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Photoredox-Mediated Dual Catalysis, 1,2-Difunctionalizations, And Reaction
Development For Dna-Encoded Library Technology

Abstract

Reactions for the controlled, catalytic formation of carbon-carbon bonds are crucial for modern organic
synthesis. In an idealized sense, they enable a rapid, convergent assembly of molecular complexity.
Among such transformations, the formation of C-C bonds at Csp3-hybridized centers is a particularly
desirable construct because of its potential to provide access to 3D-rich architectures and, akin to the
Suzuki sp2-sp2 coupling, impact the way that novel chemical space is accessed.

Toward this goal, metallaphotoredox catalysis has been enlisted as a valuable advance to forge
Csp3—-Csp2 linkages through single-electron-transfer (SET) under mild reaction conditions. Recent
research efforts have broadened the scope of radical progenitors from feedstock chemicals including
aliphatic carboxylic acids, aldehydes, bromides, and organosilanes. In subsequent studies, a
photochemical/Ni-mediated decarboxylative strategy is accomplished through electron donor-acceptor
(EDA) complex activation bypassing the need for stoichiometric metal reductants or exogenous
photocatalysts. To facilitate sequential bond formation, net-neutral radical/polar crossover is utilized to
achieve the 1,2-dicarbofunctionalization of olefins with organotrifluoroborate nucleophiles.

Among the applications in which the ability to accommodate diverse reaction modalities and molecular
complexity becomes critical is DNA-Encoded Library (DEL) synthesis. Recently, DEL technology has
emerged as an innovative screening modality for the discovery of therapeutic candidates in the
pharmaceutical industry. The platform enables a cost-effective, time-efficient, and large-scale assembly
and interrogation of billions of small organic ligands against a biological target in a single experiment. To
increase chemical diversity, the implementation of photoredox catalysis in DELs, including Ni-catalyzed
manifolds and radical/polar crossover, has enabled the construction of novel structural scaffolds. To
expand chemical space, a decarboxylative-based hydroalkylation of DNA-conjugated trifluoromethyl-
substituted alkenes driven by SET and subsequent hydrogen atom termination through EDA complex
activation is detailed. In a further protocol, the coupling of electronically unbiased olefins is achieved
through the intermediacy of (hetero)aryl radical species with full retention of the DNA tag integrity.

In summary, photoredox catalysis offers new avenues for unique synthetic disconnections toward
bioactive molecules. The diverse nature of amenable radical precursors, combined with the mild and
modular character of photochemical paradigms, facilitate the generation of chemotypes that possess a
high density of pendant functional groups.
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ABSTRACT

PHOTOREDOX-MEDIATED DUAL CATALYSIS, 1,2-DIFUNCTIONALIZATIONS, AND
REACTION DEVELOPMENT FOR DNA-ENCODED LIBRARY TECHNOLOGY
Shorouk O. Badir

Gary A. Molander

Reactions for the controlled, catalytic formation of carbon-carbon bonds are crucial for
modern organic synthesis. In an idealized sense, they enable a rapid, convergent assembly of
molecular complexity. Among such transformations, the formation of C—C bonds at Csp’-
hybridized centers is a particularly desirable construct because of its potential to provide access to
3D-rich architectures and, akin to the Suzuki sp*-sp® coupling, impact the way that novel

chemical space is accessed.

Toward this goal, metallaphotoredox catalysis has been enlisted as a valuable advance to
forge Csp’~Csp? linkages through single-electron-transfer (SET) under mild reaction conditions.
Recent research efforts have broadened the scope of radical progenitors from feedstock chemicals
including aliphatic carboxylic acids, aldehydes, bromides, and organosilanes. In subsequent
studies, a photochemical/Ni-mediated decarboxylative strategy is accomplished through electron
donor-acceptor (EDA) complex activation bypassing the need for stoichiometric metal reductants
or exogenous photocatalysts. To facilitate sequential bond formation, net-neutral radical/polar
crossover is utilized to achieve the 1,2-dicarbofunctionalization of olefins with

organotrifluoroborate nucleophiles.
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Among the applications in which the ability to accommodate diverse reaction modalities
and molecular complexity becomes critical is DNA-Encoded Library (DEL) synthesis. Recently,
DEL technology has emerged as an innovative screening modality for the discovery of
therapeutic candidates in the pharmaceutical industry. The platform enables a cost-effective,
time-efficient, and large-scale assembly and interrogation of billions of small organic ligands
against a biological target in a single experiment. To increase chemical diversity, the
implementation of photoredox catalysis in DELs, including Ni-catalyzed manifolds and
radical/polar crossover, has enabled the construction of novel structural scaffolds. To expand
chemical space, a decarboxylative-based hydroalkylation of DNA-conjugated trifluoromethyl-
substituted alkenes driven by SET and subsequent hydrogen atom termination through EDA
complex activation is detailed. In a further protocol, the coupling of electronically unbiased
olefins is achieved through the intermediacy of (hetero)aryl radical species with full retention of

the DNA tag integrity.

In summary, photoredox catalysis offers new avenues for unique synthetic disconnections
toward bioactive molecules. The diverse nature of amenable radical precursors, combined with
the mild and modular character of photochemical paradigms, facilitate the generation of

chemotypes that possess a high density of pendant functional groups.
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Chapter 1. Introduction: Photoredox Catalysis

1.1 Carbon—Carbon Bond Formation by Nickel/Photoredox Dual Catalysis’

1.1.1 Introduction

Reactions for the controlled, catalytic formation of carbon-carbon bonds are crucial for
modern organic synthesis. In an idealized sense, they enable a rapid, convergent assembly of
molecular complexity.! Toward this goal, numerous elegant and robust methods for C-C
coupling, such as Pd-catalyzed cross couplings,” Ru-mediated olefin-metathesis,” and C-H
functionalization,' have been developed. Among such transformations, the formation of C—C
bonds at sp’-hybridized centers is a particularly desirable construct because of its potential to
provide rapid access to 3D-rich architectures and, akin to the Suzuki sp*-sp? coupling, impact the
way that novel chemical space is accessed.” A significant limitation of many state-of-the-art
cross-coupling methods is the inability to access sp’-hybridized carbon centers, particularly in
complex molecular environments.® Although some success has been achieved,” the use of forcing
conditions and/or the pre-formation of more reactive coupling partners are needed for productive
reactivity, thereby limiting functional group compatibility when attempting to forge this type of
bond.® The challenges encountered when attempting sp>-sp® cross-coupling prompted the

exploration of alternate mechanistic paradigms.

In 2014, alkyl radicals were first shown to be viable partners in Ni-catalyzed cross-
coupling, funneling into a cycle to assemble new C(sp®)—C(sp?) bonds.’ The development of this

paradigm was the culmination of several concepts. First, the intermediacy of carbon-centered

t Reproduced in part with permission from a) J. A. Milligan, J. P. Phelan, S. O. Badir, G. A. Molander,
Angew. Chem. Int. Ed. 2019, 58, 6152—6163. Copyright 2019, Wiley; b) A. Lipp, S. O. Badir, G. A.
Molander, Angew. Chem. Int. Ed. 2021, 60, 1714-1726. Copyright 2021, Wiley.



C(sp’)-hybridized radicals in Ni-catalyzed coupling processes such as reductive cross-electrophile
couplings had been well-documented.'® Second, the pioneering reports on palladium- and copper
photoredox dual catalysis suggested transition-metals could readily be accommodated in
photocatalytic cycles.'" Finally, the rich chemistry of Ni-catalyzed cross-couplings'? implied that

an array of ligands and electrophiles would be compatible with such a dual catalytic reaction.

Since this disclosure, metallaphotoredox catalysis has emerged as a valuable advance for
the rapid assembly of challenging C—C linkages under mild reaction conditions. Upon excitation
with visible light, a transition-metal-based photocatalyst or a highly conjugated organic molecule
such as 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN)" engages in sequential
single-electron-transfer (SET) events through reductive or oxidative quenching cycles (Figure 1.1
A and B), generating reactive radical intermediates that can be tamed and utilized for targeted

transformations.

A. Photocatalytic quenching cycles
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Figure 1.1 Photocatalytic quenching cycles (A) and common photoredox catalysts (B).



Owing to the strong correlation between the fraction of C(sp*)-hybridized centers in drug
candidates and their ultimate probability of clinical success,” metallaphotoredox catalysis has
gained considerable traction in medicinal chemistry discovery efforts. This new coupling
paradigm offered a solution to the challenge of conducting two-electron alkyl cross-couplings by
subdividing the process into multiple, lower barrier single-electron steps (Figure 1.2 A). These
steps can be partitioned into two distinct, yet interconnected, catalytic cycles — a photoredox cycle
and a cross-coupling cycle. In the cross-coupling cycle, capture of a photoredox-generated radical
species by ligated Ni’ (D) to generate a Ni' intermediate (E) and subsequent oxidative addition of
an aryl halide onto this species provides a Ni'' intermediate (F) (Figure 1.2 A)."* This Ni"
intermediate (F) could also be accessed through the reverse order of events (oxidative addition
followed by radical capture), depending on the nature of the electrophile. In any event, reductive
elimination of the carbon fragments provides the desired product along with a Ni' halide species

(G), which is reduced back to Ni” (D) by the reduced photocatalyst in the photoredox cycle.

A. Ni/photoredox dual catalytic cycle
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( L 4<R‘ capture ( v Ni
SNt D
- PC]
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B. Selected alkyl radical precursors and corresponding oxidation potentials
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Figure 1.2. Net-neutral Ni/photoredox dual catalytic cycle (A) and common radical precursors

(B).



The inherently mild nature of this reaction has permitted unprecedented retrosynthetic
disconnections to be established. Even more impressive than its mild conditions, this dual
catalytic system is extraordinarily modular. An array of radical precursors originating from
feedstock chemicals such as organoboron reagents, carboxylic acids, aldehydes, and
organosilanes has been employed in these transformations (Figure 1.2 B). Since the initial
disclosures in this area, the general pathway depicted in Figure 1.2 has been adapted for the
arylation, vinylation, acylation, and alkylation of these alkyl radical precursors. Because of the
relative “blindness” of the reaction pathway to the origin of the radical, even alkyl radicals arising

from hydrogen atom transfer (HAT) processes can be employed in these cross-couplings.

Owing to the sheer number of Ni-catalyzed transformations that proceed through

photochemical paradigms,”'

the following discussion conveys an overview of seminal
developments in photoredox reactions that use C(sp®) radicals to forge carbon-carbon bonds
through Ni-catalyzed arylation and acylation manifolds. Photoredox reactions that accomplish
carbon-heteroatom coupling or that employ other metals are therefore excluded. Processes that
form carbon-carbon bonds through Ni-catalyzed vinylation,”” Ni-catalyzed C(sp’)-C(sp’)
alkylation,'® as well as non-metal catalyzed photoredox mechanisms such as the Giese addition,'®
proton-coupled electron transfer (PCET),"” radical/polar crossover processes,”® the Minisci

reaction,'® or cycloadditions,” although useful in their own right, are also not discussed in this

subchapter.
1.1.2 Alkyl-aryl cross-couplings

A longstanding challenge for transition-metal cross-coupling has been the construction of
alkyl-aryl linkages under mild conditions and with broad functional group tolerance. The seminal

work in the field of Ni/photoredox dual catalysis reported methods for the cross-coupling of alkyl



radical precursors with aryl halides.'" Subsequently, multiple strategies for C(sp’) radical
generation have been developed. Some approaches rely on redox-active groups, such as
alkyltrifluoroborates, carboxylates, bis(catecholato)silicates, and alkyl 1,4-dihydropyridines (1,4-
DHPs), to achieve programmed reactivity (Figure 1.2 B), and others utilize the innate reactivity
of substrates (via hydrogen or halogen atom transfer) to generate alkyl radicals. Radicals
originating from the oxidation of sulfinate salts,*' xanthates,* and a-silylamines® have also been

employed in this cross-coupling strategy, although they are not discussed in this subchapter.
B Couplings with alkyltrifluoroborates

Alkyltrifluoroborates are a class of readily prepared, bench-stable reagents that have
gained prominence over the past two decades.” The enhanced polarity of the carbon-boron bond
in these salts allows the controlled, in situ hydrolytic generation of boronic acid derivatives that
would be difficult or impossible to isolate. Despite the advantages of these reagents, the
palladium-mediated cross-coupling of alkyltrifluoroborates is beset by the characteristic
limitations of C(sp®) cross-coupling; namely, the forcing conditions required (elevated
temperatures, stoichiometric base) and the susceptibility of these species to undergo [-hydride

elimination.

