were conducted under a positive pressure of N,. Stainless
steel syringes or cannulae were used to transfer air- and moisture-sensitive liquids.
Flash chromatography was performed on silica gel 60 (40-63 pm, 60A) unless
otherwise noted. Commercial reagents were purchased from Sigma Aldrich, Acros,
Fisher, Strem, TCI, Combi Blocks, Alfa Aesar, or Cambridge Isotopes Laboratories
and used as received with the following exceptions: Bis(pinacolato)diboron,
bis(neopentyl glycolato)diboron, and bis(hexylene glycolato)diboron were purchased
from Sigma Aldrich and immediately placed in a N>-atmosphere glovebox for storage.
Ni(OAc), 4H,0 was purchased from Alfa Aesar and donated by Astra Zeneca. Methyl
trifluoromethanesulfonate (MeOTf) was purchased from TCI and used directly. 1,3-
Bis(cyclohexyl)imidazolium tetrafluoroborate (ICy-HBF4) was purchased from Sigma
Aldrich and used as received. THF was dried by passing through drying columns, then
degassed by sparging with N, and stored over activated 4A MS in a Nj-atmosphere
glovebox.”® Commercially available enantioenriched amines were purchased from
Alfa Aesar or Sigma Aldrich and used as received. Enantioenriched amines that were
not commercially available were obtained through Grignard or hydride additions of

29-31

Ellman’s sulfinimines. Dimethyl benzyl amines were prepared using Escheweiler-

Clarke conditions or reductive amination of the corresponding primary benzyl amine

with formaldehyde.**’

In some instances oven-dried potassium carbonate was added
into CDCl; to remove trace amount of acid. Proton nuclear magnetic resonance (lH
NMR) spectra, carbon nuclear magnetic resonance (°C NMR) spectra, fluorine
nuclear magnetic resonance spectra ('’F NMR), and silicon nuclear magnetic

resonance spectra (©°Si NMR) were recorded on both 400 MHz and 600 MHz

. 11
spectrometers. Boron nuclear magnetic resonance spectra ( B NMR) were recorded
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on a 600 MHz spectrometer. Chemical shifts for protons are reported in parts per
million downfield from tetramethylsilane and are referenced to residual protium in the
NMR solvent (CHCl; = & 7.26). Chemical shifts for carbon are reported in parts per
million downfield from tetramethylsilane and are referenced to the carbon resonances
of the solvent (CDCl; = & 77.2). Data are represented as follows: chemical shift,
multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
dd = doublet of doublets, sep = septet), coupling constants in Hertz (Hz), integration.
Infrared (IR) spectra were obtained using FTIR spectrophotometers with material
loaded onto a KBr plate. The mass spectral data were obtained at the University of
Delaware mass spectrometry facility. Optical rotations were measured using a 2.5 mL
cell with a 0.1 dm path length. Melting points were taken on a Stuart SMP10

instrument.

1.4.2 Stereospecific Borylation of Benzylic Ammonium Salts

1.4.2.1 General Procedure A: Borylation of Naphthyl-Substituted Benzylic
Ammonium Salts

szinz )

NMezOTf 10 mol % Ni(cod),, 22 mol % PPhg Bpin

Ar” "R? NaOMe Ar” ORI
1-75 THF 1-77

In a Np-atmosphere glovebox, Ni(cod), (8.3 mg, 0.030 mmol, 10 mol %), PPh; (4.4
mg, 0.066 mmol, 22 mol %), NaOMe (24 mg, 0.45 mmol, 1.5 equiv), B,pin; (114 mg,
0.45 mmol, 1.5 equiv), and ammonium salt 1-75 (0.30 mmol, 1.0 equiv) were weighed
into a 1-dram vial equipped with a magnetic stir bar. THF (1.5 mL, 0.2 M) was added,
and the vial was capped with a Teflon-lined cap and removed from the glovebox. The
mixture was stirred at room temperature for 24 h. The reaction mixture was then

diluted with Et,O (2.5 mL) and quickly filtered through a short plug of Celite®, which
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was then rinsed with Et;O (~ 10 mL). The filtrate was concentrated and purified by
silica gel chromatography to give the benzylic boronate product 1-77. The benzylic
boronate was then converted to the corresponding benzylic alcohol via oxidation (see

General Procedure C below) to determine the enantiomeric excess (ee).

1.4.2.2 General Procedure B: Borylation of Non-Naphthyl-Substituted Benzylic
Ammonium Salts
Bopin, (1.5 equiv)

22 mol % PPh,Cy Bpin
Ar R? KOMe (1.7 equiv) Ar” OR!
THF (1.0 M)
1-75 70°C, 24 h 1-77

In a Nj-atmosphere glovebox, Ni(cod); (8.3 mg, 0.030 mmol, 10 mol %), PPh,Cy
(18 mg, 0.066 mmol, 22 mol %), KOMe (38 mg, 0.45 mmol, 1.7 equiv), Bypin, (114
mg, 0.45 mmol, 1.5 equiv), and ammonium salt 1-75 (0.30 mmol, 1.0 equiv) were
weighed into a 1-dram vial equipped with a magnetic stir bar. THF (0.3 mL, 1.0 M)
was added and the vial was capped with a Teflon-lined cap and removed from the
glovebox. The mixture was stirred at 70 °C for 24 h. The reaction mixture was then
diluted with Et;O (2.5 mL) and quickly filtered through a plug of Celite”, which was
then rinsed with Et;0O (~ 10 mL). The filtrate was concentrated and then purified by
silica gel chromatography to give the benzylic boronate product 1-77. The benzylic
boronate was then converted to the corresponding benzylic alcohol via oxidation (see

General Procedure C below) to determine the enantiomeric excess (ee).

1.4.2.3 General Procedure C: Oxidation of Benzylic Boronates to Benzylic
Alcohols for Determination of Enantiomeric Excess (ee).
30% ag. Hy05 (5.9 mL/mmol)

Bpin 2 N ag. NaOH (5.9 mL/mmol) OH
A R THF (1.0 M) A Rl
0°C—rt
1-77 1-78
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A solution of the benzylic boronate 1-77 (1.0 equiv) and Et,O (0.017 M) was cooled
to 0 °C. Aqueous NaOH (2 N, 5.9 mL/mmol of 1-77) was added, followed by aq. H,O,
(30%, 5.9 mL/mmol of 1-77). The mixture was stirred and allowed to warm slowly to
room temperature overnight. The reaction mixture was diluted with H,O and Et,0O, and
the layers were separated. The aqueous layer was extracted with Et,0O (3 x 20 mL).
The combined organic layers were dried (MgSQ,), filtered, and concentrated. The
crude mixture was purified via silica gel chromatography to afford benzylic alcohol 3
for ee determination. For duplicate experiments, alcohol 1-78 was isolated once via
column chromatography (to verify high yield in the oxidation) and once via

preparatory thin-layer chromatography under the same mobile-phase conditions.

Me Me
Me§ eMe

o..0
B

Me

(R)-4,4,5,5-Tetramethyl-2-(1-(naphthalen-2-yl)ethyl)-1,3,2-dioxaborolane (1-76).
Prepared via General Procedure A using ammonium salt 1-75 (amine purchased in
>99% ee). The crude mixture was purified by silica gel chromatography (5%
EtOAc/hexanes) to give 1-76 (run 1: 69 mg, 82%; run 2: 79%) as a white solid: 'H
NMR (400 MHz, CDCls) 6 7.83 — 7.75 (m, 3H), 7.67 (s, 1H), 7.48 — 7.37 (m, 3H),
2.64 (q, J=7.4 Hz, 1H), 1.46 (d, J= 7.6 Hz, 3H), 1.23 (s, 6H), 1.22 (s, 6H); °C NMR
(101 MHz, CDCl3) & 142.7, 134.0, 131.8, 127.8, 127.7, 127.6, 127.4, 125.8, 125.4,
124.9, 83.5, 24.8, 24.8, 17.0.>* The spectral data match that previously reported in the
literature.®

Boronate 1-76 was oxidized to alcohol 1-98 via General Procedure C. The
enantiomeric excess was determined to be 99% (run 1: 99% ee; run 2: 99% ee) by

chiral HPLC analysis. See alcohol 1-98 below.
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Me

(R)-1-(Naphthalen-2-yl)ethanol (1-98). Prepared via General Procedure C using
benzylic boronate 1-76. The crude mixture was purified by silica gel chromatography
(20% EtOAc/hexanes) to give 1-98 (38 mg, 95%) as a white solid. The enantiomeric
excess was determined to be 99% (run 1: 99% ee; run 2: 99% ee) by chiral HPLC
analysis (CHIRAPAK IA, 1.0 mL/min, 1% i-PrOH/hexanes, A=254 nm); tr(major) =
43.70 min, tg(minor) = 45.74 min); 'H NMR (400 MHz, CDCL) & 7.89 — 7.79 (m,
4H), 7.56 — 7.42 (m, 3H), 5.06 (q, J = 6.2 Hz, 1H), 2.07 (s, 1H), 1.58 (d, J = 6.4 Hz,
3H); °C NMR (101 MHz, CDCls) § 143.3, 133.4, 133.0, 128.5, 128.1, 127.8, 126.3,
126.0, 123.97, 123.95 70.7, 25.3. The spectral data match that previously reported in
the literature.”

The absolute configuration of alcohol 1-98 was determined to be R by

comparison of its HPLC trace to that of commercially available, enantioenriched 1-98.

Me Me
Me

Me
o._ .0

(R)-4,4,5,5-Tetramethyl-2-(1-(naphthalen-1-yl)ethyl)-1,3,2-dioxaborolane ((R)-1-
78). Prepared via General Procedure A using ammonium salt 1-99 (amine purchased
in >99% ee). The crude mixture was purified by silica gel chromatography (5%
EtOAc/hexanes) to give 1-78 (run 1: 47 mg, 56%; run 2: 47 mg, 56%) as a white solid:
'H NMR (400 MHz, CDCl3) & 8.13 (d, J= 8.2 Hz, 1H), 7.88 — 7.83 (m, 1H), 7.69 (d, J
=17.5 Hz, 1H), 7.53 — 7.39 (m, 4H), 3.14 (q, J = 7.4 Hz, 1H), 1.52 (d, J= 7.5 Hz, 3H),
1.23 (s, 6H), 1.22 (s, 6H); °C NMR (101 MHz, CDCl3) § 141.5, 134.0, 132.1, 128.9,
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126.0, 125.5, 125.4, 124.4, 124.2, 83.6, 24.8, 24.7, 16.6.>* The spectral data matches
that previously reported in the literature.”

Boronate 1-78 was oxidized to alcohol 1-100 via General Procedure C. The
enantiomeric excess was determined to be 92% (run 1: 92%, run 2: 91%) by chiral

HPLC analysis. See alcohol 1-100 below.

(R)-1-(Naphthalen-1-yl)ethanol (1-100). Prepared via General Procedure C using
benzylic boronate 1-78. The crude mixture was purified by silica gel chromatography
(20% EtOAc/hexanes) to give 1-100 (21 mg, 72%) as a colorless oil. The enantiomeric
excess was determined to be 92% (run 1: 92% ee; run 2: 91% ee) by chiral HPLC
analysis (CHIRAPAK IC, 1.0 mL/min, 2% i-PrOH/hexanes, A=254 nm); tr(major) =
23.87 min, tg(minor) = 18.43 min): 'H NMR (400 MHz, CDCl3) & 8.12 (d, J = 8.2 Hz,
1H), 7.89 (d, J= 7.6 Hz, 1H), 7.79 (d, J= 8.2 Hz, 1H), 7.69 (d, J= 7.1 Hz, 1H), 7.57 —
7.45 (m, 3H), 5.69 (q, J = 6.3 Hz, 1H), 1.96 (s, 1H), 1.68 (d, J = 6.5 Hz, 3H); °C
NMR (101 MHz, CDCls) 6 141.5, 133.9, 130.4, 129.1, 128.1, 126.2, 125.73, 125.70,
123.3, 122.1, 67.3, 24.5. The spectral data of this compound match that previously

reported in the literature.”

Me Me

Meﬁ eMe
O\B,O

ve
MeO

(8)-2-(1-(6-Methoxynaphthalen-2-yl)ethyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (1-79). Prepared via General Procedure A using ammonium salt 1-91
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(amine prepared in >95% ee). The crude mixture was purified by silica gel
chromatography (5% EtOAc/hexanes) to give 1-79 (run 1: 78 mg, 83%; run 2: 78 mg,
83%) as a white solid: "H NMR (400 MHz, CDCl3) & 7.68 (t, J = 8.1 Hz, 2H), 7.60 (s,
1H), 7.38 (dd, J = 8.4, 1.4 Hz, 1H), 7.12 (d, J = 8.1 Hz, 2H), 3.91 (s, 3H), 2.60 (q, J =
7.5 Hz, 1H), 1.44 (d, J= 7.5 Hz, 3H), 1.23 (s, 6H), 1.22 (s, 6H); °C NMR (101 MHz,
CDCl3) 8 157.0, 140.3, 132.7, 129.5, 129.1, 127.8, 126.7, 125.3, 118.5, 105.7, 83.5,
55.4, 24.8, 24.7, 17.1>* The spectral data match that previously reported in the
literature.’

Boronate 1-79 was oxidized to alcohol 1-101 via General Procedure C. The
enantiomeric excess was determined to be 99% (run 1: 98% ee; run 2: 99% ee) by

chiral HPLC analysis. See alcohol 1-101 below.

OH

e
MeO

(S)-1-(6-Methoxynaphthalen-2-yl)ethanol (1-101). Prepared via General Procedure
C using benzylic boronate 1-79. The crude mixture was purified by silica gel
chromatography (20% EtOAc/hexanes) to give 1-101 (31 mg, 72%) as a white solid;
the enantiomeric excess was determined to be 99% (run 1: 98% ee; run 2: 99% ee) by
chiral HPLC analysis (CHIRAPAK IB, 1.0 mL/min, 3% i-PrOH/hexanes, A=254 nm);
tg(major) = 19.99 min, tr(minor) = 25.84 min): 'H NMR (600 MHz, CDCl;) § 7.75 —
7.69 (m, 3H), 7.47 (d, J = 8.5 Hz, 1H), 7.18 — 7.11 (m, 2H), 5.02 (q, J = 6.5 Hz, 1H),
3.92 (s, 3H), 2.03 (s, 1H), 1.57 (d, J = 6.5 Hz, 3H); °C NMR (151 MHz, CDCL;) &
157.8, 141.1, 134.2, 129.6, 128.9, 127.3, 124.5, 123.9, 119.1, 105.9, 70.6, 55.5, 25.2.

The spectral data match that previously reported in the literature.*®
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(S)-tert-Butyldiphenyl((6-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
ylethyl)naphthalen-2-yl)oxy)silane (1-80). Prepared via General Procedure A using
ammonium salt 1-102 (amine prepared in >95% ee). The crude mixture was purified
by silica gel chromatography (5% EtOAc/hexanes) to give 1-80 (76 mg, 47%) as a
white solid (mp 84-86 °C): '"H NMR (400 MHz, CDCl;) & 7.85 — 7.78 (m, 4H), 7.62 —
7.53 (m, 2H), 7.49 — 7.37 (m, 7H), 7.29 (dd, J = 8.5, 1.5 Hz, 1H), 7.10 — 7.03 (m, 2H),
2.57(q, J=17.4 Hz, 1H), 1.42 (d, J = 7.5 Hz, 3H), 1.25 (s, 6H), 1.23 (s, 6H), 1.18 (s,
9H); *C NMR (101 MHz, CDCls) § 152.8, 140.4, 135.7, 133.2, 132.7, 130.0, 129.6,
128.8, 128.0, 127.6, 126.8, 125.2, 121.5, 114.5, 83.5, 26.8, 24.82, 24.79, 19.7, 17.2;**
"B NMR (193 MHz, CDCls) & 33.6; *’Si NMR (79 MHz, CDCl;) § —6.4; FTIR (neat)
2960, 2858, 1603, 1500, 1352, 1143, 975, 701 cm™; HRMS (LIFDI) calculated for
C34H4BOsSi: 536.2887, found: 536.2894.

Boronate 1-80 was oxidized to alcohol 1-103 via General Procedure C. The
enantiomeric excess was determined to be 92% by chiral HPLC analysis. See alcohol

1-103 below.

OH

e
TBDPSO

(8)-1-(6-((fert-Butyldiphenylsilyl)oxy)naphthalen-2-yl)ethanol (1-103). Prepared
via General Procedure C using benzylic boronate 1-80. The crude mixture was
purified by silica gel chromatography (20% EtOAc/hexanes) to give 1-103 (54 mg,
95%) as a colorless semi-solid. The enantiomeric excess was determined to be 92% by

chiral HPLC analysis (CHIRALPAK IA, 1.0 mL/min, 1% i-PrOH/hexanes, A=254
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nm); tg(major) = 35.70 min, tg(minor) = 33.76 min. [o]p>* = —20.2° (¢ 2.2, CHCL;): 'H
NMR (400 MHz, CDCls) § 7.83 — 7.75 (m, 4H), 7.67 (s, 1H), 7.63 — 7.59 (m, 1H),
7.50 (d, J = 8.5 Hz, 1H), 7.47 — 7.34 (m, 7H), 7.12 — 7.05 (m, 2H), 4.98 (q, J = 6.4 Hz,
1H), 1.99 (bs, 1H), 1.54 (d, J = 6.5 Hz, 3H), 1.16 (s, 9H); °C NMR (101 MHz,
CDCl;) § 153.6, 141.1, 135.7, 134.0, 133.0, 130.1, 129.3, 128.9, 128.0, 127.3, 124.2,
123.7, 122.0, 114.7, 70.6, 26.7, 25.2, 19.7; *Si NMR (119 MHz, CDCl;) § —5.9; FTIR
(neat) 3347 (broad), 3051, 2931, 2858, 1606, 1482, 1263, 1175, 114, 76, 701, 504 cm®
' HRMS (CI+) calculated for CosH30BO,Si: 427.2093, found: 427.2090.

M Me MeM
e\) (, e
O\B,O

Me
OMe
(R)-2-(1-(3-Methoxynaphthalen-2-yl)ethyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1-81). Prepared via General Procedure A using ammonium salt 1-96
(amine prepared in >95% ee). The crude mixture was purified by silica gel
chromatography (5% EtOAc/hexanes) to give 1-81 (46 mg, 49%) as an opaque semi-
solid: "H NMR (400 MHz, CDCls) § 7.77 — 7.69 (m, 2H), 7.60 (s, 1H), 7.38 (ddd, J =
8.1, 6.8, 1.4 Hz, 1H), 7.31 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 7.08 (s, 1H), 3.93 (s, 3H),
2.63 (q,J=7.5 Hz, 1H), 1.43 (d, J= 7.5 Hz, 3H), 1.26 (s, 12H); >C NMR (101 MHz,
CDCl) 6 156.2, 135.7, 133.1, 129.4, 127.3, 126.5, 126.3, 125.3, 123.5, 104.4, 83.2,
55.1, 24.80, 24.77, 14.8;** "B NMR (193 MHz, CDCl;) & 33.6; FTIR (neat) 2976,
1472, 1388, 1251, 1144, 847, 746 cm™; HRMS (LIFDI) calculated for C;9H,sBOs:
312.1897, found: 312.1884.
Boronate 1-81 was oxidized to alcohol 1-104 via General Procedure C. The

enantiomeric excess was determined to be 95% by chiral HPLC analysis. See alcohol

1-104 below.
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(R)-1-(3-Methoxynaphthalen-2-yl)ethanol (1-104). Prepared via General Procedure
C using benzylic boronate 1-81. The crude mixture was purified by silica gel
chromatography (20% EtOAc/hexanes) to give 1-104 (25 mg, 83%) as a clear oil. The
enantiomeric excess was determined to be 95% (CHIRALPAK IB, 1.0 mL/min, 5% i-
PrOH/hexanes, A=254 nm); tr(major) = 22.47 min, tz(minor) = 14.96 min. [a]p”* = —
35.7° (¢ 0.11, CHCl;): '"H NMR (600 MHz, CDCl3) § 7.80 — 7.76 (m, 2H), 7.73 (d, J =
8.2 Hz, 1H), 7.44 (t, J=17.5 Hz, 1H), 7.35 (t, /=7.9 Hz, 1H), 7.13 (s, 1H), 5.22 (q, J =
6.0 Hz, 1H), 3.97 (s, 3H), 2.77 (s, 1H), 1.61 (d, J= 6.6 Hz, 3H); °C NMR (151 MHz,
CDCl) 6 155.6, 135.0, 133.9, 128.9, 127.9, 126.5, 126.4, 125.3, 124.1, 105.6, 67.0,
55.5, 23.1. The spectral data match that previously reported in the literature for the

. 3
racemic compound.’’

Me Me
MGHMG

o, .0
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(8)-2-(1-(Benzofuran-5-yl)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (1-82).
Prepared via General Procedure A, except that the reaction temperature was 50 °C,
using ammonium salt 1-105 (amine prepared in >95% ee). The crude mixture was
purified by silica gel chromatography (5% EtOAc/hexanes) to give 1-82 (run 1: 48
mg, 59%; run 2: 55 mg, 67%) as a white solid (mp 58-59 °C): '"H NMR (400 MHz,
CDCl3) 6 7.57 (d, J=2.2 Hz, 1H), 7.45 (d, J = 1.8 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H),
7.17 (dd, J = 8.6, 1.9 Hz, 1H), 6.71 (dd, J=2.2, 1.0 Hz, 1H), 2.54 (q, J= 7.5 Hz, 1H),
1.39 (d, J = 7.5 Hz, 3H), 1.23 (s, 6H), 1.21 (s, 6H); °C NMR (101 MHz, CDCl;) &
153.4, 144.9, 139.6, 127.7, 124.7, 119.8, 111.1, 106.7, 83.4, 24.79, 24.75, 17.9;* ''B
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NMR (193 MHz, CDCls) 6 33.6; FTIR (neat) 2976, 1467, 1319, 1144, 843, 737 em™:
HRMS (LIFDI) calculated for C;sH2;BO3: 272.1584, found: 272.1611.
Boronate 1-82 was oxidized to alcohol 1-106 via General Procedure C. The

enantiomeric excess was determined to be 98% (run 1: 97% ee; run 2: 98% ee) by

chiral HPLC analysis. See alcohol 1-106 below.

OH

0]

(8)-1-(Benzofuran-5-yl)ethanol (1-106). Prepared via General Procedure C using
benzylic boronate 1-82. The crude mixture was purified by silica gel chromatography
(20% EtOAc/hexanes) to give 1-106 (run 1 (41 mg of 1-82): 15 mg, 61%) as a clear
oil. The enantiomeric excess was determined to be 98% (run 1: 97% ee; run 2: 98%
ee) by chiral HPLC analysis (CHIRALPAK IC, 0.5 mL/min, 2% i-PrOH/hexanes,
A=254 nm); tg(major) = 45.76 min, tg(minor) = 43.97 min. [o]p>! = —33.0° (¢ 0.79,
CHCl;): "H NMR (400 MHz, CDCl3) § 7.67 — 7.57 (m, 2H), 7.48 (d, J = 8.5 Hz, 1H),
7.32 (dd, J = 8.6, 1.8 Hz, 1H), 6.76 (d, J = 1.1 Hz, 1H), 5.01 (q, J = 6.4 Hz, 1H), 1.92
(bs, 1H), 1.54 (d, J = 6.4 Hz, 3H); °C NMR (101 MHz, CDCL;) § 154.5, 145.6, 140.7,
127.6, 122.2, 118.1, 111.5, 106.8, 70.8, 25.7; FTIR (neat) 3344 (broad), 2921, 1444,
1261, 1129, 1072, 891, 813, 738 c¢cm’'; HRMS (CI+) calculated for CioH;;05:
163.0759, found: 163.0756.
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(R)-5-(1-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)-1-tosyl-1H-indole (1-

83). Prepared via General Procedure A using ammonium salt 1-107 (prepared in >95%
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ee). Instead of filtering through Celite®, the diluted mixture was filtered through a
small plug of silica gel and then concentrated. 1,3,5-Trimethoxybenzene was added as
internal standard, and the yield was determined by 'H NMR to be 44% (run 1: 46%,
run 2: 41%). The reaction mixture was complicated, preventing effective purification
and isolation on scale. However, an analytical sample of 1-83 (contaminated with
~15% Bypiny) was purified by silica gel chromatography (prep TLC, 30%
EtOAc/hexanes) to enable characterization: '"H NMR (600 MHz, CDCls) & 7.85 (d, J =
8.6 Hz, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.49 (d, J= 3.6 Hz, 1H), 7.34 (s, 1H), 7.20 (d, J
=8.1 Hz, 2H), 7.17 (dd, J = 8.6, 1.3 Hz, 1H), 6.57 (d, /= 3.6 Hz, 1H), 2.48 (q, J=7.5
Hz, 1H), 2.33 (s, 3H), 1.32 (d, J = 7.5 Hz, 3H), 1.20 (s, 6H), 1.18 (s, 6H); °C NMR
(101 MHz, CDCl3) 6 144.9, 140.2, 135.6, 133.1, 131.2, 130.0, 127.0, 126.3, 125.2,
120.0, 113.4, 109.3, 83.5, 24.79, 24.76, 21.7, 17.6;>* ''B (193 MHz, CDCL;) & 33.8;
FTIR (neat, cm'l) 29717, 2930, 1459, 1372, 1173, 676, 583; HRMS (CI) calculated for
C23H2sBNO4S: 425.1832, found: 425.1840.

The sample was then concentrated and subjected to General Procedure C for
oxidation and determination of enantiomeric excess.

Boronate 1-83 was oxidized to alcohol 1-108 via General Procedure C. The
enantiomeric excess was determined to be 96% by chiral HPLC analysis. See alcohol

1-108 below.

T
(R)-1-(1-Tosyl-1H-indol-5-yl)ethanol (1-108). Prepared via General Procedure C
using benzylic boronate 1-83. The crude mixture was purified by silica gel
chromatography (40% EtOAc/hexanes) to give 1-108 (34 mg, 79%) as a pale yellow

semi-solid. The enantiomeric excess was determined to be 96% (run 1: 96% ee; run 2:

95% ee) by chiral HPLC analysis (CHIRALPAK IA, 1.0 mL/min, 5% i-
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PrOH/hexanes, A=254 nm); tg(major) = 58.15 min, tg(minor) = 53.38 min. [a]p™* = -
18.7° (¢ 0.165, CHCl3): "H NMR (400 MHz, CDCl3) & 7.94 (d, J = 8.6 Hz, 1H), 7.75
(d, J=8.4 Hz, 2H), 7.55 (d, /= 3.6 Hz, 1H), 7.52 (s, 1H), 7.31 (dd, J = 8.6, 1.5 Hz,
1H), 7.20 (d, J= 8.2 Hz, 2H), 6.62 (d, /= 3.6 Hz, 1H), 4.94 (q, /= 6.4 Hz, 1H), 2.32
(s, 3H), 1.99 (s, 1H), 1.49 (d, J = 6.4 Hz, 3H); °C NMR (101 MHz, CDCl;) & 145.1,
141.2, 135.3, 134.3, 131.0, 130.0, 126.9, 126.9, 122.5, 118.2, 113.7, 109.2, 70.6, 25.5,
21.7; FTIR (neat) 3379 (broad), 2971, 1596, 1369, 1173, 1128, 676, 579 cm™'; HRMS
(CI+) [M+H]" calculated for [C17H;sNOsS]": 316.1007, found: 316.1017.
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(R)-4,4,5,5-Tetramethyl-2-(5,5,5-trifluoro-1-(naphthalen-2-yl)pentyl)-1,3,2-
dioxaborolane (1-84). Prepared via General Procedure A using ammonium salt 1-109
(amine prepared in >95% ee). The crude mixture was purified by silica gel
chromatography (5% EtOAc/hexanes) to give 1-84 (run 1: 73 mg, 64%; run 2: 69 mg,
60%) as a white solid (mp 74-76 °C); '"H NMR (400 MHz, CDCls) & 7.86 — 7.74 (m,
3H), 7.65 (s, 1H), 7.50 — 7.33 (m, 3H), 2.50 (t, /= 7.9 Hz, 1H), 2.19 — 1.96 (m, 3H),
1.91 — 1.78 (m, 1H), 1.65 — 1.50 (m, 2H), 1.23 (s, 6H), 1.20 (s, 6H); °C NMR (151
MHz, CDCls) 6 140.2, 134.0, 132.1, 128.1, 127.7, 127.6, 127.4 (q, Jcr = 276.4 Hz),
127.3, 126.5, 126.0, 125.2, 83.7, 33.9 (q, Jcr = 28.4 Hz), 31.6, 24.8, 24.7, 21.7 (q, Jcr
= 2.7 Hz);>* "B NMR (193 MHz, CDCl;) & 33.1; "°F NMR (376.5 MHz, CDCl;) & —
66.3; FTIR (neat) 2978, 1361, 1259, 1141, 857, 749 cm'l; HRMS (CI+) calculated for
C21H26BF30,: 379.2049, found: 379.2034.

Boronate 1-84 was oxidized to alcohol 1-110 via General Procedure C. The
enantiomeric excess was determined to be 96% (run 1: 96% ee; run 2: 96% ee) by

chiral HPLC analysis. See alcohol 1-110 below.
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(R)-5,5,5-Trifluoro-1-(naphthalen-2-yl)pentan-1-ol (1-110). Prepared via General
Procedure C using benzylic boronate 1-84. The crude mixture was purified by silica
gel chromatography (20% EtOAc/hexanes) to give 1-110 (40 mg, 93%) as a white
solid (mp 48-50 °C). The enantiomeric excess was determined to be 96% (run 1: 96%
ee; run 2: 96% ee) by chiral HPLC analysis (CHIRALPAK 1B, 1.0 mL/min, 3% i-
PrOH/hexanes, A=254 nm); tr(major) = 28.25 min, tg(minor) = 25.09 min. [a]p"* =
+38.4° (¢ 0.75, CHCLs): '"H NMR (400 MHz, CDCl;) § 7.89 — 7.80 (m, 3H), 7.76 (s,
1H), 7.55 — 7.48 (m, 2H), 7.46 (dd, J = 8.6, 1.8 Hz, 1H), 4.87 — 4.79 (m, 1H), 2.20 —
2.02 (m, 3H), 1.99 — 1.67 (m, 3H), 1.68 — 1.52 (m, 1H); >C NMR (101 MHz, CDCl;)
0 141.7, 133.4, 133.2, 128.7, 128.1, 127.9, 127.2 (q, Jc.r = 277.5 Hz), 126.5, 126.2,
124.7, 123.9, 74.4, 37.8, 33.7 (q, Jo.r = 28.6 Hz), 18.6 (q, Jer = 3.0 Hz); ’F NMR
(376.5 Hz, CDCl3) 6 —66.3; FTIR (neat) 3350 (broad), 2947, 1391, 1259, 1134, 1028,
821, 749, 479 c¢m’'; HRMS (CI+) calculated for C;sH;¢F50: 269.1153, found:
269.1158.
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(R)-2-(3-(1,3-Dioxolan-2-yl)-1-(naphthalen-2-yl)propyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1-85). Prepared via General Procedure A using ammonium salt 1-111
(amine prepared in >95% ee). The crude mixture was purified by silica gel
chromatography (10% EtOAc/hexanes) to give 1-85 (64 mg, 58%) as a white solid
(mp 82-84 °C) (note: a 10:1 mixture of product to Bopin, was observed): 'H NMR
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(400 MHz, CDCl3) 6 7.81 — 7.72 (m, 3H), 7.65 (s, 1H), 7.47 — 7.36 (m, 3H), 4.86 (t, J
=4.8 Hz, 1H), 3.98 — 3.77 (m, 4H), 2.51 (t,J= 8.0 Hz, 1H), 2.15 - 2.01 (m, 1H), 1.99
—1.84 (m, 1H), 1.76 — 1.59 (m, 2H), 1.21 (s, 6H), 1.19 (s, 6H); °C NMR (101 MHz,
CDCl3) 6 140.5, 133.9, 131.9, 127.9, 127.63, 127.59 127.5, 126.5, 125.8, 125.0, 104.7,
83.5, 64.9, 33.5, 26.8, 24.8, 24.7; ''B NMR (193 MHz, CDCls) & 33.2; FTIR (neat)
2977, 2882, 1371, 1324, 1141, 857, 750 cm'l; HRMS (LIFDI) calculated for
C2oH29BO4: 368.2140, found: 368.2143.

Boronate 1-85 was oxidized to alcohol 1-112 via General Procedure C. The

enantiomeric excess was determined to be 98% by chiral HPLC analysis. See alcohol

1-112 below.

Co

(R)-3-(1,3-Dioxolan-2-yl)-1-(naphthalen-2-yl)propan-1-ol (1-112). Prepared via
General Procedure C using benzylic boronate 1-85. The crude mixture was purified by
silica gel chromatography (40% EtOAc/hexanes) to give 1-112 (36 mg, 84%) as a
white solid (mp 67—69 °C). The enantiomeric excess was determined to be 98% by
chiral HPLC analysis (CHIRALPAK IB, 1.0 mL/min, 5% i-PrOH/hexanes, A=254
nm); tg(major) = 31.06 min, tg(minor) = 27.49 min. [a]p>* = —18.4° (¢ 1.78, CHCL):
'H NMR (400 MHz, CDCl;) § 7.87 — 7.78 (m, 4H), 7.53 — 7.40 (m, 3H), 4.96 — 4.85
(m, 2H), 4.03 — 3.81 (m, 4H), 2.74 (d, J = 3.5 Hz, 1H), 2.05 — 1.92 (m, 2H), 1.91 —
1.73 (m, 2H); °C NMR (101 MHz, CDCl3)  142.1, 133.4, 133.0, 128.4, 128.1, 127.8,
126.2, 125.9, 124.6, 124.2, 104.4, 74.3, 65.2, 65.1, 33.1, 30.1; FTIR (neat) 3434
(broad), 2882, 1409, 1139, 1031, 822, 751, 479 cm™; HRMS (CI+) calculated for
Ci6Hi303: 241.1229, found: 241.1225.
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(R)-4,4,5,5-Tetramethyl-2-(1-(naphthalen-2-yl)-3-phenylpropyl)-1,3,2-
dioxaborolane (1-86). Prepared via General Procedure A using ammonium salt 1-113
(amine prepared in >95% ee). The crude mixture was purified by silica gel
chromatography (5% EtOAc/hexanes) to give 1-86 (80 mg, 72%) as a white solid (mp
77-79 °C): '"H NMR (400 MHz, CDCl3) § 7.87 — 7.79 (m, 3H), 7.71 (s, 1H), 7.52 —
7.41 (m, 3H), 7.34 — 7.28 (m, 2H), 7.24 — 7.18 (m, 3H), 2.65 (t, J = 7.9 Hz, 2H), 2.60
(t, J=17.9 Hz, 1H), 2.37 — 2.26 (m, 1H), 2.21 — 2.10 (m, 1H), 1.25 (s, 6H), 1.23 (s,
6H); °C NMR (101 MHz, CDCls) § 142.6, 140.6, 133.9, 131.9, 128.7, 128.4, 128.0,
127.7,127.6, 127.5, 126.5, 125.84, 125.81, 125.0, 83.6, 35.6, 34.3, 24.84, 24.76;* ''B
NMR (193 MHz, CDCls) 6 33.7; FTIR (neat) 2977, 2930, 1323, 1141, 857, 748, 699
cm’'; HRMS (LIFDI) calculated for CosHaoBO,: 372.2261, found: 372.2270.

Boronate 1-86 was oxidized to alcohol 1-114 via General Procedure C. The
enantiomeric excess was determined to be 98% by chiral HPLC analysis. See alcohol

1-114 below.