In 2014, our group demonstrated the first photoredox/Ni dual catalytic system to
construct C(sp*)—C(sp?) linkages under remarkably mild reaction conditions with high functional
group tolerance (Figure 1.3, entry 1).'" In this seminal report, we established that
benzyltrifluoroborates (Ereq = +1.10 V vs SCE, on average) undergo oxidative fragmentation to
deliver alkyl radicals that function as suitable partners in Ni-catalyzed arylation. To probe the
mechanistic intricacies of this unprecedented paradigm, density functional theory (DFT)

calculations were conducted to deduce the order of radical addition to the Ni center with respect



to oxidative addition."* Although both mechanistic scenarios outlined in Figure 1.2 A give rise to
an identical high-valent Ni(IlI) intermediate (F), the formation of alkyINi(I) species E through an
initial radical capture event proceeds via a lower energy barrier. Subsequent reductive elimination
and SET from the reduced state of the photocatalyst to a Ni(I) complex regenerates both catalytic
cycles. Most notably, these calculations suggest that the stereodetermining step in this manifold is
reductive elimination. As such, radical combination is governed by Curtin-Hammett conditions
whereby one of two equilibrating diastereomeric Ni(Ill) intermediates proceeds to yield the
desired C—C bond more rapidly. Utilizing a chiral bis(oxazoline) (BOX) ligand, modest
enantioselectivity = was  observed (50% ee) when subjecting a  racemic a-
methylbenzyltrifluoroborate  mixture to the reaction conditions.'™ This observed
stereoconvergence validated for the first time the merger of photoredox catalysis with asymmetric
transition-metal-catalyzed cross-couplings.'® A general solution, however, to accomplish

enantioselective cross-couplings remains challenging to date.

A wide array of alkyltrifluoroborates can be cross-coupled with aryl- and heteroaryl
bromides using the dual catalytic manifold, including secondary alkyltrifluoroborates, which
exhibit relatively high reduction potentials (Ewq = +1.50 V vs SCE).** Based on this outcome, a
unified approach toward the arylation of secondary alkyl p-trifluoroborato carbonyl

substrates was designed as a complementary approach to existing synthetic routes (Figure 1.3,

entry 3).%

A major feature of this Ni/photoredox dual catalytic cross-coupling method is the
orthogonality of the single-electron oxidation of alkyltrifluoroborates to the palladium-mediated
activation of arylboron reagents.”” This was leveraged in an iterative cross-coupling approach,

wherein rapid diversification of borylated arenes such as 17 was realized (Figure 1.3, entry 5).2*



In an effort to target pharmaceutically relevant structural motifs, conditions for coupling a-

alkoxy-,” a-amino-,** a-hydroxyalkyl-,>! and a-trifluoromethyltrifluoroborates* were developed

(Figure 1.3, Entries 4-8). In the latter case, the reaction represents the first general route toward

unsymmetrical 1,1-diaryl-2,2,2-trifluoroethanes such as 26. The intrinsically low nucleophilicity

of o-CF3; organoboron reagents and the propensity for P-fluoride elimination rendered

conventional Pd-catalyzed cross-coupling protocols unfeasible.® Other organoboron derivatives

can be employed in these couplings, as illustrated by a protocol for the cross-coupling of

benzylboronic pinacol esters in continuous flow by Ley and coworkers.**

L L~ ©y

+ — (i )(tPe) — R
X KF3B)\F{2 ,
R

X =Br, |
Entry Aryl Electrophile

N
AN
1[10a] ﬁ
N~ B
,
5
MeO,C
2125] \©\
Br
8
MeO
3[26] \©\
Br
41295] A

PinB
5128] \©\
Br
MeO,C
61311 \©\
Br

9
NC NC
Br ~ OMe OMe

Organotrifluoroborate Product
KF3B N7
0
N
6 7, 96%
MeO,C
Me
L ve
KF3;B Me
9 10,97% Me
MeO
Bn
KF3B Me o
12 13,70% “Bn
NC
Bn | =
J: N__— OBn
KF;B~ ~OBn
15 16, 66% Bn
OBn
BN ping
/[ 18 Bn
KF;B OBn [BPin not isolated,
15 converted to OH, 55%]

MeO,C

OH

>_\m

KF3B~ “OH

1 20, 62% Bn

¢

22 23, 65%
CF,

CF,
3 3
F = Br E
gl32] | KF3B =
Ny N
OMe OMe
25

24

26, 51%

Figure 1.3. Alkyl-aryl dual cross-couplings using alkyltrifluoroborates.
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More recently, a strategy was reported for the installation of challenging arylated
quaternary carbon centers using tertiary alkyltrifluoroborates (Figure 1.4).* High-throughput
screening®® was critical for identifying a unique ligand, 2,2,6,6-tetramethylheptanedione
(TMHD), that enabled the cross-coupling of these sterically-hindered radical species. Although
the aryl halide scope was limited to electron-withdrawing and electron-neutral arenes (likely
because of poor oxidative addition rates), the types of 3° alkyl fragments that could be installed
were diverse. Further, this shortcoming is not surprising given relevant precedents on the

coupling of tertiary pinacol boronates with electron-rich arenes.”’

[Ir(dFCF3ppy)2(bpy)IPFg (1 mol %)
Ni(TMHD), (10 mol %) Me Me

Br Me Me ZnBr, (10 mol %)
+ X Me
NC KF3B™ Me K.HPO,, DMA
blue LEDs, RT,48h  NC
21 27 I 28, 89% yield

Figure 1.4. Cross-coupling of tertiary alkyl fragments.
B  Couplings with carboxylic acid radical precursors

Concurrent with our efforts to activate alkyltrifluoroborates using Ni/photoredox dual
catalysis, carboxylic acids were demonstrated to wundergo single-electron oxidative
decarboxylation to generate C(sp®)-centered radicals under a parallel mechanistic manifold.'®
Carboxylic acids are highly attractive as radical precursors because of their synthetic accessibility
and widespread commercial availability. Although transition-metal-catalyzed decarboxylative
cross-couplings using aryl carboxylic acids are well-documented,”® engaging aliphatic carboxylic
acids in these two-electron pathways can be challenging. To overcome this limitation, a single-

electron approach was undertaken by using NiCly(dme)/dtbbpy in combination with the



photocatalyst [Ir(dF(CF3)ppy)x(dtbbpy)](PFs) to forge the desired C(sp?)-C(sp®) bond.'®™ This
protocol is effective with secondary-, benzylic-, a-amino-, and a-oxy carboxylic acids with aryl
iodides, -bromides, and -chlorides (Figure 1.5 A). An enantioselective arylation of a-amino acids
was subsequently reported.”’ By employing ligand 37 (Figure 1.5 B), the stereoconvergent

synthesis of benzylamine 36 was accomplished.

A. C(sp?)-C(sp®) coupling using carboxylates!1°]

{ X oom
N coaH \©\Me [Ir(dFCFa(ppy dtbbpy IPFs

mol %)
29 30 NiCly(dme) (10 mol %) 31,78% yleld
dtbbpy (15 mol %)
Cs,CO3, DMF, RT \
26 W CFL light
S
. L :
0 co Ac
32 33 Ac

34, 82% yield

B. Enantioselective C(sp?)-C(sp®) coupling using carboxylates[®®!

Ir(dFCF dtbbpy)]PF,
Me NHBoo [Ir( 3(PPI¥1)0|( o py)IPFg Me NHBoc
NiCly(dme) (2 mol %) B
Me COH Ligand 37 (2.2 mol %) Me
35 "
Cs,COg3, DME/toluene CN

Br
34 W blue LED, RT 36, 71% yield
cN CN 92% ee
s °%\©
N

NH

+Bu +Bu

C. Enantioselective C(sp?)-C(sp?) coupling using carboxylates!“°]

4CzIPN (4 mol %)

— NiBry(dme) (10 mol %) — CN
N\ NYCOZH PyOx ligand (15 mol %) C VEj/
N

Me Cs,CO,, acetone =
2 3
38, 34 W blue LED, RT Me
Br 39, 80% yield
54% ee
CN
21

Figure 1.5. Alkyl-aryl cross-coupling using carboxylic acids.



Under a similar paradigm, Davidson and co-workers developed an enantioselective
synthesis of N-benzylic heterocycles from stabilized carboxylic acids using an organic
photocatalyst and a chiral pyridine-oxazoline (PyOx) ligand (Figure 1.5 C).*° Limitations in the
electronic profile of the electrophile persist, with trace product observed in the case of electron-

rich aryl bromides.

Alcohols, activated in situ with oxalyl chloride, have also been used in alkyl-aryl cross-
coupling (Figure 1.6).*! The oxalic acid redox handle functions analogously to carboxylic acids.
After deprotonation and single-electron oxidation, two successive decarboxylation events occur
to form an alkyl radical that is engaged in cross-coupling. More recently, innovative approaches
to engage alkyl carboxylic acids in Ni/photoredox cross-coupling have been developed, including

those that use flow chemistry.*

Boc
Boc

aryl bromide 8
ﬁoc Ir[dFppy],(dtbbpy)PFg (1 mol %)
(COCl), NiBry(dtbbpy) (5 mol %)
0._0 5:1 THP/DMSO
OH I CsHCOg, 4 h, 70 °C
40 0~ "OH

CO,Me

not isolated 41, 62% yield

Figure 1.6. Alkyl-aryl cross-coupling using activated alcohols.
B Couplings with alkyl bis(catecholato)silicates

Alkyltrifluoroborates and carboxylic acids that result in primary, non-stabilized radicals
are challenging to oxidize, and consequently, their use in Ni/photoredox cross-coupling is
sometimes challenging.” New classes of radical precursors with lower oxidation potentials were
therefore sought. Specifically, molecules were designed in which a redox-active group would
provide an “antenna” for SET processes to occur, facilitating a homolytic scission of a Si—C

bond. One class of precursor that was readily identified were alkyl bis(catecholato)silicates.
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Although encumbered by suboptimal atom-economy, these reagents are bench-stable, crystalline
solids or powders that possess low oxidation potentials (E..a = +0.75 V vs SCE), allowing the use

of less oxidizing (and inexpensive) photocatalysts.*’

In 2015, a Ni/photoredox-catalyzed C(sp*)-C(sp’) cross-coupling between 4-
bromobenzonitrile and a series of alkyl bis(catecholato)silicates possessing potassium 18-crown-6
counterions was reported.** These silicate coupling partners incorporated a variety of functional
groups, including esters, nitriles, oxiranes, and halides (Figure 1.7 A).* Concurrent with these
studies, cross-coupling protocols with bis(catecholato)silicates bearing more practical and less
expensive (albeit more acidic) alkylammonium counterions (analogous to the previously reported
aryl variants,*® Figure 1.7 B) was developed.”” Couplings with these reagents display exquisite
chemoselectivity when dihalogenated arenes were used as coupling partners (Figure 1.7 C).*
This class of radical precursors has also been cross-coupled with borylated aryl bromides® as

well as aryl triflates, -tosylates, and -mesylates.>

A. C(sp?)-C(sp®) coupling using potassium silicates!*5]
0 [Ir(dFCF3ppy)o(bpy)IPFg (2 mol %) O

) Ni(COD), (3 mol %)
Me + [Si1_Ph dtbbpy (3 mol %) Me
Ph
Br 42

DMF, RT, blue LEDs
33 Counterion: ®K [18-C-6) 43, 88% yield

B. C(sp?)-C(sp®) coupling using ammonium silicates!*72]

[Ru(bpy)s](PFe) (2 mol %)

MeO
NiClp(dme) (5 mol %) ~ MeO
+ dtbbpy (5 mol %)
" Br NH,
DMF, RT, blue LEDs

®
e[Si]\/\/NHa 45, 68% yield
44

C. Haloselective coupling using silicates!*8]

Br [Ru(bpy)s](PFe), (2 mol %)

NiCly(dme) (2.5 mol %) Br

+ phen (5 mol %)

|

e OAc
DMF, RT, blue LEDs

e[Si]\/\/OAC , ' 48, 79% yield
Counterion: H,N(Pr),
47 ®

Figure 1.7. Alkyl-aryl cross-coupling using potassium- and ammonium silicates.
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B  Couplings with 1,4-DHP radical precursors

Another class of radical precursors that has been investigated is 1,4-DHPs. DHPs are
typically bench-stable solids that can be prepared in a single step from the corresponding aliphatic
aldehyde, the widespread commercial availability of which make DHPs highly accessible radical
feedstocks.”' These heterocyclic species can be thought of as residing at a thermodynamic local
minimum, primed to become fully aromatic pyridines through a facile photoredox-catalyzed
oxidation (Eox = +1.05 V vs SCE, on average).”>*® Indeed, many long-utilized methods for the
synthesis of substituted pyridines pass through DHP intermediates and require stoichiometric
oxidants to achieve aromaticity. It therefore comes as no surprise that photocatalytic SET
oxidation occurs with ease.’”™ DHPs bearing 4-alkyl substituents readily undergo oxidative