(R)-1-(Naphthalen-2-yl)-3-phenylpropan-1-ol (1-114). Prepared via General
Procedure C using benzylic boronate 1-86. The crude mixture was purified by silica
gel chromatography (20% EtOAc/hexanes) to give 1-114 (43 mg, 94%) as a white
solid (mp 85-86 °C). The enantiomeric excess was determined to be 98% by chiral
HPLC analysis (CHIRALPAK IA, 1.0 mL/min, 2% i-PrOH/hexanes, A=254 nm);
tg(major) = 35.44 min, tg(minor) = 38.33 min: '"H NMR (400 MHz, CDCl;) & 7.89 —
7.81 (m, 3H), 7.79 (s, 1H), 7.55 — 7.44 (m, 3H), 7.34 — 7.27 (m, 2H), 7.25 — 7.16 (m,
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3H), 4.87 (ddd, J = 8.1, 5.5, 2.9 Hz, 1H), 2.85 — 2.65 (m, 2H), 2.30 — 2.06 (m, 2H),
2.02 (d, J = 3.1 Hz, 1H); >C NMR (151 MHz, CDCl;) § 142.1, 141.9, 133.5, 133.2,
128.56, 128.59, 128.63, 128.1, 127.9, 126.4, 126.1, 126.0, 124.9, 124.2, 74.2, 40.5,
32.2. The spectral data match that of the literature.’®
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(R)-4,4,5,5-Tetramethyl-2-(2-methyl-1-(naphthalen-2-yl)propyl)-1,3,2-
dioxaborolane (1-87). Prepared via General Procedure A using ammonium salt 1-115
(amine prepared in >95% ee). The crude mixture was purified by silica gel
chromatography (5% EtOAc/hexanes) to give 1-87 (run 1: 46 mg, 49%; run 2: 47 mg,
50%) as a white solid (mp 85-86 °C); '"H NMR (400 MHz, CDCls) & 7.83 — 7.71 (m,
3H), 7.66 (s, 1H), 7.47 — 7.36 (m, 3H), 2.33 — 2.19 (m, 1H), 2.16 (d, J = 10.5 Hz, 1H),
1.21 (s, 6H), 1.18 (s, 6H), 1.10 (d, J = 6.4 Hz, 3H), 0.77 (d, J = 6.4 Hz, 3H); °C NMR
(101 MHz, CDCls) & 140.2, 133.9, 132.0, 128.1, 127.7, 127.6, 127.3, 125.7, 124.9,
83.4, 31.1, 24.8, 24.7, 23.4, 22.3;* °C NMR (151 MHz, C(O)(CDs),) & 141.2, 134.7,
132.9, 128.7, 128.3, 128.3, 128.2, 127.9, 126.6, 125.7, 83.9, 31.7, 25.0, 24.9, 23.5,
22.4;* "B NMR (193 MHz, CDCl3) & 33.2; FTIR (neat) 2922, 2850, 1382, 1323,
1143, 1103 cm’'; HRMS (LIFDI) calculated for CyoH,sBO,: 310.2104, found:
310.2126.

Boronate 1-87 was oxidized to alcohol 1-116 via General Procedure C. The
enantiomeric excess was determined to be 98% (run 1: 97%, run 2: 98%) by chiral

HPLC analysis. See alcohol 1-116 below.
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(R)-2-Methyl-1-(naphthalen-2-yl)propan-1-ol (1-116). Prepared via General
Procedure C using benzylic boronate 1-87. The crude mixture was purified by silica
gel chromatography (20% EtOAc/hexanes) to give 1-116 (run 1 (39 mg of 1-87): 7
mg, 28%) as a clear oil. The enantiomeric excess was determined to be 98% (run 1:
97%, run 2: 98%) by chiral HPLC analysis (CHIRALPAK IC, 1.0 mL/min, 2% i-
PrOH/hexanes, A=254 nm); tg(major) = 17.49 min, tx(minor) = 16.15 min; 'H NMR
(600 MHz, CDCl3) 8 7.86 — 7.80 (m, 3H), 7.76 (s, 1H), 7.51 — 7.44 (m, 3H), 4.54 (d, J
=6.9 Hz, 1H), 2.12 - 2.03 (m, J = 6.7 Hz, 1H), 1.93 (s, 1H), 1.05 (d, /= 6.7 Hz, 3H),
0.84 (d, J = 6.8 Hz, 3H); °C NMR (101 MHz, CDCl;) § 141.2, 133.3, 133.1, 128.2,
128.1, 127.8, 126.2, 125.9, 125.6, 124.8, 80.4, 35.4, 19.3, 18.4. The spectral data

match that previously reported in the literature.>

(R)-5,5-Dimethyl-2-(1-(naphthalen-2-yl)ethyl)-1,3,2-dioxaborinane (1-117).
Prepared via General Procedure A using ammonium salt 1-75 (amine purchased in
>99% ee) and bis(neopentyl glycolato)diboron (B,neop;) instead of Bypin,. Instead of
filtering through Celite®, the diluted mixture was filtered through a small plug of silica
gel and then concentrated. 1,3,5-Trimethoxybenzene was added as internal standard,
and the yield of the reaction was determined by '"H NMR analysis to be 61%. The
sample was then concentrated and subjected to General Procedure C for oxidation and
determination of enantiomeric excess.

Boronate 1-117 was oxidized to alcohol 1-98 via General Procedure C. The
enantiomeric excess was determined to be 95% by chiral HPLC analysis. See alcohol

1-98 below.
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(R)-1-(Naphthalen-2-yl)ethanol (1-98). Prepared via General Procedure C using
benzylic boronate 1-118. The crude mixture was purified by silica gel chromatography
(20% EtOAc/hexanes) to give 1-98 (29 mg, 93%) as a white solid. The enantiomeric
excess was determined to be 95% by chiral HPLC analysis (CHIRALPAK IA, 1.0
mL/min, 1% i-PrOH/hexanes, A=254 nm); tg(major) = 45.06 min, tg(minor) = 47.29
min. The spectral data match that of alcohol 1-98 above.
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4,4,6-Trimethyl-2-((R)-1-(naphthalen-2-yl)ethyl)-1,3,2-dioxaborinane (1-118).

Me

Prepared via General Procedure A using ammonium salt 1-75 (amine purchased in
>99% ee) and bis(hexylene glycolato)diboron (Bshex;) instead of B,pin,. Instead of
filtering through Celite”, the diluted mixture was filtered through a small plug of silica
gel and then concentrated. 1,3,5-Trimethoxybenzene was added as internal standard,
and the yield of the reaction was determined by '"H NMR analysis to be 74%. The
sample was then concentrated and subjected to General Procedure C for oxidation and
determination of enantiomeric excess.

Boronate 1-118 was oxidized to alcohol 1-98 via General Procedure C. The
enantiomeric excess was determined to be 95% by chiral HPLC analysis. See alcohol
1-98 below.
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(R)-1-(Naphthalen-2-yl)ethanol (1-98). Prepared via General Procedure C using
benzylic boronate 1-118. The crude mixture was purified by silica gel chromatography
(20% EtOAc/hexanes) to give 1-98 (35 mg, quant.) as a white solid. The enantiomeric
excess was determined to be 95% by chiral HPLC analysis (CHIRALPAK IA, 1.0
mL/min, 1% i-PrOH/hexanes, A=254 nm); tr(major) = 44.64 min, tg(minor) = 46.84
min. The spectral data match that of alcohol 1-98 above.
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(R)-2-(1-(4-Fluorophenyl)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (1-88).
Prepared via General Procedure B on a 0.5-mmol scale using ammonium salt 1-119
(amine purchased in >99% ee) and ICy-HBF, (19.2 mg, 0.060 mmol, 12 mol %)
instead of PPh,Cy. The crude mixture was purified by silica gel chromatography (5%
EtOAc/hexanes) to give 1-88 (66 mg, 53%) as a clear oil (please note that 1-88 was
not subjected to high vacuum due to its volatility): "H NMR (400 MHz, CDCls) & 7.20
—7.13 (m, 2H), 6.98 — 6.91 (m, 2H), 2.42 (q, /= 7.5 Hz, 1H), 1.31 (d, /= 7.5 Hz, 3H),
1.21 (s, 6H), 1.20 (s, 6H); °C NMR (101 MHz, CDCl3) § 161.0 (d, Jor = 243.2 Hz),
140.7 (d, Jer= 3.1 Hz), 129.1 (d, Jcr= 7.7 Hz), 115.1 (d, Jcr= 21.0 Hz), 83.5, 24.8,
17.4. The spectral data match that reported in the literature.*” The sample was then
concentrated and subjected to General Procedure C for oxidation and determination of
enantiomeric excess.

Boronate 1-88 was oxidized to alcohol 1-120 via General Procedure C. The
enantiomeric excess was determined to be 86% (run 1 from oxidation of isolated 1-88:
87% ee; run 2 from oxidation of crude 1-88: 85% ee) by chiral HPLC analysis. See
alcohol 1-120 below.
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(R)-1-(4-Fluorophenyl)ethanol (1-120). Prepared via General Procedure C using
benzylic boronate 1-88. The crude mixture was purified by silica gel chromatography
(20% EtOAc/hexanes) to give 1-120 (16 mg, 62%) as a clear oil. The enantiomeric
excess was determined to be 86% (run 1 from oxidation of isolated 1-88: 87% ee; run
2 from oxidation of crude 1-88: 85% ee) by chiral HPLC analysis (CHIRALPAK IF,
1.0 mL/min, 2% i-PrOH/hexanes, A=254 nm); tg(major) = 16.25 min, tr(minor) =
17.65 min: '"H NMR (600 MHz, CDCl;) § 7.34 (dd, J = 8.3, 5.6 Hz, 2H), 7.03 (t, J =
8.6 Hz, 2H), 4.89 (q, J = 6.4 Hz, 1H), 1.87 (s, 1H), 1.48 (d, J = 6.5 Hz, 3H); °C NMR
(151 MHz, CDCl3) 6 162.3 (d, Jc_r = 244.6 Hz), 141.7, 127.2 (d, Jcr = 7.6 Hz), 115.4
(d, Jor = 22.7 Hz), 70.0, 25.5; °’F NMR (565 MHz, CDCl3) § ~115.4. The spectral

data match that of the literature.*!
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(R)-2-(1-(4-Methoxyphenyl)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1-89).
Prepared via General Procedure B using ammonium salt 1-121 (amine precursor
purchased in >99% ee). The crude mixture was purified by silica gel chromatography
(5% EtOAc/hexanes) to give 1-89 (run 1: 45 mg, 57%; run 2: 41 mg, 52%) as a clear
oil: "H NMR (400 MHz, CDCl;) & 7.14 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H),
3.78 (s, 3H), 2.38 (q, J = 7.5 Hz, 1H), 1.30 (d, J = 7.6 Hz, 3H), 1.22 (s, 6H), 1.20 (s,
6H); °C NMR (101 MHz, CDCl;) & 157.2, 137.0, 128.6, 113.8, 83.2, 55.2, 24.7, 24.6,

17.4.>* The spectral data matches that previously reported in the literature.*”
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Boronate 1-89 was oxidized to alcohol 1-122 via General Procedure C. The
enantiomeric excess was determined to be 86% (run 1: 85% ee; run 2: 87% ee) by
chiral HPLC analysis. See alcohol 1-122 below.
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(R)-1-(4-Methoxyphenyl)ethanol (1-122). Prepared via General Procedure C using
benzylic boronate 1-89. The crude mixture was purified by silica gel chromatography
(20% EtOAc/hexanes) to give 1-122 (run 1 (45 mg of 1-89): 19 mg, 72%) as a clear
oil. The enantiomeric excess was determined to be 86% (run 1: 85%, run 2: 87%) by
chiral HPLC analysis (CHIRALPAK IB, 1.0 mL/min, 2% i-PrOH/hexanes, A=254
nm); tg(major) = 20.16 min, tg(minor) = 22.24 min: '"H NMR (400 MHz, CDCl;) &
7.30 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 4.86 (q, J = 6.4 Hz, 1H), 3.80 (s,
3H), 1.84 (bs, 1H), 1.48 (d, J = 6.4 Hz, 3H); °C NMR (101 MHz, CDCls) & 159.1,
138.1, 126.8, 114.0, 70.2, 55.5, 25.2. The spectral data match that previously reported
in the literature.®
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(R)-2-(1-(Benzo[d][1,3]dioxol-5-yl)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(1-90). Prepared via General Procedure B using ammonium salt 1-123 (amine
prepared in >95% ee). The crude mixture was purified by silica gel chromatography
(5% EtOAc/hexanes) to give 1-90 (run 1: 48 mg, 58%; run 2: 53 mg, 63%) as a clear
oil: "H NMR (400 MHz, CDCl;) & 6.74 (d, J = 1.7 Hz, 1H), 6.71 (d, J = 8.0 Hz, 1H),
6.65 (dd, J = 8.0, 1.7 Hz, 1H), 5.90 (s, 2H), 2.35 (q, J = 7.5 Hz, 1H), 1.28 (d, /= 7.5
Hz, 3H), 1.22 (s, 6H), 1.20 (s, 6H); °C NMR (101 MHz, CDCl;) & 147.6, 145.2,
139.0, 120.5, 108.6, 108.3, 100.8, 83.5, 24.8, 24.8, 17.7;** "B NMR (193 MHz,
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CDCls) & 33.3; FTIR (neat) 2977, 1487, 1321, 1237, 1144, 1041, 938, 811 cm™;
HRMS (CI) calculated for CisH,;BO4: 277.1611, found: 277.1609.

Boronate 1-90 was oxidized to alcohol 1-124 via General Procedure C. The
enantiomeric excess was determined to be 85% (run 1: 84% ee; run 2: 85% ee) by

chiral HPLC analysis. See alcohol 1-124 below.
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(R)-1-(Benzo|d][1,3]dioxol-5-yl)ethanol (1-124). Prepared via General Procedure C
using benzylic boronate 1-90. The crude mixture was purified by silica gel
chromatography (20% EtOAc/hexanes) to give 1-124 (run 1 (40 mg of 1-90): 21 mg,
87%) as a clear oil. The enantiomeric excess was determined to be 85% (run 1: 85%,
run 2: 84%) by chiral HPLC analysis (CHIRALPAK IA, 1.0 mL/min, 3% i-
PrOH/hexanes, A=210 nm); tg(major) = 19.60 min, tx(minor) = 22.01 min: 'H NMR
(400 MHz, CDCls) 6 6.92 — 6.88 (m, 1H), 6.85 — 6.75 (m, 2H), 5.95 (s, 2H), 4.82 (q, J
= 6.4 Hz, 1H), 1.76 (bs, 1H), 1.46 (d, J = 6.4 Hz, 3H); °C NMR (101 MHz, CDCL;) &
147.9, 147.0, 140.1, 118.9, 108.3, 106.2, 101.2, 70.5, 25.3. The spectral data match

that previously reported in the literature.*

1.4.2.4 Gram-Scale Synthesis of (5)-2-(1-(6-Methoxynaphthalen-2-yl)ethyl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1-79)

Bopin, (1.5 equiv)

TfOMegN 10 mol % Ni(OAc),-4H,0 Bpin
. 22 mol % PPhy
Me - Me
NaOMe (1.5 equiv)
MeO THF (0.2 M) MeO
1-91 r, 24 h 1-79
109

An oven-dried, 50-mL Schlenk flask equipped with a magnetic stir bar was evacuated
and backfilled with N, (x 4). Ni(OAc),-4H,0 (63 mg, 0.254 mmol, 10 mol %), PPh;
(147 mg, 0.559 mmol, 22 mol %), B,pin, (0.968 g, 3.81 mmol, 1.5 equiv), and
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ammonium salt 1-91 (>95% ee, 1.00 g, 2.54 mmol. 1.0 equiv) were added. NaOMe
(0.206 g, 3.81 mmol, 1.5 equiv) was quickly added and the flask was sealed with a
rubber septum. The flask was evacuated and then backfilled with N, (x 4). THF (13
mL, 0.2 M) was then added. The mixture was stirred vigorously at room temperature
for 24 h. Over the course of the reaction, the solution turned from light yellow to dark
orange. Et,O (~ 40 mL) was added, and the mixture was stirred for five minutes. The
mixture was filtered through a pad of Celite®, which was then washed multiple times
with Et;0O (~ 120 mL total volume). The filtrate was concentrated, and the crude
material was purified by silica gel chromatography (5% EtOAc/hexanes) to give 1-79
(68%, 99% ee) as a white solid. The spectra of this material match that of 1-79
prepared on 0.3 mmol scale, as described above.

Boronate 1-79 was oxidized to alcohol 1-102 via General Procedure C. The
enantiomeric excess was determined to be 99% by chiral HPLC analysis. The spectral

data of this alcohol match that of alcohol 1-102 as described above.

1.4.3 Preparation of Benzyl Ammonium Salts

Enantioenriched amines that were not commercially available were obtained

231 Via these

through Grignard or hydride additions to Ellman’s sulfinimines.
reactions, a single diastereomer of each sulfinamine was isolated (as determined by 'H
NMR analysis). We thus assume >95% ee of the subsequent amine after removal of
Ellman’s auxiliary. Dimethyl benzyl amines were then prepared using Escheweiler-
Clarke conditions or reductive amination of the corresponding primary benzyl amine

3233 We assume no loss of ee in the formation of the trimethyl

with formaldehyde.
ammonium triflates from this intermediate. For enantioenriched amines that were
commercially available, we also assume no loss of ee in the formation of the trimethyl

ammonium triflates.

Ammonium triflates 1-75, 1-99, 1-115, 1-119, and 1-121 have been previously

prepared in our laboratory.” **
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Ammonium triflates prepared via these procedures were used as is in the
stereospecific borylation reaction, without further purification. In some cases,

impurities are present in the ammonium triflates.

1.4.3.1 General Procedure D: Preparation of (S)-V,V,V-Trimethyl-1-
(naphthalen-1-yl)ethanaminium trifluoromethanesulfonate (1-99)

O NMe MeOTf (1.3 equiv) O NMegOTf
Me E,0 (4.0 M) Me
0°C

1-125 1-99
(5)-N,N-Dimethyl-1-(naphthalen-1-yl)ethanamine (0.806 g, 4.04 mmol, 1.0 equiv),

which was prepared using Escheweiler-Clarke conditions® from (S)-(-)-1-(1-
naphthyl)ethylamine (purchased in >99% ee), was dissolved in Et;O (1.01 mL, 4.0
M). MeOTf (0.58 mL, 5.25 mmol, 1.3 equiv) was added dropwise at 0 °C. After
complete addition, the mixture was allowed to stir for an additional 30 minutes at 0 °C.
The mixture was diluted with Et,O (~ 2 mL), taken out of the ice bath, and allowed to
warm to room temperature while stirring. The white precipitate was filtered and
washed with Et,O (3 x 15 mL). The solid was dried under high vacuum to afford salt
1-99 (1.377 g, 94%) as a white solid, which was used directly in the benzylic
borylation. This compound was previously prepared in our laboratory via this

method."

NMezOTf

N Me
Z

MeO
(R)-1-(6-Methoxynaphthalen-2-yl)-N,N,NV-trimethylethanaminium
trifluoromethanesulfonate (1-91). Prepared according to General Procedure D on a

5.64 mmol scale from (R)-1-(6-methoxynaphthalen-2-yl)-N,N-dimethylethanamine,
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which was prepared using Escheweiler-Clarke conditions® from (R)-1-(6-
methoxynaphthalen-2-yl)ethanamine (prepared using Ellman’s auxiliary”>"), to afford
salt 1-91 (2.085 g, 94%) as a white solid (mp 109-111 °C): 'H NMR (600 MHz,
CDCl) 6 7.94 (s, 1H), 7.84-7.74 (m, 2H), 7.49 (d, J = 8.3 Hz, 1H), 7.19 (dd, J = 9.0,
2.4 Hz, 1H), 7.13 (d, J = 2.1 Hz, 1H), 4.98 (q, J = 6.9 Hz, 1H), 3.92 (s, 3H), 3.15 (s,
9H), 1.88 (d, J = 6.8 Hz, 3H); °C NMR (151 MHz, CDCl3) § 159.3, 135.6, 130.2,
128.4, 128.1, 127.2, 121.0 (q, Jcr = 320.1 Hz), 120.4, 105.7, 74.5, 55.6, 51.2, 15.2;
F NMR (376.5 MHz, CDCl;) & —78.4; FTIR (neat) 3043, 1608, 1488, 1270, 1160,
846, 639 cm™; LRMS (ESI+) [M-OTf]" calculated for [C1sH»NO']: 244.2, found:
244.2.

NMe,OTf

”
TBDPSO

(R)-1-(6-((tert-Butyldiphenylsilyl)oxy)naphthalen-2-yl)-N,N,N-

trimethylethanaminium trifluoromethanesulfonate (1-102). Prepared according to
General Procedure D on a 1.50 mmol scale from (R)-1-(6-((tert-
butyldiphenylsilyl)oxy)naphthalen-2-yl)-N,N-dimethylethanamine, which was
prepared by reductive amination™ from (R)-1-(6-((tert-
butyldiphenylsilyl)oxy)naphthalen-2-yl)ethanamine  (prepared using  Ellman’s

e 29-31
auxiliary

). In this case, stirring ceased as a result of precipitate formation. The
solution was diluted with Et;O to 2.0 M and the stir bar was agitated with a spatula to
resume stirring. The reaction afforded salt 1-102 (0.698 g, 75%) as a white solid (mp
180182 °C): '"H NMR (600 MHz, CDCls) § 7.87 (s, 1H), 7.74 (d, J = 6.9 Hz, 4H),
7.69 (d, J=8.9 Hz, 1H), 7.53 (d, J = 8.6 Hz, 1H), 7.45 — 7.40 (m, 2H), 7.39 — 7.33 (m,
5H), 7.13 (dd, J= 8.9, 2.4 Hz, 1H), 7.05 (d, J = 2.1 Hz, 1H), 4.92 (q, J = 6.9 Hz, 1H),
3.13 (s, 9H), 1.84 (d, J = 6.9 Hz, 3H), 1.13 (s, 9H); °C NMR (151 MHz, CDCl;) &
155.3, 135.6, 135.4, 132.6, 130.3, 130.1, 128.5, 128.14, 128.09, 127.2, 123.3, 120.9

(q, Jer = 320.1 Hz), 114.6, 74.6, 51.2, 26.7, 19.7, 15.2; "’F NMR (565 MHz, CDCl;) &
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—78.4; ¥Si NMR (119 MHz, CDCl3) 8 —5.0; FTIR (neat) 3051, 2933, 2859, 1605,
1483, 1266, 1161, 1031, 879, 703, 639 cm‘l; LRMS (ESI+) [M-OT{]" calculated for
[C3:H3sNOSi']: 468.3, found: 468.4.

NMezOTf
CCL:
= OMe

(8)-1-(3-Methoxynaphthalen-2-yl)-V,N,N-trimethylethanaminium
trifluoromethanesulfonate (1-96) Prepared according to General Procedure D on a
1.45 mmol scale from (S)-1-(3-methoxynaphthalen-2-yl)-N,N-dimethylethanamine,
which was prepared using Escheweiler-Clarke conditions® from (S)-1-(3-
methoxynaphthalen-2-yl)ethanamine (prepared using Ellman’s auxiliary®>"). In this
case, a white precipitate did not form upon addition of MeOTf. Instead, two distinct
layers formed. The top layer was decanted off. The bottom layer was washed with
Et,0O (5 x 2 mL) and then hexanes (5 x 2 mL, HPLC grade) and then dried under high
vacuum to give salt 1-96 (0.359 g, 63%) as a clear viscous oil. By NMR, an ~8:1
mixture of rotamers was observed: '"H NMR (600 MHz, CDCls, major rotamer) & 7.97
(s, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H),
7.38 (t, J = 7.5 Hz, 1H), 7.22 (s, 1H), 5.29 (q, J = 7.1 Hz, 1H), 3.98 (s, 3H), 3.11 (s,
9H), 1.85 (d, J = 7.0 Hz, 3H); °C NMR (151 MHz, CDCls, major rotamer) & 154.8,
135.3, 130.7, 128.7, 128.5, 128.1, 126.6, 125.1, 122.5, 120.7 (q, Jcr = 320.0 Hz),
106.8, 65.9, 56.0, 51.09, 51.07, 51.05, 15.4;* "F NMR (376.5 MHz, CDCl;) 5 —78.4;
FTIR (neat) 3048, 1634, 1474, 1260, 1163, 1031, 756, 639 cm™; LRMS (ESI+) [M-
OTI]" calculated for [C1¢H22NO]: 244.2, found: 244.2.

NMe,OTf

0)

51



(R)-1-(Benzofuran-5-yl)-V,N,N-trimethylethanaminium

trifluoromethanesulfonate (1-105). Prepared according to General Procedure D on a
6.12 mmol scale from (R)-1-(benzofuran-5-yl)-N,N-dimethylethanamine, which was
prepared using Escheweiler-Clarke conditions®> from  (R)-1-(benzofuran-5-

31y In this case, a white precipitate

yl)ethanamine (prepared using Ellman’s auxiliary
did not form upon addition of MeOTT. Instead, two distinct layers formed. The top
layer was decanted off. The bottom layer was washed with Et,O (2 mL), which caused
white precipitate to form. The precipitate was filtered and washed with Et,0O (3 x 15
mL) and dried under high vacuum to afford salt 1-105 (2.076 g, 96%) as a white solid
(mp 106-108 °C): '"H NMR (600 MHz, CDCl;) & 7.81 (s, 1H), 7.68 (d, J = 2.1 Hz,
1H), 7.55 (d, J= 8.5 Hz, 1H), 7.41 (d, /= 8.2 Hz, 1H), 6.85 — 6.81 (m, 1H), 4.98 (q, J
= 7.0 Hz, 1H), 3.13 (s, 9H), 1.85 (d, J = 6.9 Hz, 3H); °C NMR (151 MHz, CDCl;) &
155.8, 146.9, 128.5, 127.1, 1209 (q, Jcr = 320.1 Hz), 112.4, 107.0, 74.4, 51.18,
51.15, 51.1, 15.5; "F NMR (565 MHz, CDCls) & —78.4; FTIR (neat) 3042, 1472,
1263, 1158, 1030, 838, 750, 639, 518 cm™'; LRMS (ESI+) [M-OTf]" calculated for

[C13HsNO']: 204.1, found: 204.2.

NMe;OTf
7 Me
N
Ts

(S)-N,N,N-Trimethyl-1-(1-tosyl-1 H-indol-5-yl)ethanaminium
trifluoromethanesulfonate (1-107). Prepared according to General Procedure D on a
2.97 mmol scale from (S)-N,N-dimethyl-1-(1-tosyl-1H-indol-5-yl)ethanamine, which
was prepared using Escheweiler-Clarke conditions®” from (S)-1-(1-tosyl-1H-indol-5-
yl)ethanamine (prepared using Ellman’s auxiliary®") to afford salt 1-107 (1.277 g,
85%) as a white solid (mp 73-75 °C); "H NMR (600 MHz, CDCls) § 8.01 (d, J= 8.6
Hz, 1H), 7.79 - 7.73 (m, 3H), 7.62 (d, J= 3.7 Hz, 1H), 7.42 (d, /= 8.6 Hz, 1H), 7.25
(s, 1H), 6.71 (d, J=3.6 Hz, 1H), 4.91 (q,J = 6.9 Hz, 1H), 3.09 (s, 9H), 2.34 (s, 3H),
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1.80 (d, J= 6.9 Hz, 3H); >C NMR (151 MHz, CDCl3) & 145.8, 135.6, 135.0, 131.3,
130.4, 128.0, 127.4, 127.1, 120.9 (q, Jer = 320.12 Hz), 114.2, 109.1, 74.3, 51.2, 21.8,
15.4; F NMR (565 MHz, CDCl3) & —78.4; FTIR (neat) 3051, 1464, 1373, 1273,
1175, 1031, 639, 581 cm™'; LRMS (ESI+) [M-OT{]" calculated for [C2oHasN>0,S]:
357.2, found: 357.3.

NMezOTf

CF3

(9)-5,5,5-Trifluoro-N,N,N-trimethyl-1-(naphthalen-2-yl)pentan-1-aminium

trifluoromethanesulfonate (1-109). Prepared according to General Procedure D on a
3.47 mmol scale from (S)-5,5,5-trifluoro-N,N-dimethyl-1-(naphthalen-2-yl)pentan-1-
amine, which was prepared using Escheweiler-Clarke conditions® from (S)-5,5,5-
trifluoro-1-(naphthalen-2-yl)pentan-1-amine (prepared using Ellman’s auxiliary®").
In this case, a precipitate did not form upon addition of MeOTf. Instead, two distinct
layers were observed. The top layer was decanted. The bottom layer was washed with
a 1:1 (v/v) solution of Et,O/hexanes (5 x 4 mL) and dried under high vacuum at 50 °C
to afford salt 1-109 (1.492 g, 94%) as a sticky solid: '"H NMR (600 MHz, CDCls) &
8.15 — 7.88 (m, 3H), 7.86 (d, J = 8.2 Hz, 1H), 7.64 — 7.44 (m, 3H), 4.87 — 4.76 (m,
1H), 3.16 (s, 9H), 2.41 (s, 2H), 2.29 — 2.03 (m, 2H), 1.53 — 1.36 (m, 1H), 1.32 - 1.13
(m, 1H); °C NMR (101 MHz, CDCl3) & 135.0, 134.1, 133.1, 130.0, 129.6, 128.7,
128.2,127.9, 127.5, 126.9 (q, Jc.r = 277.5 Hz), 122.9, 120.7 (q, Jc.r = 320.1 Hz), 78.7,
51.8,32.8 (q, Jor = 29.0 Hz) 26.3, 19.2; "’F NMR (565 MHz, CDCl3) § —78.4, —66.2;
FTIR (neat) 3053, 2957, 1491, 1260, 1154, 1031, 831, 639 cm™; LRMS (ESI+) [M-
OTf]" calculated for [Ci;sH,3F3N']: 310.2, found: 310.4. Two-dimensonal NMR
experiments were used to verify 'H and "°C assignments due to the complex nature of

the spectra.
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NMezOTf

SORRY,

($)-3-(1,3-Dioxolan-2-yl)-N,N,N-trimethyl-1-(naphthalen-2-yl)propan-1-aminium

trifluoromethanesulfonate (1-111). Prepared according to General Procedure D on a
1.93 mmol scale from (5)-3-(1,3-dioxolan-2-yl)-N,N-dimethyl-1-(naphthalen-2-
yl)propan-1-amine, which was prepared by reductive amination® from (S)-3-(1,3-
dioxolan-2-yl)-1-(naphthalen-2-yl)propan-1-amine ~ (prepared  using  Ellman’s

21 In this case, a white precipitate did not form upon addition of MeOTf.

auxiliary
Instead, two distinct layers formed. The top layer was decanted off. The bottom layer
was washed with Et;O (5 x 2 mL) and then hexanes (5 x 2 mL, HPLC grade) and then
dried under high vacuum to give salt 1-111 (0.854 g, 98%) as a sticky white solid: 'H
NMR (600 MHz, CDCls) 6 8.15 — 7.89 (m, 3H), 7.86 (d, J= 7.9 Hz, 1H), 7.63 — 7.41
(m, 3H), 4.89 — 4.83 (m, 1H), 4.81 (t, J = 4.0 Hz, 1H), 3.97 — 3.86 (m, 2H), 3.82 —
3.63 (m, 2H. Please note: this peak is contaminated with an unknown impurity. At 50
°C the peak corresponding to the impurity shifts and an accurate integration of two
protons is obtained), 3.17 (s, 9H), 2.50 — 2.29 (m, 2H), 1.60 — 1.24 (m, 2H); '"H NMR
(400 MHz, CDCl3, 50 °C) 6 8.14 — 7.99 (m, 1H), 7.99 — 7.90 (m, 2H), 7.90 — 7.82 (m,
1H), 7.62 — 7.46 (m, 3H), 4.97 — 4.74 (m, 2H), 4.00 — 3.67 (m, 4H), 3.18 (s, 9H), 2.59
— 2.26 (m, 2H), 1.61 — 1.29 (m, 2H); °C NMR (101 MHz, CDCl;) & 135.2, 134.1,
133.1, 129.9, 129.5, 128.8, 128.1, 127.8, 127.4, 123.0, 120.8 (q, Jcr = 321.1 Hz),
102.8, 78.9, 65.1, 65.0, 51.8, 30.0; "’F NMR (565 MHz, CDCls) 8 —78.3; FTIR (neat)
3054, 2890, 1489, 1264, 1159, 1031, 830, 639, 518 cm™'; LRMS (ESI+) [M-OTf]"
calculated for [C19H2sNO, " ]: 300.2, found: 300.3. Two-dimensonal NMR experiments

were used to verify 'H and "’C assignments due to the complex nature of the spectra.
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NMe,OTf

(8)-N,N,N-Trimethyl-1-(naphthalen-2-yl)-3-phenylpropan-1-aminium

trifluoromethanesulfonate (1-113). Prepared according to General Procedure D on a
1.93 mmol scale from (S)-N,N-dimethyl-1-(naphthalen-2-yl)-3-phenylpropan-1-amine,
which was prepared using Escheweiler-Clarke conditions® from (S)-3-(1,3-dioxolan-
2-yl)-1-(naphthalen-2-yl)propan-1-amine (prepared using Ellman’s auxiliary**>"). In
this case, a white precipitate did not form upon addition of MeOTf. Instead, two
distinct layers formed. The top layer was decanted off. The bottom layer was washed
with Et,0O (5 x 2 mL) and then hexanes (5 x 2 mL, HPLC grade) and then dried under
high vacuum to give salt 1-113 (0.854 g, 98%) as a beige solid that slowly turned
yellow (mp 65-68°C): 'H NMR (600 MHz, CDCl;) & 8.07 — 7.92 (m, 3H), 7.90 (d, J =
7.8 Hz, 1H), 7.64 — 7.56 (m, 2H), 7.53 (s, 1H), 7.22 (t, /= 7.5 Hz, 2H), 7.14 (t, J="7.3
Hz, 1H), 7.05 (d, J = 7.3 Hz, 2H), 4.78 — 4.65 (m, 1H. Please note: this peak is
contaminated with an unknown impurity; however at 50 °C the peak corresponding to
the impurity shifts and a more accurate integration is obtained.), 3.12 (s, 9H), 2.60 (d,
J = 6.7 Hz, 2H), 2.49 — 2.27 (m, 2H); 'H NMR (400 MHz, CDCl;, 50 °C) & 8.05 (s,
1H), 8.02 — 7.93 (m, 2H), 7.93 — 7.87 (m, 1H), 7.64 — 7.55 (m, 2H), 7.55 — 7.50 (m,
1H), 7.25 — 7.18 (m, 2H), 7.17 = 7.11 (m, 1H), 7.08 — 7.02 (m, 2H), 4.77 — 4.60 (m,
1H), 3.13 (s, 9H), 2.66 — 2.55 (m, 2H), 2.51 — 2.33 (m, 2H); °C NMR (101 MHz,
CDCl) 6 139.6, 135.1, 134.1, 133.1, 130.0, 129.5, 128.8, 128.4, 128.2, 127.9, 127.5,
127.3, 126.7, 123.0, 120.8 (q, Je.r = 320.9 Hz), 78.9, 51.7, 32.3, 29.3; 'F NMR (565
MHz, CDCls) & —78.3; FTIR (neat) 3058, 2969, 1490, 1262, 1160, 1030, 829, 638 cm”
' LRMS (ESI+) [M-OTf]" calculated for [CaHaN']: 304.2, found: 304.3. Two-
dimensonal NMR experiments were used to verify 'H and ">C assignments due to the

complex nature of the spectra.
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NMe;OTf
<O Me

@]
(8)-1-(Benzo[d][1,3]dioxol-5-yl)-V,N,N-trimethylethanaminium
trifluoromethanesulfonate (1-123). Prepared according to General Procedure D on a
1.52 mmol scale from (S)-1-(benzo[d][1,3]dioxo0l-5-yl)-N,N-dimethylethanamine,
which was prepared using Escheweiler-Clarke conditions®® from  (S)-1-
(benzo[d][1,3]dioxol-5-yl)ethanamine (prepared using Ellman’s auxiliary™>")
afford salt 1-119 (0.471 g, 87%) as an off-white solid (mp 136—138 °C); 'H NMR (600
MHz, CDCl3) 6 7.01 (d, J = 7.8 Hz, 1H), 6.95 (s, 1H), 6.85 (d, J = 8.0 Hz, 1H), 6.01
(s, 2H), 4.80 (q, J= 7.0 Hz, 1H), 3.11 (s, 9H), 1.76 (d, J = 6.9 Hz, 3H); >*C NMR (151
MHz, CDCIls) & 149.8, 148.6, 125.9, 120.9 (q, Jc.r = 320.1 Hz), 109.0, 102.1, 74.1,
51.13, 51.11, 51.08, 15.3;* "F NMR (565 MHz, CDCls) & —78.5; FTIR (neat) 3045,
2909, 1493, 1256, 1159, 1031, 835, 639 cm™'; LRMS (ESI+) [M-OTf]" calculated for
[C12H1sNO, : 208.1, found: 208.2.

, to

OMe NMegOTf

Me

(S)-1-(1-Methoxynaphthalen-2-yl)-V,V,N-trimethylethanaminium

trifluoromethanesulfonate (1-126) Prepared according to General Procedure D on a
5.64 mmol scale from (S)-1-(1-methoxynaphthalen-2-yl)-N,N-dimethylethanamine,
which was prepared using Escheweiler-Clarke conditions® from (S)-1-(1-
methoxynaphthalen-2-yl)ethanamine (prepared using Ellman’s auxiliary*>"), to afford
salt 1-126 (2.085 g, 94%) as a white solid (mp 123-124 °C); '"H NMR (600 MHz,
CDCl) 6 8.14 — 8.09 (m, 1H), 7.91 — 7.86 (m, 1H), 7.74 (d, J = 8.7 Hz, 1H), 7.62 —
7.58 (m, 2H), 7.50 (d, J = 8.7 Hz, 1H), 5.30 (q, J = 7.1 Hz, 1H), 4.00 (s, 3H), 3.16 (s,
9H), 1.94 (d, J = 7.0 Hz, 3H); °C NMR (151 MHz, CDCl;) & 156.4, 135.9, 128.5,
128.3, 127.5, 127.4, 125.6, 124.4, 123.3, 120.94, 120.90 (q, Jc.r = 320.1 Hz), 67.1,
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63.9, 51.38, 51.36 51.34, 15.4;* ""F NMR (565 MHz, CDCl;) & —78.4; FTIR (neat)
3051, 1471, 1272, 1158, 1031, 827, 639 cm™; LRMS (ESI+) [M-OT{]" calculated for
[C16H2oNO: 244.2, found: 244.2.
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Chapter 2
SUZUKI-MIYAURA CROSS-COUPLING OF ALKYL PYRIDINIUM SALTS
AND ARYL BORONIC ACIDS
Work described here has already been published (Basch, C. H.; Liao, J.; Xu, J.; Piane,
J. J.; Watson, M. P. J. Am. Chem. Soc. 2017, 139 (15), 5313-5316.). It is reprinted in
this chapter with permissions of Organic Letter (Copyright © 2017, American

Chemical Society).

2.1 Introduction
Alkyl primary amines are present in a wide array of molecules, ranging from
cheap and abundant feedstock chemicals to complex synthetic or natural bioactive

compounds (Figure 2.1).!

0
. N I, MY M O

NH
NH. 2
2-1 2-2 2-3 -
dopamine lysine oseltamivir doxorubicin
neurotransmitter amino acid anti-viral anti-cancer

Figure 3.1: Examples of bioactive natural or synthetic alkyl primary amines
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Compounds bearing the amino (NH>) group have been extensively utilized for
the synthesis of simple and complex nitrogen-containing products. Despite the
existence of a wide array of well-established methods for installing NH, groups and
forming new carbon—nitrogen bonds, the use of alkyl amines with unactivated alkyl
groups as electrophiles in a metal-catalyzed cross-coupling was not reported (Figure

2.2).

nitriles

R'—N

I

R? R?
azides nitroalkanes
R1 J\ N3 Q JR\Z ? R1J\ NO2

R “NH,
g 7N\,
R "NH, R "R? aldehydes

amides or
ketones

Figure 2.2 Synthetic precursors to primary alkyl amines

Such a transformation of unactivated systems would allow for the expedient
formation of new carbon—carbon bonds from abundant and inexpensive primary
amines, as well as from complex biological or synthetic primary amines via late-stage
functionalization. Indeed, there has been intense effort in the activation of Cgp,n—N
bonds in metal-catalyzed cross-couplings, including those of enamine- (2-5),” aniline-

(2-6),>* and amide-derivatives (2-7) (Figure 2.3).>°
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. * [N R
R\/.\[N] A<M RJ‘\'[N]
2-5 2-6 2-7
Buszek Chatani Szostak

MacMillan Garg

Figure 2.3  Cy»—N electrophiles used in transition metal-catalyzed cross-couplings

However, until we began utilizing alkyl pyridinium salts, Cs3—N activation

had only been achieved with electronically activated benzylic (2-8)"" or allylic (2-9)

amine derivatives,’ or strain-activated aziridines (2-10) (Figure 2.4).'%!"-2

A' '0 ...[N]“‘ “ [N]

AN RTINS g RT%,

2-8 2-9 2-10 2-11

Watson Tian Doyle
Tian Michael
Jamison unactivated
electronically activated strain-activated (unprecedented)

Figure 2.4  Cy,;3—N electrophiles used in transition metal-catalyzed cross-couplings

In contrast, intense efforts have identified other reagents to install alkyl groups
lacking activation. Following pioneering developments with alkyl halides,
pseudohalides, redox-active esters (RAEs), and organometallic nucleophiles (i.e.,
M=SnR3;, MgX, ZnX), metallophotoredox chemistry has enabled use of oxalates,
carboxylic acids, 1,4- dihydropyridines, organoboronates, and organosilicates (Figure

2.5).
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organometallics

M M = BFgK

P Si(O,R),HNR;
alk”™ 'Me  SnR;, MgX, ZnX

v

= unactivated
alk Me alkyl group

X O.__O. ,

, [C] NR, redox-active

hatides L — A — esters (RAES)
e ak” “Me ak” ™M

alk e
X=Cl,Br, |
H
Me N_ _Me
OR ‘ ‘
a|k)\|v|e R R
alk Me
oxalates, sulfonates dihydropyridines (DHPs)

Figure 2.5 Reagents used to install unactivated alkyl groups via metal-catalyzed
cross-couplings

2.1.1 Non-Photoredox, Metal-Catalyzed Cross-Couplings

In a seminal report by the Fu group in 2003, they demonstrated a Negishi
cross-coupling of unactivated secondary alkyl bromides and iodides.” Using readily
available primary alkyl zinc halides and a Ni(cod),/Pybox ligand system, they
successfully coupled a number of primary and secondary cyclic and acyclic halides in
good yields under mild conditions (Figure 2.6). Following intense mechanistic studies
by Vicic,'* it is hypothesized that a Ni' species A undergoes transmetallation with the
alkyl zinc halide to afford a Ni'-alkyl species B. Single-electron transfer (SET) from B
to the alkyl halide generates a solvent-caged Ni'-alkyl intermediate and an alkyl

I

radical. Upon recombination, a Ni ~ dialkyl species D is formed, which after reductive

elimination, furnishes the cross-coupled product E and the active Ni' catalyst A.
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Ni(cod), (4 mol%) |

Rl _Br SBu-Pybox (8 mol°/ R! 0o “ O

Y + oz RS i \(\RS I N | \\

R2 DMA, rt R2(H) N N—.

2-12 2-13 2-14 Me' Me
X =Brorl (1.6 equiv) 62-88% Me Me

R’ =alk Bu-Pybox
R?=alk orH

v L, N|—X YZn-R
>/ \%:(ZnYX

D L l\lll”' -R L,Ni'-

X
AN S’i%“ alk X
HI
alk . LaN"-R
X

solvent-caged radical pair

Figure 2.6  Fu’s nickel-catalyzed Negishi cross-coupling of alkyl halides

Recently, the Baran and Weix groups have shown that redox-active esters
(RAEs) are also potent alkylating agents in traditional nickel-catalyzed cross-
couplings and reductive cross-couplings, respectively. These methods take advantage
of utilizing alkyl carboxylic acids, which are not only abundant feedstock chemicals,
but are also present in many complex bioactive molecules, giving rise to opportunities
for late-stage functionalization. In their first publication, the Baran group
demonstrated the Negishi cross-coupling of aryl zinc halides with a wide variety of
electronically and sterically diverse, secondary RAEs (2-15) (Figure 2.7).1° They have

i""" catalytic cycle in which an active Ni' species A undergoes a

proposed a Ni
transmetallation with the aryl zinc halide to form aryl-nickel species B. This species
can then undergo single-electron transfer with the phthalimide unit of the RAE to

generate an intermediate Ni' species C and phthalimide radical D. A subsequent self-
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immolation of the D leads to the extrusion of CO; and an alkyl radical E. This newly
formed alkyl radical can then recombine with Ni" species C to form a high-valent Ni'"'
species (F). Upon reductive elimination, the cross-coupling product (2-17) is produced

and the active, low-valent Ni' species (A) is regenerated.

o} NiCl,"DME or NiCl,6H,0(20 mol %)
O dtbbpy (40 mol %) R _Ar
R N + Ar-ZnCI-LiCl - T
o’ THF/DMA, 25 °C R2
R2 0 2-16
2-15 (3 equiv) 217
25-93%
pi7 RL AT L Nil-X YZn-Ar
R2 A
ZnYX
R1\|/ R?
F L, Nl'“ Ar B L,Ni-Ar
Npthal \HJ\
SET
¢ R 2.5
L, N| —Ar
Npthal

1

R
-
lz -CO, R‘Y\

Figure 2.7 Baran’s Negishi cross-coupling of redox-active esters

Since this seminal publication, a number of other cross-couplings using RAEs
have also been demonstrated, including Negishi or Kumada alkylations and Suzuki-
Miyaura arylations.'®

Alternatively, Weix has shown that RAEs can serve as alkyl electrophiles in a

nickel-catalyzed reductive coupling with aryl iodides.'” The reaction enjoyed
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relatively broad scope in both the alkyl and aryl electrophile, delivering the primary or
secondary alkyl arenes (2-19) in modest to very high yields (41-97%). Importantly,
this is the first example of using a Barton-type ester in a nickel-catalyzed reductive
coupling. Although mechanistic studies suggest that a radical-chain bimetallic
catalytic cycle may be operative, the current mechanistic understanding is very

limited.

R3
NiBr,(dtbbpy) (7 mol %) = /|
> 1
j)J\ /O Zn® (2 equiv) R X

DMA, rt R2
2-15 2-19
(1-1.5 equiv) 41-97%

Figure 2.8 Weix’s nickel-catalyzed reductive cross-coupling of RAEs and aryl
iodides

2.1.2 Metallophotoredox Dual-Catalyzed Cross-Couplings

Dual metallophotoredox/nickel catalysis has also been shown to efficiently
promote cross-couplings that employ nucleophiles, or electrophiles, with unactivated
alkyl groups. In this regard, the Molander group has communicated a number of
metallophotoredox-catalyzed transformations using alkyl trifluoroborate salts (Figure
2.9A)," silicates (Figure 2.9B)," or dihydropyridines (Figure 2.9C)* as the source of
unactivated alkyl groups. Notably, all these reagents can be easily prepared from

readily available starting materials.

66



A. Cross-couplings of alkyl trifluoroborate salts
NiCly-DME (5 mol %)
dtbbpy (5 mol %)
[+ [HFCF4ppy),IPF5 (2.5 mol %) X
’ Cs,CO; (1.5 equiv) N

2-20 ‘ 26 W CFL, dioxane, rt

(1.5 equiv) 2-21
HoN
NiCly,-DME (5 mol %) \/;l\
o dtbbpy (5 mol %) |
e 9 ]@ NY/N [Ru(bpy)s](PFg)z (2 mol %) _ NYN
/" "o N hv, DMF, rt
A N
» E

1.2 equiv,
( quiv) Boc 2-25 EOC
2-24 53%

C. Cross-coupling of alkyl dihydropyridines

Me
>LO CO,Et

B. Cross-coupling of alkyl silicates

}g

/

Me
N Me Br O INitobpy) (H50)4ICl, (5 mol %) >Lo
4CzIPN (3 mol %
Et0,C~ N\ ~NH \E)_/( ( ! s. 0O
2 blue LEDs, acetone, rt | p
Me Cbz Me
2-26 221 NC CN 398
(1.5 equiv) 4CzIPN = 84%
Cbz Cbz
Cbz

Figure 2.9 Molander’s dual metallophotoredox/nickel-catalyzed cross-couplings of
alkyl trifluoroborate salts, silicates, and dihydropyridines

A similar approach was employed by MacMillan and coworkers who showed
that alcohols can serve as sources of “latent” alkyl nucleophiles through the formation
of the corresponding oxalate (2-29) (Figure 2.10).' Due to the instability of the

oxalate salts, they cannot be stored for extended periods of time, and are thus used
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directly in the cross-coupling without prior purification via recrystallization or

chromatography.

CO,Me

CsHCO3 (1.5 equiv)

BOCU dioxane/DMSO, 70°C  BocN

2.99 CO,Me 2-31
(1.3 equiv) 2-30 62%

NiBry(dtbbpy) (5 mol %)
© Ir[dfppy]o(dtobpy)PFg ( mol %)

Figure 2.10 MacMillan’s dual metallophotoredox/nickel-catalyzed decarboxylative
cross-couplings of alkyl oxalates

Contrary to our previously developed cross-coupling of electronically activated
benzylic trimethylammonium salts, we envisioned that an oxidative addition into the
C—N bond of an amine electrophile without an adjacent activating group would be
challenging. If we used a tetralkyl ammonium salt, the catalyst would need to
differentiate between the four alkyl groups bound to the nitrogen, so that it could
selectively activate the target C—N bond (Figure 2.11A). Utilizing a methylation
strategy would also preclude the presence of other basic or nucleophilic nitrogen
atoms within the framework of the electrophile, and would therefore limit the utility of

the cross-coupling reaction (Figure 2.11B).
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A. Potential chemoselectivity problems with oxidative addition

Me  ,— Me
Me : Me Ni Me : Me
V.S

N O,
R/\@)\‘I\aeex R/\SA\\Meex
Ni

undesired demethylation desired C-N activation

B. Chemoselective methylation is problematic
Me Me

S S
RNTY  _MeOTf RN"™ + RNTNOTE 4 RN OTH
NMe, NMezOTi NMegOTf @ NMegOTY
2-32 2-33 2-34 2-35

Figure 2.11 Potential issues with C—N bond activation using our previous methylation
strategy

With these problems in mind, I turned to a new strategy for activating the alkyl
C—N bond via the formation of a Katritzky (2,4,6-triphenyl) pyridinium salt. Notably,
these salts are air- and moisture-stable solids, which are easily prepared in a single
condensation step with the commercially available 2,4,6-triphenylpyrylium
tetrafluoroborate. Advantageously, this condensation is chemoselective for primary
amines, thereby allowing the incorporation of secondary or tertiary alkyl amines, as

well as nitrogen heterocycles, within the molecular scaffold of the electrophile.

Ph o
X, BF4
Ph | Cg/ Ph
‘/\N/\/NHZ 2.37 X
BocN EtOH (1 M)
reflux, 4 h
2-36
(1.2 equiv)

Figure 2.12 Synthesis and physical appearance of an alkyl pyridinium salt
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Importantly, the phenyl groups at the 2- and 6-positions provide significantly
different reactivity than that of other pyridinium salts which lack substituents at those
positions. Namely, they are not as susceptible to nucleophilic attack. Because of this
unique reactivity, these Katritzky pyridinium salts have been used as alkyl
electrophiles in non-metal-catalyzed Sx2 or radical reactions.*>

Herein, I describe my development of a Suzuki-Miyaura cross-coupling of
Katritzky pyridinium salts (2-40) and air- and bench-stable aryl boronic acids (Figure
2.13). This method enables the coupling of both aryl and heteroaryl boronic acids with
primary and cyclic, or acyclic, secondary alkyl pyridinium salts. Notably, this C-N

activation protocol represents the first, metal-catalyzed cross-coupling of an amine

derivative with unactivated alkyl groups.

Ph o
BF ©
o) X, BF,
Ph” 0" “Ph Lo,
Ph )N\ Ph

)N\HQ 2-37 Ni cat. )A\r
—_— —_—
ak” R ak” "R Ar-B(OH), gk~ R
2-39 2-40 2-41
R =H or alk

Figure 2.13 Overview of the activation and cross-coupling of alkyl pyridinium salts

2.2 Results and Discussion

2.2.1 Synthesis of Katritzky Pyridinium Salts
The Katritzky pyridinium salts (2-40) were synthesized in a single step from
the corresponding primary amine via condensation with commercially available 2,4,6-

triphenylpyrylium tetrafluoroborate (2-37) in refluxing ethanol. If a hydrochloride
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ammonium salt was used, triethylamine was added to the reaction mixture in an
equimolar amount. After stirring for 4 hours, the pyridinium salts were triturated by
the addition of Et,O with rapid stirring. Typically, the salts crashed out within an hour;
however, in the event that one did not, the flask containing the mixture was sealed and
placed in a —27 °C freezer until a precipitate formed (typically 1-3 days). The solid
was filtered through a fritted funnel and subsequently washed with Et,O. If a
hydrochloride salt was used instead of its free-base, the solid was first washed with
water to remove the triethylammonium chloride byproduct and then washed with
Et,O. If precipitation did not occur, the salts were easily purified via silica gel
chromatography using an acetone/methylene chloride solution as the mobile phase.

As shown by the representative examples in Figure 2.14, a variety of alkyl
pyridinium salts were prepared via this method. Both primary (2-42, 2-43, and 2-45)
and secondary (2-44) alkyl groups can be incorporated. Excellent functional group
tolerance was observed, as shown by the inclusion of acid-sensitive acetals (2-42) and
basic heteroatoms (2-43 and 2-45). Perhaps most importantly, and as described above,
pyridinium salt formation was chemoselective for primary amines. Tertiary and Boc-

protected amines were untouched in this reaction (2-43, 2-44, and 2-45).
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alk\rNHg 2-37 (1.0 equiv) ~ S
> alk._ N
R EtOH (1.0 M) Yoy )
80°C, 4 h R Ph
2-39 2-40
(1.2 equiv)
=alkyl, H

Ph _ Ph
| ©
N\ Ny~ BF,
@
Ph o, J/ Ph

/(\/ BOCQ/ ﬁN
EtO” "OEt BOCNJ

2-42 2-43 2-44 2-45
86% 89% 72% 81%

Figure 2.14 Selected examples of alkyl pyridinium salts formed

2.2.2 Optimization

I began the optimization with the first-generation Suzuki-Miyaura cross-
coupling conditions that our group had published previously for the activation of
benzylic trimethylammonium salts.® A trace amount of desired 1,2-diarylethane
product 2-47 was obtained (Table 2.1, entry 1). After screening a variety of ligands,
including mono- and bidentate phosphines, diamines, and bipyridines, I found that
redox non-innocent phenanthroline-based ligands were the most effective ligand class
(entry 2). Switching from a Ni’ precatalyst, Ni(cod),, to a Ni' precatalyst,
Ni(OAc),"4H,0, further improved the yield (entry 4). Additionally, a combination of
potassium tert-butoxide and ethanol improved the yield of the reaction substantially,
likely by increasing solubility of the base or boronic acid (entry 6). By optimizing the
reaction setup, I found that pre-stirring Ni(OAc),-4H,O and BPhen separately from
the pyridinium salt, boronic acid, and base led to higher yields (entry 6. Currently, the
reason for this increase in reaction yield is not well understood; however, in the

interest of developing a more practical, user-friendly reaction, future efforts will be
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aimed at eliminating this step in the reaction set-up. Importantly, control reactions
revealed that metal, ligand, and base are all required in order to obtain the coupling

product.

Table 2.1  Reaction optimization”

Ph Ph p-TolB(OH), (3 equiv)

X Ni source (10 mol %)
o . - Iiganc? (24 mol %) ., <O]©/\/ p-Tol
L
entry Ni source ligand  base additive pre-stir yield (%)
1 Ni(cod), PPh,Cy K;POy4 none — 6
2 Ni(cod), BPhen K3PO,4 none - 21
3 Ni(cod), BPhen KO'Bu  none — 24
4 Ni(OAc),'4H,0 BPhen KOBu  none - 39
5  Ni(OAc);'4H,0 BPhen KO'Bu  none 1h 52
6  Ni(OAc);'4H,0 BPhen KO'Bu EtOH 1h 81
7 none BPhen KO'Bu EtOH lh 0
8  Ni(OAc),'4H,0 none KOBu EtOH 1h 0
9 Ni(OAc),"4H,O BPhen none EtOH l1h 0

“ Yields based on 'H NMR with 1,3,5-trimethoxybenzene as an internal
standard. Pre-stir: Ni source + ligand (vial 1), p-TolB(OH) + base + 2-46 +
EtOH (vial 2).

2.2.3 Reaction Scope
With optimized conditions in hand, I, along with my colleagues Jennie Liao,

Jianyu Xu, and Jacob Piane, investigated the scope of the transformation (Figure
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2.15). The model reaction provided the corresponding cross-coupled product 2-47 in a
75% isolated yield. The p-tolyl boronic acid was also cross-coupled effectively with
the pyridinium salt derived from n-decylamine (2-50). With non-oven-dried glassware,
this cross-coupling delivers similar yields. A minimal precaution set-up, in which no
care was taken to exclude air or moisture, led to a significant decrease in yield.
Functional groups such as chlorides (2-51), esters (2-52), amides (2-53), and ketones
(2-54 and 2-55) were well tolerated in the reaction. Furthermore, styrenyl and indole
boronic acids were effectively cross-coupled. In addition to primary alkyl groups in
the pyridinium salts, substrates with both cyclic (2-55) and acyclic (2-56) alkyl groups

provided the products in synthetically useful yields.
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KOBu (3.4 equiv), EtOH (5 equiv)

Phj@/'z /@ Ni(OAC),-4H,0 (10 mol %) _

- BPhen (24 mol %) L FG
ak __N__~ BF y FG - !
\(@) 4 (HO),B N : : alk N

R Ph
2-40

dioxane (0.1 M), 60 °C, 24 h R
2-48 2-49
(3 equiv)
Me
< :‘/\,/ "Dec : /\Q/ ﬂ
2-47 2-50 2-51 2-52
75% 74%P, 66%P:¢, 31%b.d 52% 70%
0
0 0 Me
Me
NEt, Me "Pent
Ph Ph OMe
2-53 2-54 2- 55 2-56
73% 78% 66%P 58%
h m @
BocN [ ] B
Boc oc
B
2.57 258 259 °¢ 2.60
48% 69% 81% 65%P

4 Conditions: pyridinium salt 2-47 (1.0 mmol), Ni(OAc), 4H,0O (10 mol %), BPhen (24
mol %), ArB(OH), 2-48 (3.0 equiv), KO'Bu (3.4 equiv), EtOH (5 equiv), dioxane (0.1 M),
60 °C, 24 h. Average isolated yields (+6%) from duplicate experiments. ? Single
experiment. ¢ Glassware not oven-dried before use. ¢ Minimal precautions to protect from
air and moisture.

Figure 2.15 Scope of non-pyridyl boronic acid”

Recognizing the biological importance of pyridines, I prioritized the use of
pyridyl boronic acids in the transformation. Under slightly modified conditions, a
number of pyridyl boronic acids were effectively cross-coupled with both primary and

secondary alkyl pyridinium salts (Figure 2.16). Both 3- and 4-pyridyl boronic acids
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were effective. In addition, 2-fluoropyridyl groups can be incorporated, enabling

elaboration of these products via subsequent SyAr reactions.

Ph Ph ,
TN g Xy Ni(OAC);4H,0 (10 mol %) Xy
ak_. _N__J BF, —FG BPhen (12 mol %) - Yea
hge T (HOLBT Y OB : > alk __ s
u (3.4 equiv), EtOH (5 equiv)
R Ph !

dioxane (0.025 M), 60 °C, 24 h

2-40 2-61 2-62
(3 equiv)
F Me
= Z N =
l Z N | Me &
(@] N S | X . |N
< "Dec OMe
o]
2-63 2-64 2-65 2-66
81% 74% 53% 66%
N
~ " 7 2 OMe m
Et0 N . . [ ] N h@
OTBS N
OEt OTBS Boc
2-67 2-68 2-69 2-70
71% 59% 66% 62%P

¢ Conditions: pyridinium salt 2-40 (1.0 mmol), Ni(OAc), 4H,0 (10 mol %), BPhen
(12 mol %), ArB(OH), 2-61 (3.0 equiv), KO'Bu (3.4 equiv), EtOH (5 equiv), dioxane
(0.025 M), 60 °C, 24 h. Average isolated yields (£6%) from duplicate experiments.
b Single experiment.

Figure 2.16 Scope of pyridyl boronic acid”

I was also very interested in exploring the potential of this reaction for late-
stage functionalization of advanced intermediates. Gratifyingly, a number of
biologically relevant primary amines were efficiently transformed into the
corresponding pyridinium salt and subsequently coupled under the optimized

conditions. For example, Boc-protected L-isoleucine (2-71, Boc-Ile-OH) was easily
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converted to diasteomerically pure diamine (2-73) via an amidation-reduction
sequence (Figure 2.17). The pyridinium salt (2-74) was formed in good yield and
subsequently cross-coupled to deliver a single diastereomer of product 2-76 in 52%
yield. This formation of a single diastereomer is indicative that an epimerization
pathway, such as a reversible B-hydride elimination, is not in effect for non-acidic

stereocenters under the optimized reaction conditions.

OH o) NH, NH, N
BocHN_ A I BocHN_ .\ BH..SMe, BocHN_ . ®
o . \O 3 (=) N Ph

0 _Bu0” Cl : " 237 Ph
A NMM . . BocHN_ | G
Me"™ then Me™ 33% Me™ 66% j\ BFy

Me NH4OH (aq) Me Me

Me""
2-71 t 2-72 2-73 M
Boc-lle-OH quant- no purification purified via ©
required acid/base wash 2-74
Ph
N B(OH)
/f@l 2 Ni(OAC),-4H,0 (10 mol %) BocHN __ .«
Ph N Ph + BPhen (24 mol %) \©\
@ > W
BocHN »\' BF, KO#Bu (3.4 equiv), EtOH (5 equiv) Me OBn
dioxane (0.1 M), 60 °C, 24 h Me
Me OBn
Me (3":;3\,) 276
2.74 52%, single diastereomer

Figure 2.17 Synthesis and cross-coupling of isoleucine-derived pyridinium salt

In addition to isoleucine, I was interested in applying this chemistry to the
cross-coupling of the primary amine on the side-chain of L-lysine. After forming the
L-lysine pyridinium salt (2-78) in good yield, I subjected it to the cross-coupling
conditions (Figure 2.18). Interestingly, the product (2-80) was formed in synthetically

useful yield (60%) but low ee (29%). Suspecting that the epimerization was base-
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promoted, I screened a variety of acid additives to buffer the solution. I found that the
addition of 4-trifluoromethylphenol (2-81) dramatically improved the ee of the cross-
coupled product (2-80).>* However, a significant decrease in the yield was observed,
likely due to the lower concentration of activated ‘ate’ complex of the boronic acid.
Although a low yield was observed, this promising result suggests that further
optimization will result in a high-yielding cross-coupling of the side-chain of lysine

without loss of ee.

BocHN__ .CO,Bu BocHN__ .CO,Bu

BocHN __ .CO,Bu H),
Ni(OAG),-4H,0 (10 mol %)

3-37 BPhen (24 mol %)
—>
Ph_® ON KOBu (3.4 equiv)
| EtOH (5 equiv)
NHy eBF N dioxane (0.1 M)
2-77 4 2-79 o
: 60 °C, 24 h
Boc-Lys-OBu Ph (8 equiv) o R
2-78 R = -§=—si(Pr) 2-80

2-81equiv % yield 2-80 % ee 2-80

OH
/©/ 0 60 29
FsC

2-81 2 o5a 81

“Yield based on 'H NMR integration with 1,3,5-trimethoxybenzene as an internal standard.

Figure 2.18 Cross coupling of lysine pyridinium salt

I then turned my attention toward exploring the functionalization of synthetic
drug intermediates. Pyridinium 2-43, derived from an intermediate (2-83) used in the
synthesis of the gastrointestinal medication Mosapride (2-82), was efficiently cross-

coupled with both an electron-poor m-cyano aryl boronic acid (2-84) and an electron-
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rich dioxolane aryl boronic acid (2-85) in 62% and 71% yield, respectively (Figure

2.20).%

Ni(OAC)»-4H,0 (10 mol%)

>
Ph o K@\
o /,\@\BH Ar-B(OH), (3 equiv) .
T e

BPhen (24 mol%) 2-84
N~ Ph Ph 62%
KOBu (3.4 equiv)
K@\ EtOH (5 equiv) o e}
dioxane (0.1 M) [ >
F 60 °C, 24 h N o
2-43 L
T,
2-85
71%

Figure 2.19 Synthesis and cross-coupling of the pyridinium salt derived from
Mosapride intermediate

Moreover, the pyridinium salt 2-88, derived from an amine (2-87) used in the
synthesis of the anti-cholesterol drug atorvastatin (2-86, Lipitor”, Pfizer), was coupled

with 3-fluoropyridyl boronic acid (2-89) to deliver 2-90 in synthetically useful yield
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Figure 2.20).°° Notably, the 2-fluoro-substituent allows for rapid downstream
g y

diversification of the pyridine ring via SyAr chemistry.

- OH tBUOzC o
F BuO,C ><Me
'OH "'o><Me 2-37 ®BF4 g Me
N — o Me  44%  Ph g
| p Me =N on
Ph HzN
Me 2 N\ /
PhHN" ~O 2-87 Ph 2-88
2-86
atorvastatin (Lipitor®, Pfizer)
BuO,C BuO,C

o |o Me 10 M

B(OH), >< e

SNe ><Me Ni(OAC),-4H,0 (10 mol %) Me

4 )0 | X BPhen (12 mol %) Y
Ph + >
_®N ~-N KOBu (3.4 equiv) _
EtOH (5 equiv)
Ph
\ 7 F dioxane (0.025 M) \ N/
PH 2-88 2-89 60 °C, 24 h F 2-90
(8 equiv) 46%

Figure 2.20 Synthesis and cross-coupling of pyridinium salt derived from atorvastatin
intermediate

Interestingly, another well-known anti-cholesterol medication, rosuvastatin (2-
91, Crestor®, AstraZeneca), contains a very similar 1,3-diol alkyl chain to atorvastatin
(2-86) (Figure 2.21). However, unlike atorvastatin which contains an electron-rich
pyrrole ring, rosuvastatin is substituted with an electron-poor pyrimidine ring. Despite
this electronic difference, both compounds display similar biological effects. With this
in mind, it is possible that derivatives (2-92) of product 2-90 (Figure 2.20), which

contains an electron-poor pyridine ring, could exhibit some of the same effects.
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oH HO,C
E ~1OH
1OH - 1OH
N Me FG /=
Y
Ph \ 7/
Me Sﬁ N
PhHN” O F
2-86 2-92
atorvastatin rosuvastatin derivatives of 2-90
(Lipitor®, Pfizer) (Crestor®, AstraZeneca)
e -rich pyrrole e -poor pyrimidine e -poor pyridine

Figure 2.21 Comparison of the ring-systems in atorvastatin, rosuvastatin, and 2-92

This example, along with the cross-couplings of the drug-intermediates
described above, demonstrates the potential utility of this chemistry within discovery

efforts in the pharmaceutical industry.

2.3 Mechanistic Studies

In addition to demonstrating the synthetic potential of this reaction, I led
efforts to investigate the mechanism of this novel C—N bond activation reaction. In
addition to Sn2 reactions, it has been demonstrated that these Katritzky pyridinium
salts can act as single-electron acceptors. As such, they have been used as alkyl
electrophiles for C-alkylation of nitronate anions (Figure 2.22), and shown to be

. .. . . 2
effective photosensitizers and sources of nitrogen-centered radicals.”’
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Ph BF4 Ph R' "R

2-93 2-95 2-96

Figure 2.22 C-alkylation of nitronate anions with alkyl pyridinium salts

With this in mind, a series of mechanistic experiments were conducted to aid
in understanding the mechanism of this reaction. Thus, we considered that this

reaction may be proceeding through a Ni”"' catalytic cycle, involving an oxidative

addition via Sx2-like attack of the nickel to the alkyl pyridinium, or a Ni"™ cycle, in
which single-electron transfer (SET) from the nickel to the pyridinium initiates
oxidative addition. This SET mechanism would result in an alkyl radical intermediate.
Due to the rapid interconversion of alkyl radicals, we postulated that a full
racemization of an enantioenriched alkyl pyridinium salt should occur if the reaction
proceeded via an alkyl radical. As predicted, under the optimized conditions, the
cross-coupling of enantioenriched pyridinium salt 2-97 led to the desired diarylethane
(2-99), racemically, in 54% yield (Figure 2.23A). In addition, cross-coupling of the
radical-clock containing cyclopropyl methyl pyridinium salt 2-100 provided the ring-
opened adduct (2-102) in 33% yield, indicating the intermediacy of either a cationic or

radical species (Figure 2.23B). The addition of TEMPO to the reaction provided the

trapped product 2-104, thereby supporting a radical intermediate (Figure 2.23C).
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A. Erosion of stereochemistry

Ph Ph Ni(OAC),-4H,0 (10 mol%) OMe
X 2 2
| OMe BPhen (24 mol%)
"Hex._N.__~ + : —> "Hex
Y@ o (HO),B KOBu (3.4 equiv), EtOH (5 equiv)

Me Ph BFs dioxane (0.1 M), 60 °C, 24 h Me
(5)-2-97 2-98 2-99
(3 equiv) (£)-54%2
B. Cyclopropyl ring-opening
Ph Ph Ni(OAC),-4H,0 (10 mol%)
AN 24H)
| Me BPhen (24 mol%) Me
N__~ + ) N
@ %)F (HO),B KOfl_Bu (8.4 equiv), EtOH (5 equiv) X
Ph 4 dioxane (0.1 M), 60 °C, 24 h
2-100 2-101 2-102
(3 equiv) 33%7

C. Radical trap
TEMPO (2 equiv)

e e Ni(OAG)y4H,0 (10 mol%) Me Me
| BPhen (24 mol%) PO ON
" ® CSF (HO),B KOBu (3.4 equiv), EtOH (5 equiv) Me
Ph=re dioxane (0.1 M), 60 °C, 24 h Me
2-103 2-101 2104
(3 equiv) no cross-coupled product observed 20%?2

2 Yields based on 'H NMR with 1,3,5-trimethoxybenzene as an internal standard.

Figure 2.23 Mechanistic studies of the Suzuki-Miyaura cross-coupling.

On the basis of these mechanistic studies, and the identification of the redox-
active non-innocent BPhen as the optimal ligand, we have proposed the following
Ni/Ni'™ catalytic cycle (Figure 2.24). Ni' species A undergoes transmetallation with
the activated aryl boronic acid, generating Ni' species B. Pyridinium A undergoes SET
with B, leading to fragmentation and homolytic cleavage of the C—N o-bond to
generate alkyl radical E. This transient alkyl radical can then recombine with the aryl
Ni" intermediate D to generate an alkyl-aryl Ni"" species F. A subsequent reductive
elimination would thus provide the desired product G and regenerate the active Ni'

catalyst A. This type of mechanism is analogous to that proposed by Vicic for Fu’s
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cross-coupling of alkyl halides and alkyl zinc halides. Notably, Baran’s redox-active

esters are also proposed to proceed via this type of pathway."

Ph

k. _A ~

AL LN, Ar—B(OH), + KOBu + EtOH
G Ni'—=X
=N EtO-B(OH), + HO'Bu

Ph

A

Ph | ~ Ar

Ph—
—=N_ | _X =N_
Nl F B Ni'—Ar + KX
< @)
Ph— alk Ph~— Ph Ph

I
alk N__~

Ph = y SET g/@
=N, Ph

Nill, BF,

i !\l Ar Cc

Ph
Ph

Figure 2.24 Possible “transmetallation first” catalytic cycle.

Alternatively, a radical chain bimetallic SET pathway is also possible (Figure
2.25). Pyridinium salt B could undergo SET with Ni' species A, which would lead to
alkyl radical C and Ni" intermediate D. The activated aryl boronic acid could then
transmetallate the aryl group to D, forming Ni' intermediate E. Subsequently,
intermediate E can recombine with alkyl radical C, formed in the first step, to generate

Ni'! species F which could then reductively eliminate to form the desired product G
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and regenerate the active Ni' species A. This type of mechanism has been proposed for

the nickel-catalyzed cross-coupling of propargylic bromides.*®

Ph N Ph
S
alk N~
alk __ Ar Ph—~ oY BR
L B Ph Ph N Ph
G Nil—X |
_— : alk\, + N
o |
Ph
- SET c Bh
Ph A Ph —~ o o
=N | X =N BF,
Nl D Ni''-X
=N =N
Ph S ; alk -~ ’
F Ar—B(
Ph_ =<
LN, X KO’Bu+EtOH
alk =N
o Ph— EtO-B(OH),
c E +
HOBu + KBF,

Figure 2.25 Alternative catalytic cycle.

Our current, experiments do not allow us to distinguish between the proposed
“transmetallation-first” and radical-chain bimetallic pathway mechanisms. However,
future work in our group will be directed toward exploring the fundamental steps of

this catalytic process.