53

fragmentation to extrude alkyl radicals,” and these radicals have been shown to participate in

transformations such as aromatic substitution.>*

Two groups,”>>® have reported the cross-coupling of aryl halides and alkyl DHPs. One
employed a basic additive to deprotonate the DHP and form a more easily oxidized anionic
species (Figure 1.8 A). The second was able to omit the basic additive by employing the more
oxidizing 4CzIPN photocatalyst (Figure 1.1 B). Both sets of conditions allow the cross-coupling
of various alkyl radicals with either aryl bromides or -iodides. Saccharide-derived DHPs can also
be used in the Ni/photoredox cross-coupling cycle to afford reversed C-aryl glycosides such as 53
(Figure 1.8 B).”” The latter substrate would be prone to B-elimination using traditional cross-
coupling methods. A recent report indicated the possibility of direct photoexcitation of DHPs to

trigger the formation of alkyl radicals in the absence of a photocatalyst (Figure 1.8 C).*®
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A. C(sp?)-C(sp®) coupling of aryl iodides with 1,4-dihydropyridines[>*!

fac{lr(ppy)s] (1 mol %)
NiCly (10 mol %)
dtbbpy (15 mol %)

EtO,C NaOAc (1.5 equiv) EtO,C
\©\ + DHP___Ph
| DMI, RT, 40 h Ph

14 W white LEDs
49 50 51, 72% yield

B. C(sp?)-C(sp®) coupling to access C-aryl glycosides!®’]

NC
O :
Br

21 4CzIPN (2 mol %)
+ NiBr,(dme) (5 mol %) 0.0

Me
DHP. (0] dMeObpy (7 mol %
‘\o>< . py ( 5) o>< Ve
o
"0 Me acetone, RT, o
blue LEDs, 24 h Meﬁ’ 33
A»O 52 Me 89% vyield
9:1dr

C. Photoinduced C(sp?)-C(sp?) coupling using 1,4-dihydropyridines[5é!

NiCly(dme) (5 mol %)

Me Me
>L bpy (10 mol %)
O\/O]\ 2,6-lutidine (1 equiv)
54 CH4LCN, RT Me><

+ HP single LED (405 nm)
Br 55, 82% yield

CN EtO,C CO,Et
21

Figure 1.8. Alkyl-aryl cross-coupling using 1,4-DHPs.

B Hydrogen atom transfer in the dual catalytic manifold

A key feature of Ni/photoredox dual catalysis is the relative “blindness” of the Ni cross-
coupling cycle to the origin of the alkyl radical coupling partner. This allows compatibility with
unique methods for alkyl radical generation, such as hydrogen atom transfer (HAT).'”> HAT
processes exploit the innate reactivity of saturated heterocycles possessing homolytically labile
C-H bonds adjacent to heteroatoms. Regioselective hydrogen atom abstraction provides a
heteroatom-stabilized radical that gets funneled into a Ni cross-coupling cycle. The major
significance of this approach is that radical generation via HAT obviates the need for a pre-
functionalized alkyl radical precursor, thus enabling highly atom economical cross-coupling

processes.
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In 2016, two groups reported that Ni/photoredox cross-couplings can be initiated by

hydrogen atom abstraction of ethers (Figure 1.9, entries 1-2).°%¢! Experimental evidence suggests

that the couplings proceed through stable and isolable Ni" aryl halide oxidative addition

complexes (I, Figure 1.10 A). Photoexcitation

amines, typically as the solvent, promotes C—H

of these complexes in the presence of ethers or

cleavage to form the coupled product. Dioxolane

59 is also amenable to HAT/cross-coupling, which provides a mild and redox-neutral method to

access masked aldehydes (Figure 1.9, entry 3).%

~®E—

sae

(Z=0,N) (X =Br, Cl)

Entry Substrate Aryl Halide

1161] Q \©\

, (solvent)

L=,

, (solvent)

0,

59, (solvent) 60

2l[60]

30621

Br. N
4/66) |
o
H N CF3
62 63
L0
Boc
OH Br
[65] -Bi
6 m u\)\H \©\
CF3

68 69

HAT agent Product

57, 83%

o)
t-Bu
61, 76%
TBADT _ |
65,66% N
40, 84%
OH

70 71, 75% CF3

Figure 1.9. Alkyl-aryl dual cross-couplings mediated by hydrogen atom transfer.

An alternative approach to accomplish HAT-initiated dual catalytic cross-coupling is the

use of an amine reagent to conduct targeted H-atom abstraction (Figure 1.10 B). Thus,
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quinuclidine derivatives were used to accomplish C-H arylation of pyrrolidine derivatives (Figure
1.9, entry 5).%%* This strategy has been extended to the C-H arylation of free alcohols. The latter
transformation required the use of ZnCl, as a Lewis acid activator to achieve efficient hydrogen
atom transfer (Figure 1.9, entry 6).° Alternative HAT agents, such as photoexcitable

polyoxometalates, have been recently described.®

A)
Ni-X bond o
X, homolysis N L—g\
‘Ni'lL 0 H| — o
Ar= Ar—Ni'L, SNilL,
| J Ar—Ni'L, Ar
X =Br, CI K L

B)
O [ o
N N H  cross-coupling

.
[F;:C]B?;]*\[NA\\//X %

X = H (70), OAc (67)
Figure 1.10. Pathways for hydrogen atom transfer.
B Net-reductive alkyl-aryl couplings

Although most Ni/photoredox dual catalytic reactions occur through a redox neutral
pathway, net-reductive transformations have recently gained considerable attention. These
transformations are conceptually similar to Ni-catalyzed reductive cross-electrophile couplings.'!
By using a photoredox catalyst as an electron shuttle, the stoichiometric manganese and zinc
reductants that are typically used to turn over the active Ni catalyst can be replaced by
homogeneous, organic reductants including amines, Hantzsch esters, or silanes. The process

proceeds through a similar series of mechanistic steps as the redox-neutral variants (Figure 1.11).
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The major distinction is that the photocatalyst cycle is turned over by a terminal reductant and
that the radical precursor is reduced by a Ni’ intermediate and/or the excited state photocatalyst to

generate the alkyl radical for metalation.

Aer

ox1datlve
L Ar addition
SNl
Conesy e ==
A

Alkyl—[RP! "
y—{RP] Alkyl * [PBC]
[Pcrj
Alkyl~ capture [PC]\_@\ D
Alkyl—[RP] ¢ 5
Alkyl D = donor molecule
(L ,L,m Ar [RP] = radical precursor
reductive
%tlon/
AlKy| == Ar

Figure 1.11. Net-reductive Ni/photoredox cross-coupling cycle.

To accomplish the photocatalytic, net-reductive cross-electrophile coupling of alkyl
bromides and aryl halides, silanes and amines have been used as terminal reductants (Figure
1.12). In the first entry, oxidation of tris(trimethylsilyl)silane was employed as an electron source
to enable the reductive generation of radicals from alkyl bromides. The reaction could proceed by
either direct reduction of the alkyl halide or, more likely, halogen atom abstraction. Overall, both
pathways result in a net reductive catalytic cycle. This method was used to couple heteroaryl
bromides with various functionalized 1°, 2°, and even 3° alkyl bromides.®” Other reductive
systems employ amines as terminal reductants to achieve couplings similar to those of alkyl
bromides.®® Notably, the use of bathocuproine 76 (entry 4) as a Ni ligand promotes sequential -
hydride elimination and migratory insertion events to form a more stabilized benzylic Ni"

complex that generates diarylmethine 75 upon reductive elimination.®’



Alkyl—Br + X—Ar + reductant —@[PC] —  Alkyl==Ar

Entry

1167b]

2l68b]

3l68a]

4169]
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(TMS)3SiH + base

EtsN
{HO\/ﬁ\
N:
3
i-ProHN
Ph Ph
7 N 2R
=N N=
Me 76 Me

bathcuproine

Representative Product

N
7 N\ o

72, 80%

MeO I I

Ph? " Cco,Me
74, 83%

U

73, 86%

Ph
Ph” >"pr —=
Ph)\/\H
75, 80%

sequential Ni -hydride elimination and
migratory insertion, using ligand 76

Figure 1.12. Net-reductive Ni/photoredox cross-couplings of alkyl bromides and aryl halides.

In addition to the use of alkyl bromides as radical precursors, we have recently reported a
photocatalytic, net-reductive cross-electrophile coupling of (het)aryl bromides and Katritzky
salts, prepared via condensation of the corresponding amines with a commercially-available
pyrylium salt.”® Under this catalytic manifold, the photocoupling of C(sp’)-hybridized centers,

stemming from amine feedstocks, with diverse aryl halides can be accomplished using the

organic dye 4CzIPN and triethylamine as the terminal reductant.

Figure 1.13. Net-reductive Ni/photoredox cross-couplings of Katritzky salts and aryl halides.

An alternative approach to accomplish Ni-catalyzed reductive cross-couplings is the use

of photoactive electron donor-acceptor (EDA) complexes.”" Upon light excitation, an organic

NiBry(dtbbpy) (5 mol %)
4CzIPN (3 mol %)

EtsN (3 equiv)

THF, RT
blue LEDs, 24 h NC

78
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electron donor serves as a potent photoreductant to deliver radical species from electron-deficient
acceptor molecules. As part of its dual role, the organic donor modulates the oxidation state of the
nickel catalyst to regenerate the active low-valent metal species, thus bypassing the need for
exogenous photoredox catalysts. Taking advantage of this catalytic mode, our group recently
reported a cross-electrophile decarboxylative strategy for the assembly of C(sp®)-C(sp?) linkages
from alkyl-N-hydroxyphthalimide esters (redox active esters, RAEs, readily prepared from the
corresponding carboxylic acids). Under the developed conditions, the coupling of primary-,
secondary-, stabilized a-oxy-, a-amino-, and benzylic radicals was accomplished using Hantzsch

ester as the electron donor (Figure 1.14).7

EtO,C Me
.| ED—r e
< Z_ NH HE Y 4
(0] —G— /g\ Ni )— R
EtO,C i Me = R2 \
i 390 nm ! %
—: N 1 HE
S N OHR organic ")
0 O R2 photoreductant

colored RAE
EDA complex

Figure 1.14. Net-reductive Ni-catalyzed cross-couplings with EDA complexes.

1.1.3 Alkyl-acyl cross-couplings

Ketones are a versatile functional group, capable of accessing myriad chemical motifs.
One convergent strategy for ketone synthesis is through direct acylation of alkyl fragments.
Typically, such disconnections employ reactive, nucleophilic organometallic reagents (as in the
Weinreb ketone synthesis), inherently limiting both the scope and functional group compatibility
of the transformation. Conversely, a catalytic method for the acylation of otherwise unreactive
acyl- and alkyl fragments would provide rapid access to complex molecules and mark a clear

improvement over the traditional nucleophilic acyl substitution chemistry.
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The ability of organonickel intermediates to engage acyl electrophiles in oxidative
addition has been reported.” Building on this work, Ni/photoredox dual catalysis was employed
to couple numerous acyl electrophiles with alkyl radical precursors. As a testament to the
modularity of the catalytic system, multiple classes of both acyl electrophiles (acyl chlorides,”
acyl imides,” anhydrides,”® isocyanates,”” and thioesters’®!) and radical precursors have been
engaged within the reaction manifold. Achieving selective acyl transfer when using mixed
anhydrides can prove challenging because of the presence of two C(sp?)—O bonds that must be
differentiated by the Ni-catalyst. One strategy relies on the in situ formation of carbonic

anhydrides (Figure 1.15, entries 4 and 5).

I L. —(ee)— ﬁY
. — (mip)(iPcy '
R‘JJ\X [PR]A\Ra " RO

Entry Acyl Electrophile Radical Precursor Representative Product
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80 81, 55% NBoc
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(e} 0 o
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82 80 83, 70%
o (OHNEL R RS 0
3077) Rl _C*? oj./_o Ph _~ N
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r 1 o)
T2 :
[76b]
4 | R ~O OMe | KF;,B)\ R N
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R2__R®

[ o o ] Ph SN}
grea | EtO,C COEt X
L R "O OMe | 11 o e}

formed in situ? Me N~ “Me O 89, 94%
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Figure 1.15. Acyl-alkyl cross-couplings. /Formed through the reaction of the corresponding acid

with dimethyl dicarbonate.

In another approach, reactivity reminiscent of Tsuji-Trost chemistry is exploited to effect

76e

CO; extrusion from a pre-formed mixed anhydride.”® HAT strategies for acylation have also
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been reported, including the coupling of aldehydes with alkyl bromides™ and the synthesis of
alkyl thioesters.”” A Ni/photoredox-catalyzed cross-coupling of meso-anhydrides was reported to
access phenylacetone derivatives such as 91 (Figure 1.16).”%¢ The key stereodetermining step is
the oxidative addition of the chiral Ni species onto the meso-anhydride. Although the
transformation was limited to aliphatic anhydrides and benzylic trifluoroborates as radical
precursors, it is notable as one of the few enantioselective Ni/photoredox dual catalytic

transformations.