2.4 Conclusion
In summary, I have developed the first transition metal-catalyzed cross-
coupling reaction with unactivated alkyl amine derivatives as the electrophile. A

variety of primary amines with unactivated alkyl groups were efficiently converted to
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the corresponding 2,4,6-triphenylpyridinium salts and subsequently cross-coupled to
afford a variety of functionalized alkyl arene products. A number of amino acid
derivatives and drug intermediates were also cross-coupled, demonstrating the
amenability of this reaction to late-stage functionalization. This work was published in

the Journal of the American Chemical Society.”
2.5 Experimental

2.5.1 General Information
Reactions were performed in oven-dried Schlenk flasks or in oven-dried round-

bottomed flasks unless otherwise noted. Round-bottomed flasks were fitted with
rubber septa, and reactions were conducted under a positive pressure of N,. Stainless
steel syringes or cannulae were used to transfer air- and moisture-sensitive liquids.
Silica gel chromatography was performed on silica gel 60 (40-63 um, 60A) unless
otherwise noted. Commercial reagents, including 24 ,6-triphenylpyrylium
tetrafluoroborate and the primary and secondary alkyl amines (or corresponding
hydrochloride salts), were purchased from Sigma Aldrich, Acros, Fisher, Strem, TCI,
Combi Blocks, Alfa Aesar, AK Scientific, Oakwood, or Cambridge Isotopes
Laboratories and used as received with the following exceptions: anhydrous ethanol
was degassed by sparging with N, for 20-30 minutes prior to use in the cross-coupling
reactions; dioxane was dried by passing through drying columns, then degassed by
sparging with N,.** In some instances oven-dried potassium carbonate was added to
CDCl; to remove trace acid. Proton nuclear magnetic resonance ('"H NMR) spectra,
carbon nuclear magnetic resonance (°C NMR) spectra, fluorine nuclear magnetic
resonance spectra ('’F NMR), and silicon nuclear magnetic resonance spectra (*’Si
NMR) were recorded on both 400 MHz and 600 MHz spectrometers. Chemical shifts
for protons are reported in parts per million downfield from tetramethylsilane and are

referenced to residual protium in the NMR solvent (CHCl; = o 7.26). Chemical shifts
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for carbon are reported in parts per million downfield from tetramethylsilane and are
referenced to the carbon resonances of the solvent (CDCIl; = & 77.16). Data are
represented as follows: chemical shift, multiplicity (br = broad, s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, sep = septet)
coupling constants in Hertz (Hz), integration. Infrared (IR) spectra were obtained
using FTIR spectrophotometers with material loaded onto a KBr plate. The mass
spectral data were obtained at the University of Delaware mass spectrometry facility.
Optical rotations were measured using a 2.5 mL cell with a 0.1 dm path length.
Melting points were taken on a Thomas-Hoover Uni-Melt Capillary Melting Point
Apparatus.

2.5.2 Suzuki-Miyaura Cross-Couplings of Alkyl Pyridinium Salts

2.5.2.1 General Procedure A: Cross-Coupling with Non-Pyridyl Aryl Boronic

Acids
Ph._~_Ph Ni(OAC),-4H,0 (10 mol%)
| BPhen (24 mol%) Rl_Ar
R Sgr, * ATBOM: KO#Bu, EtOH T
R2 Ph dioxane, 66 °C, 24 h R
2-105 2-17

To an oven-dried, 25-mL pear-shaped flask, was added Ni(OAc),-4H,O (25
mg, 0.10 mmol, 10 mol %) and bathophenanthroline (BPhen, 80 mg, 0.24 mmol, 24
mol %). The flask was fitted with a rubber septum, sealed with Parafilm, and then
evacuated and refilled with N, (x 3). To an oven-dried, 50-mL Schlenk flask was
added the alkyl pyridinium salt (1.0 mmol, 1.0 equiv), arylboronic acid (3.0 equiv, 3.0
mmol), and KOz-Bu (382 mg, 3.4 mmol, 3.4 equiv). The flask was fitted with a rubber
septum, sealed with Parafilm, and then evacuated and refilled with N, (x 3). To the
pear-shaped flask containing Ni(OAc),-4H,0O and BPhen was added dioxane (sparged,
anhydrous; 2.5 mL). To the Schlenk flask containing the pyridinium salt, boronic acid,
and KO#-Bu was added dioxane (sparged, anhydrous; 2.5 mL), followed by EtOH
(sparged, anhydrous; 0.29 mL, 5.0 mmol, 5.0 equiv). After vigorously stirring of the
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resulting mixtures for 1 h at room temperature, the heterogeneous mixture containing
the catalyst was transferred via cannula to the mixture containing the pyridinium salt
and activated boronate complex. The pear-shaped flask was rinsed multiple times with
dioxane (totaling 5 mL; each rinse was transferred via cannula to the reaction mixture)
to bring the total volume of dioxane in the reaction flask to 10 mL (0.1 M). The
resulting reaction mixture was stirred at 60 °C for 24 h. The mixture was allowed to
cool to room temperature. EtOAc (10 mL) was added. The mixture was stirred for 2—5
min, and then filtered through a small plug of silica gel. The filter cake was washed
with EtOAc (4 x 20 mL), and the resulting solution was concentrated. The cross-

coupled product was then purified via silica gel chromatography.

Me
o~ L
1
5-(4-Methylphenethyl)benzo|d][1,3]dioxole (2-47). Prepared via General Procedure
A using pyridinium salt 2-46. The crude mixture was purified by silica gel
chromatography (step gradient: 1—>5—10—20% toluene/hexanes) to give 2-47 (run 1:
183 mg, 76%; run 2: 177 mg, 74%) as a white solid (mp 81-82 °C): "H NMR (600
MHz, CDCls3) & 7.12-7.03 (m, 4H), 6.72 (d, J = 7.9 Hz, 1H), 6.69 (d, J= 1.5 Hz, 1H),
6.62 (dd, J = 7.9, 1.5 Hz, 1H), 5.92 (s, 2H), 2.87 — 2.78 (m, 4H), 2.32 (s, 3H); °C
NMR (151 MHz, CDCls) & 147.6, 145.8, 138.7, 135.9, 135.5, 129.2, 128.4, 121.3,
109.1, 108.2, 100.9, 37.9, 37.9, 21.2; FTIR (neat) 2940, 1490, 1246, 1038, 927, 815,
741 cm™; HRMS (ESI+) [M+H]" calculated for Ci¢H;705: 241.1223, found 241.1222.

Me
Me\/\/\/\/\/©/

1-Decyl-4-methylbenzene (2-50). Prepared via General Procedure A using
pyridinium salt 2-106. The crude mixture was purified by silica gel chromatography
(100% pentane) to give 2-50 (run 1: 173 mg, 74%; run 2: 161 mg, 69%) as a clear oil
(Note: This product is slightly volatile. Care should be used when drying under high

88



vacuum.): 'H NMR (400 MHz, CDCls) § 7.14 — 7.02 (m, 4H), 2.59 — 2.52 (m, 2H),
2.32 (s, 3H), 1.63 — 1.54 (m, 2H), 1.45 — 1.07 (m, 14H), 0.92 — 0.83 (m, 3H); °C
NMR (101 MHz, CDCls) 6 140.0, 135.1, 129.0, 128.4, 35.7, 32.1, 31.8, 29.79, 29.76,
29.7,29.5,22.9,21.2, 14.3. The spectral data matches that of the literature.’!

/©/CI
1-Chloro-4-phenethylbenzene (2-51). Prepared via General Procedure A using
pyridinium salt 2-103. The crude mixture was purified by silica gel chromatography
(100% pentanes) to give 2-51 (run 1: 109 mg, 50%; run 2: 114 mg, 53%) as a white
solid: "H NMR (600 MHz, CDCl3) § 7.30 — 7.26 (m, 2H), 7.25 — 7.22 (m, 2H), 7.22 —
7.18 (m, 1H), 7.17 — 7.13 (m, 2H), 7.11 — 7.05 (m, 2H), 2.89 (s, 4H); °C NMR (151
MHz, CDCls) & 141.4, 140.3, 131.8, 130.0, 128.6, 128.54, 128.52, 126.2, 37.9, 37.3.

The spectral data matches that of the literature.*”

Vo

1-(4-Phenethylphenyl)ethanone (2-54). Prepared via General Procedure A using
pyridinium salt 2-103. The crude mixture was purified by silica gel chromatography
(5% EtOAc/hexanes) to give 2-54 (run 1: 175 mg, 78%; run 2: 172 mg 77%) as a
white solid: '"H NMR (600 MHz, CDCl3) & 7.90 — 7.85 (m, 2H), 7.30 — 7.26 (m, 2H),
7.26 — 7.23 (m, 2H), 7.22 — 7.18 (m, 1H), 7.17 — 7.13 (m, 2H), 3.01 — 2.96 (m, 2H),
2.96 — 2.91 (m, 2H), 2.59 (s, 3H); °C NMR (151 MHz, CDCL;) § 197.9, 147.6, 141.2,
135.4, 128.9, 128.7, 128.58, 128.55, 126.3, 38.0, 37.6, 26.7. The spectral data matches

that of the literature.>”
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O OEt

Ethyl 4-phenethylbenzoate (2-52). Prepared via General Procedure A using
pyridinium salt 2-103. The crude mixture was purified by silica gel chromatography
(50% toluene/hexanes) to give 2-52 (run 1: 178 mg, 70%; run 2: 176 mg, 69%) as an
off-white solid: "H NMR (400 MHz, CDCl3) § 7.98 — 7.92 (m, 2H), 7.30 — 7.26 (m,
2H), 7.24 — 7.18 (m, 3H), 7.15 (d, J = 7.15 Hz, 2H), 4.37 (q, J = 7.1 Hz, 2H), 3.00 —
2.96 (m, 2H), 2.95 — 2.91 (m, 2H), 1.39 (t, J = 7.1 Hz, 3H); °C NMR (101 MHz,
CDCl) & 166.8, 147.2, 141.3, 129.8, 128.63, 128.58, 128.5, 128.4, 126.2, 61.0, 38.0,
37.6, 14.5. The spectral data matches that of the literature.*
O

Vea

N,N-Diethyl-4-phenethylbenzamide (2-53). Prepared via General Procedure A using
pyridinium salt 2-103. The crude mixture was purified by silica gel chromatography
(50% EtOAc/hexanes) to give 2-53 (run 1: 211 mg, 75%; run 2: 200 mg, 71%) as a
yellow oil: '"H NMR (600 MHz, CDCl3) & 7.32 — 7.26 (m, 4H), 7.23 — 7.14 (m, 5H),
3.62 — 3.41 (m, br, 2H), 3.37 — 3.16 (m, br, 2H), 2.97 — 2.88 (m, 4H), 1.34 — 1.18 (m,
br, 3H), 1.18 — 1.02 (m, br, 3H); °C NMR (101 MHz, CDCI3) § 171.5, 143.0, 141.6,
135.0, 128.59, 128.58, 128.5, 126.5, 126.1, 43.4, 39.4, 37.87, 37.85, 14.4, 13.0; FTIR
(neat) 2972, 1630, 1426, 1287, 1095, 700 cm’'; HRMS (ESI+) [M+H]" calculated for
Ci9H24NO: 282.1852, found 282.1852.
Me

MGW\Q\
OMe
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1-(Heptan-2-yl)-4-methoxybenzene (2-56). Prepared via General Procedure A using
pyridinium salt 2-107. The crude mixture was purified by silica gel chromatography
(step gradient: 0—2—>5% toluene/hexanes) to give 2-56 (run 1: 119 mg, 58%; run 2:
118 mg, 57%) as a colorless oil: '"H NMR (600 MHz, CDCls) & 7.14 — 7.04 (m, 2H),
6.89 — 6.78 (m, 2H), 3.79 (s, 3H), 2.63 (sep, J=7.1 Hz, 1H), 1.56 — 1.48 (m, 2H), 1.31
— 1.12 (m, 9H), 0.90 — 0.81 (m, 3H); °C NMR (151 MHz, CDCl3) § 157.8, 140.3,
127.9, 113.8, 55.4, 39.2, 38.7, 32.1, 27.5, 22.75, 22.67, 14.2; FTIR (neat) 2956, 2926,
1513, 1247, 828 cm™; HRMS (ESI+) [M+H]" calculated for C4H;0: 207.1743,
found 207.1741.

\

Me

4

1-(4-Cyclohexylphenyl)ethanone (2-55). Prepared via General Procedure A using
pyridinium salt 2-108. The crude mixture was purified by silica gel chromatography
(step gradient: 50—75% toluene/hexanes) to give 2-55 (run 1: 134 mg, 66%) as a pale
yellow solid: "H NMR (600 MHz, CDCl3) & 7.94 — 7.83 (m, 2H), 7.33 — 7.27 (m, 2H),
2.63 — 2.49 (m, 4H), 1.93 — 1.80 (m, 4H), 1.80 — 1.73 (m, 1H), 1.48 — 1.35 (m, 4H),
1.31 — 1.23 (m, 1H); °C NMR (151 MHz, CDCls) & 198.0, 153.9, 135.2, 128.7, 127.2,
44.8,34.3,26.9, 26.7, 26.2. The spectral data matches that of the literature.*

X

4

BocN
tert-Butyl 4-(4-vinylphenyl)piperidine-1-carboxylate (2-57). Prepared via General
Procedure A using pyridinium salt 2-44. The crude mixture was purified by silica gel
chromatography (3% EtOAc/hexanes) to give 2-57 (run 1: 148 mg, 51%; run 2: 130
mg, 45%) as a clear oil: "H NMR (600 MHz, CDCl3) & 7.38 — 7.33 (m, 2H), 7.19 —
7.14 (m, 2H), 6.69 (dd, J = 17.6, 10.9 Hz, 1H), 5.72 (dd, J = 17.6, 0.9 Hz, 1H), 5.21
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(dd, J=10.9, 0.8 Hz, 1H), 4.42 — 4.08 (m, br, 2H), 2.88 — 2.70 (m, 2H), 2.63 (it, J =
12.1, 3.5 Hz, 1H), 1.85 — 1.76 (m, br, 2H), 1.67 — 1.55 (m, 2H), 1.48 (s, 9H); °C
NMR (151 MHz, CDCl3) § 155.0, 145.7, 136.6, 135.9, 127.1, 126.5, 113.5, 79.6, 44.5
(br), 42.6, 33.3, 28.6; FTIR (neat) 2933, 1693, 1424, 1170, 840 cm™'; HRMS (ESI+)
[M+H]" calculated for CsH,6NO,: 288.1958, found 288.1956.

Bocl\(/\N

N F

/Me

tert-Butyl 4-(3-fluoro-4-methylphenethyl)piperazine-1-carboxylate (2-58).
Prepared via General Procedure A using pyridinium salt 2-45. The crude mixture was
purified by silica gel chromatography (step gradient: 0—10—20—40%
EtOAc/hexanes) to give 2-58 (run 1: 214 mg, 66%; run 2: 228 mg, 71%) as a yellow
semi-solid; 'H NMR (600 MHz, CDCl3) & 7.07 (t, J = 8.0 Hz, 1H), 6.89 — 6.81 (m,
2H), 3.50 — 3.41 (m, 4H), 2.79 — 2.72 (m, 2H), 2.61 — 2.55 (m, 2H), 2.50 — 2.40 (m, br,
4H), 2.23 (s, 3H), 1.46 (s, 9H); °C NMR (151 MHz, CDCl3) & 161.4 (d, Jor = 244.6
Hz), 154.9, 139.9 (d, Jc.r = 9.1 Hz), 131.4 (d, Jc.r = 6.0 Hz), 124.1 (d, Jc.r = 3.0 Hz),
122.5 (d, Je.r = 16.6 Hz), 115.3 (d, Jo.r = 22.7 Hz), 79.8, 60.3, 53.1, 43.3 (br), 33.0,
28.6, 14.3; F NMR (565 MHz, CDCl;) & —118.0; FTIR (neat) 2930, 2809, 1698,
1422, 1249, 1173, 1123, 1004; HRMS (ESI+) [M+H]" calculated for C;gHysFN,O,:
323.2129, found 323.2128.

BocN/\
k/N\/\Qf\B
Ve
tert-Butyl  4-(2-(1-methyl-1H-indol-5-yl)ethyl)piperazine-1-carboxylate (2-59).
Prepared via General Procedure A using pyridinium salt 2-45. The crude mixture was
purified by silica gel chromatography (step gradient: 30—>70% EtOAc/hexanes) to
give 2-59 (run 1: 272 mg, 79%; run 2: 282 mg, 82%) as a light orange/yellow solid
(mp 80-83 °C): '"H NMR (600 MHz, CDCl;) & 7.46 — 7.41 (m, 1H), 7.26 — 7.23 (m,
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1H), 7.10 — 7.05 (m, 1H), 7.03 (d, J = 3.1 Hz, 1H), 6.43 — 6.39 (m, 1H), 3.77 (m, br,
3H), 3.59 — 3.41 (m, br, 4H), 2.91 (m, br, 2H), 2.66 (m, br, 2H), 2.50 (s, 4H), 1.47 (s,
9H); *C NMR (101 MHz, CDCl3) & 154.9, 135.6, 130.9, 129.2, 128.8, 122.7, 120.5,
109.2, 100.5, 79.7, 61.6, 53.2, 43.7, 33.7, 33.0, 28.6; FTIR (neat) 2929, 2808, 1694,
1422, 1247, 1171, 1002, 718 cm™'; HRMS (ESI+) [M+H]" calculated for CaoH3N302:
344.2333, found 344.2331.

Me

N
Boc

(S)-tert-Butyl 2-(3-fluoro-4-methylbenzyl)pyrrolidine-1-carboxylate (2-60).
Prepared via General Procedure A using pyridinium salt 2-109. The crude mixture was
purified by silica gel chromatography (5% Et,O/toluene) to give 2-60 (189 mg, 65%)
as a yellow oil (mixture of rotamers): 'H NMR (400 MHz, CDCl3) § 7.13 — 7.02 (m,
br, 1H), 6.92 — 6.76 (m, br, 2H), 4.05 — 3.85 (m, br, 1H), 3.45 —3.18 (m, br, 2H), 3.16
—2.95 (m, br, 1H), 2.59 — 2.41 (m, br, 1H), 2.23 (s, br, 3H), 1.84 — 1.64 (m, br, 4H),
1.57 — 1.44 (s, br, 9H); °C NMR (101 MHz, CDCL) & 161.3 (d, Jor = 245.1 Hz),
154.6, 138.9 (d, Jcr = 7.4 Hz), 131.4 (d, Jc.r = 4.9 Hz, major), 131.2 (d, Jc.r = 4.4 Hz,
minor), 125.0 (minor), 124.8 (major), 122.6 (d, Jc.r = 17.6 Hz, major), 122.4 (d, Jcr =
16.4 Hz, minor), 116.1 (d, Jcr = 20.3 Hz, minor), 115.8 (d, Jcr = 22.2 Hz, major),
79.5 (major), 79.2 (minor), 58.9 (major), 58.6 (minor), 47.0 (minor), 46.4 (major),
40.1 (major), 39.1 (minor), 29.8 (major), 29.0 (minor), 28.7, 23.6 (minor), 22.8
(major), 14.4, 14.3; "’F NMR (565 MHz, CDCl;) & —118.0 (major), —118.4 (minor);
FTIR (neat) 2973, 2875, 1694, 1394, 1172, 1114, 771 cm™; HRMS (ESI+) [M+H]"
calculated for C17H,sFNO,: 294.1864, found 294.1862.

BocHN, | N
Me" Z>0Bn

Me
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tert-Butyl ((2R,35)-1-(4-(benzyloxy)phenyl)-3-methylpentan-2-yl)carbamate (2-
76). Prepared via General Procedure A using pyridinium salt 2-74. The crude mixture
was purified by silica gel chromatography (gradient: 1—>2% EtOAc/toluene) to give 2-
76 (201 mg, 52%) as an off-white solid (mp 121-123 °C): '"H NMR (600 MHz,
CDCl) & 7.44 — 7.40 (m, 2H), 7.40 — 7.35 (m, 2H), 7.34 — 7.29 (m, 1H), 7.12 — 7.05
(m, 2H), 6.92-6.86 (m, 2H), 5.03 (s, 2H), 4.36 — 4.24 (m, 1H), 3.80 — 3.68 (m, br, 1H),
2.79 - 2.73 (m, 1H), 2.57 — 2.53 (m, 1H), 1.55-1.47 (m, 2H), 1.35 (s, br, 9H), 1.15 —
1.05 (m, br, 1H), 0.97-0.86 (m, 6H); °C NMR (101 MHz, CDCl;) & 157.4, 155.7,
137.3, 131.3, 130.3, 128.7, 128.0, 127.6, 114.8, 79.0, 70.1, 56.1, 37.7, 37.0, 28.5, 24.8,
15.8, 11.9; FTIR (neat) 3384, 2962, 1684, 1518, 1240, 744 cm™; HRMS (ESI+)
[M+H]" calculated for Co4H34NO3: 384.2533, found 384.2526

BocHN___CO,t-Bu

degl

(S)-tert-Butyl 2-((tert-butoxycarbonyl)amino)-6-(4-

Si(i-Pr)5

((triisopropylsilyl)ethynyl)phenyl)hexanoate  (2-80). Prepared via General
Procedure A using pyridinium salt 2-78 and (4-
((triisopropylsilyl)ethynyl)phenyl)boronic acid®® with the following exceptions: the
reaction was run on a 0.5 mmol scale and pyridinium salt 2-78 was pre-stirred with
Ni(OAc), 4H,0 and BPhen instead of with the boronic acid, KO#Bu, and EtOH. The
crude mixture was purified by silica gel chromatography (5% EtOAc/hexanes) to give
2-80 (165 mg, 60%) as a clear oil. The enantiomeric excess was determined to be 29%

by chiral HPLC analysis (CHIRALPAK IA, 1.0 mL/min, 2% i-PrOH/hexanes, A=254
nm); tg(major) = 14.52 min, tg(minor) = 9.78 min. [a]p>® = +40.1° (¢ 1.6, CHCL;): 'H

NMR (600 MHz, CDCls) § 7.38 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 8.1 Hz, 2H), 4.98 (d,
J =178 Hz, 1H), 4.23 — 4.07 (m, 1H), 2.59 (t, J = 7.6 Hz, 2H), 1.81 — 1.72 (m, 1H),
1.68 — 1.57 (m, 3H), 1.44 (s, 9H), 1.43 (s, 9H), 1.40 — 1.35 (m, 1H), 1.35 — 1.29 (m,
1H), 1.12 (s, 21H); *C NMR (151 MHz, CDCl3) & 172.1, 155.5, 142.9, 132.2, 128.4,
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121.1, 107.4, 89.8, 81.9, 79.7, 54.0, 35.7, 33.0, 30.9, 28.5, 28.1, 24.7, 18.8, 11.5; *’Si
NMR (119 MHz, CDCls) 6 —2.0; FTIR (neat) 3358, 2942, 2865, 2155, 1717, 1504,
1367, 1155, 677 cm™'; HRMS (ESI+) [M+H]" calculated for C3,HssNO,4Si: 544.3817,
found 544.3811.

The arylation of pyridinium salt 2-78 was also performed in the presence of 4-
(trifluoromethyl)phenol. In a Nj-atmosphere glovebox. Ni(OAc),"4H,O (1.2 mg,
0.005 mmol, 10 mol %), BPhen (4.0 mg, 0.0012 mmol, 24 mol %), 4-
(trifluoromethyl)phenol 2-81 (16 mg, 0.1 mmol, 2.0 equiv), and pyridinium salt 2-78
(34 mg, 0.05 mmol, 1.0 equiv) were added to an oven-dried 1-dram vial. To a separate
oven-dried 1-dram vial was added KO#-Bu (19 mg, 0.17 mmol, 3.4 equiv) and (4-
((triisopropylsilyl)ethynyl)phenyl)boronic acid (45 mg, 0.15 mmol, 3.0 equiv).
Dioxane (125 pL) was added to each vial. Each vial was then equipped with a micro
stir bar, capped with a pierceable Teflon-coated cap, and removed from the glovebox.
To the vial containing the boronic acid and KO#-Bu was added EtOH (15 pL) via a
Ny-purged syringe. Both mixtures were stirred for 1 h at rt. After pre-stirring was
complete, the catalyst mixture containing the pyridinium salt and 4-
(trifluoromethyl)phenol was transferred to the “activated boronate” mixture via a N»-
purged syringe. Dioxane (250 pL total) was used to insure complete transfer of the
catalyst mixture and bring the total concentration of the reaction to 0.1 M. The
resulting reaction mixture was heated to 60 °C and stirred vigorously for 24 h. Upon
completion, the mixture was diluted with EtOAc (approx. 1.5 mL) and filtered through
a short plug of silica gel. The filter cake was washed with EtOAc (5 x 1.5 mL) and the
resulting solution was concentrated. The yield of the crude product was determined to
be 25% and was obtained by integration by '"H-NMR with 1,3,5-trimethoxybenzene as
an internal standard. A small sample of the product was purified via preparatory thin-
layer chromatography (5% EtOAc/hexanes) and the enantiomeric excess was
determined to be 81% by chiral HPLC analysis (CHIRALPAK IA, 1.0 mL/min, 2% i-
PrOH/hexanes, A=254 nm); tg(major) = 14.57 min, tg(minor) = 9.84 min.
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2-(Benzo|d][1,3]dioxol-5-ylmethyl)-4-(4-fluorobenzyl)morpholine (2-86). Prepared
via General Procedure A using pyridinium salt 2-43. After the silica gel filtration, the
crude mixture was dissolved in Et,O (20 mL) and washed with HCI (1 N, 4 x 25 mL).
The combined aqueous layers were extracted with Et,O (4 x 50 mL, these organic
layers were discarded), basified to pH > 12 with NaOH (4 N), and then extracted with
Et,0O (4 x 50 mL). The combined organic layers were dried (MgSQO,), filtered, and
concentrated. The residue was then purified by silica gel chromatography (step
gradient: 10—20% EtOAc/hexanes) to give 2-86 (run 1: 224 mg, 68%; run 2: 240 mg,
73%) as a yellow oil: '"H NMR (600 MHz, CDCls) § 7.28 — 7.23 (m, 2H, overlaps with
CHCl3), 7.04 — 6.94 (m, 2H), 6.76 — 6.67 (m, 2H), 6.65 — 6.60 (m, 1H), 5.92 (s, 2H),
3.87 —3.81 (m, 1H), 3.74 — 3.66 (m, 1H), 3.64 — 3.57 (m, 1H), 3.52 — 3.46 (m, 1H),
3.41 — 3.34 (m, 1H), 2.78 — 2.67 (m, 2H), 2.62 — 2.55 (m, 2H), 2.16 — 2.08 (m, 1H),
1.96 — 1.87 (m, 1H); °C NMR (151 MHz, CDCl3) § 162.2 (d, Jc.r = 245.1 Hz), 147.6,
146.1, 133.6, 131.9, 130.7 (d, Jc.r = 7.7 Hz), 122.2, 115.2 (d, Jcr = 21.3 Hz), 109.8,
108.2, 100.9, 76.7, 66.9, 62.6, 58.4, 52.8, 40.0; '’F NMR (565 MHz, CDCl;) § —115.8;
FTIR (neat) 2859, 2804, 1604, 1508, 1247, 1114, 1040, 810 cm'; HRMS (ESI+)
[M+H]" calculated for CoH, FNO;: 330.1500, found 330.1491.

ey
L

3-((4-(4-Fluorobenzyl)morpholin-2-yl)methyl)benzonitrile (2-85). Prepared via
General Procedure A using pyridinium salt 2-43. After the silica gel filtration, the
crude mixture was dissolved in Et,O (20 mL) and washed with HCI (1 N, 4 x 25 mL).
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The combined aqueous layers were extracted with Et,O (4 x 50 mL, these organic
layers were discarded), basified to pH > 12 with NaOH (4 N), and then extracted with
Et,0O (4 x 50 mL). The combined organic layers were dried (MgSQO,), filtered, and
concentrated. The residue was then purified by silica gel chromatography (20%
EtOAc/hexanes) to give 2-85 (run 1: 201 mg, 65%; run 2: 180 mg, 58%) as a yellow
oil: '"H NMR (600 MHz, CDCls) § 7.51 — 7.50 (m, 2H), 7.44 — 7.43 (m, 1H), 7.39 —
7.36 (m, 1H), 7.28 — 7.25 (m, 2H, overlaps with CHCI3), 7.02— 6.99 (m, 2H), 3.82 —
3.84 (m, 1H), 3.72 (m, 1H), 3.61 — 3.57 (m, 1H), 3.48-3.41 (m, 2H), 2.82 — 2.79 (m,
1H), 2.72 — 2.69 (m, 2H), 2.63 — 2.61 (m, 1H), 2.16 — 2.12 (m, 1H), 1.94 — 1.90 (m,
1H); C NMR (151 MHz, CDCl;) & 162.2 (d, Jo.r = 245.4 Hz), 139.9, 134.0, 133 .4,
133.0, 130.7 (d, Jc.r = 7.6 Hz), 130.2, 129.1, 119.1, 115.3 (d, Jcr = 21.1 Hz), 112.4,
75.9, 66.9, 62.5, 58.2, 52.9, 39.7; "’F NMR (376 MHz, CDCls) 8 —115.6; FTIR (neat)
2933, 2807, 2229, 1508, 1221, 1114, 693 cm™'; HRMS (ESI+) [M+H]" calculated for
Ci9H20FN,O: 311.1554, found 311.1551.

2.5.2.2 General Procedure B: Cross-Coupling with Pyridyl Boronic Acids

Ph_~ Ph Ni(OAc),-4H,0 (10 mol%)
| BPhen (12 mol%) RL_Pyr
RL_Ny ~ ©,. + PyrB(OH), T
BF
To 4
2" Ph

KOtBu, EtOH R2
dioxane, 60 °C, 24 h

2-105 2-110
To an oven-dried, 25-mL pear-shaped flask was added Ni(OAc),-4H,O (25

mg, 0.10 mmol, 10 mol %), bathophenanthroline (BPhen, 40 mg, 0.12 mmol, 12 mol
%), and the alkyl pyridinium salt (1.0 mmol, 1.0 equiv). The flask was fitted with a
rubber septum, sealed with Parafilm, and then evacuated and refilled with N; (x 3). To
an oven-dried, 100-mL Schlenk flask was added the arylboronic acid (3.0 equiv, 3.0
mmol) and KO#Bu (382 mg, 3.4 mmol, 3.4 equiv). The flask was fitted with a rubber
septum, sealed with Parafilm, and then evacuated and refilled with N, (x 3). To the
pear-shaped flask containing Ni(OAc),-4H,0O and BPhen was added dioxane (sparged,
anhydrous; 10 mL). To the Schlenk flask containing the boronic acid and KO#-Bu was
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added dioxane (sparged, anhydrous; 10 mL), followed by EtOH (sparged, anhydrous;
0.29 mL, 5.0 mmol, 5.0 equiv). After vigorously stirring the resulting mixtures for 2 h
at room temperature, the mixture (heterogeneous in some cases) of catalyst and
pyridinium salt was transferred via large-gauge cannula to the mixture containing the
activated boronate complex. The pear-shaped flask was rinsed multiple times with
dioxane (totaling 20 mL; each rinse was transferred via cannula to the reaction
mixture) to bring the total volume of dioxane in the reaction to 40 mL (0.025 M). The
resulting reaction mixture was stirred at 60 °C for 24 h. The mixture was allowed to
cool to room temperature. EtOAc (10 mL) was added. The mixture was stirred 2—5
min, and then filtered through a small plug of silica gel. The filter cake was washed
with EtOAc (4 x 20 mL), and the resulting solution was concentrated. The cross-

coupled product was then purified via silica gel chromatography.

/IF
0 N
<
@)

5-(2-(Benzo|d][1,3]dioxol-5-yl)ethyl)-2-fluoropyridine (2-63). Prepared via General
Procedure B using pyridinium salt 2-46. The crude mixture was purified by silica gel
chromatography (4% EtOAc/hexanes) to give 2-63 (run 1: 201 mg, 82%; run 2: 193
mg, 79%) as a yellow oil: 'H NMR (600 MHz, CDCls) & 7.98 — 7.92 (m, 1H), 7.50 (td,
J=28.1,2.6 Hz, 1H), 6.82 (dd, J = 8.3, 2.9 Hz, 1H), 6.71 (d, /= 7.9 Hz, 1H), 6.62 (d, J
=1.7 Hz, 1H), 6.54 (dd, /= 7.8, 1.7 Hz, 1H), 5.93 (s, 2H), 2.90 — 2.85 (m, 2H), 2.85 —
2.80 (m, 2H); °C NMR (101 MHz, CDCl;) & 162.4 (d, Jo.r = 238.0 Hz), 147.8, 147.3
(d, Jcr=14.3 Hz), 146.0, 141.3 (d, Jor= 7.7 Hz), 134.324, 134.319 (d, Jc.r= 4.4 Hz),
121.5, 109.1 (d, Jer = 37.5 Hz), 109.0, 108.3, 101.0, 37.4, 34.2; ’F NMR (376 MHz,
CDCl3) & —71.9; FTIR (neat) 2925, 1596, 1486, 1246, 1040, 932, 811 cm™'; HRMS
(ESI+) [M+H]" calculated for C14H3FNO,: 246.0925, found 246.0925.

2\

|
Me
X OMe
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4-Decyl-2-methoxypyridine (2-64). Prepared via General Procedure B using
pyridinium salt 2-106. The crude mixture was purified by silica gel chromatography
(step gradient: 100% toluene—2% EtOAc/hexanes) to give 2-64 (run 1: 195 mg, 78%;
run 2: 175 mg, 70%) as a yellow oil: '"H NMR (600 MHz, CDCls) & 8.03 (d, J = 5.3
Hz, 1H), 6.72 — 6.67 (m, 1H), 6.58 — 6.51 (m, 1H), 3.92 (s, 3H), 2.59 — 2.49 (m, 2H),
1.62 — 1.56 (m, 2H), 1.35 — 1.19 (m, 14H), 0.88 (t, J = 6.9 Hz, 3H); °C NMR (151
MHz, CDCls) 6 164.7, 154.8, 146.6, 117.7, 110.4, 53.4, 35.3, 32.0, 30.3, 29.74, 29.68,
29.6, 29.5, 29.3, 22.8, 14.2; FTIR (neat) 2926, 1613, 1398, 1157, 1044, 820; HRMS
(ESI+) [M+H]" calculated for C;sH,7NO: 250.2165, found 250.2157.

AN

. |

4-Cyclohexylpyridine (2-65). Prepared via General Procedure B using pyridinium
salt 2-108. The crude mixture was purified by silica gel chromatography (50%
EtOAc/hexanes) to give 2-65 (run 1: 81 mg, 50%; run 2: 91 mg, 56%) as an orange
oil: '"H NMR (400 MHz, CDCls) & 8.49 — 8.47 (m, 2H), 7.13 — 7.11 (m, 2H), 2.53 —
2.45 (m, 1H), 1.91 — 1.67 (m, 5H), 1.46 — 1.19 (m, 5H); >C NMR (101 MHz, CDCl;)
o 156.7, 149.9, 122.5, 43.9, 33.6, 26.7, 26.1. The spectral data matches that of the
literature.”’
Me

Me
N

(S)-2-Fluoro-3-methyl-5-(2-phenylpropyl)pyridine (2-66). Prepared via General
Procedure B using pyridinium salt 2-111. The crude mixture was purified by silica gel
chromatography (gradient: 10—20—30—50—70% toluene/hexanes—100% toluene)
to give 2-66 (run 1: 151 mg, 66%; run 2: 152 mg, 66%) as a dark orange oil: 'H
NMR (400 MHz, CDCl3) é 7.67 (s, br, 1H), 7.32 — 7.26 (m, 2H), 7.24 — 7.15 (m, 2H),
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7.15 — 7.07 (m, 2H), 2.94 (sep, J = 7.0 Hz, 1H), 2.87 — 2.72 (m, 2H), 2.22 — 2.15 (s,
3H), 1.27 (d, J = 6.9 Hz, 3H); °C NMR (101 MHz, CDCl;) & 161.1 (d, Je.r = 237.0
Hz), 145.8, 144.8 (d, Jo.r = 14.2 Hz), 142.4 (d, Je.r = 5.9 Hz), 133.7 (d, Jor = 4.6 Hz),
128.6, 127.2, 126.5, 118.8 (d, Jer = 32.8 Hz), 41.8, 41.1 (d, Jer= 0.9 Hz), 21.3, 14.6
(d, Jor = 1.5 Hz); "’F NMR (376 MHz, CDCl3) & —76.6; FTIR (neat) 2962, 1591,
1471, 1246, 1143, 700 cm'l; HRMS (ESI+) [MJrH]+ calculated for C;sH;sFN:
230.1340, found 230.1334.

OFEt /Y F

EtO SN
5-(4,4-Diethoxybutyl)-2-fluoropyridine (2-67). Prepared via General Procedure B
using pyridinium salt 2-112. The crude mixture was purified by silica gel
chromatography (5% EtOAc/hexanes) to give 2-67 (run 1: 176 mg, 73%; run 2: 164
mg, 68%) as a yellow oil: '"H NMR (600 MHz, CDCls) § 8.02 (s, 1H), 7.59 (td, J =
8.1, 2.5 Hz, 1H), 6.84 (dd, J = 8.3, 2.9 Hz, 1H), 4.49 (t, /= 5.3 Hz, 1H), 3.63 (dq, J =
9.4, 7.1 Hz, 2H), 3.48 (dq, J = 9.4, 7.1 Hz, 2H), 2.63 (t, J = 7.3 Hz, 2H), 1.72 — 1.61
(m, 4H), 1.20 (t, J = 7.1 Hz, 6H); °C NMR (151 MHz, CDCl3) & 162.5 (d, Jo.r =
236.8 Hz), 147.2 (d, Jcr= 14.3 Hz), 141.1 (d, Jc.r= 7.6 Hz), 135.2 (d, Jc.r = 4.5 Hz),
109.1 (d, Je.r = 37.4 Hz), 102.8, 61.3, 33.2, 31.94, 31.93, 26.4, 15.5; "’F NMR (565
MHz, CDCls) 6 —72.3; FTIR (neat) 2975, 2872, 1593, 1485, 1249, 1126, 1065, 831
cm’; HRMS (ESI+) [M+H]" calculated for C;3H, FNO,: 242.1551, found 242.1548.

TBSO | ~
N
3-(3-((tert-Butyldimethylsilyl)oxy)propyl)quinoline (2-68). Prepared via General
Procedure B using pyridinium salt 2-113. The crude mixture was purified by silica gel
chromatography (5% EtOAc/hexanes) to give 2-68 (run 1: 160 mg, 53%; run 2: 195
mg, 65%) as a yellow oil: "H NMR (600 MHz, CDCl;) & 8.80 (d, J = 2.2 Hz, 1H), 8.08
(d, J=8.4 Hz, 1H), 7.94 (s, 1H), 7.76 (d, /= 8.1 Hz, 1H), 7.66 (t, J= 7.2 Hz 1H), 7.52
(t, J=7.5Hz, 1H), 3.68 (t,J = 6.1 Hz, 2H), 2.92 — 2.87 (m, 2H), 1.96 — 1.90 (m, 2H),
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0.92 (s, 9H), 0.07 (s, 6H); °C NMR (151 MHz, CDCl3) & 152.2, 146.9, 135.0, 134.5,
129.3, 128.7, 128.3, 127.4, 126.7, 62.0, 34.1, 29.6, 26.1, 18.5, —5.1; FTIR (neat) 2929,
2857, 1471, 1255, 1102, 836 cm™; HRMS (ESI+) [M+H]" calculated for C,sH,sNOS:

302.1935, found 302.1934.

N~ "OMe
5-(3-((tert-Butyldimethylsilyl)oxy)propyl)-2-methoxypyridine (2-69). Prepared via
General Procedure B using pyridinium salt 2-113. The crude mixture was purified by
silica gel chromatography (gradient: 50—75% toluene/hexanes—100% toluene—5%
EtOAc/toluene) to give 2-69 (run 1: 196 mg, 70%; run 2: 176 mg, 62%) as a yellow
oil: "H NMR (400 MHz, CDCl3) § 7.97 (d, J = 2.1 Hz, 1H), 7.41 (dd, J = 8.5, 2.5 Hz,
1H), 6.67 (d, J = 8.4 Hz, 1H), 3.91 (s, 3H), 3.62 (t, J = 6.2 Hz, 2H), 2.63 — 2.55 (m,
2H), 1.83 — 1.73 (m, 2H), 0.90 (s, 9H), 0.05 (s, 6H); °C NMR (101 MHz, CDCl3) &
162.7, 146.2, 139.2, 130.1, 110.5, 62.1, 53.4, 34.5, 28.3, 26.1, 18.5, =5.1; FTIR (neat)
2929, 2857, 1608, 1493, 1256, 1102, 835 cm™'; HRMS (ESI+) [M+H]" calculated for
C15sH27NO,Si: 282.1884, found 282.1874.

o
AN

(\N N

BocN
tert-Butyl 4-(2-(6-morpholinopyridin-3-yl)ethyl)piperazine-1-carboxylate (2-70).
Prepared via General Procedure B using pyridinium salt 2-45. The crude mixture was
purified by silica gel chromatography (100% EtOAc) to give 2-70 (233 mg, 62%) as a
yellow solid (mp 125-127 °C): '"H NMR (400 MHz, CDCl3) & 8.05 (d, J = 2.3 Hz,
1H), 7.37 (dd, J = 8.6, 2.4 Hz, 1H), 6.59 (d, /= 8.6 Hz, 1H), 3.91 —3.75 (m, 4H), 3.58
—3.32 (m, 8H), 2.73 — 2.64 (m, 2H), 2.58 — 2.51 (m, 2H), 2.50 — 2.35 (m, 4H), 1.46 (s,
9H); °C NMR (101 MHz, CDCls) & 158.6, 154.9, 147.8, 138.2, 125.3, 107.0, 79.8,
66.9, 60.4, 53.1, 46.0, 43.7 (br), 29.8, 28.6; FTIR (neat) 2971, 2860, 1694, 1499, 1265,
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1126, 810 cm™; HRMS (ESI+) [M+H]" calculated for Co0H33N4O5: 377.2547, found
377.2544.

-\COQt-Bu

tert-Butyl 2-((4R,6R)-6-(2-(6-fluoropyridin-3-yl)ethyl)-2,2-dimethyl-1,3-dioxan-4-
yDacetate (2-90). Prepared via General Procedure B using pyridinium salt 2-88. The
crude mixture was purified by silica gel chromatography (5% EtOAc/hexanes) to give
2-90 (161 mg, 46%) as a dark pink oil: "H NMR (400 MHz, CDCls) & 8.02 — 8.01 (m,
1H), 7.59 (td, J = 8.1, 2.6 Hz, 1H), 6.85 (dd, J = 8.4, 2.9 Hz, 1H), 4.21 (dtd, J = 11.6,
6.6, 2.4 Hz, 1H), 3.83 —3.72 (m, 1H), 2.79 — 2.61 (m, 2H), 2.43 (dd, J = 15.2, 6.9 Hz,
1H), 2.29 (dd, J = 15.2, 6.2 Hz, 1H), 1.85 - 1.73 (m, 1H), 1.73 — 1.61 (m, 1H), 1.53
(dt, J=12.7,2.5 Hz, 1H), 1.43 (s, 9H), 1.41 (s, 3H), 1.38 (s, 3H), 1.27 — 1.17 (m, 1H);
BC NMR (101 MHz, CDCls) & 170.4, 162.4 (d, Jo.r = 237.8 Hz), 147.2 (d, Jep= 14.2
Hz), 141.3 (d, Jc.r= 7.7 Hz), 134.9 (d, Jc.r = 4.5 Hz), 109.2 (d, Jc.r = 37.5 Hz), 98.9,
80.8, 67.5, 66.3, 42.8, 37.6, 36.6, 30.2, 28.2, 27.4, 19.9; ’F NMR (376 MHz, CDCl;)
& —72.2; FTIR (neat) 2981, 2940, 1730, 1484, 1249, 1159, 951, 840 cm™'; HRMS
(ESI+) [M+H]" calculated for C1oH0FNO,: 354.2075, found 354.2072.

2.5.3 Preparation of Pyridinum Salts

2.5.3.1 General Procedure C: Conversion of Amines to Pyridinium Salts

Ph Ph_~_Ph
R1__NH, ) EtOH |
T ¥ D BFe remmcan ~ RNS S G
R g : T® 4
Ph"” 0" Ph R2 Ph
2-114 237 2-105

Primary amine (1.2 equiv) was added to a suspension of 2,4,6-triphenylpyrylium
tetrafluoroborate (1.0 equiv) and EtOH (1.0 M) in a round-bottomed flask. The flask
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was fitted with a reflux condenser. The mixture was stirred and heated at reflux in an
oil bath at 80-85 °C for 4 h. The mixture was then allowed to cool to room
temperature. If product precipitation occurred during reflux, the solid was filtered,
washed with EtOH (3 x 25 mL) and then Et;,0O (3 x 25 mL), and dried under high
vacuum. If product precipitation did not occur during reflux, the solution was diluted
with Et;0 (2-3x volume of EtOH used) and vigorously stirred for 1 h. The resulting
solid pyridinium salt was filtered and washed with Et,O (3 x 25 mL). If the pyridinium
salt failed to precipitate at this point, the flask containing the reaction mixture and
Et,0O was sealed with Parafilm and stored in a —27 °C freezer for 1-3 days (or until
precipitation occurred). The cold mixture was quickly filtered and washed with Et,O
(3 x 25 mL) to give the corresponding analytically pure pyridinium salt. If the salt still
did not precipitate, it was subjected to silica gel chromatography with acetone/DCM.

The corresponding amine hydrochloride salts can also be used (see synthesis of
pyridinium salt 3l) using the following modified procedure: Et:N (1.2 equiv) was
added to a mixture of the corresponding alkyl ammonium hydrochloride salt (1.2
equiv) and EtOH (1.0 M). After stirring the mixture for 30 min at room temperature,
2,4,6-triphenylpyrylium tetrafluoroborate (1 equiv) was added. From this point
forward, the same procedure was followed as for alkyl amines described above;
however prior to washing the solid product with EtOH and/or Et,O, the mixture was
washed with water (3 x 25 mL) to remove Et;N-HCI.

Ph /l Ph

¢ Sy e
0 Ph

1-(2-(Benzo|d][1,3]dioxol-5-yl)ethyl)-2,4,6-triphenylpyridin-1-ium

tetrafluoroborate (2-46). Prepared via General Procedure C on a 7.5 mmol scale with
commercially available 2-(benzo[d][1,3]dioxol-5-yl)ethanamine (9.0 mmol) to give 2-
46 (3.64 g, 89%) as an off-white solid (mp 234-235 °C): "H NMR (600 MHz, CDCl;)
0 791 (s, 2H), 7.83 — 7.77 (m, 6H), 7.68 — 7.62 (m, 6H), 7.59 — 7.55 (m, 1H), 7.55 —
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7.51 (m, 2H), 6.48 (d, J = 7.9 Hz, 1H), 5.85 (s, 2H), 5.77 — 5.74 (m, 1H), 5.69 — 5.66
(m, 1H), 4.61 — 4.55 (m, 2H), 2.65 — 2.58 (m, 2H); >C NMR (151 MHz, CDCl;) &
156.7, 156.3, 148.0, 146.9, 134.2, 132.9, 132.3, 131.4, 129.9, 129.6, 129.3, 128.9,
128.3, 126.9, 121.4, 108.61, 108.57, 101.2, 56.1, 35.7; "’F NMR (565 MHz, CDCl;) &
~153.27 (minor, ''BFy), —153.32 (major, '°BF,); FTIR (neat) 3060, 2903, 1624, 1489,
1053, 699 cm™'; HRMS (ESI+) [M-BF,]" calculated for C3,H,6NO4: 456.1958, found
456.1961.

Ph y Ph

Me\/\/\/\/\/g\ @BF4
Ph
1-Decyl-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-106). Prepared via
General Procedure C on a 4.17 mmol scale with commercially available decan-1-
amine (5.0 mmol) to give 2-106 (1.56 g, 58%) as a white solid (mp 98-100 °C): 'H
NMR (600 MHz, CDCls) 6 7.84 (s, 2H), 7.82 — 7.76 (m, 4H), 7.76 — 7.72 (m, 2H),
7.64 —7.56 (m, 6H), 7.56 — 7.52 (m, 1H), 7.52 — 7.47 (m, 2H), 4.45 — 4.34 (m, 2H),
1.48 — 1.38 (m, 2H), 1.25 (m, J = 7.1 Hz, 2H), 1.20 — 1.08 (m, 4H), 1.05 — 0.97 (m,
2H), 0.95 — 0.81 (m, 5H), 0.79 — 0.69 (m, 4H); °C NMR (151 MHz, CDCl;) § 156.6,
155.8, 134.2, 132.9, 132.1, 131.1, 129.8, 129.4, 129.2, 128.2, 126.8, 54.9, 31.9, 29.8,
29.3,29.2,29.0, 28.0, 26.1, 22.8, 14.2; "’F NMR (376 MHz, CDCl;) 8 —153.4 (minor,
"BF,), —153.5 (major, '°BF,); FTIR (neat) 2926, 1625, 1566, 1056, 704 cm™'; HRMS
(ESI+) [M-BF,]" calculated for C33H3sN: 448.2999, found 448.3004.
Ph Ph

=

OBy O

Ph
1-Phenethyl-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-103). Prepared via
General Procedure C on a 10 mmol scale with commercially available 2-
phenylethanamine to give 2-103 (4.40 g, 88%) as a white solid (mp >260 °C): 'H
NMR (400 MHz, CDCl3) 6 7.92 (s, 2H), 7.89 — 7.73 (m, 6H), 7.73 — 7.48 (m, 9H),
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7.15 —7.09 (m, 1H), 7.09 — 7.03 (m, 2H), 6.32 — 6.26 (m, 2H), 4.69 — 4.62 (m, 2H),
2.73 = 2.66 (m, 2H); >C NMR (101 MHz, CDCls) & 156.8, 156.2, 135.3, 134.1, 132.8,
132.3, 131.3, 129.9, 129.5, 129.3, 128.9, 128.33, 128.30, 127.4, 126.9, 56.0, 35.8; '°F
NMR (376 MHz, CDCl3) & —153.26 (minor, ''BF,), —153.32 (major, '’BFs); FTIR
(neat) 3068, 1624, 1494, 1055, 699 cm™'; HRMS (ESI+) [M-BF4]" calculated for
C31Ha6N: 412.2060, found 412.2048.

Ph Z | Ph
S
Me\/\/\/g) X BF4
Me Ph

1-(Heptan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-107). Prepared
via General Procedure C on a 5.0 mmol scale with commercially available heptan-2-
amine to give 2-107 (1.21 g, 49%) as a pale yellow solid (mp 157-158 °C): 'H NMR
(400 MHz, CDCl3) 6 7.99 — 7.44 (m, 17H), 4.96 — 4.84 (m, 1H), 1.84 — 1.70 (m, 1H),
1.49 — 1.36 (m, 4H), 1.20 — 1.08 (m, 2H), 1.07 — 0.93 (m, 3H), 0.89 — 0.73 (m, 4H);
BC NMR (151 MHz, acetone-dg) & 158.7, 155.3, 135.1, 134.4, 133.3, 131.9, 130.6,
130.4, 129.7, 129.4, 128.6, 68.4, 37.2, 31.7, 26.7, 22.8, 22.5, 14.1; ’F NMR (376
MHz, CDCls) & —153.3 (minor, ''BF,), —153.4 (major, '°BF4); FTIR (neat) 2956,
1621, 1412, 1056, 765 cm™; HRMS (ESI+) [M-BF,]" calculated for CsHsN:
406.2529, found 406.2516.

Ph /| Ph

g\ Srs
Ph

1-Cyclohexyl-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-108). Prepared via
General Procedure C on a 10 mmol scale with commercially available
cyclohexanamine (12 mmol) to give 2-108 (2.99 g, 63%) as pale yellow solid (mp
181-182 °C): '"H NMR (400 MHz, CDCl3) & 7.83 — 7.76 (m, 2H), 7.76 — 7.69 (m, 6H),
7.64 — 7.54 (m, 6H), 7.54 — 7.48 (m, 1H), 7.48 — 7.42 (m, 2H), 4.61 (tt, J = 12.2, 2.9
Hz, 1H), 2.12 (m, 2H), 1.64 — 1.40 (m, 4H), 1.34 (d, J = 13.3 Hz, 1H), 0.74 (m, 2H),
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0.61 (tt, J = 13.1, 3.5 Hz, 1H); °C NMR (101 MHz, CDCl3) § 157.1, 155.1, 134.2,
134.1, 131.9, 130.9, 129.7, 129.4, 128.9, 128.4, 128.2, 72.0, 33.7, 26.6, 24.7; "’F NMR
(376 MHz, CDCl3) & —153.36 (minor, ''BF,), —153.41 (major, '°BF,); FTIR (neat)
3061, 2934, 1621, 1055, 705 cm™'; HRMS (ESI+) [M-BF4]" calculated for CaoHosN:
390.2216, found 390.2199.
Ph 5 Ph
Crey o
BocN Ph
1-(1-(tert-Butoxycarbonyl)piperidin-4-yl)-2,4,6-triphenylpyridin-1-ium
tetrafluoroborate (2-44). Prepared via General Procedure C on a 5.0 mmol scale with
commercially available tert-butyl 4-aminopiperidine-1-carboxylate to give 2-44 (2.08
g, 72%) as an off-white solid (mp 165166 °C): "H NMR (600 MHz, CDCl;) & 7.86 —
7.69 (m, 6H), 7.67 (d, J = 7.2 Hz, 2H), 7.64 — 7.52 (m, 6H), 7.52 — 7.46 (m, 1H), 7.46
—7.36 (m, 2H), 4.82 — 4.69 (m, 1H), 4.04 — 3.75 (m, 2H), 2.27 — 1.95 (m, 4H), 1.74 —
1.51 (m, 2H), 1.30 (s, 9H)' °C NMR (101 MHz, CDCl3) § 157.2, 155.5, 154.3, 134.0,
133.8, 132.1, 131.2, 129.7, 129.4, 129.1, 128.4, 128.3, 80.2, 70.0, 44.3 (br), 32.8 (br),
28.3; "’F NMR (565 MHz, CDCls) & —153.07 (minor, ''BFy), —153.13 (major, '°BE,);
FTIR (neat) 2977, 1692, 1621, 1057, 706 cm™; HRMS (ESI+) [M—BF,]" calculated
for C33H3sN,0,: 491.2693, found 491.2686.

Ph._~_Ph

©

(\N/\/CT)\ BF,
BocN._J Ph

1-(2-(4-(tert-Butoxycarbonyl)piperazin-1-yl)ethyl)-2,4,6-triphenylpyridin-1-ium

tetrafluoroborate (2-45). Prepared via General Procedure C on a 1.67 mmol scale
with commercially available tert-butyl 4-(2-aminoethyl)piperazine-1-carboxylate to
give 2-45 (0.82 g, 81%) as an off-white solid (mp 133-135 °C): '"H NMR (600 MHz,
CDCls) & 7.88 — 7.75 (m, 6H), 7.74 — 7.69 (m, 2H), 7.65 — 7.56 (m, 6H), 7.55 — 7.50
(m, 1H), 7.50 — 7.44 (m, 2H), 4.66 — 4.57 (m, 2H), 3.13 — 3.00 (m, 4H), 2.41 — 2.31
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(m, 2H), 1.82 — 1.73 (m, br, 4H), 1.39 (s, 9H); °C NMR (151 MHz, CDCls)  157.0,
156.1, 154.6, 134.1, 133.0, 132.3, 131.3, 129.8, 129.51, 129.46, 128.3, 126.8, 79.9,
56.4, 52.4, 51.8, 43.2 (br), 28.5; "’F NMR (565 MHz, CDCl;) 8 —152.96 (minor,
"'BF,), —153.01 (major, '°BF,); FTIR (neat) 2976, 1690, 1623, 1169, 1056, 703 cm’';
HRMS (ESI+) [M-BF,]" calculated for C34H3sN30,: 520.2959, found 520.2950.

B ®
¢ Ph

(8)-1-((1-(tert-Butoxycarbonyl)pyrrolidin-2-yl)methyl)-2,4,6-triphenylpyridin-1-
ium tetrafluoroborate (2-109). Prepared via General Procedure C on a 4.17 mmol
scale with commercially available (S)-fert-butyl 2-(aminomethyl)pyrrolidine-1-
carboxylate to give 2-109 (2.08 g, 84%) as a white solid (mp 180-181 °C): '"H NMR
(600 MHz, CDCls) 6 8.31 — 7.84 (m, br, 3H), 7.80 (s, 2H), 7.72 (d, J = 7.4 Hz, 2H),
7.70 — 7.38 (m, 10H), 4.89 — 4.74 (m, 1H), 4.71 — 4.55 (m, 1H), 3.98 — 3.83 (m, 1H),
291 (td, J = 10.7, 6.5 Hz, 1H), 2.66 (t, J = 9.3 Hz, 1H), 1.58 — 1.43 (m, 2H), 1.32 (s,
9H), 1.28 — 1.22 (m, 1H), 0.88 — 0.74 (m, 1H); °C NMR (151 MHz, CDCl;)  158.0
(br), 155.6, 155.4, 134.3, 133.5, 132.1, 131.0, 130.4, 129.8, 129.4, 128.0, 126.3, 80.1,
57.5, 55.1, 47.3, 28.5, 28.4, 23.4; "’F NMR (565 MHz, CDCl;) & —153.08 (minor,
"'BF,), —153.13 (major, '°BF,); FTIR (neat) 2975, 1687, 1622, 1383, 1058, 704 cm';
HRMS (ESI+) [M-BF,]" calculated for C33H35N,0,: 491.2693, found 491.2672.

BocHl}lPh@/Ph
Ay O
Me
1-((25,35)-2-((tert-Butoxycarbonyl)amino)-3-methylpentyl)-2.4,6-
triphenylpyridin-1-ium tetrafluoroborate (2-74). Prepared via General Procedure
C; however a 1:1 ratio of 2,4,6-triphenylpyrylium tetrafluoroborate (1.9 mmol) to fert-

butyl ((2S,3S5)-1-amino-3-methylpentan-2-yl)carbamate (see synthesis below) was

used. After stirring for the 4 h period, the reaction mixture was concentrated. The
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crude residue was purified via column chromatography (5% acetone/CH,Cl,) to give
pyridinium salt (2-74) (0.74 g, 66%) as a pale yellow solid (mp 107—-109 °C): '"H NMR
(600 MHz, CDCl3) 6 8.42 — 8.12 (m, 2H), 7.96 — 7.50 (m, 15H), 4.98 (dd, J = 14.6, 3.4
Hz, 1H), 4.59 (dd, J = 14.6, 11.7 Hz, 1H), 3.91 (d, J = 10.1 Hz, 1H), 3.61 — 3.54 (m,
1H), 1.31 (s, 9H), 1.09 — 1.01 (m, 1H), 0.85 — 0.72 (m, 2H), 0.49 (t, J = 7.4 Hz, 3H),
0.31 (d, J = 6.8 Hz, 3H); °C NMR (151 MHz, CDCl;) § 158.3, 155.9, 155.1, 134.2,
133.5, 132.3, 131.2, 130.4, 129.9, 129.4, 128.0, 126.5, 80.3, 56.4, 53.6, 37.1, 28.5,
25.2, 14.2, 10.6; "’F NMR (565 MHz, CDCl3) 8 —153.0 (minor, ''BF3), —~153.1 (major,
'"BF,); FTIR (neat) 3442, 3357, 2968, 1707, 1621, 1057, 703 cm™; HRMS (ESI+)
[M—BF,]" calculated for C34H3oN,0,: 507.3006, found 507.2995.

BocHN BocHN BocHN
MeﬂOH ref. Me, ~_ _NH, BHySMe; g, < NH,
THF/toluene
Me Me 0O°Ctort Me
2-71 2-72 2-73
Boc-lle-OH

tert-Butyl ((25,35)-1-amino-3-methyl-1-oxopentan-2-yl)carbamate (2-72).
Prepared according to the literature procedure.”

tert-Butyl ((2S,3S)-1-amino-3-methylpentan-2-yl)carbamate (2-73). Prepared
according to a procedure adapted from the literature® (note: these reduction conditions
are unoptimized for Boc-Ile-NH; 2-72): In a round-bottomed flask, a solution of amide
2-72 (1.5 g, 6.5 mmol, 1.0 equiv) and THF (21.7 mL, 0.30 M) was cooled to 0 °C.
BH3-SMe; (2.0 M in toluene, 32.6 mL, 65.1 mmol, 10.0 equiv) was added portionwise
(approx. 67 mL/min). After the addition was complete, the solution was stirred for 5
min at 0 °C, allowed to warm room temperature, and stirred for 24 h. The solution was
then concentrated, and MeOH (36 mL, 5.6 mL/mmol) was slowly added (CAUTION:
add slowly to prevent violent evolution of gas!). The solution was stirred briefly and
then concentrated. This dilution/concentration protocol was repeated two more times.
The resulting residue was then dissolved in Et,O (50 mL) and extracted with HCI (1
N, 4 x 50 mL). The combined aqueous layers were washed with Et;0O (4 x 50 mL) and
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then basified with KOH (4 N) to pH>12. The basic aqueous layer was then extracted
with Et,0O (4 x 100 mL). The combined organic layers were washed with sat. NaCl
(100 mL), dried (MgS0O,), filtered through a cotton plug, and concentrated to afford
amine S2 (0.464 g, 33%) as a white solid, which was used without further purification.

BocHN___CO,t-Bu

: ©
BF,

®
Ph.__N__Ph

Ph

NS

(8)-1-(6-(tert-Butoxy)-5-((tert-butoxycarbonyl)amino)-6-oxohexyl)-2.,4,6-

triphenylpyridin-1-ium tetrafluoroborate (2-78). Prepared via General Procedure C
on a 4.91 mmol scale with Boc-Lys-O'Bu.*’ Attempts to triturate the product failed;
the crude residue was purified via column chromatography (5—20% acetone/CH,Cl,)
to give pyridinium salt 2-78 (2.91 g, 87%) as a tan solid (mp 96-100 °C): '"H NMR
(600 MHz, CDCl3) 8 7.91 (s, 2H), 7.85 — 7.77 (m, 6H), 7.67 — 7.61 (m, 6H), 7.61 —
7.57 (m, 1H), 7.57 — 7.53 (m, 2H), 4.84 (d, br, J = 7.7 Hz, 1H), 4.49 — 4.38 (m, 2H),
3.90 — 3.78 (m, 1H), 1.55 — 1.46 (m, 2H), 1.42 (s, 9H), 1.40 (s, 9H), 1.33 — 1.26 (m,
1H), 1.11 — 1.03 (m, 1H), 0.94 — 0.76 (m, 1H); °C NMR (151 MHz, CDCl;) § 171.3,
156.6, 156.0, 155.4, 134.2, 132.8, 132.2, 131.2, 129.8, 129.5, 129.2, 128.3, 126.9,
82.2, 79.9, 54.5, 53.5, 31.8, 29.5, 28.4, 28.1, 22.1; '’F NMR (376 MHz, CDCl;) & —
153.3 (minor, ''BF,), —153.4 (major, '’BF4); FTIR (neat) 3374, 2978, 1711, 1624,
1155, 1057, 704 cm™'; HRMS (ESI+) [M—BF,]" calculated for C3sHssN,O4: 593.3374,

found 593.3366.
F (\ Ph Ph
@) 7
|
\O\/N\)\/g\ G>B|:4
Ph

1-((4-(4-Fluorobenzyl)morpholin-2-yl)methyl)-2,4,6-triphenylpyridin-1-ium
tetrafluoroborate (2-43). Prepared via General Procedure C (refluxed for 22 h)ona 5
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mmol scale with commercially available (4-(4-fluorobenzyl)morpholin-2-
yl)methanamine (6.0 mmol) to give 2-43 (2.67 g, 89%) as a tan solid (mp 170-172
°C): '"H NMR (400 MHz, CDCI) § 7.89 (s, 2H), 7.87 — 7.67 (m, 6H), 7.64 — 7.51 (m,
9H), 7.09 — 7.03 (m, 2H), 6.98 — 6.91 (m, 2H), 4.73 (dd, J = 14.9, 4.1 Hz, 1H), 4.55
(dd, J = 14.9, 9.7 Hz, 1H), 3.67 — 3.58 (m, 1H), 3.33 — 3.16 (m, 4H), 2.47 — 2.39 (m,
1H), 2.13 — 2.04 (m, 1H), 1.89 (td, J = 11.4, 3.3 Hz, 1H), 1.33 — 1.24 (m, 1H); °C
NMR (151 MHz, CDCls) 6 162.2 (d, Jc.r = 245.7 Hz), 157.8, 155.7, 134.0, 133.2,
132.6, 132.4, 131.1, 130.7 (d, Jcr = 7.9 Hz), 129.9, 129.6, 129.3, 128.2, 126.3, 115.2
(d, Jor = 21.4 Hz), 72.5, 66.6, 61.9, 56.3, 55.6, 52.2; ’F NMR (376 MHz, CDCl3) & —
115.3, —153.2 (minor, ''BF,), —153.3 (major, '’BF,); FTIR (neat) 3065, 2815, 1622,
1058, 703 cm™'; HRMS (ESI+) [M—BE4]" calculated for C3sH3,FN,O: 515.2493, found
515.2486.

(R)-2,4,6-Triphenyl-1-(2-phenylpropyl)pyridin-1-ium tetrafluoroborate (2-111).
Prepared via General Procedure C on a 5.0 mmol scale with commercially available
(R)-2-phenylpropan-1-aminium chloride to give 2-111 (2.27 g, 88%) as a white solid
(mp 206-207 °C): 'H NMR (400 MHz, CDCl;) & 8.44 — 7.30 (m, 17H), 7.23 — 7.16
(m, 1H), 7.08 (t, J = 7.5 Hz, 2H), 6.49 — 6.37 (m, 2H), 5.03 (dd, J = 14.3, 5.5 Hz, 1H),
4.81 (dd, J = 14.3, 9.4 Hz, 1H), 2.80 — 2.63 (m, 1H), 0.82 (d, J = 7.0 Hz, 3H); °C
NMR (101 MHz, CDCls) & 157.6, 155.8, 140.4, 133.8, 133.2, 132.5, 131.2, 129.9,
129.65, 129.59, 129.1, 128.2, 127.7, 126.9, 126.6, 61.3, 39.8, 17.9; '’F NMR (565
MHz, CDCls) & —153.1 (minor, ''BF,), —153.2 (major, '°BF4); FTIR (neat) 3062,
1620, 1562, 1057, 702 cm'l; HRMS (ESI+) [M—BF4]+ calculated for Cs3;HogN:
426.2216, found 426.2220.
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1-(4,4-Diethoxybutyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-112).
Prepared via General Procedure C on a 4.0 mmol scale with commercially available
4,4-diethoxybutan-1-amine (4.8 mmol) to give 2-112 (1.86 g, 86%) as a fluffy white
solid (mp 139-140 °C): "H NMR (600 MHz, CDCls) & 7.87 (s, 2H), 7.83 — 7.78 (m,
4H), 7.78 — 7.74 (m, 2H), 7.63 — 7.58 (m, 6H), 7.58 — 7.54 (m, 1H), 7.54 — 7.48 (m,
2H), 4.49 — 4.42 (m, 2H), 4.01 (t, /= 5.2 Hz, 1H), 3.36 (dq, J = 9.0, 7.0 Hz, 2H), 3.18
(dq, J = 9.1, 7.0 Hz, 2H), 1.60 — 1.52 (m, 2H), 1.10 — 0.98 (m, 8H); °C NMR (101
MHz, CDCls) 6 156.5, 155.8, 134.0, 132.8, 132.1, 131.0, 129.7, 129.3, 129.0, 128.1,
126.8, 101.5, 61.6, 54.7, 30.5, 25.1, 15.2; ’F NMR (376 MHz, CDCL) & —153.4
(minor, ''BF;), —153.5 (major, '°BF,); FTIR (neat) 2975, 2880, 1624, 1566, 1056, 703
cm’'; HRMS (ESI+) [M—BF,4]" calculated for C3H3NO,: 452.2584, found 452.2589.

Ph — Ph

TBSO. _~_ g) < @BF4
Ph

1-(3-((zert-Butyldimethylsilyl)oxy)propyl)-2,4,6-triphenylpyridin-1-ium

tetrafluoroborate (2-113). Prepared via General Procedure C on a 1.67 mmol scale
with 3-((tert-butyldimethylsilyl)oxy)propan-1-amine*' (2.0 mmol) to give 2-113 (0.73
g, 77%) as a white solid (mp 170-171 °C): '"H NMR (600 MHz, CDCls) & 7.89 (s, 2H),
7.84 — 7.75 (m, 6H), 7.65 — 7.58 (m, 6H), 7.58 — 7.49 (m, 3H), 4.58 — 4.52 (m, 2H),
3.13 (t, J = 5.6 Hz, 2H), 1.74 — 1.65 (m, 2H), 0.67 (s, 9H), —0.21 (s, 6H); °C NMR
(101 MHz, CDCl3) & 156.7, 156.0, 134.3, 133.0, 132.1, 131.2, 129.8, 129.5, 129.1,
128.3, 127.1, 60.1, 53.4, 32.8, 25.9, 18.2, —5.5; "’F NMR (376 MHz, CDCl;) & —153.4
(minor, ''BF;), —~153.5 (major, '’BF,); FTIR (neat) 2954, 2855, 1622, 1054, 837, 771,
703 cm”; HRMS (ESI+) [M—BE4]" calculated for CiH3sNO4: 480.2717, found

480.2716.
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COQt-Bu
1-(2-((4R,6R)-6-(2-(tert-Butoxy)-2-oxoethyl)-2,2-dimethyl-1,3-dioxan-4-yl)ethyl)-
2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-88). Prepared via General
Procedure C on a 5.0 mmol scale with commercially available tert-butyl 2-((4R,6R)-6-
(2-aminoethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate (6.0 mmol) to give 2-88 (1.44 g,
44%) as a white solid (mp 128-130 °C): '"H NMR (600 MHz, CDCl;) & 7.90 (s, 2H),
7.87 —7.72 (m, 6H), 7.70 — 7.60 (m, 6H), 7.60 — 7.56 (m, 1H), 7.56 — 7.50 (m, 2H),
4.71 —4.63 (m, 1H), 4.55 — 4.47 (m, 1H), 4.02 — 3.96 (m, 1H), 3.33 — 3.27 (m, 1H),
2.26 (dd, J=15.3, 7.2 Hz, 1H), 2.14 (dd, J = 15.3, 5.9 Hz, 1H), 1.65 — 1.54 (m, 2H),
1.42 (s, 9H), 1.16 (s, 3H), 1.13 (dt, J = 12.6, 2.2 Hz, 1H), 1.03 (s, 3H), 0.72 (q, J =
11.7 Hz, 1H); >C NMR (101 MHz, CDCl5) & 170.1, 156.9, 156.0, 134.2, 132.9, 132.2,
131.2, 129.8, 129.5, 129.2, 128.2, 126.9, 98.6, 80.9, 66.1, 65.7, 51.9, 42.4, 35.9, 35.4,
29.9, 28.2, 19.6; '°F NMR (376 MHz, CDCl3) 8 —153.3 (minor, ''BF3), —153.4 (major,
'"BF,); FTIR (neat) 2990, 1726, 1624, 1160, 1057, 703 cm™'; HRMS (ESI+) [M-BF,]"
calculated for C37H4,NO4: 564.3108, found 564.3099.

Ph Z | Ph
Me N. S ©
m@ BF,4
Me Ph

(8)-1-(Octan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-97). Prepared
via General Procedure C; however, a 1:1 ratio of 24,6-triphenylpyrylium
tetrafluoroborate (5.0 mmol) to commercially available (S)-octan-2-amine was used.
After refluxing overnight with stirring, the reaction mixture was concentrated. The
crude residue was purified via silica gel chromatography (10% acetone/CH,Cl,) to
give 2-97 (1.55 g, 61%) as an orange solid (mp 67-69 °C): '"H NMR (400 MHz,
CDCls) 6 7.93 — 7.38 (m, 17H), 4.94 — 4.82 (m, 1H), 1.82 — 1.71 (m, 1H), 1.48 — 1.32
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(m, 4H), 1.21 — 1.11 (m, 2H), 1.11 — 0.91 (m, 5H), 0.88 — 0.72 (m, 4H); °C NMR
(101 MHz, CDCl3) § 157.2 (br), 155.1, 134.0, 133.9, 132.0, 131.0, 129.7, 129.3 (br),
128.9 (br), 128.8 (br), 128.4, 67.1, 36.9, 31.5, 28.5, 26.6, 22.5, 21.7, 14.1; "’F NMR
(376 MHz, CDCl3) & —153.25 (minor, ''BF,), —153.31 (major, '°BF,); FTIR (neat)
2927, 2857, 1621, 1564, 1055, 765, 703 cm™'; HRMS (ESI+) [M—BF,]" calculated for
C31H34N: 420.2686, found 420.2685.