BnBF3K (1.2 equiv)
4CzIPN (2 mol %)

H O Ni(cod), (5 mol %) H
5 Ligand 92 (6 mol %) : COxH
o]
B 1,4-dioxane (0.05 M), 24 h F| Ph
H o} 34 W blue LEDs o
90 91
77% yield, 91% ee, >20:1 dr
(0] :
H : Me Me
proposed 5 o ! (0] (0]
oxdative addition ] ' | |
complex ! Ni'-N ' N N
Z \ -
Al N ;
0 4 : Ph 92 Ph

Figure 1.16. Desymmetrization of meso-anhydrides to effect acyl-alkyl cross-coupling.
1.1.4 Conclusion

In a very short period of time, Ni/photoredox dual catalysis has become a workhorse for
the construction of an array of carbon-carbon bonds. Many of the bond disconnections achievable
by this method could not be plausibly accomplished using traditional cross-coupling approaches.
This, combined with the mild and modular nature of these reactions, enables the rapid generation
of diverse chemotypes that possess a range of unprotected functional groups. In this manner,
Ni/photoredox dual catalysis is a major contribution to the modern vision of “ideal” organic
synthesis,** wherein highly functionalized molecules can be prepared with minimal

protection/deprotection or redox fluctuation steps. The active and near immediate uptake of
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Ni/photoredox cross-coupling in the industrial sector serves as a testament to both the utility and
potential of this reaction paradigm.*'*! Herein, efforts to expand the scope of electrophiles and
radical precursors in Ni/photoredox dual cross-couplings are outlined. Additional fruitful results
in the development of multicomponent reactions and radical-mediated synthesis for DNA-

encoded libraries (DELs) are described.
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1.2 Multicomponent Reactions: Radical/Polar and Radical/HAT Crossover Strategies’

The pursuit of efficient synthetic tools to assemble complex molecular architectures is of
longstanding interest in organic synthesis. The disclosure of metallaphotoredox catalysis has
offered new avenues for unique C-C bond disconnections, especially in the context of
biologically relevant targets.'>* Through SET, the installation of C(sp)-hybridized centers under
mild reaction conditions (weak bases, room temperature, near-neutral pH, and visible light) can
be accomplished with excellent functional group tolerance.'>*? Owing to the enhanced solubility
and specificity in clinical candidates bearing C(sp®) centers, Ni/photoredox dual catalysis has
found extensive application in the medicinal chemistry community.’ As outlined in Chapter 1.1,
although progress has been made, the vast majority of these dual catalytic processes forge
exclusively one C—C or C-heteroatom bond.*? In this vein, the development of multicomponent
transformations from commodity chemicals has the potential to yield greater atom economy,
dramatically increase molecular complexity, eliminate sequential independent transformations,

and enhance reaction simplicity.®

An attractive subset of multicomponent reactions are vicinal difunctionalizations,
enabling the installation of two carbon- and/or heteroatom-based entities across unsaturated
systems in one synthetic step (Figure 1.17).5+%%%47 Despite recent advances in this arena,
conventional two-electron 1,2-difunctionalizations rely on the use of organometallic reagents,
elevated temperatures, and expensive metal catalysts.***** Seminal research from the groups of
Baran,® Zhang,89 Nevado,”®! Giri,”? Chu,” and Wang,g4 among others,” has demonstrated the

potential of conjunctive radical- and transition-metal-based cross-couplings as enabling tools to

t Reproduced in part with permission from S. O. Badir, G. A. Molander, Chem 2020, 6, 1327-1339.
Copyright 2020, Elsevier.
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address the aforementioned challenges. However, these transformations in large part operate
using stoichiometric metal reductants, with associated characteristics that would benefit from
complementary reactivity modes. More recently, the development of 1,2-difunctionalizations with
the aid of a photocatalyst” has expanded the scope of disubstituted products. A formidable
challenge, however, associated with transition-metal-based sequential reactions is B-hydride
elimination from alkylmetal intermediates, particularly for unactivated alkenes, limiting the use
of C(sp’)-hybridized reagents.**” Additional deleterious pathways such as homocoupling of

radical species, isomerization, or proto-demetalation further complicate these processes.**’

M = Pd, Ni,
Cu, Fe, Co, etc

M
M
R 4+ O—X —>R/I\(O O;Y,Rip OandO:
Hp

electrophiles or nucleophiles

1,2-difunctionalized product
Figure 1.17. Transition-metal-catalyzed 1,2-difunctionalization of olefins.

Among the numerous unique features of photoredox catalysis is the inherent ability to
access both radical and polar reaction intermediates within the same overall mechanistic
paradigm.'® To advance the field of synthesis, radical/polar crossover (RPC) has recently been
enlisted to facilitate the assembly of structural motifs with a high density of pendant functional
groups through sequential bond-forming processes under mild reaction conditions (Figure
1.18)."% Governed by RPC pathways, high-energy radical species are generated through SET
events and subsequently engage in odd-electron transformations.'® Through single-electron
oxidation or reduction steps, the newly formed radical intermediates enter the two-electron
reaction domain for further functionalization. In particular, RPC protocols can be categorized as

net-neutral, net-oxidative, or net-reductive reactions.'
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Of pertinence to the research described herein, net-neutral RPC proceeds through single-
electron oxidation and reductions steps occurring between the photoredox catalyst and reaction
components, thus bypassing the need for exogenous oxidants or reductants and providing a low
barrier for practical implementation.'®™® In general, net-neutral RPC can operate through two
distinct mechanistic scenarios: reductive or oxidative quenching modes (Figure 1.18). In the
reductive quenching pathway, the excited state photocatalyst initially undergoes single-electron
reduction by a suitable electron donor. Oxidative-based homolytic cleavage of this precursor then
generates reactive radical species that engage in further transformations. At this juncture, another
SET event between the radical intermediate and the reduced state photocatalyst produces an
anionic intermediate that can be quenched with diverse electrophiles. As a complementary

4 is characterized by an initial reduction of the radical

reactivity mode, oxidative quenching'®
precursor. Upon radical-based diversification, the radical intermediate is oxidized to a cationic

species that can be trapped by a suitable nucleophile through intermolecular or intramolecular

reactions.

Oxidative Reductive
Quenching Quenching

[PC]ox ’ [pC]red

R? R?
{RMWI SET ol SET {RMW]
R? R?
A)\ y R/\)\ 1
R R R
3 polar reactions 3

v v

Figure 1.18. Net-neutral radical/polar crossover: reductive and oxidative quenching modes.
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In a slight departure, radica/lHAT crossover can be envisioned in which radicals
generated through SET events can participate in further alkylation with olefinic substrates, prior
to undergoing hydrogen atom termination (HAT, Figure 1.19 A).*® As a result, selective
hydroalkylation and hydroarylation can be accomplished. This mechanistic paradigm is
particularly advantageous to achieve the hydrocarbofunctionalization of trifluoromethyl-
substituted alkenes, whereby the formation of anionic intermediates through radical/polar
crossover or the presence of alkylmetal complexes can lead to competitive f—F elimination
(Figure 1.19 B). Depending on the nature of the radical precursor and the overall mechanistic
pathway, the alkylation of these electrophilic alkenes can generate one of two medicinally

relevant scaffolds: gem-difluoroalkenes”™ or benzylic trifluoromethyl subunits.’*'®

A. Radical/polar and radical/HAT crossover

radical/polar crossover

SET (€]
photoredox — 0\/\ R

catalysis
Qe g @. M H®
R H
[RP] =radical alkene 0\)\
precursor feedstock HAT R
radical/HAT crossover
B. Alkylation of trifluoromethyl-substituted alkenes
[radical/polar crossover| radical/HAT crossover
F. F
‘ p-F elimination FsC, hydroalkylation CF;3
anionic reactivity

Figure 1.19. Radical/polar and radical/HAT crossover strategies toward the alkylation of

trifluoromethyl-substituted alkenes.

In conclusion, photoinduced net-neutral radical/polar and radical/ HAT crossover have
revolutionized the way chemists think about constructing small organic molecules.'® Our

research group has been at the forefront of these enabling techniques,'®® and parts of the research
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presented herein harness photochemically generated radical and ionic intermediates to accomplish

the synthesis of medicinally relevant scaffolds with high content of C(sp®) carbons.

1.3 Photoredox-Mediated Alkylation for DNA-Encoded Libraries’

1.3.1 Introduction

Bridging the gaps between biology and chemistry, small organic compounds remain at
the core of discovery research in the pharmaceutical and agrochemical industries.'”" The global
pharmaceutical industry invests an estimated $150 billion annually toward the advancement of

safe, effective, and affordable therapeutics to combat human diseases (https://www.ifpma.org/wp-

content/uploads/2017/02/IFPMA-Facts-And-Figures-2017.pdf). Traditionally, high-throughput

192 and phage display'®” have played prominent roles in hit identification. These

screening (HTS)
efforts, however, are flawed by their sheer cost and time-intensive labor.'>!% In recent years,
DNA-encoded library (DEL) technology has emerged as an enabling tool in the drug discovery
field, featuring an incredibly convenient and rapid way to assess the potential efficacy of billions
of chemical compounds (Figure 1.20).'°'% Thus, extremely large libraries can be assembled and
screened against a biological target in a single experiment, bypassing the need for special
infrastructure. Additionally, DEL platforms afford a time-saving and cost-effective screening
format. Compared to the roughly $2 billion spent on HTS campaigns of millions of compounds
contained in extant pharmaceutical libraries, the general cost associated with the assembly and
screening of a DEL library of 800 million compounds is about $150,000 ($0.0002 per library

member).'”

t Reproduced in part with permission from S. Patel, S. O. Badir, G. A. Molander, Trends Chem. 2021, 3,
161-175. Copyright 2020, Elsevier.
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The overall goal in DEL technology is to sample as much chemical space as possible in
an effort to increase the probability of hit identification.'''?! Initially, “split and pool” synthesis
attaches building blocks to unique DNA barcodes, after which further diversification can be
carried out. Separate reactions are pooled together and then re-arrayed for further building block
addition. Multiple cycles of reactions can be performed consecutively to introduce additional
units. Following DEL synthesis, the assembled compounds are incubated with the biomolecular
target affixed to a solid support (polymer or resin). Low affinity ligands are washed away, after
which the DNA barcode of the remaining high affinity ligands can be PCR-amplified for hit
identification by sequencing the DNA “barcode” associated with each small molecule building
block. To grow DEL platforms, library members should ideally possess functional handles for
derivatization. The presence of DNA, however, imposes restrictions on the types of chemical
transformations that are amenable to DEL environments. These constraints include the necessity
of mild, aqueous, and dilute conditions. Therefore, robust reaction optimization is crucial to the

development of DEL-compatible methods.

split & o 3
reaction pool ®e ®e repeat 3
®e 9% > k=]
) O . ° =
o0 s
3
£
1) DNA amplification affinity 3
2) DNA sequencing selection E?
j=2)
3) off-DNA synthesis £
_ 4) hit evaluation . v 2 s
therapeutic immobilized { a

candidate target

DNA-encoded library

Figure 1.20. Overview of DNA-encoded library (DEL) technology.

To address these limitations, photoredox catalysis has been enlisted to enable a variety of

mild on-DNA modifications using photoexcitable catalysts that harness visible light to assemble
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challenging structural motifs.'* Traditionally, palladium-catalyzed two-electron cross couplings
with alkyl partners involve harsh reaction conditions and elevated temperatures.'** Photocatalytic
strategies have the potential to revolutionize DEL chemistry, as they are inherently mild, occur
mostly at room temperature and without pyrophoric reagents, and the open shell intermediates are
able to react productively in aqueous media. The following discussion seeks to highlight recent

milestones in photoinduced alkylation processes in DEL platforms.
1.3.2 Emerging DEL successes

Although DEL technology has been adapted only recently in pharmaceutical settings, it
has already given rise to novel drug candidates. In 2016, GSK employed their 7.7 billion-member
DEL platform to identify a potent inhibitor of receptor interacting protein 1 (RIP1) kinase, which
plays a prominent role in regulating cell death and inflammation. As a result of this screening, a
benzoxazepinone inhibitor (GSK 481) was selected as the lead compound.'”® Another DEL
success was reported in 2017 when AstraZeneca, Heptares Therapeutics, and X—Chem
recognized the role of protease-activated receptor 2 (PAR2) in the treatment of many cancers and
inflammatory diseases, and they sought to employ DEL technology to identify a high-affinity
inhibitor.'"**'*> This led to the identification of AZ3451, a potent and selective allosteric
antagonist of PAR2. Additional emerging success stories from academic groups have also been

reported recently.'**'%

1.3.3 Ni/photoredox dual catalysis

Recently, the adaptation of Ni/photoredox dual manifolds in DEL synthesis has enabled
the incorporation of a diverse pool of alkyl feedstocks, including aliphatic carboxylic acids,'**'*
o-silylamines,'* alkyl 1,4-DHPs,"*° and aliphatic bromides.'**'** The success of this integration

is owed in large part to the mild nature of photoinduced alkylation pathways, whereby odd-
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electron intermediates, generated in a regulated fashion, are able to operate under high dilutions
(~ 1 mM) and in the presence of air and water (~20% by volume).'*'** Excess reagents are
leveraged to induce selectivity in DEL reactions typically carried out on minute scales (~25
nmol). In this section, milestones in Ni/photoredox dual cross-couplings in DEL platforms are

highlighted.
B Carboxylic acids

Carboxylic acids are an important class of radical precursors because of their versatile
and abundant nature. In particular, these multifunctional building blocks allow an overabundance
of diversifications in DEL settings. In collaboration with scientists at GlaxoSmithKline, our group
devised a cross-coupling protocol of amino acid derivatives with a wide array of DNA-
conjugated (het)aryl bromides and -iodides to derive a-heterosubstituted products (Figure 1.21
A)."** Remarkably, the reaction can be performed under blue light irradiation within 10 minutes
and without the need for inert atmosphere. A large excess of base in the presence of a buffer
system (TMG and MOPS pH 8, respectively) led to enhanced reactivity under aqueous
conditions. Control experiments (no light, no Ni, no PC) demonstrated that all components were

necessary for the reaction to proceed.

With respect to the cross-coupling scope, aryl iodides engaged effectively with complex
N-Boc-protected derivatives under the developed conditions. Specifically, aryl systems
encompassing tertiary amines and free aniline motifs were tolerated. Unfortunately, diminished
reactivity was observed with electron-neutral and electron-rich aryl bromides. The use of more
activated heteroaryl bromides proved successful in obtaining pyrrolidine- and indole-containing

substrates.
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Independently, Flanagan and colleagues at Pfizer demonstrated the merger of photoredox
with nickel catalysis in aqueous media in the presence of a nickel precatalyst, employing a
pyridyl carboxamidine ligand."*' Under a similar mechanistic paradigm, cyclic and acyclic o-
heterosubstituted products were obtained in excellent yields (Figure 1.21 B). Notably, the use of
tertiary N-Boc-protected a-amino acids resulted in decreased yield, presumably because of steric
congestion at the Ni center. Other scaffolds encompassing acidic carbamate protons displayed
sluggish reactivity under the developed conditions. As a further extension of this water-
compatible Ni-catalyzed manifold, the developed reaction conditions were applied to the cross-
coupling of an aliphatic bromide, a secondary alkyltrifluoroborate, and an alkyl sulfinate salt. As
highlighted, the scope of methods employing carboxylic acid precursors on DNA is largely
limited to stabilized radical species (e.g., a-heterosubstituted amino acids). Another inherent

limitation is the need for protecting groups for amine functional groups.

A. Molander (2019)!130]
(0] 2 equiv Ni(TMHD), o)

Rl - Boe 50 mol% [Ir(dF(CF3)ppy)(dibbpy)]PFe R!
MN N MN N—Boc
N X A _ N
HO,C R? 700 equiv TMG, 25 mM MOPS pH 8 buffer

77:23 DMSO/H,0, 10 min, blue LED R?
1 equiv 250 equiv ST T e T ]
1 F ANyCFs | PR !
: | :
' X, Bu '
Boc. ! N x '
m %(j nH NH B:j\‘j i ", i ‘\'\i = :
N N ~ i\ F SIS H
Boc Boc 'R ’ \N g !
i N < i
59% vyield 75% yield 46% yield 65% yield H z | Bu !
(from 4-Arl) (from 4-Arl) (from 4-ArBr) (from Arl) ! F S oF !
[ 3 .. J

B. Flanagan (2019)[131]
o 20 equiv Ni precatalyst 0

RL-Boc 4 equiv [Ir(dF(F)ppylx(ctbbpy) PF R!
QDU . SOVDOW__ N—Boc
H X PN H
HO,C R2 1500 equiv KoHPO, -

40:60 DMSO/H,0, 40 min, blue LED

1 equiv 1000 equiv
/:N
F e HN Fﬂ/\o
% BocN \)
BocN BocN
NHBoc
78% yield 93% yield 50% yield 74% yield
(from 4-Arl) (from 4-Arl) (from 4-Arl) (from 3-Arl)

Figure 1.21. On-DNA Ni/photoredox decarboxylative arylation.
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Critical to the success of DELs as a platform for ligand discovery in pharmaceutical
settings is the integrity of the DNA tag. To probe the potential for radical-based DNA damage,
Flanagan and colleagues conducted DNA ligation experiments followed by qPCR analysis."*' It
was determined that the DNA tag was not significantly damaged as a result of radical species or
blue light irradiation in the absence of oxygen. Importantly, the amount of amplifiable DNA was
comparable to a control sample that was not subjected to the metallaphotoredox-catalyzed cross

coupling.

In another report, Novartis researchers reported a catch-and-release strategy using a
cationic, amphiphilic PEG-based polymer to perform Ni/photoredox dual-catalyzed
decarboxylative cross-couplings of DNA aryl halides.'** This scope of this method was extended
to non-stabilized primary and secondary radical architectures. However, diminished reactivity
was observed with tertiary aliphatic carboxylic acids. With respect to the integrity of the DNA tag
under the developed conditions, the authors determined that 48% of amplifiable DNA is
recovered after release from the resin that was subjected to the photochemical decarboxylative

arylation. The corresponding DNA substrate was competent in subsequent elongations.
B Organosilanes

To access free amine functional handles that allow direct derivatization in DEL
platforms, the use of organosilanes as radical precursors was investigated because of their
favorable redox potentials [Erea = ~ +0.4 — 0.8 V vs SCE].***'** This class of reagents allows the
introduction of aminomethyl subunits, a structural motif functioning as a pivotal linker embedded
in pharmacologically active molecules.** Importantly, silylamines can be readily synthesized by

alkylation of diverse, commercially available amines with chloromethyltrimethylsilane. They can
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also be accessed via reductive amination from = commercially  available

aminomethyltrimethylsilane with assorted ketone and aldehyde feedstocks.'**

Using an Ir-based PC under blue light irradiation, effective single-electron oxidation of
electron-rich alkyl(trimethyl)silanes can be accomplished to yield silylaminomethyl radical

cations (Figure 1.22).'*

Under aqueous conditions, rapid desilylation occurs to yield neutral a-
aminomethyl radicals that intercept low-valent Ni species to furnish the desired product. Taking
advantage of the low oxidation potentials of this class of reagents, scope elaboration using
unprotected aminomethyl derivatives proved successful. Additionally, an organosilane stemming
from proline served as a competent substrate with diverse (het)aryl halides, including systems

encompassing N-Boc-protected amines, free anilines, and tertiary amines prone to SET oxidation

under photoredox conditions.”
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Figure 1.22. On-DNA Ni/photoredox aminomethylation of (het)aryl halides.

B 1,4-DHPs

The introduction of 4-alkyl 1,4-DHPs in photoredox-mediated on-DNA alkylation efforts
has expanded the structural feedstock amenable to DEL libraries to include aliphatic aldehydes,
an abundant class of reagents. In 2019, our group demonstrated that 1,4-DHPs can be utilized as

radical precursors for on-DNA Ni/photoredox cross couplings with diverse aryl bromides and -
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iodides (Figure 1.23)."° The use of the organic dye 4CzIPN as PC and Ni(TMHD); as a user-
friendly cross-coupling precatalyst resulted in the formation of the desired C(sp®)~C(sp°) linkage
under blue light irradiation. Typically, the major byproduct observed in this reaction stems from a
protodehalogenation event of the corresponding aryl halides under aqueous conditions. The use of
buffer to modify the pK. of the reaction environment proved unsuccessful. With respect to the
versatility of this method, DHPs bearing tertiary, secondary, and stabilized primary substituents
showed excellent yields. Unfortunately, unactivated primary alkyl fragments or cyclopropyl
motifs on the DHPs did not yield the cross-coupled product because of the high oxidation
potentials associated with the instability of the corresponding radical. Of note, reversed C-aryl
glycosides were synthesized from saccharide-derived aldehydes. As for the scope of the organic
electrophile, electron-neutral aryl bromides showed diminished conversion, while aryl iodides

bearing electron-donating functional groups showed high conversion.
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Figure 1.23. On-DNA Ni/photoredox alkylation using 1,4-dihydropyridines.

B Alkyl bromides

To access unactivated primary radical species, the use of alkyl bromides as commercially
abundant feedstocks was examined.'”> These substrates undergo oxidative quenching, thereby

necessitating the use of a terminal reductant.®*™'*® Traditional cross-electrophile couplings
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employ a stoichiometric amount of zinc or manganese metal reductants.'”’ Inspired by Lei and
colleagues,®® a cross coupling of aliphatic bromides was developed with on-DNA conjugated
aryl halides to furnish the desired C(sp?)—C(sp®) bonds using triethylamine as a mild and benign
reductant (Figure 1.24 A). To enhance selectivity in substrates displaying similar reactivity
profiles, a large excess of the radical precursor was leveraged (250 equiv equating to only ~6
umol of reactants). Of note, enhanced stabilization of the DNA phosphate backbone was achieved
using bidentate Mg”" ions, preventing undesired interactions with iridium. Under these conditions,
a wide array of abundant and structurally diverse alkyl bromides was accommodated, with
electronically distinct organic electrophiles. Significantly, alkyl bromides featuring bifunctional
handles, such as nitriles and free alcohols, were incorporated, allowing further direct
derivatization in DEL platforms. Finally, in collaboration with scientists at GlaxoSmithKline, our
group evaluated the ability of the arylated products to undergo PCR amplification and
sequencing.'”® In contrast to a no-light control reaction, the samples subjected to the
photochemical conditions imposed no significant difficulty with respect to ligation, PCR
amplification, quantification, or sequencing. These studies highlight the compatibility of

photoredox-mediated alkylation with DEL synthesis.
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Figure 1.24. On-DNA Ni/photoredox alkylation using alkyl bromides.

Shortly after, Flanagan and colleagues independently devised a net-reductive on-DNA
alkylation that proceeds through the intermediacy of a silyl radical intermediate (Figure 1.24

67 were employed in

B)."** In this transformation, excess inorganic base and silanol reductant
conjunction with an Ir-based PC under blue light irradiation. This enabled the installation of
spirocyclic amine substrates with high conversion to the alkylated product. Of note, natural
product and biologically active scaffolds (a steroid and a pesticide, respectively) were
successfully embedded into the cross-coupled product. With respect to DNA-tagged aryl halides,
electron-rich and electron-deficient groups were amenable. Notably, sulfonamide and aliphatic
cyclopropyl-substituted aryl electrophiles yielded considerable product. To probe DNA
compatibility, using an elongated double-stranded DNA substrate (39 base pairs), the authors

observed 96% ligation efficiency and 67% PCR amplifiability of the DNA tag upon elimination

of residual nickel.
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1.3.4 Photoinduced radical/polar crossover reactions

As depicted in Chapter 1.2, synthesis pathways empowered by photoredox catalysis have
allowed rapid access to bioactive subunits.'®® In particular, radical/polar crossover manifolds are
attractive for achieving gem-difluoroethylene motifs.””'**'* These scaffolds function as synthetic
carbonyl mimics, preserving the electronic and geometric nature of the C=O bond with inherent
metabolic stability.”® In particular, fluorinated motifs are omnipresent in drug candidates as they

lead to enhanced binding affinity, cell membrane transport, and cellular specificity.'*

With several commercially available radical precursors and diverse trifluoromethyl-
substituted alkenes, unexplored partners can be united in a regulated radical defluorinative

10 silylamines,'*?

alkylation to yield medicinally relevant gem-difluoroalkenes. Carboxylic acids,
alkylbis(catecholato)silicates,””® and 1,4-DHPs"’ were studied as radical progenitors.
Mechanistically, radicals are generated through oxidative fragmentation by the excited state
(Figure 1.25 A). A subsequent radical addition occurs with the electron-deficient trifluoromethyl-
substituted alkene, yielding an a-CF; radical. At this juncture, SET reduction of this latter species
by the reduced state PC yields a carbanion, which undergoes E1cB-type fluoride elimination to
form the desired gem-difluoroalkene. Alternatively, with electron-deficient alkenes, protonation

of the a-carbanion occurs to furnish Giese-type adducts.'"!
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A. Proposed mechanism for photoinduced defluorinative alkylation
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Figure 1.25. On-DNA defluorinative alkylation. (A) Proposed mechanism for photoredox-

mediated defluorinative alkylation. (B) Selected examples of radical precursor families.