Ph = | Ph
©
A/g)\ BF4
Ph

1-(Cyclopropylmethyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (2-100).
Prepared via General Procedure C on a 5.0 mmol scale with commercially available
cyclopropylmethanamine (6.0 mmol) to give 2-100 (1.64 g, 71%) as a white solid (mp
178-180 °C): 'H NMR (400 MHz, CDCls) & 7.86 (s, 2H), 7.84 — 7.78 (m, 4H), 7.78 —
7.71 (m, 2H), 7.66 — 7.56 (m, 6H), 7.56 — 7.45 (m, 3H), 4.51 (d, J = 6.8 Hz, 2H), 0.72
—0.61 (m, 1H), 0.34 — 0.20 (m, 2H), —0.38 (q, J = 5.1 Hz, 2H); °C NMR (101 MHz,
CDCls) & 157.0, 155.7, 133.9, 133.3, 132.3, 131.2, 129.9, 129.54, 129.46, 128.2,
126.8, 59.2, 10.8, 5.1; ’F NMR (376 MHz, CDCl;) & —153.2 (minor, ''BF,), —153.3
(major, '’BFy4); FTIR (neat) 3064, 1621, 1566, 1057, 703 cm™'; HRMS (ESI+) [M—
BF,]" calculated for C7H24N: 362.1903, found 362.1898.

2.5.4 Test for Stereospecificity

Ph Ph Ni(OACc),-4H,0 (10 mol%) OMe
y N/ | 5 /©/B(OH)2 BPhen (24 mol%) " %/@
e N + e
AT BFy * o KO#Bu, EtOH A

Me Ph dioxane, 60 °C, 24 h Me
2-97 2-98 2.99

In a N,-filled glovebox: To an oven-dried 1-dram vial was added Ni(OAc),-4H,O (2.5
mg, 0.01 mmol, 10 mol %) and BPhen (8.0 mg, 0.024 mmol, 24 mol %). To a separate

oven-dried 1-dram vial was added KO#-Bu (38 mg, 0.17 mmol, 3.4 equiv), 4-
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methoxyphenylboronic acid (46 mg, 0.30 mmol, 3.0 equiv), and pyridinium salt 2-97
(51 mg, 0.10 mmol, 1.0 equiv). Dioxane (250 puL) was added to each vial. Each vial
was then equipped with a micro stir bar, capped with a pierceable Teflon-coated cap,
and removed from the glovebox. To the vial containing the boronic acid, KO#Bu, and
pyridinium salt 2-97, was added EtOH (29 pL) via a Np-purged syringe. Both mixtures
were stirred for 1 h at rt. The catalyst mixture was then transferred to the “activated
boronate” and pyridinium salt mixture via a Np-purged syringe. Dioxane (500 pL
total) was used to ensure complete transfer of the catalyst mixture and bring the total
concentration of the reaction to 0.1 M. The resulting reaction mixture was stirred
vigorously at 60 °C for 24 h. The mixture was diluted with Et,O (approx. 1.5 mL) and
filtered through a short plug of silica gel. The filter cake was washed with Et,O (5 x
1.5 mL), and the resulting solution was concentrated. The yield of the crude product 2-
99 was determined to be 54% by '"H-NMR analysis with 1,3,5-trimethoxybenzene as
an internal standard. A small sample of the product was purified via preparatory thin-
layer chromatography (10% toluene/hexanes), and the enantiomeric excess was
determined to be 0% by chiral HPLC analysis (CHIRALPAK IF, 0.2 mL/min, 100%

hexanes, A=254 nm); tg (enantiomer A) = 31.32 min, tg (enantiomer B) = 32.85 min.

2.5.5 Radical Clock Experiment

Ph Ph Ni(OAc),-4H,0 (10 mol%)
A/N/ I o B(OH), BPhen (24 mol%) Me
@) BF, * KOt-Bu, EtOH A
Ph Me dioxane, 60 °C, 24 h
2-100 2-101 2-102

In a N,-filled glovebox: To an oven-dried 1-dram vial was added Ni(OAc),-4H,O (2.5
mg, 0.01 mmol, 10 mol %) and BPhen (8.0 mg, 0.024 mmol, 24 mol %). To a separate
oven-dried 1-dram vial was added KO#-Bu (38 mg, 0.17 mmol, 3.4 equiv), 4-
methylphenylboronic acid (41 mg, 0.30 mmol, 3.0 equiv), and pyridinium salt 2-100
(45 mg, 0.10 mmol, 1.0 equiv). Dioxane (250 puL) was added to each vial. Each vial
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was then equipped with a micro stir bar, capped with a pierceable Teflon-coated cap,
and removed from the glovebox. To the vial containing the boronic acid, KO#Bu, and
pyridinium salt 2-100, was added EtOH (29 pL) via a Nj-purged syringe. Both
mixtures were stirred for 1 h at rt. The catalyst mixture was then transferred to the
“activated boronate” and pyridinium salt mixture via a Np-purged syringe. Dioxane
(500 pL total) was used to ensure complete transfer of the catalyst mixture and bring
the total concentration of the reaction to 0.1 M. The resulting reaction mixture was
stirred vigorously at 60 °C for 24 h. The mixture was then diluted with Et,O (approx.
1.5 mL) and filtered through a short plug of silica gel. The filter cake was washed with
Et,0O (5 x 1.5 mL), and the resulting solution was concentrated. The yield of the crude
ring-opened product 2-102 was determined to be 33% by 'H-NMR analysis with

1,3,5-trimethoxybenzene as an internal standard.

2.5.6 Radical Trap Experiment

p-Tol-B(OH),
Ph._~~_Ph Ni(OAC),4H,0 (10 mol%) o Me, Me

o, ~

N | O, Me Me BPhen (24 mol%) N

@ BFs" md N e KOt-Bu, EtOH Me
H [

Ph 0 dioxane, 60 °C, 24 h Me
2-103 TEMPO 2-104

In a N,-filled glovebox: To an oven-dried 1-dram vial was added Ni(OAc),-4H,O (2.5
mg, 0.01 mmol, 10 mol %) and BPhen (8.0 mg, 0.024 mmol, 24 mol %). To a separate
oven-dried 1-dram vial was added KO#-Bu (38 mg, 0.17 mmol, 3.4 equiv), 4-
methylphenylboronic acid (41 mg, 030 mmol, 3.0 equiv), 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO; 31 mg, 0.20 mmol, 2.0 equiv), and pyridinium
salt 2-103 (50 mg, 0.10 mmol, 1.0 equiv). Dioxane (250 pL) was added to each vial.
Each vial was then equipped with a micro stir bar, capped with a pierceable Teflon-
coated cap, and removed from the glovebox. To the vial containing the boronic acid,
KO#-Bu, TEMPO, and pyridinium salt 2-103, was added EtOH (30 pL) via a N-

purged syringe. Both mixtures were stirred for 1 h at rt. After pre-stirring was
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complete, the catalyst mixture was transferred to the “activated boronate” and
TEMPO/pyridinium salt mixture via a Np-purged syringe. Dioxane (500 pL total) was
used to ensure complete transfer of the catalyst mixture and bring the total
concentration of the reaction to 0.1 M. The resulting reaction mixture was heated to 60
°C and stirred vigorously for 24 h. The mixture was diluted with Et;O (approx. 1.5
mL) and filtered through a short plug of silica gel. The filter cake was washed with
Et;,0O (5 x 1.5 mL), and the resulting solution was concentrated. 1,3,5-
trimethoxybenzene (7.2 mg, 0.043 mmol, 0.43 equiv) was added as an internal
standard. The yield of known TEMPO adduct 2-104* was determined to be 20% by
analysis of the 'H NMR spectrum of the crude reaction mixture. No cross-coupled

product was observed.
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Chapter 3

NICKEL-CATALYZED NEGISHI CROSS-COUPLINGS OF
ALKYLPYRIDINIUM SALTS AND ALKYL ZINC HALIDES

3.1 Introduction

The prevalence of Cgp3—Cgps bonds in bioactive molecules has led to intense
research efforts aimed at developing novel methods to form them. With the advent of
transition metal-catalyzed cross-coupling reactions, the construction of these bonds
has become significantly more facile. In contrast to the cross-coupling of Cgp3-
electrophiles with Cgp-hybridized carbon nucleophiles, alkyl-alkyl bond formation
suffers from increased rates of B-hydride elimination. Thus, until the pioneering work
by Fu in the early 2000’s, Cyp3—Csp3 bond formation had been restricted to couplings
with primary alkyl electrophiles. Early studies by Kharasch, Noller, Tamura, and
Kochi on the cobalt-,' silver-,” and copper-catalyzed®* cross-couplings of Grignard
reagents and alkyl halides laid the groundwork for the contemporary palladium- and
nickel-catalyzed methods developed by Suzuki, Knochel, Kambe, and Fu. The
palladium- and nickel-catalyzed methods are detailed below.

As an extension of their pioneering work in the field of Cgyp-Cgpo cross-
couplings, Suzuki and coworkers demonstrated the first, general transition metal-
catalyzed alkyl-alkyl cross-coupling reaction.’” They found that alkyl -
borabicyclo(3.3.1)nonane (9-BBN) reagents were effective transmetalating agents in a
Pd(OAc),/PCys-catalyzed cross-coupling with primary alkyl iodides (Figure 3.1A).

Building on this groundbreaking work, Knochel reported that alkyl iodides bearing a
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distal alkene could also be cross-coupled in very good yields (Figure 3.1B).° His group
employed dialkyl zinc reagents as the nucleophilic coupling partner and Ni(acac), as
the catalyst. Interestingly, a tethered alkene was necessary for promoting the desired
coupling through an intramolecular coordination, which they proposed would lead to a
more electron-deficient Ni-center and therefore faster reductive elimination. Without
this internal coordination of the alkene to the metal center, side-reactions such as zinc-
bromide exchange became problematic. Another important advancement in the field of
alkyl-alkyl cross-coupling was made by Kambe. In his seminal publication, he
described the nickel-catalyzed Kumada-Corriu cross-coupling of primary alkyl
bromides and tosylates with alkyl Grignard reagents.” With low NiCl, loadings (1-3
mol %), a number of linear alkyl electrophiles were smoothly cross-coupled with both
primary and secondary Grignard reagents (Figure 3.1C). The crucial 1,3-butadiene
additive was proposed to react with a reduced Ni’ species to form a bis-n-allyl Ni(II)
complex. This complex would then react with an equivalent of alkyl Grignard reagent
to generate a nickelate intermediate (3-9) that would be primed for facile oxidative

addition with the alkyl electrophile, followed by subsequent reductive elimination.

120



A. Suzuki’s alkylation of primary alkyl iodides

Pd(PPhg), (3 mol %
R + ak-9-BBN (PPhs)s : 0, R._ak 9BBN= {B
K3POy4 (3 equiv)

3-1 3-2 dioxane, 64 °C 3-3
(1.5 equiv) 58-93%

B. Knochel’s Negishi alkylation of primary alkyl iodides
Ni(acac), (7 mol %)

I Y alk Y
+ Zn(alk) -
Aviad 2 " THF/NMP, —35 °C At

3-4 3-5 3-6
n=3,4 (2 equiv) 64-90%
Y =H or COs,R

C. Kambe’s Kumada alkylation of primary alkyl bromides and tosylates
NiCl, (1-3 mol %)

R__X + ak-MgY - R._alk
~ 9" I3 Dbutadiene (10100 mol %) ~
3-7 3-8 THF, 0-25 °C 3-3
X =Br, OTs (1.3-3.0 equiv) 56—-100% (GC-MS)
, A\ 19 ®mgy
via:  alk—NiL,
74
3-9

Figure 3.1  First, general metal-catalyzed cross-couplings to form alkyl-alkyl bonds

Prior to 2003, alkyl-alkyl cross-couplings of sp’-hybridized carbon
nucleophiles had been limited to the use of primary alkyl electrophiles. It was not until
nearly a decade after Knochel’s findings that Fu and coworkers disclosed their Negishi
cross-coupling of secondary alkyl bromides with alkyl zinc halides (Figure 3.2).® This
pivotal finding was the first to demonstrate that higher order alkyl electrophiles could
be cross-coupled. The major advancement that contributed to their success in
developing this previously elusive reaction was the use of the tridentate, redox-non-
innocent *Bu-Pybox ligand. The multidentate binding ability of the ligand led to the
suppression of notoriously problematic 3-hydride elimination pathways. Additionally,
the redox-active nature of the ligand contributed to significant stabilization of the odd-

electron oxidation states of the metal center via metal-to-ligand charge transfer
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(MLCT). Consequentially, the oxidative addition was proposed to proceed through a

single-electron transfer (SET) process rather than the slower, two-electron alternative.

Ni(cod), (4 mol %)

| X
1 5 5) RI O = 0
R\l/Br . |Zn/\R3 Bu-Pybox (8 mol / %RS I N \ \
R2(H) DMA, rt N N—
- 3-11 3 12 Me' }Me
3-10 Me Me

(1.6 equiv) 62—-88%

SBu-Pybox

Figure 3.2 Fu’s seminal publication on the cross-coupling of 2° alkyl bromides

Subsequent to this pivotal communication, Fu and others have greatly
expanded the scope of alkyl-alkyl cross-couplings in both nucleophile and
electrophile. Arguably, two of the most important advances in this field have been the
development of enantioselective reaction variants and the inclusion of tertiary alkyl
electrophiles as competent coupling partners.

The Negishi cross-coupling in particular, which utilizes alkylzinc halides or
dialkylzincs as the nucleophilic coupling partner, is a highly reliable method for the
construction of Cg,3—Csp3 bonds. Although organozinc compounds suffer from air and
moisture sensitivity, they are easily prepared using standard inert-atmosphere
techniques.”'® Additionally, their high degree of nucleophilicity makes them excellent
transmetalating agents. Relative to alkyl lithium and alkyl magnesium reagents,
organozinc halides display much broader functional group tolerance, even at non-
cryogenic temperatures. Notably, alkyl boronate derivatives are superior to organozinc
reagents in regard to this functional group compatibility; however, the vast majority of

traditional alkyl-alkyl cross-couplings require the use of air- and moisture-sensitive 9-
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BBN analogues. However, as described in Chapter 2, recent advances in dual
nickel/metallophotoredox-catalyzed processes have allowed for the use of alternative
alkyl nucleophiles, such as trifluoroborate salts, silicates, dihydropyridines, and
oxalates.

Recently, Baran and coworkers reported a nickel-catalyzed alkyl-alkyl cross-
coupling of redox-active esters (RAEs) (3-13) with dialkyl zinc reagents (Figure
3.3)."" This method allows the coupling of primary, secondary, and tertiary RAEs with
a variety of alkyl groups to provide new Cg,;3—Cgp3 bonds within both simple and
complex organic frameworks. In addition to simple alkyl carboxylic acid building
blocks, more complex substrates, including a number of biologically active

compounds, were efficiently converted to the RAEs and cross-coupled.

cl. ¢l
NiCl,"DME (20 mol %)

O bpy or dtbbpy (40 mol %) R! _alk

0 C Yy Zngaik) -

R% N > THF/DMF, 25°C R®Zs

R2 o Cl 3-5

R3 ¢ (3 equiv) 3-14

513 25-89%

R =H (bpy)
R = Bu (dtbbpy)

Figure 3.3  Negishi alkylation of RAEs

With respect to alkyl-alkyl cross-couplings via Csp3—N activation, only a few
examples have been reported. Notably, all the reported examples demonstrate the
activation of aziridine C-N bonds. This limitation is not only reflective of the
susceptibility of aziridine ring-opening due to ring strain, but also the difficulty in

achieving alkyl Cp3—N bond activation in systems without predisposed reactivity (i.e.,
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electronically activated benzylic systems or ring-strained aziridinyl systems). Doyle
has reported an efficient nickel-catalyzed cross-coupling of styrenyl aziridines (3-15)
with alkyl zinc bromides (Figure 3.4A)."*> Notably, the ring-opening occurs via C-N
bond activation at the benzylic carbon to deliver protected primary amines (3-17).
Similarly, Jamison has developed a nickel-catalyzed cross-coupling of alkyl aziridines
(3-18) with alkyl zinc bromides (Figure 3.4B)." In contrast to Doyle’s work, this

catalytic system delivers products (3-20) of ring-opening at the terminal carbon.

A. Doyle’s Negishi alkylation benzylic aziridines

NiCl,-DME (5 mol %)
NTs L1 (10 mol %) alk

MeO,C
+ ak-znB - 20~
AN Ak ane/DMA, 2370 g A NHTS 7 COaMe
3-15 3-16 317
(3 equiv) 55-90%

B. Jamison’s Negishi alkylation of alkyl aziridines

Me Me
NTs AlP—ZnBr (Megphen)s:(NiCly)4 (5 mol %) NHTs ol N\ N e
alk‘/<l DCE/THF, 26-40°C alk1j\/alk2 i_N; EN_/>

3-18 3-19 3-20 Me phen
(3 equiv) 66—97%
>20:1 r.r.

Figure 3.4 Nickel-catalyzed C—N activation of aziridinyl electrophiles

A much less developed method for the construction of alkyl-alkyl bonds is
cross-electrophile coupling, or reductive coupling. To avoid chemoselectivity issues,
the majority of cross-electrophile couplings involve the coupling of an Cgp
electrophile with a Cyp3 electrophile. To that end, the Gong group developed the first,
general alkyl-alkyl reductive coupling. He showed that a variety of primary and

secondary alkyl halides (e.g., bromides or iodides) can be cross-coupled with other
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primary and secondary alkyl electrophiles (e.g. bromides, iodides, or tosylates) using
bis(pinacolato)diboron (B;pin,) as the reductant (Figure 3.5)."* In general, moderate to
good yields of cross-coupled product (3-23) were obtained (36-86%); however low
yields were observed for cross-couplings involving two secondary alkyl electrophiles.
A similar approach to alkyl-alkyl cross-couplings was taken by the Lei group in 2014.
They disclosed an elegant copper-catalyzed, cross-electrophile coupling of alkyl
tosylates or mesylates with alkyl bromides."” This work will be discussed in more

detail in Chapter 4 (see Figure 4.6B).

Nil, (10 mol %) Cl
CI-Pybox (10 mol %)
X B,pin, (2 equiv) R® A
R1J\R2 ¥ xRS LiOMe (2.5 equiv)= Ji (0] | & (0]
NMP, 40 °C R" "R &; N \J
3-21 3-22 3-23 N N
X=Brorl X=Br, |, or OTs 36-86% Cl-Pybox

R'=alk (1.5 equiv)

R2 = H or alk

Figure 3.5 Gong’s cross-electrophile coupling to form alkyl-alkyl bonds

Although the field of alkyl-alkyl cross-couplings has advanced considerably
over the past several decades, all of the methods thus far have utilized alkyl halides,
pseudohalides, azirdines, or redox-active esters as the electrophilic coupling partners.
Aside from the cross-couplings of azirdines discussed above, the C—N activation of
amine derivatives with unactivated alkyl groups has yet to be disclosed. With an
opportunity to address this synthetic limitation and expand the utility of our alkyl
pyridinium salts, I initiated the development of a Negishi cross-coupling to convert

primary amines into alkyl groups.
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3.2 Results and Discussion

Alkyl zinc halides, as opposed to dialkyl zinc reagents, were chosen as the
nucleophilic coupling partner due to their higher functional group tolerance and ease
of handling. I began the optimization by screening a variety of redox-active, non-
innocent bipyridine and phenanthroline ligands. All the bidentate ligands tried resulted
in low, but promising yields of the cross-coupled product (Table 3.1, entries 1-3).
Switching to tridentate ligands, however, led to a significant yield improvement, with
2,6-bis(N-pyrazolyl)pyridine (bpp) and 4,4’,4>’-tri-tert-butyl terpyridine (ttbtpy)
leading to a 49% and 75% yield, respectively (entries 4 and 5). This observation is in
accordance with recent mechanistic findings by the Vicic group on the nickel-

catalyzed cross-couplings of alkyl halides with alkyl zinc reagents.'®

Table 3.1  Ligand optimization

Ph = Ph o NiCl,-DME (10 mol %) 0
Il o ligand (12 mol %) _
Ph/\/g X BF4 + Brzn/\/k/o> THFDQAA (21 y 0.2 M) - Phw}
Ph 3.25 60 °C, 1622 h
3-24 (1.6 equiv) 3-26
entry ligand yield (%)°
| / ) 14
—N N=
Ph Ph
—N N=
Bu Bu
3 I\ N 15
—N N=
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49

75

“3-24 (1 equiv), 3-25 (1.6 equiv), NiCl,-DME (10
mol %), ligand (12 mol %), THF:DMA (2:1, 0.2
M), 60 °C, 24 h. Yields based on "H NMR analysis
with 1,3 ,5-trimethoxybenzene as an internal
standard.

The addition of a polar cosolvent led to the discovery that good yields could be
obtained with dimethylacetamide (DMA) at room temperature (Table 3.2, entries 1-3).
A slightly higher yield was observed at 60 °C (entry 4). Increasing the equivalents of
organozinc halide from 1.4 to 1.6 further improved the yield (entry 5); however, using
more than 1.6 equivalents led to a decrease in the amount of product formed (not
shown).

With the help of my colleague Shane Plunkett, the final optimized conditions
for the cross-coupling of primary alkyl pyridinium salts were identified. In an effort to
maximize the practicality of the transformation, less expensive Ni" sources and lower
catalyst loadings were screened. Although NiCl,-6H,O was ineffective (entry 6),
inexpensive Ni(acac),'xH,O was identified as a competent precatalyst, leading to
slightly higher yields of the desired product compared to NiCl,-DME (entry 7).
Lowering the Ni(acac),'xH,O and bpp loading to 5 and 6 mol %, respectively,
furnished a similar yield (entry 8). Control experiments confirmed that this reaction is

catalytic in both nickel and ligand.
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Table 3.2 Optimization of the Negishi coupling of 1° alkyl pyridinium salts

Ph_~ Ph o Ni source (10 mol%) o
Il o 3 ttbtpy (12 mol%) N />
Ph/\/@ BF, * Ban/\/\O THF:co-solvent (2:1, 0.2 M) Ph/\/\/l\o
Ph temp (°C), 16—22 h
3-24 3-25 3-26

entry Ni source temp (°C) cosolvent RZnX equiv yield (%)’

1° NiCl,'DME 23 NMP 1.2 46
2 NiCl,'DME 23 DMA 1.2 57
3 NiCl,'DME 23 DMA 1.4 64
4 NiCl,-DME 60 DMA 1.4 68
5 NiCl,-DME 60 DMA 1.6 75
6 NiCl,-6H,0 60 DMA 1.6 20
7 Ni(acac), xH,O 60 DMA 1.6 81
8°  Ni(acac), xH,0 60 DMA 1.6 80
9 none 60 DMA 1.6 3
10  Ni(acac),'xH,0 60 DMA 1.6 9

“3-24 (1 equiv), 3-25 (1.6 equiv), Ni source (10 mol %), ttbtpy (12 mol %),
THF:DMA (2:1, 0.2 M), 16-22 h. Yields based on 'H NMR analysis with 1,3,5-
trimethoxybenzene as an internal standard. Ni source, ttbtpy, and 3-24 were pre-
stirred for 20 min prior to addition of the alkyl zinc halide. ” 4:1 THF:cosolvent
used. ©5 mol% Ni(acac), xH,O and 6 mol % ttbtpy used. ¢ Without ligand.

With optimized conditions in hand for the cross-coupling of primary alkyl
pyridinium salts, we then turned our attention to the coupling of secondary systems.
Unfortunately, low yield of the desired product (3-28) was observed (Table 3.3, entry

1). However, upon screening a number of other bidentate and tridentate ligands, we
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found that the readily accessible bpp ligand promoted the coupling of secondary alkyl

pyridinium salts and primary organozinc halides in very good yield (entries 2—5)."

Table 3.3  Ligand optimization for secondary alkyl pyridinium salt cross-coupling

Ph~ | Ph o NiCl,-DME (10 mol %) O/>
e) ligand (12 mol %) _
O/l@/ BF, * Ban/\/(\} NBuyl (3.2 equiv) wo
Ph THF:DMA (2:1, 0.2'M)
3-25 60°C, 19 h
3-27 (1.6 equiv) 3-28
entry ligand yield (%)“
By
1 18
2 68
| X
D
| X
(0] Z (0]
N
| |
4 yN i 34
Ph Ph
Bu By
5 7 N/ \ 33
—N  N=

“3-27 (1 equiv), 3-25 (1.6 equiv), NiCl,-DME (10
mol %), ligand (12 mol %), NBuil (3.2 equiv),
THF:DMA (2:1, 0.2 M), 60 °C, 19 h. Yields based
on 'H NMR analysis with 1,3,5-
trimethoxybenzene as an internal standard.
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In contrast to primary organozinc reagents, secondary and tertiary alkylzinc
halides proved vastly inferior in yielding cross-coupled product under both sets of
optimized reaction conditions. We have identified that the formation of 4-addition
product 3-32, presumably arising from conjugate-addition to the pyridinium ring, is
outcompeting the desired coupling (Figure 3.6). Despite preliminary attempts to
suppress this undesired pathway, we currently have not identified conditions that are
amenable to the coupling of these more electron-rich and sterically encumbered

organozinc reagents.

Ph_~~_Ph Ph Dok
i R!_alk =
1 | © Ni cat. Y
RYg\ BF, * YZn-ak —— 1 + RH/N P>
R2 Ph 3-30 2 Ph
3-29 3-31 3-32
not observed major product
Ph Ph x
=
viar V)I o YZn-ak
N -
RYQ)Q‘/)BF“ ZnYBF,
RZ2 Ph

Figure 3.6 Competitive side-reaction in the coupling of secondary and tertiary alkyl
zinc halides

Under the two sets of conditions identified, a preliminary scope has been
examined (Figure 3.7). Primary alkyl pyridinium salts bearing dioxolane (3-36),
thiophene (3-37), or pyridine (3-38) functionality are well tolerated. The amine
intermediate used in the synthesis of the cholesterol-lowering drug atorvastatin
(Lipitor®, Pfizer) was cross-coupled in synthetically useful yield with the linear

undecylzinc bromide (3-39). Secondary alkyl pyridinium salts such as the medicinally
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relevant 4-Boc-piperidine (3-40 and 3-41) and 4-pyranyl (3-42) also couple smoothly.
Moreover, the anti-arthythmic drug Mexiletine also couples efficiently, as
demonstrated by 3-43. Coupling of the 2-heptyl pyridinium salt with 4-chlorobutyl
zinc bromide delivers the alkyl chloride product (3-44) in synthetically useful yield.
Interestingly, the azetidinyl pyridinium salt couples well with methylzinc iodide in the
presence of tetrabutylammonium iodide (NBu4l) (3-45). Synthetically useful o-
methylpinacolboronate (—CH;Bpin) groups can also be installed (3-46) using the
corresponding o-methylpinacolboronate zinc bromide. Excitingly, the pyridinium salt
of oseltamivir (Tamiflu®, Roche) couples well in 70% yield with methylzinc iodide in

the presence of NBuul (3-47).
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Ph. _~_FPh Ni(acac),'xHo0 (5 mol %)
ttbtpy or bpp (6 mol %)

| C) P ~N
2
ROy~ BF, * BZnT R THF:DMA (2:1, 0.2 M) R" "R?
0,
Ph 3-34 60 °C, 18 h 3-35
3-33 (1.6 equiv)

Me Me

ceaw g@{“%) e

3-36 3-37 3-38 3-39

63% 67% 61% 54%.¢c.d
NC
0
&o Me
© Me
Boc o
Boc
3-40 3-41 3-42 3-43
79%P 88%0.d 72%P 80%®°

Me Me/\ﬁ Me

cl Me
K/j\ {Me Me>ZL(I) 0 CO,Et
Me .B
BocN o \\Q/
CsHii” Me /\/\l\ AcHN
Ph Me Me

3-44 3-45 3-46 3-47
53%2d 57%% 66%c:de 70%ba.e
4 3-33 (1.0 mmol), 3-34 (1.6 equiv), Ni(acac), xH,O (5 mol %), ttbtpy (6
mol %), THF/DMA (0.2 M), 60 °C, 18 h. Average isolated yields (£5%)
from duplicate experiments. » Bpp (6 mol%) used instead of ttbtpy.
¢ Organozinc bromide was prepared in DMA therefore THF was not used in
the reaction. ¢ Single experiment. ¢ NBuy,lI (3.2 equiv) added.

Figure 3.7 Preliminary scope of the Negishi alkylation of alkyl pyridinium salts

Although mechanistic studies on this particular reaction have not been
conducted thus far, the redox-active nature of the ttbtpy and bpp ligands suggests that
a Ni"'" catalytic cycle is operative. We propose that a low-valent Ni' species (A)

undergoes transmetallation with alkyl zinc halide 3-30 to produce alkyl Ni'
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intermediate B (Figure 3.8). Single-electron transfer from electron-rich nickel species
B to alkyl pyridinium salt 3-48 would induce formation of Ni" intermediate C and
alkyl radical E via decomposition of the neutral pyridyl radical D. Rapid
recombination of C and E would provide dialkyl Ni'" species F. This electron-
deficient Ni-intermediate would then undergo a facile reductive elimination to
generate product 3-31 and complete the catalytic cycle. Like the Suzuki arylation of
alkyl pyridinium salts, we cannot, at this time, rule out the possibility that a radical-
chain bimetallic catalytic cycle is operating under our optimized conditions. Future
mechanistic studies will investigate these possibilities. We will also continue to study
the formation of the major byproduct observed with secondary and tertiary alkyl zinc
halides, 4-addition adduct 3-32. Interestingly, this reaction occurs readily in the

absence of catalyst.
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Ph _ Ph Ph = alk
e Nicat. R!_alk ;
Rk(c’j)\ BF, *+ YZn-alk ———> Yo+ RYN =
R2
g2 Ph 3-30 R2  Ph
3-48 3-31 3-32
Ph

Ph._~alk

RL_alk LN| YZn-alk 3-30 ———> R1 N

- \RC >/ ZnYX 7:1/2 Ph
ZnYBF, 3.32
Y

R1
F L, Nl“'—alk B L,Nialk Ph Ph
@
- BF4
R
L, Nl”—alk 3- 43
R N(\/J
Py (Ph)g R

Figure 3.8  Plausible catalytic cycle of the Negishi cross-coupling

3.3 Conclusion

In summary, I have described our efforts toward a Cqp3-Cyp3 cross-coupling of
alkyl pyridinium salts and alkyl zinc halides. The reaction displays broad functional
group tolerance in both coupling partners and is amenable to late-stage
functionalization of medicinally relevant compounds and intermediates. Moreover,
with a simple ligand switch, both primary and secondary alkyl pyridinium salts are
smoothly converted to the hydrocarbon products. Based on the identities of the
optimal ligands and the mechanistic experiments described in the Suzuki-Miyaura
arylation of these salts (see Ch. 2), we hypothesize that the reaction proceeds through
a Ni"" catalytic cycle. However, future mechanistic studies are necessary to support

this hypothesis.
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3.4 Experimental

3.4.1 Optimization

In a Ny-filled glovebox: To a 1-dram vial was added Ni" salt, ligand, and
pyridinium salt followed by solvent. A micro stir bar was added to the vial and the
mixture was stirred vigorously for 5-10 min, until a homogeneous solution was
obtained. To this solution was added alkyl zinc halide (commercial bottles: 0.5 M in
THF, if home-made: ~ 0.5-0.7 M in DMA). in one portion. The vial was sealed with a
Teflon-coated screw cap and removed from the glovebox. The reaction mixture was
stirred at the designated temperature in a heating block for 16 — 24 h. The reaction was
removed from the heating block and allowed to cool to room temperature. The mixture
was diluted with Et,O (~ 1.5 mL) and filtered through a short plug of silica gel. The
filter cake was washed with Et,0 (5 x 1.5 mL), and the resulting solution was
concentrated. 1,3,5-trimethoxybenzene (5 — 15 mg) was added as an internal standard.
The yield of the product was determined by analysis of the "H NMR spectrum of the

crude reaction mixture.

3.4.2 Negishi Cross-Coupling of Alkyl Pyridinium Salts

To an oven-dried, 25-mL Schlenk flask equipped with a stir bar, was added
Ni(acac),'xH,O (13 mg, 0.05 mmol, 5 mol %), 4,4’-4"’-tri-tert-butyl-2,2°:6°,2"’-
terpyridine (ttbtpy, 24 mg, 0.06 mmol, 6 mol %), alkyl pyridinium salt (1.0 mmol, 1.0
equiv), and if required (as noted), NBuyl (1.18 g, 3.2 mmol, 3.2 equiv). The flask was
fitted with a rubber septum and then evacuated and purged with N> (x 3). DMA (Ar
purged, anhydrous, 1.8 mL) was added to the flask, and the resulting mixture was
stirred for ~15 min at 60 °C (Note: If using a home-made solution of alkyl zinc halide,

prepared via Huo’s method,'’ the volume of DMA is adjusted, based on the
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concentration of alkyl zinc halide, such that the total concentration of alkyl pyridinium
salt is 0.2 M after addition of the alkyl zinc halide). Alkyl zinc halide (0.5 M in THF,
3.2 mL, 1.6 mmol, 1.6 equiv) was added, bringing the total concentration of alkyl
pyridinium salt to 0.2 M. The reaction was stirred at 60 °C for 18 h. The mixture was
allowed to cool to room temperature. EtOAc (10 mL) was added. The mixture was
stirred for 2—5 min, and then filtered through a small plug of silica gel. The filter cake
was washed with EtOAc (3 x 20 mL), and the resulting solution was washed with
brine (4 x 50 mL). The combined aqueous layers were then extracted with EtOAc (3 x
50 mL). The combined organic layers were dried with MgSQ,, filtered, and
concentrated. The cross-coupled product was then purified via silica gel

chromatography.
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Chapter 4

NICKEL-CATALYZED CROSS-ELECTROPHILE COUPLINGS OF ALKYL
PYRIDINIUM SALTS AND ARYL HALIDES

4.1 Introduction

Within the past decade, metal-catalyzed cross-electrophile couplings have
emerged as promising and robust methods for the construction of carbon-carbon
bonds." Also known as reductive couplings, they offer several advantages over
traditional cross-couplings (Figure 4.1). Although extremely well established, methods
that employ nucleophilic coupling partners, such as the Negishi coupling with
organozinc halides or Kumada-Corriu coupling with Grignard reagents, place
limitations on functional group compatibility due to their high nucleophilicity and/or
basicity. In contrast, cross-electrophile couplings generally operate under neutral
conditions and therefore allow the presence of base- and acid-sensitive groups within
the organic framework of either coupling partner. Furthermore, not only are aryl
halides more air- and moisture-stable and abundant than aryl metal species, they often
serve as precursors to many aryl nucleophiles. Thus, using an aryl halide circumvents
the need to pre-form the aryl nucleophile. However, despite these advantages, the
reactivity patterns of reductive couplings are somewhat more difficult to control. In a
traditional cross-coupling, the stark difference in reactivity between the nucleophile
and electrophile dictates the overall chemoselectivity in the reaction. Because
reductive cross-couplings must merge two electrophiles, the selectivity is almost

entirely reliant on the redox cycle of the catalyst. To mitigate this issue, electrophiles
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are often chosen such that they can be electronically or sterically differentiated by the
catalyst (e.g., alkyl halide vs aryl halide) throughout the course of the catalytic cycle.
Moreover, because a nucleophile is not involved, a stoichiometric reductant is required
to mediate the electronic states of the catalyst. Commonly, a metal such as Zn° or Mn’
is used to fulfill this role; however organic reductants have also been utilized, although

to a lesser extent.

X ; Ar
J\ +  A—[M] Ni/Pd cat. J\
ak "R ak 'R
alkyl -
electrophile< U 1-2 steps
X Ni/Pd cat.
A+ Ar—Hal
_ak "R reductant (e.g., Mn?)
aryl nucleophiles (Ar-[M]) aryl halides (Ar—Hal)
— some stability issues (air/moisture) — often bench stable
— often synthesized from Ar-Hal — abundant feedstock
— may be highly basic or nucleophilic — highly functional group tolerant
— substrate-controlled chemoselectivity — catalyst-controlled chemoselectivity

Figure 4.1 Comparison of aryl nucleophiles and aryl halides as coupling partners

It has been proposed” that reductive couplings proceed through a radical-chain
bimetallic pathway in which an electron-rich, low-valent Ni’ species (A) can undergo
a two-electron oxidative addition into the aryl electrophile (B) (Figure 4.2). Owing to
the faster rate of two-electron oxidative addition into a Csp—X bond relative to a Cgp3—
X bond, this is the first selective step in the cycle. The resultant Ni" species C can then
combine with an alkyl radical, I, to generate Ni'" species D. Subsequent reductive

elimination affords the cross-coupled product, E, as well as a Ni' intermediate (F).
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Single-electron transfer (SET) can then occur between F and the alkyl electrophile (G)
to generate another equivalent of alkyl radical and a Ni" species (H). Notably, this
accounts for the second selective step in the cycle, such that the generation of an alkyl
radical (from Cg,3—X) 1s much more facile than the generation of an aryl radical (Cgpo—
X). A reduction of this Ni" intermediate by the stoichiometric metal additive (i.e., Zn"

or Mn’) regenerates the active Ni° catalyst (A).