In the following section, photoredox-mediated radical/polar crossover methods are
highlighted using various radical precursor feedstocks in conjunction with on-DNA tethered

olefins (Figure 1.25 B).

B Carboxylic acids

To harness the power of photoredox catalysis for DEL synthesis in other ways, our group

demonstrated the use of carboxylic acids as radical precursors to access gem-difluoroalkenes from
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on-DNA tethered trifluoromethyl-substituted olefins (Figure 1.25 B)."** Given the importance of
amino acids as bifunctional handles, their incorporation allows subsequent derivatization in DEL
platforms. In the presence of an oxidizing Ir-based photocatalyst under blue light irradiation,
diverse feedstocks including primary, secondary, and tertiary carboxylic acid derivatives were
incorporated. In addition, heterocyclic o-amino acids, including pyridyl, imidazolyl, and
benzothienyl groups afforded the desired product in good yields. Of note, Fmoc-protected acids
and tertiary derivatives encompassing free alcohol functional groups were accommodated. With
respect to the trifluoromethyl-substituted alkene scope, diverse substrates including chloroaryl-

and pyridinyl-substituted alkenes reacted efficiently.

During the course of reaction optimization, we observed the formation of benzylic
trifluoromethylated moieties, resulting from a protonation of the corresponding a-CF3 carbanion
under aqueous conditions.'** Importantly, only trace amounts of this alkane were observed, even
in the presence of acidic functional groups. In addition, high loadings of radical precursors
resulted in a double addition to the corresponding gem-difluoroalkenes. Therefore, fewer
equivalents of radical precursor (5-50 equivalents) were utilized to obtain the desired product

selectively.

Independently, Flanagan and colleagues at Pfizer demonstrated a decarboxylative
alkylation of o-amino acids in conjunction with DNA-tagged alkenes.'"! Using an inorganic base,
effective decarboxylation of the corresponding acid using [Ir{dF(CF;)ppy}2(bpy)] was
accomplished in under 6 hours of blue light irradiation. The scope was extended to thioethers and
other heterocyclic a-amino acids. With respect to the DNA-tagged radical acceptor scope, a-
substituted acrylamides, cyclic a,B-unsaturated ketones, and diverse styrene derivatives were all

employed. Subsequently, the Liu group demonstrated a similar photochemical strategy using
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Fmoc- and Boc-protected a-amino acids in conjunction with a,B-unsaturated ketones.'** The
scope was extended to stabilize a-oxy- and benzylic radical architectures. In a subsequent report,
Mendoza and colleagues developed a decarboxylative alkyl coupling using NADH and BUNAH
as potent organic photoreductants.'® Employing electron-poor olefins in conjunction with
secondary or tertiary N-hydroxyphthalimide-esters (prepared from carboxylic acid feedstocks),
the alkylation protocol can be carried out under air- and water-compatible conditions. Finally, the
decarboxylative coupling of a-amino acids and DNA-conjugated carbonyls has also been
explored to generate 1,2-amino alcohols.'** Under the developed conditions, no DNA damage

was detected based on qPCR analysis and next-generation sequencing.
B Organosilanes

In 2020, our group demonstrated that a-silylamines can be subjected to radical/polar
crossover defluorinative alkylation to induce gem-difluoroalkenes in DEL platforms (Figure 1.25
B).'** Of note, the introduction of primary amine functional handles can be incorporated through
the use of commercially available aminomethyltrimethylsilane as a radical precursor. Using 10
equivalents of the corresponding organosilanes, effective aminomethylation of the
trifluoromethyl-substituted alkene is observed in less than 5 minutes of blue light irradiation.
Structurally, a wide array of silylamines was efficiently integrated. Amino-acid-based
organosilanes also provided excellent yields. Substrates with diverse functional groups, such as

glycosides, oxetanes, pyridines, and amides show competent conversion to products.
B Alkylbis(catecholato)silicates

To expand the toolbox of alkyl feedstocks available to DEL chemists, our group
demonstrated further the use of alkylbis(catecholato)silicates as radical precursors to access gem-
difluoroalkenes under mild reaction conditions (additive-free and near-neutral pH, Figure 1.25
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B)."*° In particular, this class of reagent allows the introduction of unactivated primary alkyl
feedstocks as a result of favorable redox potentials.*’* Similarly, upon radical generation using an
organic photocatalyst variant, primary- and secondary alkylbis(catecholato)silicates showed high
conversion. Some noteworthy examples included the incorporation of free urea, epoxide, and N-
Boc amine scaffolds. Significantly, under higher loadings of the radical precursor, unactivated
alkenes remained intact without subsequent addition, providing access to orthogonal reactivity in

DEL settings.
B 1,4-DHPs

Finally, the pool of radical precursors was further extended to include 1,4-DHPs (Figure
125 B).®® Lower loading of the 14-DHPs (12.5 equivalents) compared to
alkylbis(catecholato)silicates resulted in full consumption of the corresponding trifluoromethyl-
substituted olefin. To demonstrate the versatility of this defluorinative alkylation process,
glycosidic moieties and ether functional groups were incorporated. Of note, a-alkoxy motifs
demonstrated that stabilized radicals are also compatible. Employing chloroaryl- and pyridinyl-

substituted olefins provided good conversions to the desired product.
B DNA compatibility

As highlighted above, retaining integrity of the DNA tag during library synthesis enables
accurate identification of building blocks and determination of their corresponding binding
affinity. In collaboration with scientists at GlaxoSmithKline, our group evaluated the
compatibility of the developed photochemical radical/polar crossover reactions in DEL
settings."*’ Using three families of radical precursors, a 4-cycle tag elongated DNA headpiece
was subjected to the defluorinative alkylation conditions. The corresponding samples imposed no
significant challenges with respect to PCR amplification and quantitation. Remarkably, there was
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no disparity with respect to the frequency of misreads between the alkylated products and the
control samples (no light and no photocatalyst). These findings highlight the power of photoredox

manifolds as enabling tools to further grow structural complexity in DELs.

1.3.5 Conclusion

The journey toward innovative drug discovery has overcome a significant challenge with
the adaptation of DEL technology in pharmaceutical settings. Immense, uncharted chemical space
can now be sampled using a single Eppendorf tube in one experiment, providing a time- and cost-
effective format for hit identification. Small-scale, one-pot chemical transformations enable the
rapid assembly of DELs with low barriers of implementation. In this vein, high affinity
compounds can be pinpointed via PCR amplification and sequencing of the binder’s DNA
barcode. After identification, the compound can be synthesized off DNA and subsequently
studied for biological activity, promoting further ligand design. Drugs that tackle humanity’s
most complicated diseases can be revealed in a drastically shorter time with the wide

implementation of DEL technology.

Sampling as many unique chemical motifs as possible increases the probability of hit
identification, enabling accelerated drug development. More recently, photoredox catalysis has
provided exciting opportunities for unique synthetic disconnections toward biologically relevant
molecules. In particular, Ni/photoredox cross-couplings have filled a void in DELs by increasing
the fraction of C(sp’) fragments, which are known to enhance advantageous pharmacological
characteristics. In addition, metal-free photoinduced radical/polar crossover pathways, as well as
Giese-type additions, have facilitated the synthesis of underexplored motifs, including gem-
difluoroalkenes, from on-DNA tagged trifluoromethyl-substituted olefins. Because of the diverse

nature of amenable radical precursor families in DELs, photoredox-mediated alkylation enables
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the introduction of multifunctional subunits that allow rapid derivatization in library settings.
Herein, efforts in the development of photochemical carbofunctionalizations for DEL synthesis
are described. In addition to work accomplished in the areas of radical/polar crossover and dual
catalysis, the integration of photoactive electron donor-acceptor complexes as an enabling

technology to increase molecular complexity in DELSs is outlined.
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Chapter 2. Synthesis of Reversed C-Acyl Glycosides through Nickel/Photoredox

Dual Catalysis*

2.1 Introduction

Glycodiversification of drug scaffolds is a powerful tool invoked by medicinal chemists
to enhance pharmacokinetic and/or pharmacodynamic properties of therapeutic targets.'?
Glycosidic attachment in natural products renders enhanced solubility, membrane transport, and
specificity in cellular tissues.> As important representatives, C-glycosides are a privileged class of
saccharides containing a C—C linkage joining a carbohydrate unit to an aglycone or another sugar
moiety.'** These compounds are ubiquitous in nature and serve as key structural motifs in
numerous antitumor, antibiotic, and type II antidiabetic agents.'® Given their in vivo resistance
toward basic, acidic, and enzymatic hydrolysis, C-glycosides function as successful mimetic
forms of the more labile O-glycosides.* In particular, C-acyl glycosides exhibit important
biological activities such as inhibition against reactive oxygen species, playing a major role in
cell signaling (oxidative stress), and glutamate-induced cell death.” Notably, C-acyl-glycosylation
has proven efficient in providing unique synthetic disconnections toward complex, bioactive
molecules.® A prominent example is the synthesis of zaragozic acid C, a potent squalene synthase

inhibitor, based on a photochemical C(sp*)—H acylation strategy of a glycosidic moiety.**

Consequently, various strategies have been devised to introduce acyl groups at the
anomeric carbon in glycosides. Conventional methods include: i) nucleophilic additions of

organometallic reagents to C-glycosyl aldehydes followed by an oxidation step to furnish the

1 Reproduced in part with permission from S. O. Badir, A. Dumoulin, J. K. Matsui, G. A. Molander,
Angew. Chem. Int. Ed. 2018, 57, 6610—6613. Copyright 2018, Wiley.
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desired ketones,’ ii) addition of aldehydes® or electrophilic acylating agents’ to glycosyl-based
lithium, tin, or samarium reagents (Figure 2.1 A), and iii) addition of Grignard reagents to
glyconitriles'® or masked aldehydes such as glycosyl benzothiazoles.'' These acylation strategies
rely on harsh conditions and pyrophoric organometallic reagents, thus limiting their functional

group tolerance and widespread applicability in pharmaceutical settings.

More recently, Gong et al. described a nickel-catalyzed reductive coupling of aliphatic
carboxylic acids with glycosyl bromides with complete a-selectivity in the mannose series
(Figure 2.1 B)."? Employing two electrophiles, this report documents the most straightforward
route toward anomeric C-acyl glycosides to date. Traditional transition metal-catalyzed cross-
couplings remain in large part inapplicable in the context of C-acyl-glycosylation because of the
C(sp*)-hybridized nature of the anomeric position. As a result, the development of efficient and
catalytic transformations toward C-acyl glycosides is highly desired. Specifically, non-anomeric
acylation strategies that preserve the anomeric carbon for further functionalization remain scarce

and challenging.

A) Addition of aldehydes or acylating agents to C1 glycosyl nucleophiles

OR1 0R1
1) R2CHO
O 2) oxidation ]
RO, ROX
" o NHVO

or )]\ /2/

M = Sm', Li, o R R

or SnRj

B) Ni-catalyzed reductive coupling of glycosyl bromides and carboxylic acids

OR' OR!
o o Ni(acac),, L ‘&/
Boc,O (0]
RO, ¥ _Boe®
B HOLRZ : PO o
r -Pr,NEt, Zn, MgCl, 7
glucose, mannose, DMSO/ DME R?

or galactose

Figure 2.1. Strategies toward the synthesis of anomeric C-acyl glycosides.
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Routes based on Wacker oxidation of terminal olefins have been reported for the
synthesis of non-anomeric C-acyl glycosides (Figure 2.2 A)."* However, such protocols are
limited to methyl ketones and require elevated temperatures. Other strategies to assemble
complex sugar units take advantage of the addition of sugar aldehydes to stabilized sugar
phosphonates to furnish unsaturated ketones (Figure 2.2 B)." Conversion of glycosyl carboxylic
acids to more reactive acyl chlorides has been utilized in the synthesis of a-diazocarbonyl
saccharides."” Finally, the addition of organomagnesium or organolithium reagents to sugar
aldehydes at C5 has been described (Figure 2.2 C).'" These transformations, however, are

generally not applicable to substrates containing reactive functional groups.

A) Wacker oxidation of terminal olefins
/ O
)é()\ 10% Pd/C, KBrO3 é&‘
RO RO
OR! THF/water, reflux

B) Addition of sugar aldehydes to stabilized phosphonates

OR!

(e] Sug (0]
P \

H Sug KzCO3 o
S S RO
MeO-P=0 18-crown-6

OR' MeO

OR!

C) Addition of organomagnesium reagents to sugar aldehydes

H (0]
(0] 2 2
RO 1. R2MgX R o
RO

2. Oxidation OR!

Figure 2.2. Traditional routes toward non-anomeric, reversed C-acyl glycosides.