MIXX A
L Ni® Ar-X B
first
Mo selective
step
H Lnrxlu“—x Lnl\lli“—R c
X X
alk w . second alk
Me selective j’
I step Me
|
alk Me
ak X L,Ni h
>'( L,Ni"—Ar
alk Ar
E T
Me

Figure 4.2 Radical-chain bimetallic catalytic cycle with stoichiometric metal
reductants

In 2012, Weix disclosed the first general, transition metal-catalyzed cross-
electrophile coupling between an alkyl electrophile and an aryl electrophile (Figure

4.3).> The optimal conditions utilized air- and bench-stable Nil,'xH,O in conjunction
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with 4,4’-dimethoxy-2,2’-bipyridine (dOMebpy) or 1,10-phenanthroline (phen) as the
redox-active supporting ligand. Screening of additives revealed that the addition of
catalytic pyridine and sodium iodide led to lower levels of aryl halide homocoupling
and higher conversion rates, respectively. A broad scope in both alkyl electrophile and
aryl electrophile was observed, with over 40 examples, ranging from 41-96% yield.
The vast majority of examples were focused on the coupling of primary alkyl
bromides (3-1); however, in three entries, secondary cyclic and acyclic bromides led

to moderate yields (61-63%) of the product (e.g., 4-8 and 4-9).

Nily:xH5>0 (5—10 mol %)
phen or dOMebpy (5—-10 mol %)
alk—Br + R-X - » alk-R
Zn° (2 equiv)

pyridine (5—10 mol %)

4-1 4-2 4-3
(1-1.3 equiv) X = Cl or Br Nal (25 mol %) 41-96%
R = Ar, Het, vinyl DMPU, 60 °C

selected scope

et FsC
é \% "Pent
EtO,C t0,C
2 EtOzC CO,Et

4-7 4-8
66% 78% 26% 60% 61% 63%

Figure 4.3 Weix’s seminal publication on Csp3—Cspo cross-electrophile coupling

Shortly thereafter, Gong improved upon Weix’s initial findings for the cross-
coupling of secondary alkyl electrophiles and identified conditions that allowed the
products to be obtained in good to high yields (30-98%) (Figure 4.4A).* Despite

having made significant improvements, the scope of Gong’s transformation lacked
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breadth in regard to the couplings of heterocyclic alkyl electrophiles (4-11). With this
in mind, Molander developed an improved, nickel-catalyzed method for the cross-
couplings of 4-, 5-, and 6-membered O- and N-heterocyclic alkyl bromides (4-1) with
aryl or heteroaryl bromides (4-13) (Figure 4.4B).” The biologically relevant products
(4-14) were obtained in synthetically useful yields (22—73%). Similar products were
obtained from a reaction that was developed by Buchwald in which a Pd-precatalyst,
in conjunction with Zn’ and a surfactant, promotes a Lipshutz-Negishi coupling under

aqueous conditions (Figure 4.4C).°
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A. Gong’s coupling of secondary alkyl bromides and aryl/heteroaryl halides

Nil, (10 mol %)
Br dtbbpy (10 mol %) (Het)Ar

Ri_L_Re + (HepArX > Ri_A_R?

Zn% (2 equiv)

4-10 4-1 pyridine (1 equiv), MgCl, (1 equiv) 4'120

X =Cl, Br, or | BU,NBr (01 . 30-98%
R = Ar, Het, vinyl UsNBr ( equiv)
DMA, 25 °C
B. Molander’s coupling of heterocyclic alkyl bromides with aryl/heteroaryl bromides
NiCl,-DME or Nil, (10 mol %)
phen (20 mol %) or dtbbpy (10 mol %)
alk-Br + (Het)Ar—Br » alk—(Het)Ar
4-1 4-13 Mn® (2 equiv) 4-14
(1-1.1 equiv) 4-ethylpyridine (0.5—1 equiv) 55739,

NaBF, (50 mol %) or MgCl, (1 equiv)
MeOH or DMA, 60 °C

Y Y y Br
alk—Br = ):l D /Q \O
Br Br Br

Y = O or NBoc
C. Buchwald’s coupling of heterocyclic alkyl bromides with aryl/heteroaryl halides and triflates )
Pd precat. (5 mol%) /PCy2Ar
Zn° (2.5 equiv MeHN-Pd-OMs
alk-Br +  (Het)Ar—X ( quiv) »  alk—(Het)Ar Pd precat. =
surfactant (50 mol%)
4-1 4-11 TMEDA (2.5-3 equiv) 4-14
X=Cl, Br,or OTf  H,0, 40-70 °C 50-89%

(1.5 equiv)

Bu
surfactant = "HeptCO,H, "HeptCO,Na, or "OctOH PCy,Ar = By O O

Y Y y
alk—Br = ):1 D MeO PCy,
Br Br Br

Y =0 or NBoc

Figure 4.4 Recent advances in reductive couplings

More recently, dual nickel/photoredox-catalyzed reductive couplings have
been investigated. Unlike traditional cross-electrophile couplings which use a strongly
reducing metal reductant (or strong organic reductant), metallophotoredox catalysis
allows for milder conditions. To this end, MacMillan has shown that under blue-light
irradiation, a Ni/Ir dual-photoredox-catalyzed, silyl-mediated coupling between

secondary or primary alkyl halides and pseudohalides (4-15) with aryl bromides (4-13)
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leads to alkyl arene products (4-17) in moderate to very high yields (Figure 4.5A)." It
is proposed that the silane is ultimately necessary for abstracting the halide from the
alkyl electrophile to generate the key alkyl radical intermediate. The alkyl radical can
then intercept the nickel catalyst to continue the catalytic cycle (not shown).
Alternatively, Lei has shown that secondary alkyl bromides (4-18) can be coupled
effectively with (hetero)aryl bromides (4-13).® Under Ni/Ir dual-photoredox-catalyzed
conditions with blue-light irradiation, they found that triethylamine can serve as the
terminal reductant necessary for catalyst turnover (Figure 4.5B). In this regard, they
found that with a relatively large excess (5 equivalents) of alkyl bromide, good to high
yields of the alkyl arenes could be obtained. However, only a single example of a
heteroaryl bromide (3-pyridyl) was shown, which resulted in a 36% yield of the

desired product.
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A. MacMillan’s coupling of alkyl halides or pseudohalides with aryl bromides
NiCl,(dtbbpy) (1 mol %)

X IF{dF (CF3)ppylx(dtobpy)PFg (0.5 mol %) (Het)Ar
A +  (Het)Ar—Br - J_
R!' "R? (Me3Si)3SiH (1 equiv) R!' "R2
Na,CO, or LiOH (2 equiv)
4-15 4-13 blue LEDs 4-17
X =Cl, Br, OTs DME or dioxane, 25 °C 32-95%
R'=R2=H or alk
(1.5 equiv) X
® O o J\
- " Y Br . (Me;Si)3SiH N R "R? R
via: Lnlr X3 ? Br T (MGSSI)SSI T’ R1 R2
Lo Ir'"™%s + XY (Me3Si)3Si-Br

B. Lei’s coupling of secondary alkyl bromides wih aryl bromides

Ni(acac), (10 mol %)
dtbbpy (10 mol%)

Br Ir(ppy)o(dtbbpy)PFg (1 mol %) (Het)Ar
J\ +  (Het)Ar—Br > J
R "R2 MgCl, (1 equiv) R "R2
Et3N (3 equiv)
4-18 4-13 blue LEDs 4-17
R'=R2=alk DMF, rt 36-86%
(5 equiv)

Figure 4.5 Seminal work in Ni/photoredox dual-catalyzed reductive couplings

Although less developed than the analogous nickel-catalyzed processes, cobalt-
and copper-catalyzed reductive couplings have also been investigated. In 2010,
Gosmini reported a Co-catalyzed cross-electrophile coupling of alkyl chlorides or
bromides with aryl halides (Figure 4.6A).” Generally, a small excess of alkyl
electrophile was used; however fairly broad scope was observed under relatively mild
conditions. Notably, there were no examples of a coupling with heteroaryl halides.
More recently, Lei disclosed a Cu-catalyzed coupling of primary and secondary alkyl
mesylates or tosylates with aryl bromides (Figure 4.6B)." Though no heteroaryl
products were reported, broad scope in both alkyl mesylate/tosylate and aryl bromide
was observed. Importantly, Lei’s group also extended the coupling to the formation of

alkyl-alkyl bonds. In this regard, a number of primary and secondary
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mesylates/tosylates were coupled with primary or secondary alkyl bromides, including

one tertiary example in which fer#-butyl bromide was coupled.

A. Gosmini’s cobalt-catalyzed coupling of alkyl halides with aryl halides

CoBr, (10—20 mol %)

X iProPhP (10 mol %) or bpy (20 mol %) Ar
,k + Ar-Br >
R" "R? Mn© (4 equiv) R OR2
4-15 4-19 DMF/Py, 30-65 °C 4-20
X =ClorBr X =ClorBr 45-96%
R'=R?=H or alk
(1.1-2 equiv)

B. Lei’s copper-catalyzed coupling of alkyl mesylates or tosylates wih aryl or alkyl bromides

Cul (10 mol %)

X CH,(PPh,) (20 mol %) R3
+ 3_ T
R1J\R2 R™=Br LiOMe (1 equiv) R1J\R2
MgP (2-3 equiv)
4-15 4-21 THF, 070 °C 4-22
X =1OMsé or OTs R3 = Ar or alk 25-89%
R'=R"=alk (2-3 equiv)

Figure 4.6 Cobalt- or copper-catalyzed cross-electrophile couplings

Aware of the advantages that reductive couplings can provide over traditional
cross-couplings, I initiated the development of a nickel-catalyzed, cross-electrophile

coupling between aryl halides and alkyl pyridinium salts.

4.2 Results and Discussion

I began the optimization using NiBr,"DME and 4,4’-di-tert-butyl-2,2’-
bipyridine (dtbbpy) in conjunction with a reducing metal and electrolytic salt additive.
In regard to the stoichiometric reducing metal, I initially tested Mn” and Zn° and found

that, despite both providing promising yields of the desired coupling product (4-25),
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the latter provided higher yields of the major byproduct 4-26 (Table 4.1). Presumably,
4-26 arises from trapping of the alkyl radical intermediate with an equivalent of
unreacted pyridinium salt. LiCl was found to be a significantly more effective additive
in comparison to the other commonly employed salts, NBuyl and Nal (entries 1-3, 5—
7). Without an additive, a lower yield is observed (entries 4 and 8). At this point, Mn’

was taken forward as the optimal reductant.

Table 4.1  Optimization of the alkyl pyridinium salt reductive coupling

Ph
o Ph~ | Ph NiBr,"DME (10 mol %) Ph Ph
% =
BF4 N s + _ dtbbpy (12 mol % ) = b _ + + ArAr
I® ! additive (1 equiv) | N~
Ph Br X MO (3 equiv) N
Ph Ph
4-23 4-24 DMA (0.33 M) 4-25 Ph
= Ar—Br 60 °C, 22 h 4-26
(1.1 equiv)
yield (%)

entry M° additive 4-25 4-26 4-25:4-26 Ar—Ar Phs;Py

1 Mn’  NBugl 33 20 1.6 5 68
2 Mn”  Nal 21 15 1.4 3 61
3 Mn’  LiCl 54 14 4.0 4 82
4 Mn' none 26 25 1.0 4 63
5 Zn® NBud 20 23 0.8 4 62
6>  zn° Nal 17 22 0.8 3 65
77 za®  LiCl 35 19 1.9 3 80
8¢ zn®  none 9 24 0.4 5 65

“ Conditions: 4-23 (1 equiv), 4-24 (1.1 equiv), NiBr,"DME (10 mol
%), dtbbpy (12 mol %), additive (1 equiv), M’ (3 equiv), DMA (0.33
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M), 60 °C, 22 h. PPh;Py = 2,4,6-triphenylpyridine. Yields based on 'H
NMR analysis with 1,3,5-trimethoxybenzene as an internal standard.

Recognizing the effectiveness of LiCl in facilitating the desired transformation,
I screened a number of other salt additives. LiBr and Lil, as well as LiF (at 80 °C;
Table 4.2, entry 10) led to much lower yields of 4-25, suggesting that the identity of
the anionic counter ion is critical (entries 1-3). Additionally, switching from LiCl to
NaCl is also suggestive that the Li ion is crucial to the effectiveness of the salt (entry
4). KBr also proved inferior to LiCl. Increasing the equivalencies of LiCl from 1 to 2
led to nearly the same yield of desired product but improved the ratio of 4-25 to 4-26
from 1.3 to 1.9 (entries 2, 6). Interestingly, lowering the temperature from 60 to 23 °C
led to only trace product, but comparable yields of 4-addition byproduct (entry 7).
Lowering the equivalents of Mn® from 3 to 2 led to similar yields of 4-25 but a lower
amount of byproduct. Moreover, the addition of trifluoroacetic acid (TFA), which has
been used to activate the surface of reducing metals,'' led to low yields of desired
product. Finally, increasing the temperature of the reaction to 80 °C did not lead to

improved yields of the desired product (entries 11, 12).

Table 4.2  Optimization of salt additives”

Ph
o 7 | i NiBr"DME (10 mol %) Ph Ph
o =
BF, _Na + _ dtbbpy (12 mol /)= - N + ArAr
j@) IN additive (1 equiv) | N~
Ph Ph Bro X Mn® (3 equiv) N [ L
4-23 4-24 DMA (0.33 M) 4-25 Ph
= Ar-Br temp (OC), 21h 4-26
(1.1 equiv)
yield (%)

148



entry additive temp (°C) 4-25 4-26 4-25:4-26 Ar-Ar Ph;Py

1 LiBr 60 18 28 0.6 3 64
2 LiCl 60 33 26 1.3 4 77
3 Lil 60 11 25 0.4 2 47
4 NaCl 60 7 35 0.2 3 83
5 KBr 60 12 31 0.4 3 59
6" LiCl 60 32 17 1.9 3 72
7 LiCl 23 1 29 0.0 3 46
8¢ LiCl 60 31 24 1.3 3 72
9¢ LiCl 60 12 32 0.4 4 62

10° LiF 80 26 25 1.1 6 64

11 LiCl 80 21 11 1.9 3 78

12 LiCl 80 26 14 1.8 5 79

“ Conditions: 4-23 (1 equiv), 4-24 (1.1 equiv), NiBr,”DME (10 mol %),
dtbbpy (12 mol %), additive (1 equiv), Mn” (3 equiv), DMA (0.33 M), 21 h.
PPh;Py = 2.4 6-triphenylpyridine. Yields and ratios based on 'H NMR
analysis with 1,3,5-trimethoxybenzene as an internal standard. 2 equivalents
of LiCl used. 2 equivalents of Mn’ used. 4 TFA (10 mol %) added. ° 3
equivalents of additive used.’ 1:1 dioxane:DMA used.

In addition to 3-bromoquinoline, 3-bromopyridine also proved be a competent
aryl electrophile (Table 4.3, entries 1 and 2). Doubling the concentration from 0.33 to
0.67 M led to a drop in yield; however, decreasing the concentration to 0.17 M led to a
significant improvement (entries 3 and 4). Interestingly, higher equivalents of 3-
bromoquinoline or lower equivalents of LiCl did not provide better yields or ratios of

desired product (4-28) to byproduct (4-26) (entries 5 and 6).
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Table 4.3  Miscellaneous screens”

Ph
o Ph~ | Ph ") NiBry"DME (10 mol %) "2 ph Bh
BF, N« + / _u  dtbbpy (12 mol %) - b . I + ArAr
j@) I additive (1 equiv) | N~
Ph Ph B NN Mn® (3 equiv) N [
Ph
4-23 4-27 DMA (0.33 M) 4-28 Ph
= 3-Br-Ar 80 QC, 21 h 4'26
(1.1 equiv)
yield (%)
entry Ar = conc. M) 4-28 4-26 4-28:4-26 Ar—Ar Ph;Py
1 quin 0.33 43 15 2.8 4 71
2 Py 0.33 41 23 1.8 3 44
3 quin 0.67 28 19 1.4 4 63
4 quin 0.17 64 12 5.2 14 89
5° quin 0.33 35 15 2.3 4 69
6° quin 0.33 30 18 1.6 4 75

“ Conditions: 4-23 (1 equiv), 4-27 (1.1 equiv), NiBr,>DME (10 mol %),
dtbbpy (12 mol %), additive (1 equiv), Mn’ (3 equiv), DMA (0.33 M), 80 °C,
21 h. PPhsPy = 2,4,6-triphenylpyridine. Yields and ratios based on 'H NMR
analysis with 1,3,5-trimethoxybenzene as an internal standard. Quin =
quinoline. Py = pyridine * 1.5 equivalents of 3-Ar-Br used. © With 64 mol%
LiCl.

In a brief ligand screen of other non-innocent ligands, including BPhen, 4,4’-
dimethoxy-2,2’-bipyridine (dOMebpy), and terpyridine (tpy), I found that dtbbpy was
still superior (Table 4.4, entries 1-3). Furthermore, a brief screen of nickel salts
revealed that inexpensive Ni(OAc),-4H,0 is a much more effective Ni(II) precursor

than NiBr,-DME, NiCl,-6H,0, or Ni(OTf); (entries 4—6).
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Table 4.4  Catalyst optimization

o Ph Ni source (10 mol %)
BF4 ligand (12 mol %) + ArAr
LiCl (1 equiv)
Ph X N Mn© (3 equiv)
4-24 DMA (0.33 M) 4-25
=Ar—Br 80 0C 21h 4 26
(1.1 equiv)
yield (%)
entry Ni source ligand 4-25 4-26 4-25:4-26 Ar—Ar Ph;Py
1 NiBr,'DME Bphen 7 13 0.5 9 76
2 NiBr,"DME dOMebpy 32 19 1.6 3 61
3 NiBr,"DME tpy 27 12 2.2 8 81
4° NiCl,-6H,0 dtbbpy 33 14 2.5 14 55
5 Ni(OAc),4H,0 dtbbpy 64 18 5.7 18 87
6° Ni(OTf), dtbbpy 30 10 0.4 10 60

“4-23 (1 equiv), 4-24 (1.1 equiv), Ni source (10 mol %), ligand (12 mol %), LiCl (1
equiv), Mn’ (3 equiv), DMA (0.33 M), 80 °C, 21 h. PPhPy = 246-
triphenylpyridine. Yields and ratios based on 'H NMR analysis with 1,3,5-
trimethoxybenzene as an internal standard. Bphen = bathophenanthroline. DOMebpy
= 4,4’-dimethyoxy-2,2’-bipyridine. Tpy = 2,2’:6’,2”’-terpyridine.

Reducing metals other than Mn° were also tested under the partially optimized
reaction conditions. Notably, Fe” and Cu’ are completely ineffective this reaction;
however, not surprisingly, Mg’ shows some reactivity, albeit in lower yield than Zn®
and Mn’ (Table 4.5, entries 1-4). Lowering the Mn” loading from 3 equivalents to 1
led to a small drop in yield, but improved the ratio of 4-25 to 4-26 considerably (entry
5). Lastly, through a brief screen of other solvents, I identified that DMSO provides

lower yields of the coupling product while, dioxane leads to complete suppression of
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reactivity. Interestingly, NMP provides similar yields of 4-25 to DMA, but with a
slightly higher ratio of 4-25 to 4-26 (entries 6-8).

Table 4.5  Further optimization

Ph
Ph
o NiBr,-DME (10 mol %) Ph Ph
BF dtbbpy ( 12 mol °/o) =
4 Ph / + + Ar—Ar
LiCl (1 equiv) | N~
Ph MO (3 equiv) N [ Bh
4-23 4-24 DMA (0.17M) 4-25 Ph
= Ar—B-r 80 OC 22 h 4'26
(1.1 equiv)
yield (%)

entry solvent M° 4-25 4-26 4-25:4-26 Ar—Ar Ph;Py

1 DMA Fe® 0 0 n/a 0 76
2 DMA Cu’ 0 0 n/a 0 61
3 DMA Mg’ 20 4 49 4 81
4 DMA Zn’ 41 18 2.2 15 55
5P DMA Mn’ 51 5 10.5 6 87
6 DMSO Mn’ 42 18 2.4 5 74
7 dioxane Mn’ 0 0 n/a 0 0
8 NMP  Mn’ 62 8 7.3 21 91

“4-23 (1 equiv), 4-24 (1.1 equiv), Ni source (10 mol %), ligand (12
mol %), LiCl (1 equiv), M’ (3 equiv), solvent (0.33 M), 80 °C, 21 h.
PPh;Py = 2,4,6-triphenylpyridine. Yields and ratios based on 'H NMR
analysis with 1,3,5-trimethoxybenzene as an internal standard. NMP =
N-methyl-2-pyrrolidone. 1 equivalent of Mn° used.
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4.3 Conclusion

In summary, I have described my efforts toward the development of a
reductive cross-coupling of alkyl pyridinium salts and aryl bromides. After
preliminary screenings of the reaction parameters, including reductants, Ni(Il) salts,
and ligands, the highest yield of the model reaction currently stands at 64%. Key
parameters to the success of this reaction include identification of LiCl as additive,
Ni(OAc),4H,0O/dtbbpy as catalyst, a polar solvent, and lower concentration. Further
optimization to improve the yield and reduce formation of byproduct 4-26 is required.
A subsequent investigation of the scope and mechanism of this transformation will
also be performed. The successful development of this reductive cross-coupling has
the potential to greatly impact drug discovery efforts by allowing two widely available

starting materials, alkyl amines and aryl halides, to be coupled efficiently.
4.4 Experimental

4.4.1 General Procedure A: Reaction Optimization

In a Ny-filled glovebox: To a 1-dram vial was added Ni"! salt and ligand,
followed by pyridinium salt (0.1 mmol, 1 equiv). After the addition of solvent and a
micro stir bar, the vial was sealed with a Teflon-coated screw cap and the mixture was
stirred at room temperature for ~ 10 min. To the resultant green solution was added
the salt additive, metal reductant, and aryl halide. The Vial was resealed with the
Teflon-coated screw cap, removed from the glovebox, and stirred at the designated
temperature in a heating block for 18-24 h. After allowing the mixture to cool to room
temperature, it was diluted with Et,O (~ 1.5 mL) and filtered through a short plug of
silica gel. The filter cake was washed with Et,0 (5 x 1.5 mL), and the resulting

solution was concentrated. 1,3,5-trimethoxybenzene (5 — 15 mg) was added as an
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internal standard. The yield of the product was determined by analysis of the 'H NMR

spectrum of the crude reaction mixture.
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Chapter 5

SUZUKI-MIYAURA CROSS-COUPLINGS OF a-AMINO ACID-DERIVED
PYRIDINIUM SALTS

5.1 Introduction

o-Amino acids comprise a privileged, functionally diverse chemical feedstock
with applications spanning the majority of chemistry and chemical biology.' Apart
from the essentiality of amino acids in biochemical processes, they are often utilized
as readily available sources of chirality in the field of synthetic organic chemistry. The
majority of applications that employ amino acids lead to products in which the
nitrogen functionality is ultimately maintained (Figure 5.1, top left). Such applications
include, for example, the use of amino acids as chiral auxiliaries (5-2), chiral-pool
starting materials in total syntheses (5-3)°, or as chiral ligand frameworks for
asymmetric catalysis (5-4) (Figure 5.1, bottom). The use of amino acid derivatives as
a-carbon electrophiles via C—N bond activation has garnered much less attention from
the synthetic community. Given the abundance, structural diversity, and ready
availability of amino acids, they, in theory, could serve as ideal electrophiles for the

synthesis of a-substituted carbonyl derivatives (5-5) (Figure 5.1, top right).
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diversification C-N activation

(well-established) o (underdeveloped) o
N-containing <«——— H.N S R2
products B — OH —_— OH
R? R?
5-1 5-5
a-amino acids a-substituted

carbonyl derivatives

Examples of N-containing products:
Me

0
o] MGNQ-.H?
J O O
S =<
N N v

\ /<4\ Pr Pr
Ph -
Me /H O e} Me

5-2 5-3 5-4
Evans’ auxiliary fumitremorgin A bis(oxazoline) ligand

Structural motifs derived from amino acids are highlighted in red.

Figure 5.1 Expanding the utility of the amino acid feedstock

The common method for the activation of C-N bonds in o-amino acid
derivatives is the formation of a-diazo compounds. Although the chemistry of these
highly activated species is largely understood, their high propensity to form o-
carbenes through the release of N, gas largely limits their use to carbenoid-insertion
chemistry. As with most diazo compounds, stability issues often preclude their use on
scale and warrant an extra level of caution when handling. Additionally, C,—N bond
activation through the formation of diazo species, although straightforward, requires
strongly acidic conditions, which inherently limit functional group tolerance. Despite
these caveats, many elegant methods have been developed that harness this unique
reactivity of a-diazo species to access valuable a-substituted carbonyl derivatives.’

Wang has disclosed a number of synthetically useful methods that utilize a-

diazo compounds. In particular, his laboratory has applied this mode of reactivity to a
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transition metal-free deaminative arylation of a-amino esters (5-6 and 5-9) with
boronic acids (5-7 and 5-10) (Figure 5.2A, B).” Broad scope in both aryl boronic acid
and amino ester was demonstrated; however, few examples of heteroaromatic boronic
acids were reported. Advantageously, this method avoids independent synthesis of the
diazonium salts, and instead generates them in sifu with sodium nitrite (5-10). Owing
to the significant carbene character at the a-carbon, it is proposed that treatment of the
diazo compound with an aryl boronic acid first generates an ‘ate’ complex (5-11),
which can then undergo a 1,2-shift to tertiary boronate 5-12 and subsequently

protodeboronate to give the a-aryl ester (5-13) (Figure 5.2 C).

A. Deaminative arylation of glycine-ethyl ester.
NaNO, (1.8 equiv)
NH,CI (4 equiv)

CIHsN___CO.Et +  Ar-B(OH Ar CO,Et
SN2 (OH) PhMe/H,0 N
100-120 °C
5-6 5-7 5-8
(1.5 equiv) 56—99%
B. Deaminative arylation of branched amino esters
CIHsN_ _CO,R NalOs (2.5 equiv) Ph. _CO,R
HCO.K (1 i
Y7+ Ph-B(OH), 2K (1 equiv) YR
alk PhMe/HZO alk
80°C
5-9 5-10 5-11
(2 equiv) 38-85%
R = Me or Et
C. Proposed deaminative arylation mechanism
Ar—B(OH),
CIHzN . _CO5R N, CO.R #) 5-0H 4o gnint alk B(OH),
h - Y — Nl B A
Ik alk alk Y A N>~ RO,C
a CO,R 2
5-9 5-10 5-11 5-12
ArYROZC HX
alk ~ —XB(OH),
5-13 protodeboronation

Figure 5.2 Wang’s transition metal-free coupling of a-diazo esters and boronic acids
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With our prior success in nickel-catalyzed cross-couplings via cleavage of C—
N bonds in unactivated alkyl systems by the formation of Katritzky pyridinium salts,’
I envisioned that a similar approach toward activating the C,—N bond of amino acid
derivatives (5-14) would be possible. The pyridinium salts (5-16) do not suffer from
the stability issues observed with diazo compounds, thus allowing them to be
synthesized on scale and stored for an extended period of time without loss of efficacy
using commercially. With our previous success in Suzuki-Miyaura arylations, I
envisioned aryl boronic reagents would be a logical choice as coupling partners

(Figure 5.3).

Ph

o
BF, | X
oz Ph

Ph” ~O0” “Ph Ph__~

HoN.__CO,R?2 5-15 | Ni cat. Arq_CO,R2
B — . >~ _N coO RZ ——— >
e o AR s
BFs P Rt
5-14 5-16 5-17

bioactive aryl propionic
acid derivatives

Figure 5.3  Proposed method of C,—N activation of amino acid derivatives

Due to their medicinal relevance, a-aryl carbonyl derivatives (5-17) have
received considerable attention in recent years as synthetic targets for methods
development. In this regard, non-steroidal anti-inflammatory drugs (NSAIDs) such as
ibuprofen (5-18), ketoprofen (5-19), and flurbiprofen (5-20), are perhaps the most
widely-known a-aryl carbonyl species (Figure 5.4). An NSAID is biologically active

as its (S)-enantiomer; however, under metabolic conditions, the inactive (R)-
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enantiomer can undergo stereochemical inversion.

: o 6
synthesized as racemic mixtures.

Me Q
O O
e J QU
H
Me © OH
Me
5-18 5-19
ibuprofen ketoprofen

Figure 5.4 Bioactive a-aryl propionic acid derivatives

Thus, NSAIDs are often

5-20
flurbiprofen

Buchwald and Hartwig independently reported the formation of a-aryl esters

via palladium-catalyzed enolate couplings (Figure 5.5).”* Under the two sets of

conditions identified, broad scope was observed in both ester (5-21) and aryl halide (5-

22 or 5-24). The only obvious drawback to these methods is the necessity of a

relatively strong base to generate the enolate. In this regard, the functional group

tolerance is inherently limited to systems without acidic protons.
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A. Buchwald’s enolate arylation

Pd(OAc), (1.5-3 mol %) O
rCOZR2 . ALY L1 or L2 (6 mol %) ArZYCOZRZ PR,
; - LIHMDS (2.3 equiv) ; NMe
R R 2
PhMe, rt—80 °C
5-21 5-22 5-23
12 1 X=Cl, Br 71-92%
" aean i L1 (R=Cy)
(2:3 equv) L2 (R) = Bu)
B. Hartwig’s enolate arylation
Pd(dba), (0.5-2 mol %) Pr iPr
CO,R? L1 or PBug (0.5-2 mol %) Ar - CO-R?
( + Ar-Br — e Y NvN
R LiHMDS or NaHMDS (2.3 equiv) R @
PhMe, rt NS
5-21 5-24 5-25 Pr Pr
R'=H, alk 71-98% L1

(1.1 equv)

Figure 5.5 Palladium-catalyzed a-arylations of enolates

Alternatively, the Fu group has demonstrated that racemic a-bromo esters (5-
26) are viable substrates in an asymmetric, nickel-catalyzed Hiyama cross-coupling
with aryl silanes (5-27) (Figure 5.6).” A variety of alkyl substituents were well-
tolerated at the a-carbon; however, a limited aryl silane scope was reported. Notably,

this was the first general cross-coupling of an aryl nucleophile with an a-halocarbonyl

electrophile.
NiCl,-DME (10 mol %)
Br__CO,R L1 (12 mol %) Ar., _CO.R Ph, FPh
e +  A—Si(OMe)s : . d :
alk NBU4F;hsS'F2 (2tequ) alk MeHN  NHMe
5-26 5-27 oxane, 1 5-28 L1
(1.3 equiv) 64-84%

75-99% ee

Figure 5.6  Fu’s asymmetric Hiyama arylation of a-bromo esters.
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Recently, Glorius reported a photoredox-catalyzed Minisci-type cross-coupling
of amino acid-derived a-pyridinium salts with heteroarenes.'” On the basis of our
findings in the Suzuki-Miyaura arylation of alkyl pyridinium salts (see Ch 2), they
found that single-electron transfer from an excited Ir-based photocatalyst can also lead
to efficient fragmentation via C—N cleavage. Trapping of the resulting transient radical
with heteroarenes such as 3-substituted indoles led to the corresponding o-heteroaryl
products in good yields (Figure 5.7). It is worth noting that this chemistry is
predominately limited to functionalization of the heteroarene at the 2-position due to

the mechanism of this reaction.

TN e

NP o « o R? A R?2
N comMe + © (/j/ [Ir(ppy)2(dtbbpy)IPF (2.5 mol %) v /]
© _ >
SF“ b ChE N 5 W blue LEDs N CO,Me
Ph alk F’{1 DMA, rt F’;1
alk
5-29 5-30 Kviation at the 2-posit i
(2.5 equiv) altyiation atihe =zpostion 33-73%
Ph._~_Ph
IN CO.Me + Ql [Ir(ppy)2(dtbbpy)]PFg (2.5 mol %)
NS e &
B, Yoy 2 N pr 5 W blue LEDs N co.me
Ph Me H DMA, t
Ph Me
5-29 5-32 alkylation at the 3-position 5.33
(2.5 equiv) et

(only example)

Figure 5.7 Glorius’ photoredox-catalyzed, Minisci-type coupling of heteroarenes
and a-pyridinium salts

Building on our efforts in the cross-couplings of alkyl pyridinium salts and

recognizing the potential of amino acids to serve as alkyl electrophiles, I set out to
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develop a Suzuki-Miyaura arylation of a-amino acid-derived pyridinium salts with

aryl boronic acids. This work was ongoing at the time of Glorius’ publication.

5.2 Results and Discussion

The a-pyridinium salts were prepared in a single step from the commercially
available amino acid methyl esters (5-34) and 2,4,6-triphenylpyrylium
tetrafluoroborate (5-15). Generally, higher yields were obtained when using amino
esters with less sterically-encumbering sidechains (R), such as glycine or alanine. This
trend is likely a result of a slow rate of cyclization to form the pyridinium ring with

large side-chains, as evidenced by the formation of hydrolysis byproduct 5-36 (Figure

5.8)
Ph o
N BF, B B
| @ Ph OH O
Ph™ "O” "Ph | BF, o)
HZNYCOQMG 5-15 Ph H - O Ph O @ BFy4
— |

| — w + H3N COzMe
_N__CO,Me Ph™ N7 Ph Y
@y R

5-34 i ( Ph R 5-36 5-37

5-35
HO :

Figure 5.8 Hydrolysis of intermediate and formation of diketone byproduct

In an effort to suppress the formation of diketone byproduct 5-36, I screened a
variety of common desiccants (Table 5.1). Despite observing a minimal effect on
reaction efficiency with the addition of MgSO4 or Na,SOs, I found that silica gel had a

significant, detrimental effect on the reaction. However, switching to Drierite® led to a
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promising increase in the ratio of pyridinium to diketone (96:4). Encouraged by this
result, I then tested the impact of 4A molecular sieves (4A MS) and observed a 99:1
ratio of pyridinium to diketone. In addition to drastically improving the yield, the
molecular sieves suppressed the formation of the diketone byproduct sufficiently to
the point that a basic workup led to pure pyridinium salt, without the need for

purification via silica gel chromatography (as was previously required).

Table 5.1  Investigation into the effect of desiccants on pyridinium formation®

i. 5-15 (1 equiv), Et3N (2 equiv) o
CO,Me  desiccant (5 equiv or 100 wt %) Ph__~ | Ph BF,

CIHgN
\( DCM (0.5 M), rt, 20 min N_ _CO,Me + )WJ\
> A e =
Me ii. ACOH (2 equiv), 5 h oy o "

5-38 Ph Me 5-36
(1 equiv) 5-29
entry desiccant ratio (5-29:5-36)

1 none 86:14

2 MgSO4 84:16

3 Na,S04 86:14

4 Si0, gel 69:31

5 Drierite” 96:4

6’ 4A MS 99:1

“ 5-38 (1 equiv), 5:15 (1 equiv), Et;N (2
equiv), dessicant (5 equiv), AcOH (2 equiv),
CH,Cl; (0.5 M), 5 h, 23 °C. Ratios based on
'H NMR  analysis  with  1,3,5-
trimethoxybenzene as an internal standard. ”
100 wt% desiccant used.

164



With improved conditions in hand, my colleagues Megan Hoerrner and Kristen
Baker, and I, converted a series of a-amino esters were to pyridinium salts (5-40)
(Figure 5.9). The majority of the pyridinium salts were obtained in good to high
yields, without need for chromatographic purifications. Not surprisingly, the bulkier
'Pr and ‘Bu side-chains of valine (Val) and leucine (Leu) led to significant amounts of
diketone formation. However, simple silica gel chromatography led to the isolation of
these pyridinium salts in moderate to good yields. For reasons unclear at this time, the
pyridinium salts of methionine (Met, 5-49) and lysine (Lys, 5-50) also required further

purification via chromatography. Despite this, they were obtained in very good yields.
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Ph o
A BF4(15e-13iv)
e, g
'Ph” ~0” “Ph
EtsN (2 equiv)
4A MS (130 wt % of 5-15)  ppy _~_Ph

i N M
C|H3N YCOZMe CH2C|2 (05 M), rt, 20 m|n= « |N COMe = [ ]YCOQ e
ii. ACOH (2 equiv), 5 h, rt 2
I (2 equiv) o 1Y R
BF, Ph R
5-39 5-40
(1 equiv)
(D, L)-amino esters
N CO,Me
NJ__COMe 'V O"‘Me 2
[N] CO,Me
[N]_CO,Me hd I
Me Me”~ “Me
5-41 5-42 5-43 5-44 5-45
90% (from Gly) 91% (from Ala) 69%P (from Val) 44%?® (from Leu) 58% (from Phe)
[N] CO,Me [N] COZMe
CO,Me [N] CO,Me CO,Me
| CO,Me \K/SMe \K/\/NHCbz
OH HN
5-46 5-47 5-48 5-49 5-50

92%° (from Tyr) 95% (from Trp) 69%° (from Glu)  69%P (from Met)  79%? (from Lys)

@5-39 (1 equiv), 5-15 (1 equiv), EtzN (2 equiv), 4A MS (130 wt %), CH,Cl, (0.5 M),
AcOH (2 equiv), 5 h, 23 °C. ? Purified via silica gel chromatography. ¢ Contains <10%
diketone byproduct.