Recent efforts have demonstrated that Ni/photoredox cross-coupling reactions are
valuable tools for the construction of new C—C bonds.'” These processes are governed by a
single-electron transmetalation pathway, with an inherent low activation energy barrier favoring

Cyp3-hybridized nucleophiles.'® In this context, we explored 1,4-dihydropyridines (1,4-DHPs)" as
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glycosyl-based radical precursors. These coupling partners are bench stable and can be prepared
from inexpensive starting materials.'” Although 1,4-DHPs stem from the corresponding C-
formyl glycosides, they are of immense synthetic value as they have low oxidation potentials and
thus are amenable for fragmentation using inexpensive organic photocatalysts in lieu of
stoichiometric oxidants.'” They also bypass the inherent challenge associated with the generation
of alkyl radicals directly from aldehydes; namely undesired acylated byproducts.'* To address
the challenges associated with the synthesis of non-anomeric C-acyl glycosides, we investigated
the feasibility of a Ni-catalyzed cross-coupling reaction of in situ activated carboxylic acids®
with glycosyl based DHPs, in an attempt to access such challenging structural motifs from

aldehyde precursors (Figure 2.3).

This strategy

0}
[Ni], 4CzIPN R2
PHR o 0 DMDC o)
ROx. * , ROX.
OR! HO™ "R?  acetone/i-PrOAc (2:1) OR'
r, 24 h .
blue LEDs reversed C-acyl glycoside
Me CORE ‘/ Preservation of anomeric carbon
DHP= HN o ’/ Late-stage derivatization
Me  CO,Et ‘/ Direct, versatile, and mild acylation

Figure 2.3. Envisioned transformation toward the synthesis of reversed C-acyl glycosides.
2.2 Results and Discussion

Studies were initiated by evaluating suitable activators of hydrocinnamic acid using high-
throughput experimentation techniques® (see the Experimental Section). Dimethyl dicarbonate
(DMDC),*! a beverage preservative, served as an ideal activator. This species is atom-economical
and has benign by-products: carbon dioxide and methanol. Next, a more robust screening of

photocatalysts was carried out using 1a and hydrocinnamic acid as a model system. It became
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apparent that 4CzIPN, an inexpensive organic dye, performed more efficiently than Ir- and Ru-
based photocatalysts. Screening studies of other reaction parameters (e.g., solvents, ligands, and
loadings of starting materials) afforded the desired final conditions of this cross-coupling
reaction. As anticipated, control experiments proved that all components were necessary for the

reaction to proceed.”!

Subsequently, the generality of this transformation with respect to the DHP coupling
partner was examined (Figure 2.4. Various functionalized glycosidic scaffolds are well-tolerated

under the reaction conditions, affording the desired C-acyl glycosides in high yields.

4CzIPN (2 mol %) o

JOJ\ DHP\EO [Ni(dtbbpy%)(u%cg4(]§:|2 ® Tm %) o
OR? equiv R‘JKG OR?
o el s

acetone/i-PrOAc (2:1), rt, 24 h
(RO)m blue LEDs
(RO)m

1.0 equiv 1, 1.5 equiv 2

0.0 i i
< ; °
o g ile) 10
BnO "’o/% WeO "’o/%

2a, 94%, 4.3:1 dr 2b, 83%, 3.8:1 dr 2¢, 54%, 2.7:1 dr
o o] o]
O_ .OMe o o
) 0 iile)
MeO" “OMe . )V 4 /%
TBSO . HO g

OMe 0 0

2d, 83%, 1.9:1 dr 2e, 88%, 3.8:1dr 2f, 79%, 3.6:1 dr

From non-glycosyl-based DHPs
(0] [¢] (@]
X
oY OO

29, 70% 2h, 80% 2i, 92%

Figure 2.4. Scope with respect to 1,4-DHPs in the cross-coupling with carboxylic acids. All

values correspond to isolated yields after purification.
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Sterically hindered pyranose and furanose moieties (2a, 2b, and 2e) performed equally
well when compared to those with less steric constraints (2¢ and 2d). Notably, synthetically
challenging C-acyl glycoside 2f, exhibiting a free hydroxyl group, can be obtained in good yield
in one-step starting from the corresponding DHP 1le. Finally, to demonstrate the broad
applicability of this cross-coupling reaction, we also attempted the reaction with non-glycosyl

based DHPs and obtained the desired aliphatic ketones (2g, 2h, and 2i) in high yields.

Next, we focused our attention on the compatibility of abundant carboxylic acids as
cross-coupling partners (Figure 2.5). We were pleased to discover that this mild acylation
protocol is widely applicable to a vast array of substrates. Carboxylic acids containing nitriles (2j
and 2v) and esters (2k and 2r) were well tolerated under the reaction conditions. A carboxylic
acid bearing a free hydroxyl group were amenable in this transformation, despite the potential
reactivity of the nucleophilic free hydroxyl groups with DMDC (21). Reversed C-acyl glycosides
bearing small, strained rings were incorporated without compromising yields (2m, 20, 2p, 2r, and
2s). Moreover, N-Boc-protected amino acid and Fmoc-protected amine, respectively, afforded the
desired ketones in high yields and excellent diasteroselectivities (2k and 2m, respectively).
Glycosides 2w, 3b, and 3¢ derived from indomethacin and naproxen (NSAIDs), were
successfully obtained. Less nucleophilic carboxylic acids were compatible structural motifs in
this transformation, providing ketones 2s and 2t. Remarkably, substitution at the a-position of the
carboxylic acids did not hinder the cross-coupling reaction. Moreover, reversed C-acyl glycosides
containing steroidal moieties, abundant motifs in synthetic drugs and natural products, are
accommodated in this cross-coupling reaction (2x). We examined the feasibility of coupling
carboxylic acids with non-glycosyl based DHPs to exploit this acylation strategy further. Indeed,
such radical precursors can be harnessed under the reaction conditions as demonstrated by the

synthesis of dialkyl ketones 3b-3f.
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Most notably, employing glycosyl-based carboxylic acids effectively generated the
desired disaccharide alkyl ketones (2z and 3a, Figure 2.5) despite the challenging steric demands
of both cross-coupling partners. This structural motif appears to be underexplored in the
literature. Therefore, this acylation strategy provides a straightforward route to access new
chemical space in carbohydrate chemistry. Furthermore, complete retention of the configuration

of the saccharide moiety stemming from the carboxylic acid is observed.

4CZIPN (2 mol %) o Me,  CO,Et

( )
o DHP__0O Ni(dtbbpy)(H;0)4Cl, (6 mol %) o : =
R1JL0H . R OR? DMDC (2 equiv) > R oRe ! DHP =  HN
dJ acetone/i-PrOAG (2:1), 1t, 24 h nl H =
(RO)m blue LEDs (RO)m H Me COLEt
1.0 equiv 1, 1.5 equiv 2
_Boc F
o 0 HN' O o o mo%y o @ o
NC. OO Ph N0 SNt} HO. OO, OO SNe}
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o o o o o o o o o o o~ 0
/]10 )ro %«0 %lo 4«0 '—O+
2j, 92%, 3.8:1 dr 2k, 75%, 2:1 dr 21, 89%, 1.5:1dr 2m, 70%, 1:1 dr 2n, 80%, 22:1 dr 20, 81%, 2.5:1dr

F RFRF
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Y F X O
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2p, 88%, 3.9:1 dr 2q, 86%, 2.2:1dr 2r,76%, 4.6:1dr 2s, 85%, 7.5:1 dr 2t, 63%, 1.8:1 dr 2u, 71%, 4.1:1dr

o MeO. o #
Ne Ao N 0 O, ‘s U
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X B
cf
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3a, 68%, 10:1 dr 3b, 56% 3c, 77%, 1.9:1 dr 3d, 77%, 1:1 dr 3e, 80% 3, 61%, 1.1:1 dr

Figure 2.5. Scope with respect to 1,4-DHPs in the cross-coupling with carboxylic acids. All

values correspond to isolated yields after purification.

To assess the scalability of this protocol, we conducted the reaction to access 2x on 2.5
mmol scale (Figure 2.6). Because of its economical profile [~$5/mmol], 4CzIPN is an attractive

photocatalyst for large-scale applications when compared to those based on Ir or Ru. The
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resulting yield was comparable to the reaction on 0.3 mmol scale. This highlights the tolerability
of this cross-coupling reaction toward complex structures, and demonstrates the usefulness of
glycosyl-based DHPs in the synthesis of C-acyl glycosides, especially within the context of rapid,
late-stage functionalization of desired targets bearing a carboxylic acid handle.

DHP (1.5 equiv)

4CzIPN (2 mol %)

[Ni(dtbbpy)(H,0)4]Cl, (6 mol %)
DMDC (2 equiv)

acetone/i-PrOAc (2:1), rt, 24 h
blue LEDs

2x, 71% yield
2.5 mmol scale

Figure 2.6. Scale-up of the photochemical C-acyl-glycosylation.

2.3 Conclusion

In conclusion, this study details a practical and versatile route toward the construction of
highly functionalized, reversed C-acyl glycosides in high yields and acceptable
diastereoselectivities. Utilizing a dual-catalytic Ni/photoredox system, a broad palette of
glycosyl-based radicals is generated from abundant aldehyde feedstocks for subsequent metal-
catalyzed functionalization, facilitating the synthesis of diverse carbohydrate units with retention
of the anomeric carbon; a useful handle for structural elaboration. This mild acylation protocol
can be utilized in industrial settings to access medicinally relevant C-acyl glycosides with high
functional group tolerance, as well as provide unique and alternative disconnections in the

synthetic design of complex, bioactive molecules.
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2.4 Experimental

General Consideration

General: All chemical transformations requiring inert atmospheric conditions were carried out
using Schlenk line techniques with a 4- or 5-port dual-bank manifold. LED irradiation was
accomplished as described in precedent reports.”> NMR spectra ('H, °C, '°F) were obtained at
298 °K. '"H NMR spectra were referenced to residual, CHCl; (8 7.26) in CDCls. *C NMR spectra
were referenced to CDCl; (8 77.30). In the case of diasterecomeric mixtures, crude NMR was
recorded to determine the ratio. Reactions were monitored by LC/MS, GC/MS, 'H NMR, and/or
TLC on silica gel plates (60 A porosity, 250 um thickness). TLC analysis was performed using
hexanes/EtOAc as the eluent and visualized using ninhydrin, p-anisaldehyde stain, and/or UV
light. Flash chromatography was accomplished using an automated system (CombiFlash®, UV
detector, A = 254 nm and 280 nm) with RediSep® R¢ silica gel disposable flash columns (60 A
porosity, 40-60 pm) or RediSep Rr Gold® silica gel disposable flash columns (60 A porosity, 20—
40 um). Accurate mass measurement analyses were conducted using electron ionization (EI) or
electrospray ionization (ESI). The signals were mass measured against an internal lock mass
reference of perfluorotributylamine (PFTBA) for EI-GC/MS and leucine enkephalin for ESI-
LC/MS. The utilized software calibrates the instruments and reports measurements by use of
neutral atomic masses. The mass of the electron is not included. IR spectra were recorded on an
FT-IR using either neat oil or solid products. Solvents were purified with drying cartridges

through a solvent delivery system. Melting points (°C) are uncorrected.

Chemicals: Deuterated NMR solvents were purchased and stored over 4A molecular sieves.
EtOAc, hexanes, MeOH, Et,0, and toluene were obtained from commercial suppliers and used as

purchased. CH,Cl, and THF were purchased and dried via a solvent delivery system. Anhydrous
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acetone and anhydrous i-PrOAc were purchased and stored over 4A molecular sieves. Ethylene
glycol, carboxylic acids, aldehydes, dimethyl dicarbonate, 3-aminocrotonate, and ethyl
acetoacetate were purchased from commercial suppliers and used without further purification.
The quality of DMDC is crucial to the cross-coupling reactions. Residual water causes hydrolysis
and renders the activator (DMDC) ineffective. The organic photocatalyst 2,4,5,6-tetra(9H-
carbazol-9-yl)isophthalonitrile (4CzIPN) and the nickel complex [Ni(dtbbpy)(H2.0)4]Cl, were
prepared in-house by the procedures outlined in precedent reports.'”** All new 1,4 DHPs were
prepared from their corresponding aldehydes according to the representative procedure outlined
below. Information (preparation protocols, characterization, etc.) for all other 1,4 DHP
derivatives can be found in previous reports.'”*** All other reagents were purchased commercially
and used as received. Photoredox-catalyzed reactions were performed using 8 mL Chemglass

vials (2-dram, 17 x 60 mm, 15-425 Green Open Top Cap, TFE Septa).