Figure 5.9  Synthesis of a-pyridinium salts derived from a-amino acids®

I began the optimization of the Suzuki-Miyaura cross-coupling of the o-
pyridinium salts with a Ni(cod), precatalyst and phenathroline (phen) as the ancillary
ligand (Table 5.2). Using an aryl boronic acid in conjunction with NaOMe as the base
led to only 10% of the desired a-aryl ester (5-53) (entry 1). Despite a similar result
with the weaker base K3PO4 (6%), Ko,CO3 provided a 69% yield (entries 2 and 3). In

the interest of translating the reaction out of the glove-box and onto the bench, Ni(II)
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salts were also screened. In this regard, NiCl,-DME proved slightly more effective
than Ni(cod), (entry 4). In combination with the addition of 4A molecular sieves,
lowering the nickel and ligand loading to 5 and 6 mol %, respectively, led to a roughly
10% increase in yield to 88% (entry 5). A brief exploration of other ligands identified
4,4’-dimethyl-2,2’-bipyridine (dmbpy) as a superior ligand to phenanthroline. Under
these conditions, the cross-coupling product was obtained in quantitative yield (entry
6). At this point, I investigated the amenability of these optimized conditions to other
boronic acids. Unfortunately, I obtained inconsistent yields, which indicated that these
conditions were not general. Aware of the favorable yield increase attributed by the
molecular sieves, I hypothesized that water may be detrimental to the reaction. With
this in mind, I elected to use a boroxine, rather than boronic acid, as the arylating
reagent. Gratifyingly, a quantitative yield was observed (entry 7). Notably, the
generality of the cross-coupling with boroxines proved vastly superior to the coupling
with boronic acids. At this point, with the help of my colleague Megan Hoerrner,
lower loadings of NiCl,-DME and dmbpy were tested; however, a lower yield of the
product was observed (entry 8). Moreover, control reactions indicate that both

elevated temperature, and nickel are necessary to obtain the desired product.

Table 5.2 Optimization of the Suzuki-Miyaura coupling of a.-pyridinium salts”

Ph \Q/Ph Me Ni source (x mol %) Me
ligand (y mol %)
xN._CO,Bu + \©\ > CO,Bu
: 2
o @Y BX base (2.8 equiv)

Ph  Me 2 MeCN (0.33 M)
BF, 70 °C, 24 h Me
5-51 5-52 5-53

entry Ni source (mol %) ligand (mol %)  base ArBX, yield (%)

1 Ni(cod), (10) phen (12) NaOMe ArB(OH), 10
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2 Ni(cod), (10) phen (12) Ki;PO, ArB(OH), 6
3 Ni(cod), (10) phen (12) K,CO; ArB(OH), 69
4 NiCl,'DME (10) phen (12) K,CO;  ArB(OH), 75
5 NiCL'DME (5) phen (6) K>CO; ArB(OH), 88
6"  NiClL'DME (5) dmbpy (6) K,CO; ArB(OH), >99
7 NiCl,'DME (5) dmbpy (6) K,CO;  (ArBO); >99
8  NiClL'DME (2) dmbpy (3) K,CO;  (ArBO); 71
9°  NiCl,'DME (10) dmbpy (12) K,CO;  (ArBO); 0
10 none dmbpy (6) K,CO;  (ArBO); 0

“5-51 (1 equiv), ArBX; (5-52) equivalencies: ArB(OH), (2.5 equiv), (ArBO);
(0.8 equiv), MeCN (0.33 M), 70 °C, 24 h. Yields based on '"H NMR analysis with
1,3,5-trimethoxybenzene as an internal standard. Phen = 1,10-phenanthroline.
Dmbpy = 4,4’-dimethyl-2,2’-bipyridine. ” 4A molecular sieves (MS) added (100
wt % 5-52). “ Reaction run at 23 °C.

With optimized conditions in hand, my colleagues Megan Hoerrner and

Kristen Baker have explored the scope of this transformation. With regard to the scope

in aryl boroxine (5-54), broad functional group tolerance was observed (Figure 5.10).

Both electron-rich and electron-poor arenes couple smoothly, including those with p-

NMe, (5-56, 73%), p-Bz (5-60, 51%), p-CF; (5-61, 70%), or m-NO, (5-62, 65%)

substituents. Functionalized 3-pyridyl boroxines also cross-couple effectively,

providing products 5-63 and 5-64 in 63% yield and 80% yield, respectively.

Additionally, 3-quinolyl boroxine couples well to deliver 5-65 in 75%.
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Ph.__~~_Ph NiCl,'DME (10 mol %)

I dmbpy (12 mol %) Ar - C0:2Me
N M + (Ar-BO >
0N ® COMe ( )s K,COj3 (2.8 equiv) T\/I/e
BFs Pr Me 5-54 MeCN (0.33 M)
5-29 (0.8 equiv) 70°C,24h 5-55
F OMe
Me,N
€2 Me |
CO,Me
2 CO,Me CO.Me CO,Me
M
e Me Me Me
5-56 5-57 5-58 5-59
73% 74% 51% 92%, 88%"
o) NO
FsC 2
Ph CO,Me
CO,Me 2 CO,Me
M
Me © Me
5-60 5-61 5-62
51%, 51%" 70% 65%
Me
MeO Z E
N | CO,Me ~ | ~ |
X 2 N CO,Me N CO,Me
M
e Me Me
5-63 5-64 5-65
63% 80% 75%

45-29 (1.0 mmol, 1 equiv), 5-54 (0.8 equiv), NiCl,-DME (10 mol %), dmbpy (12 mol %) ,
K,CO;3 (2.8 equiv), MeCN (0.33 M), 70 °C, 24 h. Yields based on 'H NMR with 1,3,5-
trimethoxybenzene as an internal standard. ? NiCl,-DME (5 mol %), dmbpy (6 mol %).
Isolated yields (purified via silica gel chromatography).

Figure 5.10 Preliminary scope in boroxine”

Preliminary investigations into the scope of pyridinium salt (5-40) are also
very promising (Figure 5.11). Not surprisingly, glycine-derived pyridinium salt
couples well in 82% yield (5-68). In addition to the methyl side-chain of alanine-
derived product (5-59), other side-chains are also well tolerated. Both benzyl- and 4-
hydroxybenzyl-substituted salts couple in good yields, as does the salt derived from

tryptophan (5-69, 5-70, and 5-71). Importantly, neither the free phenol of the 4-
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hydroxybenzyl group (derived from tyrosine) nor the indole N-H appear to affect the
reaction. Products bearing a B-ester (5-72) or thioether (5-73), also obtained in
synthetically useful yields. After slightly modifying the conditions, my colleague,
Kristen Baker, cross-coupled the ‘Pr-substituted pyridinium salt (derived from valine)
in 71% (5-74). Key to this success was increasing the temperature from 70 to 80 °C as

well as switching the solvent from MeCN to "PrCN.

Ph Ph NiCl,'DME (10 mol %)
= 2
| MeO BO dmbpy (12 mol %) Ar-CO2Me
~N._COMe + Y
S @Y s K,COj3 (2.8 equiv) R
BFs pnh R MeCN (0.33 M)
5-66 70°C, 24 h 5-55
5-40 = (Ar-BO),
(0.8 equiv)
Arq_CO,Me Ar-CO2Me Arq_CO,Me
Ar\/COQMe (@\
|
5-68 OH HN
82% 5-69 5-70 5-71
71% 73%, 85%° 74%, 60%?
AFTCOZMG Ar Cone AFICOQMG
CO,Me \(/SMG Me”™ "Me
5-72 5-73 5-74
60% 81% 71%°

45-40 (1.0 mmol, 1 equiv), 5-66 (0.8 equiv), NiCl,-DME (10 mol %), dmbpy (12 mol
%) , K,CO5 (2.8 equiv), MeCN (0.33 M), 70 °C, 24 h. Yield based on '"H NMR with
1,3,5-trimethoxybenzene as an internal standard. ? Isolated yield (purified via silica gel
chromatography). ¢ Reaction run in "PrCN at 80 °C.

Figure 5.11 Preliminary scope in a-pyridinium salt’

In addition to the previously mentioned scope, coupling of the Gly-pyridinium

salt with 3-quinolyl boroxine delivered product 5-75 in 70% yield (Figure 5.12).
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Cross-coupling of Met-pyridinium salt with 4-trifluoromethylphenyl boroxine gave
64% of the corresponding a-aryl ester 5-76, while the coupling of benzyl-substituted,
Phe-pyridinium salt with the methoxy-bearing pyridyl boroxine provided the desired

product (5-77) in 65% yield.

Ph _~_FPh NiCly,-DME (5 mol %) A COM
| dmbpy (6 mol %) r blvie
N + Ar-BO >
0 X-g COMe ( )s K,COj (2.8 equiv) 7:
BFs ph R 5-54 MeCN (0.33 M)
(0.8 equiv) 70°C,24h
5-40 5-55
MeO.__ N
FsC ~ |
N COZMe
4 COzMe
N | CO,Me SMe
5-75 5-76 5-77
70% 64% 65%

45-40 (1.0 mmol, 1 equiv), 5-54 (0.8 equiv), NiCl,-DME (5 mol %), dmbpy (6
mol %) , K,CO5 (2.8 equiv), MeCN (0.33 M), 70 °C, 24 h. Isolated yields
(purified via silica gel chromatography).

Figure 5.12 Preliminary scope”

Similar to the Suzuki-Miyaura and Negishi cross-couplings of the unactivated
alkyl systems (Ch 2 and 3), we hypothesize that the identity of the optimal ligand
(redox non-innocent bipyridine) suggests that the oxidative addition proceeds through
a single-electron transfer (SET) pathway. In further support of this mechanism, the
cross-coupling of cyclopropyl substituted pyridinium salt 5-78 results in formation of
ring opened product 5-80 (Figure 5.13). These results are consistent with an alkyl

radical intermediate.
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Ph Ph

2N NiCl,-DME (10 mol %)
i dmbpy (12 mol %) i
XN _CO,Pr -Tol-BO + > X CO,Pr
o Yoy (b Js G0, @Bequy) . pTolTTTNA0
4 h ~
A 5-79 MeCn (033 M) 5-80
(0.8 equiv) ’ 42%°2
5-78

Yield based on 'H NMR with 1,3,5-trimethoxybenzene as an internal standard.

Figure 5.13 Radical-clock experiment

We hypothesize that the following catalytic cycle may be operative: Ni' species
A could undergo transmetallation with an activated aryl boron species to generate aryl
Ni' species B (Figure 5.14). B can then undergo SET with the o-pyridinium salt (5-40)
to generate a Ni' species C and stabilized a-radical D. A subsequent recombination
between the a-radical and nickel-intermediate C would lead to a Ni'-enolate
intermediate, E. Reductive elimination would furnish the cross-coupled product (5-55)

and close the catalytic cycle.
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0
Ar Me ~
-85 \R)ko'\"e l_N Ar-BY + K,COjg
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-
Me ~ ’ KCOsBYZ
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Me | ~ Ar Me | S
SN ZN.
Ni'"" R B Ni'—Ar + KX
= ll\] j\ =\
-~ — 1
Me OMe Me
E O Ph N Ph
Me = SET R_N A ©
=N, X @Ph BF,
Ni
= !\] SAr 0~ “OMe
Me™ = n 5-40
R c Ph.__~l) Ph
° -« N
D o o [ R (N —
Me
E Ph
(e} Me

2,4,6,-triphenylpyridine

Figure 5.14 Possible catalytic cycle for the cross-coupling with a-pyridinium salts

5.3 Conclusion

In summary, I have described our efforts toward a nickel-catalyzed Suzuki-
Miyaura cross-coupling of a-pyridinium salts and aryl boroxines. The o-pyridinium
salts were synthesized in a single, straightforward, and efficient step from a-amino
esters and commercially available 2,4,6-triphenylpyrylium tetrafluoroborate. In
addition to high tolerance of functionally diverse aryl boroxines (e.g., nitro, ketone,
pyridine, quinoline, etc.), the optimized conditions are amenable to the cross-coupling
of a-pyridinium salts with not only simple alkyl side-chains, but also those with
sterically encumbering (e.g., from Val) or particularly reactive (e.g., from Tyr, Trp,
Glu) side-chains. Future efforts will focus on expanding the scope of these cross-

couplings to more complex systems, such as peptides.
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5.4 Experimental

5.4.1 General Procedure A: Reaction Optimization

In a Ny-filled glovebox: To a 1-dram vial was added Ni"! salt and ligand,
followed by base, boronic acid derivative, and pyridinium salt (0.1 mmol, 1 equiv).
After the addition of solvent and a micro stir bar, the vial was sealed with a Teflon-
coated screw cap and removed from the glovebox. The reaction mixture was stirred at
the designated temperature in a heating block for 20-24 h then removed and allowed
to cool to room temperature. The mixture was diluted with Et,0O (~ 1.5 mL) and
filtered through a short plug of silica gel. The filter cake was washed with Et,O (5 x
1.5 mL), and the resulting solution was concentrated. 1,3,5-trimethoxybenzene (5 — 15
mg) was added as an internal standard. The yield of the product was determined by

analysis of the '"H NMR spectrum of the crude reaction mixture.

5.4.2 General Procedure B: Suzuki-Miyaura Cross-Coupling of a-Pyridinium
Salts

To an oven-dried 25 mL round-bottomed flask equipped with an oven-dried
stir bar was added NiCl,-DME (11 mg, 0.05 equiv, 5 mol %), 4,4’-dimethyl-2,2’-
bipyridine (dmbpy, 11 mg, 0.06 equiv, 6 mol %), boroxine (0.8 equiv, 0.8 mmol),
K,COs3 (2.8 equiv, 2.8 mmol), and pyridinium salt (1 equiv, 1.0 mmol). The flask was
capped with a rubber septum, sealed with parafilm, fitted with an N, inlet needle and a
vent needle, and subsequently purged for 20 min via constant flow of positive N,
pressure. The vent needle was removed and MeCN (3 mL, 0.33 M, sparged,
anhydrous) was added to the flask. The mixture was stirred in an oil-bath at 70 °C for
24 h and then allowed to cool to room temperature. The reaction was diluted with

Et;0 (10 mL) and filtered through a short plug of silica gel. The filter cake was
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washed with Et;O (3 x 20 mL) and the resulting solution was concentrated. The crude

product was purified via silica gel chromatography.

5.4.3 General Procedure C: Synthesis of a-Pyridinium Salts

To a 25 mL round-bottomed flask equipped with a stir bar was added 2,4,6-
triphenylpyrylium tetrafluoroborate (1 equiv), a-amino ester hydrochloride (1 equiv),
and powdered 4A MS (500 mg/mmol, activated under hi-vacuum at 350 °C for 24 h).
The flask was fitted with a rubber septum and a N, inlet. Anhydrous CH,Cl, (0.5 M)
and Et;N (2 equiv) were added and the mixture was stirred for 20 min at room
temperature. Glacial AcOH (2 equiv) was added and the resultant dark red suspension
was stirred at room temperature for 5 h and then filtered through a short pad of celite.
The filter cake was washed with CH,Cl, (3 x 20 mL). The organic layer was washed
with 1 N HCI (aq., 4 x 30 mL), K,CO; (sat., ag., 4 x 30 mL), and then brine (1 x 30
mL). The organic layer was dried with MgSQO,, filtered, and concentrated to give a

crude residue. The product then purified via silica gel chromatography.
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Compound 1-98, racemic (254 nm)

mAU
| T 5 DetA Chi
1.5 g p'g
] 1
OH 'H “
[
1.0; Me 'l 'l ! ||
_ m
1-98 ; ]
l racemic [ ‘l
0.5+ ; / 1|‘
i VWWMWWW%
0ol
o 10 20 30 a0 50 60
min
Peak# Ret. Time Area Height Area % Height %
1 45.172 64627 1174 50.417 51.245
2 47.381 63558 1117 49.583 48.755
Total 128185 2292 100.000 100.000
Compound 1-98, 99% ee (254 nm)
mAU
10.0 q% Det.A Cht
- OH |
7.5—_ - ‘
SO "*
5.0 ;‘ |
1 1-98 | i
99% ee I» |
25__ J; ‘
| -
% I - LA
0 | 1|0 | | 2|0 | | 3|O | 4|O - SJO |60
min
Peak# Ret. Time Area Height Area % Height %
1 43.699 524955 9434 99.543 99.356
2 45.741 2408 61 0.457 0.644
Total 527362 9495 100.000 100.000
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Compound 1-100, racemic (254 nm)

mAU
Det.A Ch1
oo
o
|
!
1-100 |
25+ racemic I’
|
|
| |
| |
[o I — o TLLJ/ TL\»L/\ _
0 5 10 5 2 | | ' 30
min
Peak# Ret. Time Area Height Area % Height %
1 18.953 1239231 55611 50.146 56.632
2 24.612 1232017 42586 49.854 43.368
Total 2471248 98197 100.000 100.000
Compound 1-100, 92% ee (254 nm)
mAU
25 S Det.A Ch1
E &
20] |
] | l
15+ |
] ’ |
] 1-100 i
10 92% ee | |
f B
5—_ X |‘ |
] ; '1
Y  VER B ¥
0 I5 1|O 1|5 2|0 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 18.428 28226 1362 4.034 5.381
2 23.871 671567 23948 95.966 94.619
Total 699793 25310 100.000 100.000
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Compound 1-101, racemic (254 nm)

mAU
2 DetA Chi
| OH Iz o
5.0+ Me H §
i '1|
MeO { ( “
1-101 | | ’|
| racemic i »l
2.5+ | N
l a | l=
| l» ||
| lb ' I‘u
|’ l\k " lk
0. I - T/; . __,_H,r]_ LL__‘ﬁ_
0 I5 1|0 1|5 2|0 2|5 30
min
Peak# Ret. Time Area Height Area % Height %
1 20.140 165137 6165 50.153 55.982
2 25.662 164128 4848 49.847 44.018
Total 329266 11013 100.000 100.000
Compound 1-101, 99% ee (254 nm)
mAU
40 5 Det.A Chf
OH r"n?_
] I'
” - |
MeO H
] 1-101 .
20 99% ee ’ l
I
i ‘ ‘i
104 ||
] n
] | \ §
o — P I 8l N : &y _
0 I5 l 1IO l 1|5 | 210 - 2I5 - | 30
min
Peak# Ret. Time Area Height Area % Height %
1 19.987 1037849 38360 99.309 99.372
2 25.838 7220 242 0.691 0.628
Total 1045069 38602 100.000 100.000




Compound 1-103,

racemic (254 nm)

mAU
] T ©  DetAcChi
] 1S
7.5+ OH |,"l"’ ﬁ"’
- ||
i [
5.0- TBDPSO A
] 1-103 o
racemic I’ | |‘
] ]
2.5 I |
1 || '! l»
|
[ | [ |
0.0 — T/A -\#—LL**N —
0 5 10 15 20 25 30 "'3'5""40
min
Peak# Ret. Time Area Height Area % Height %
1 30.441 364152 8496 49.958 52.369
2 32.915 364762 7727 50.042 47.631
Total 728913 16223 100.000 100.000
Compound 1-103, 92% ee (254 nm)
mAU
“Bet A Chi
4'”',8
] OH "|‘
|
i e |
!
TBDPSO ‘|' l
] 1-103 |
2 5] 92% ee | \l
] |
R
_ 8 |
N I — i A
o 5 10 15 20 25 30 35 40
min
Peak# Ret. Time Area Height Area % Height %
1 33.761 14125 358 3.958 5.084
2 35.703 342763 6682 06.042 94916
Total 356888 7040 100.000 100.000
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Compound 1-104, racemic (254 nm)

mAU
i05] 3 Det A Chi
. ] OH ﬁf{
10.0 E?@\)\ Me f g
75] ~ OMe H I‘"’.N
~ 1-104 | I
] racemic ‘ ‘ I
5.0 ) |
] | | A
] [
2.5 | | A
] | | : ‘i
| ‘ | | \l\
0_0_:*‘ NN /_’% M J}_LM e
;) I5 1|O \ 1|5 2|0 - 2|5 l - 30
min
Peak# Ret. Time Area Height Area % Height %
1 14.944 239370 12773 50.150 59.107
2 22.866 237935 8837 49.850 40.893
Total 477305 21610 100.000 100.000
Compound 1-104, 95% ee (254 nm)
mAU
e Det.A Chi
: I
|
4(%: OH “l
] X Me ’ }
30—_ | P ‘ |
OMe ) l'
T 1-104
207 95% ee | |
1 |
] 1
o |
: § ‘ l)
- vv_ ‘| l\
O—:— o T’\J, TJ' k_i _
0 I5 1|0 ‘I|5 2|0 2|5 30
min
Peak# Ret. Time Area Height Area % Height %
1 14.956 35963 1982 2.675 4.104
2 22473 1308675 46315 97.325 95.896
Total 1344638 48297 100.000 100.000
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Compound 1-106, racemic (254 nm)

AU
" ﬂﬁ g Det.A Ch1
1913
] oH | !I|
50+
| J Me H il
S I
1-106 N
i racemic n |
| |
1' I‘ l' ll
] [ ‘.‘
o S o _ _ M\‘w___
0 1 IO 2|0 3|O 4|0 5|0 6_0
min
Peak# Ret. Time Area Height Area % Height %
1 42.955 2640838 61031 49950 51.012
2 44.712 2646127 58610 50.050 48.988
Total 5286965 119641 100.000 100.000
Compound 1-106, 98% ee (254 nm)
mAU
] ] Det.A Ch1
200~ 15
i It
. OH ”|
150 ‘ |
] J Me ’ |
) O |
1007 1-106 i
98% ee ‘ |
50 I’ ‘.{
z 1
o =
0 1|0 2IO 3|O 4|O 5]O 6_0
min
Peak# Ret. Time Area Height Area % Height %
1 43.966 90232 2245 0.873 1.086
2 45.755 10242584 204407 99.127 98.914
Total 10332816 206652 100.000 100.000
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Compound 1-108, racemic (254 nm)

mAU
5 S 2 DetAChi
OH 2 3
] N
3 Ts
] 1-108
4 racemic
2]
0‘:**'1*“* T
o 10 20 30 40 50 |6|0IIIIZO
min
Peakd# Ret. Time Area Height Area % Height %
1 53.571 422898 4957 50.129 52.089
2 58.585 420722 4559 49.871 47911
Total 843620 9516 100.000 100.000
Compound 1-108, 96% ee (254 nm)
mAU
] 3 Det.A Chi
30 OH 3
Me
1
1 N
20 Ts
] 1-108
96% ee
10-
o T m%
0 10 20 30 40 50 II6|0|I|I7_0
min
Peak# Ret. Time Area Height Area % Height %
1 53.377 64936 808 2.149 2.450
2 58.150 2056179 32179 97.851 97.550
Total 3021114 32087 100.000 100.000
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Compound 1-110, racemic (254 nm)

mAU
7.5+ 93 DepA Chi
1 OH HE E
. i |
5.0 OO 1 |'|
: 1-110 | i
racemic | | |\
] | |
2.5 | ‘| B
i ‘| \ || Il
|
_ | l\ »" I"\
ool A S R
0 5 10 5 20 Co5 30
min
Peak# Ret. Time Area Height Area % Height %
1 24.795 210483 7521 50.324 52.855
2 27.679 207772 6708 49.676 47.145
Total 418255 14229 100.000 100.000
Compound 1-110, 96% ee (254 nm)
mAU
157 Det f&Ch
OH Hﬁ
1(%_ (;@/\N i
] 1-110 i
| 96% ee N
i I ’
5 B
1 ||
i " I‘ Ill
] 2 |
ol . - o A S
0 - I5 1|O 1I5 2IO 215 - 30
min
Peak# Ret. Time Area Height Area % Height %
1 25.085 8553 324 1.840 2.212
2 28.248 456259 14308 08.160 07.788
Total 464812 14632 100.000 100.000
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Compound 1-112, racemic (254 nm)

mAU
! 2 3 DetA Chi
7.5+ IE: 8
] OH | I
° (-
5.0 OO L) I
| ||
racemic ’ | ( 1|
1 l
2.5 | B
R
[
FoA
0.0t A
1 — ] LLT[ Ly
0 é 10 1|5 2|0 2|5 3|0 3|5 4|O 45
min
Peak# Ret. Time Area Height Area % Height %
1 28.013 346583 8466 49.977 52.224
2 32.060 346898 7745 50.023 47.776
Total 693481 16211 100.000 100.000
Compound 1-112, 98% ee (254 nm)
mAU
] 2 DetA Chi
] 12
“ OH l"m
3_: ' ) (|\
] 1-112 [
2 98% ee | |
1 \
] a
1 ‘l ’nl
§ Ii 'ﬁ\
. O T S R -
0 ‘s 10 15 20 25 3 35 40 '45
min
Peak# Ret. Time Area Height Area % Height %
1 27.485 1806 53 0.968 1.191
2 31.063 184751 4374 99.032 98.809
Total 186557 4426 100.000 100.000
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Compound 1-114, racemic (254 nm)

mAU
] ] N Det.A Cht
4__ |n<;'> FE
] OH ]
b |' |
] | |
< T U I
] o
] 1-114 | )
o racemic A | |
] | |
| 1
1__ ;' \ '} |
] f‘ \u !I |
: I\
N I— S
o 5 10 45 20 25 30 35 40 '4.5
min
Peak# Ret. Time Area Height Area % Height %
1 34.732 198596 4170 50.141 51.978
2 37.572 197482 3853 49.859 48.022
Total 396078 8023 100.000 100.000
Compound 1-114, 98% ee (254 nm)
mAU
’,‘5 Det.A Ch1
7.5+ @
1 OH [
H "
] i
5.0 OO O |
1-114 |
98% ee |i |
2.5~ :f ‘l
.
F8
S I B VIS, R
0 5 10 15 20 ‘25 '3'0""3'5""4'0"'45
min
Peak# Ret. Time Area Height Area % Height %
1 35.435 412336 8222 08.853 08.861
2 38.328 4783 95 1.147 1.139
Total 417119 8317 100.000 100.000
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Compound 1-116, racemic (254 nm)

mAU
2 9 DetA Chi
75 13,8
(.
OH | |
E Me I |‘
5.0 | |
1 Me ‘ ‘ ‘ |
1-116 | ]
] racemic L
2.5+ f || l'.
1 i I || | N
| Ly
| o
1 M/J/L/v _/_'\/_‘,_,,.,J L,w—»- a—
0.0+
0 |5 - 1|0 1|5 2|0 | 2|5 - \3.0
min
Peak# Ret. Time Area Height Area % Height %
1 15.329 116684 6363 50.105 51.956
2 16.542 116193 5884 49.895 48.044
Total 232877 12246 100.000 100.000
Compound 1-116, 98% ee (254 nm)
mAU
né Det.A Cht
=
‘ OH [
5.0 Sy |
B j |
5z Me "
. 1-116 ‘
25 98% ee 1
i
| : )|
0.0 e ¢,JIT" \y i
0 I5 - 1|0 1|5 - I2|0I I2]5I - I3{0
min
Peak# Ret. Time Area Height Area % Height %
1 16.146 1594 70 1.126 1.034
2 17.491 140016 6657 08.874 08.966
Total 141610 6726 100.000 100.000
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Compound 1-98, racemic (254 nm)

mAU
] T 3 DetA Chi
1.5+ g )5
| ’Iv ‘u[v
OH 'H “
i
1.0 Me [ ;' 'I
| I I’ l
1-98 ;‘ ‘. | =
| racemic RIn
0.5+ ; / 1|‘
i VWW*““WW%
0ol
o 10 20 30 40 50 60
min
Peak# Ret. Time Area Height Area % Height %
1 45.172 64627 1174 50.417 51.245
2 47.381 63558 1117 49.583 48.755
Total 128185 2292 100.000 100.000
Compound 1-19, 95% ee (254 nm)
mAU
20_— Me Me § Det.A Ch1
. 2
i OH
15+ B O\B/O
] Me — ?
] Me
10+
i 1-98
95% ee 1-117
5 .
. ’
0 10 20 30 "4 50 lgo
min
Peak# Ret. Time Area Height Area % Height %
1 45.064 1159668 20005 97.571 97.019
2 47.287 28864 615 2.429 2.981
Total 1188532 20620 100.000 100.000
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Compound 1-98, racemic (254 nm)

mAU
| T 5 DetA Chi
1.5+ g )5
| ’Iv ‘u[v
] OH |
] i
1.0+ Me i J l
[l
1-98 M |
| racemic RIn
0.5+ ; / 1|‘
i VWMW"‘"‘ o “WW%
0ol
0 - 1|0 2|O | 3|0 | | 4|0 | | 5|O | | 60
min
Peak# Ret. Time Area Height Area % Height %
1 45.172 64627 1174 50.417 51.245
2 47.381 63558 1117 49.583 48.755
Total 128185 2292 100.000 100.000
Compound 1-98, 95% ee (254 nm)
mAU
5 Det.A Ch1
Me 3
15+ Me Me ¥
1 OH
| = O\B,O
104 Me
. 1-98
] 95% ee 1-118
5_
o 1
0 1|0 2|0 3[0 4|0 SIQ
min
Peak# Ret. Time Area Height Area % Height %
1 44.637 946536 16673 97.303 96.868
2 46.837 26234 539 2.697 3.132
Total, 972770 17212 100.000 100.000
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Compound 1-120, racemic (254 nm)

mAU
10.01 g 2 DetA Chi
OH T
7.5 /@2\ Me
F
i 1-120
5.0 racemic
2.5
0.0- ~— L\
) L L 1T 7 L 17
0 5 10 15 20 25 _
min
Peak# Ret. Time Area Height Area % Height %
1 16.239 189291 10142 50.049 52.077
2 17.599 188917 0333 49.951 47.923
Total 378208 19476 100.000 100.000
Compound 1-120, 85% ee (254 nm)
mAU
2 DetA Chi
30 OH €
o
20 F
. 1-120
85% ee
10+
| :
0- M S
0 s 10 15 20 ‘2'5”"3_0
min
Peak# Ret. Time Area Height Area % Height %
1 16.253 625785 33025 92.796 93.094
2 17.645 48585 2450 7.204 6.906
Total 674370 35475 100.000 100.000




Compound 1-122, racemic (254 nm)

mAU
0.75+ “g g Det.A Cht
' OH CIE
l
e g | |
0501 Meo I l
1-122 i |
racemic | | | |‘
] .
0.25- o lrl
' Amn
| lH [
i rr'n \ '| \ | \
0,00 mmmngit’ WVt oot A T s s 5 ] ',-J‘MVWWMM NPT
0 5 1o 5 20 12[51||[30
min
Peak# Ret. Time Area Height Area % Height %
1 20.018 16955 713 49.424 51.024
2 22.021 17351 684 50.576 48.976
Total 34306 1397 100.000 100.000
Compound 1-122, 87% ee (254 nm)
mAU
1 5 Det.A Ch1
% OH g
20— /©/\Me
MeO
1.5 1-122
: 87% ee
1.0
0.5 g
OO—:M-—WM"‘” 4 T/\J‘
o 5 10 15 '2|0"I'2'5”113_o
min
Peakd# Ret. Time Area Height Area % Height %
1 20.161 61611 2512 93.425 03.488
2 22.235 4336 175 6.575 6.512
Total 65947 2687 100.000 100.000




Compound 1-124, racemic (210 nm)

mAU
§ Det.A Ch2
T JA - OH
- o
0]
- 1-124
racemic
250
O__» L —
0 5 1o 15 o5 30 35 40 45
min
Peak# Ret. Time Area Height Area % Height %
1 19.248 4853386 187177 49.816 52913
2 21.503 4889175 166570 50.184 47.087
Total 9742560 353746 100.000 100.000
Compound 1-124, 85% ee (210 nm)
mAU
] 3 Det.A Ch2
500 a
: OH
400 7
: ™
300 o)
] 1-124
2004 85% ee
100 2
0: JL‘ A » T/\¢
0 5 10 {5 ‘ T 5 '3_0
min
Peak# Ret. Time Area Height Area % Height %
1 19.603 14324275 516565 02.465 02.804
2 22.013 1167262 40056 7.535 7.196
Total, 15491537 556621 100.000 100.000
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Compound 1-101, racemic (254 nm)

mAU
2 DetA Chi
I'g o
i OH HIN 8
5.0+ | &
1 Me I |'”|\
1
MeO { | 'l’l
_ 1-101 | i
o5 racemic | | |
o ? | ll
| l» ’ l“.
[ " \
[ \
[ [
0. e . ,Tf'i &im_,_wj_ LL, ]
0 I5 1|0 1|5 2|0 2|5 30
min
Peak# Ret. Time Area Height Area % Height %
1 20.140 165137 6165 50.153 55.982
2 25.662 164128 4848 49.847 44.018
Total 329266 11013 100.000 100.000
Compound 1-101, 99% ee (254 nm)
mAU
il s Det.A Ch1
201 I
1 OH ”
- ‘%
MeO } ’l
] 1-101,1.0 g
10—: scale 99% ee “ 'l
] \
. !
5_: ‘l i't o
] |\ %
0 . }' N . &
0 I5 | 1IO ' ' 1|5 ' 2|0 - 2]5 | | 3_0
min
Peak# Ret. Time Area Height Area % Height %
1 20.001 574869 21457 99.271 99.399
2 25.816 4222 130 0.729 0.601
Total 579091 21587 100.000 100.000
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Appendix B

SPECTRAL AND CHROMATOGRAPHY DATA FOR CHAPTER 2
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"H NMR (600 MHz, CDCl3)
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Compound 2-80, racemic (254 nm)

mAU

125+ o 2 DetA Chi
1 BocHN ”
100 o Ot-Bu Si(i-Pr)3
] Z
75- :
50_f 2-80, racemic
25+
0 T T .
00 25 ‘50 75 " 100 125 150
min
Peakdt Ret. Time Area Height Area % Height %
1 9.656 2833525 119647 50.307 66.357
2 14.389 2798895 60660 49.693 33.643
Total 5632419 180307 100.000 100.000
Compound 2-80, 29% ee (254 nm)
mAU
3 Det.A Chi
20 2-80, 29%ee
10
0 T
0.0 " 25 s0 75 100 " s 150 '_
min
Peak# Ret. Time Area Height Area % Height %
1 9.777 1180374 49751 35.522 51.983
2 14.518 2142537 45955 64.478 48.017
Total 3322911 95706 100.000 100.000
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Compound 2-80, 81% ee (254 nm), reaction with 4n (trifluoromethyl)phenol additive

mAU
BBA Chi
] 2-80, 81%ee
10+ -
N MJ\ /\ T ¢
0.0 25 50 75 100 125 150
min
Peak# Ret. Time Area Height Area % Height %
1 9.839 137403 5876 9.510 17.224
2 14.573 1307395 28238 90.490 82.776
Total 1444798 34114 100.000 100.000
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Compound 2-99, racemic (254 nm)

mAU

Me

1 OMe
20 MGM/YQ/
1 4

31.572
33.128

Det.A Ch1

10—: 2-99, racemic
Y N AL S R B SO L R L B L L R L L L L L LI B
0 5 10 15 20 25 30 35 40 45
min
Detector A Chl 254nm
Peak# Ret. Time Area Height Area % Height %
1 31.572 850548 22514 48.386 51.255
2 33.123 907290 21411 51.614 48.745
Total 1757837 43925 100.000 100.000
Compound 2-99, 0% ee (254 nm), from cross-coupling reaction
mAU
50 OMe Det.A Chi
] Mem
2.5—— 4 Me
1 2-99, 0% ee
0.0
T T L L ) S I U
0 5 10 15 20 25 40 45
min
Detector A Chl 254nm
Peak# Ret. Time Area Height Area % Height %
1 31.318 212990 5277 49.079 51.202
2 32.845 220984 5029 50.921 48.798
Total 433974 10306 100.000 100.000
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