General Procedures

Preparation of 1,4-DHPs (GP1): DHP derivatives were prepared following a modified literature
protocol.** A round-bottom flask was charged with ethyl 3-aminocrotonate (1.0 equiv) in ethylene
glycol (2.5 M). To this mixture was added ethyl acetoacetate (1.0 equiv) followed by the
corresponding aldehyde (1.0 equiv). In some cases, the aldehyde was added as a stock soln in
CH,Cl,. Finally, BusNHSO4 (12 mol %) was added in one portion. The reaction vessel was
heated at 80 °C for 3-4 h. Upon complete consumption of the aldehyde starting material, the
reaction was cooled to rt and diluted with EtOAc. The reaction mixture was extracted three times
with EtOAc using a separatory funnel containing brine. The organic layers were then combined,

dried (MgSO,), filtered, and taken to dryness. The crude reaction mixture was purified using an
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automated system (visualizing at 254 nm, monitoring at 280 nm) with silica cartridges (60 A

porosity, 20-40 um) using hexanes/EtOAc (0 to 60%) as eluent.

Cross-coupling of 1,4-DHPs (GP2): To an 8 mL reaction vial with a stir bar were added 4CzIPN
(4.7 mg, 0.006 mmol, 2 mol %), [Ni(dtbbpy)(H20)4]CL (8.4 mg, 0.018 mmol, 6 mol %), 1,4-DHP
(0.45 mmol, 1.5 equiv), and carboxylic acid (0.3 mmol, 1.0 equiv), if a solid. The vial was sealed
with a cap containing a TFE-lined silicone septa and placed under an argon atmosphere via an
inlet needle. The vial was evacuated three times via an inlet needle then purged with argon. A dry
and degassed mixture of acetone/i-PrOAc (2 :1) was then added (3.0 mL, 0.1 M). If the
carboxylic acid was an oil, it was added at this point directly via microsyringe. DMDC (64 uL,
0.6 mmol, 2 equiv) was then added to the reaction via a microsyringe. The reaction was placed
under blue LED irradiation and stirred for 24 h. The reaction was maintained at approximately 24
°C via a fan. Upon completion, the reaction mixture was taken to dryness and then a crude NMR
was obtained. The reaction mixture was then purified on an automated liquid chromatographic

system to obtain the pure product.

Reaction Optimization using High Throughput Experimentation (HTE)

HTE screens were performed at the University of Pennsylvania/Merck Catalysis Center.
The screens were conducted on 0.01 mmol scale (relative to the carboxylic acid starting material)
and analyzed via ultra performance liquid chromatography (UPLC) with addition of 4,4'-di-fert-
butylbiphenyl as internal standard (IS). To assess reactions, ratios corresponding to the areas of
product to internal standard (P/IS) were calculated. Each screen was conducted independently,
and the ratios from one screen should not be quantitatively compared to those from a different

screen.
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The reactions were carried out in 96-well plate reactor blocks containing 1 mL glass vials
equipped with a Teflon-coated magnetic stir bar. The plate was placed in a glovebox, and stock
solns of the appropriate reagents (1,4-DHP, carboxylic acid, ligands, Ni complexes, and
photocatalysts) were added using micropipettes. A centrifugal evaporator was used to remove
excess solvents. To these vials was then added 100 uL of the appropriate solvent. The vials were
sealed and stirred under blue LED irradiation at rt (~24 °C). After 24 hr, the reactions were
exposed to air and diluted with 500 uL. of a 0.002 uM soln of internal standard in MeCN. The
vials were stirred for 5 min to ensure adequate mixing. Aliquots (25 pL) were transferred into a

96-well UPLC block, diluted with MeCN (700 pL) and then analyzed by UPLC.

Screen 1. Variation of activators, Ni sources, ligands, and solvents.

[I{dF(CF3)ppy}a(bpy)IPFs (3 mol %) o]

Ni source / ligand (6 mol %) o
activator (3 equiv) "0><
solvent, blue LEDs, rt, 24 h o Y

1.0 equiv 1.3 equiv

m Activator 1

1 m Activator 2

Activator 3

Activator 4

Ratio (P/IS)

= Activator 5

R
K T
L > Nadi| .
Y m Activator 6
[Ni(dtbbpy)(H,0),]Cl, NiCl,glyme + phenanthroline

65



o o o /@ I
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activator 1 activator 2 activator 3
) Q i
q)S(CI CI)]\O/\ cl )]\0/\/C|
o
activator 4 activator 5 activator 6

Screen 2. Variation of photocatalysts and solvents with different loadings of starting

materials.

photocatalyst (2 mol %)
[Ni(dtbbpy)(H50)4]Cl, (6 mol %) o o
DMDC (3 equiv) o ><

solvent, blue LEDs, rt, 24 h o)

1.0 equiv 1.5 equiv

1.4
1.2

—_

0.8
0.6
0.4
0.2

Ratio (P/IS)

(O [Ir{dF(CF;)ppy}(bpy)IPFs () 4CzIPN Rhodamine 6G () [Ru(bpy);]1(PF¢),
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Characterization Data

Diethyl 2,6-Dimethyl-4-((2R,3R,4S,5R,65)-3,4,5,6-tetramethoxytetrahydro-2H-pyran-2-yl)-
1,4-dihydropyridine-3,5-dicarboxylate, 1d (4.2 mmol scale, 0.54 g, 28%) was prepared
following GPI. The product was isolated as a slightly yellow foam. '"H NMR (500 MHz, CDCl;)
0 6.40 (s, 1H), 4.63 (d, J = 3.1 Hz, 1H), 4.46 (d, J = 4.2 Hz, 1H), 4.28 — 4.08 (m, 4H), 3.57 (s,
3H), 3.49 (s, 3H), 3.47 (s, 3H), 3.31 (dd, J = 9.8, 4.3 Hz, 1H), 3.25 (s, 3H), 3.13 — 3.05 (m, 2H),
2.29 (s, 6H), 1.30 (t, J = 7.0 Hz, 7H). ®C NMR (126 MHz, CDCl3) § 168.7, 167.9, 145.1, 145.0,
99.7, 98.8, 96.3, 84.0, 81.8, 79.7, 72.8, 60.2, 59.6, 59.5, 58.7, 58.6, 54.1, 35.5, 19.3, 19.0, 14.3,
14.3. FT-IR (cm™, neat, ATR): 3342, 2979, 2933, 1677, 1487, 1304, 1209, 1154, 1092, 1047.

HRMS (EI) caled for C2H3sNOg [M]': 458.2390, found: 458.2379.

Diethyl 4-((3aR,4R,6R,6aR)-6-Methoxy-2,2-dimethyltetrahydrofuro|3,4-d][1,3]dioxol-4-yl)-
2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate, 1y (8.3 mmol scale, 1.4 g, 41%) was
prepared following GPI. The product was isolated as a yellow solid. mp = 112-116 °C. '"H NMR
(500 MHz, CDCl3) 6 5.83 (s, 1H), 4.87 (s, 1H), 4.71 (dd, J= 6.0, 1.5 Hz, 1H), 4.45 (d, /= 6.0 Hz,

1H), 4.33 — 4.07 (m, SH), 3.94 (dd, J = 7.8, 1.4 Hz, 1H), 3.31 (s, 3H), 2.36 (s, 3H), 2.32 (s, 3H),
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1.42 (s, 3H), 1.33 — 1.28 (m, 6H), 1.27 (s, 3H). 3C NMR (126 MHz, CDCl3) § 168.2, 167.5,
147.0, 144.6, 112.1, 110.9, 101.4, 99.0, 89.5, 85.4, 81.6, 60.0, 60.0, 56.3, 37.3, 27.1, 25.5, 19.9,
19.5, 14.6, 14.5. FT-IR (cm’, neat, ATR): 3335, 2978, 1687, 1661, 1483, 1210, 1093, 1050.

HRMS (EI) calcd for C21H3NOg [M]": 425.2050, found: 425.2025.

3-Phenyl-1-((3aR,5aR,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-SH-bis([1,3]dioxolo)[4,5-

b:4',5'-d]pyran-5-yl)propan-1-one, 2a (102.5 mg, 94%) was prepared following GP2. The
product was isolated as a colorless oil. dr = 4.3:1 based on 'H NMR of the crude reaction mixture.
"H NMR (500 MHz, CDCls, major diastereomer) § 7.33 — 7.14 (m, 5H), 5.62 (d, J = 4.6 Hz, 1H),
4.63 (d, J=7.4 Hz, 1H), 4.58 (d, J = 8.9 Hz, 1H), 4.38 —4.31 (m, 1H), 4.21 (s, 1H), 2.97 — 2.84
(m, 4H), 1.50 (s, 3H), 1.42 (s, 3H), 1.33 (s, 3H), 1.31 (s, 3H). '"H NMR (500 MHz, CDCls, minor
diastereomer) & 7.33 — 7.14 (m, 5H), 5.30 (s, 1H), 4.63 (d, J = 7.4 Hz, 1H), 4.58 (d, J = 8.9 Hz,
1H), 4.24 (s, 1H), 3.71 (d, J = 8.7 Hz, 1H), 3.10 — 2.98 (m, 4H), 1.57 (s, 3H), 1.48 (s, 3H), 1.38
(s, 3H), 1.36 (s, 3H). *C NMR (126 MHz, CDCls;, major diastereomer) & 208.6, 141.4, 128.5
(4C), 126.0, 109.7, 109.0, 96.5, 73.8, 72.6, 70.7, 70.5, 41.7, 28.7, 26.1, 25.9, 24.9, 24.3. *C
NMR (126 MHz, CDCls, minor diastereomer) 6 205.6, 141.1, 128.6 (4C), 126.2, 111.1, 109.5,
97.1, 77.5, 75.2, 74.2, 69.7, 41.1, 29.3, 27.9, 27.7, 25.8, 25.6. FT-IR (cm™, neat, ATR): 2988,
2935, 1719, 1382, 1372, 1255, 1211, 1166, 1066. HRMS (ESI) calcd for Co0H260sNa [M+Na]':

385.1627, found: 385.1646.
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1-((3aR,6R,6aR)-6-(Benzyloxy)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxo0l-5-yl)-3-

phenylpropan-1-one, 2b (95.2 mg, 83%) was prepared following GP2. The product was isolated
as a colorless oil. dr = 3.8:1 based on 'H NMR of the crude reaction mixture. "H NMR (500
MHz, CDCls, major diastereomer) 8 7.37 — 7.15 (m, 10H), 5.99 (d, J = 3.9 Hz, 1H), 4.61 (d, J =
3.9 Hz, 1H), 4.59 — 4.56 (m, 1H), 4.46 (s, 1H), 4.45 (s, 1H), 4.03 (d, /= 1.8 Hz, 1H), 3.21 —2.80
(m, 4H), 1.32 (s, 3H), 1.26 (s, 3H). "H NMR (500 MHz, CDCl;, minor diastereomer) & 7.37 —
7.15 (m, 10H), 5.96 (d, J = 3.7 Hz, 1H), 4.61 (d, J = 3.9 Hz, 1H), 4.59 — 4.56 (m, 1H), 4.46 (s,
1H), 4.45 (s, 1H), 4.02 (d, J = 1.6 Hz, 1H), 3.21 — 2.80 (m, 4H), 1.61 (s, 3H), 1.47 (s, 3H). ®*C
NMR (126 MHz, CDCIs, major diastereomer) 6 208.3, 141.0, 137.1, 128.7 (2C), 128.6 (2C),
128.5 (20), 128.2, 128.0 (2C), 126.2, 112.2, 106.5, 89.7, 83.8 (2C), 72.0, 40.7, 29.2, 26.0, 25.8.
3C NMR (126 MHz, CDCls, minor diastereomer) 6 208.3, 141.3, 137.5, 128.6 (2C), 128.5 (2C),
128.0 (20), 127.9, 127.8 (2C), 126.1, 111.7, 105.7, 83.1, 82.0, 71.3, 70.5, 42.3, 28.8, 26.9, 26.8.
FT-IR (cm™, neat, ATR): 2986, 1715, 1454, 1374, 1260, 1211, 1163, 1070, 1011. HRMS (ESI)

calcd for Co3HaOsNa [M+Na]': 405.1678, found: 405.1664.

1-((3aR,6R,6aR)-6-Methoxy-2,2-dimethyltetrahydrofuro(2,3-d][1,3]dioxol-5-yl)-3-
phenylpropan-1-one, 2¢ (49.8 mg, 54%) was prepared following GP2. The product was isolated
as a colorless oil. dr = 2.7:1 based on 'H NMR of the crude reaction mixture. "H NMR (500

MHz, CDCls, major diastereomer) 8 7.33 —7.11 (m, 5H), 5.96 (d, J=3.9 Hz, 1H), 4.55 (t, /=44
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Hz, 1H), 4.37 (s, 1H), 4.23 (s, 1H), 3.40 (s, 3H), 3.23 — 2.84 (m, 4H), 1.33 (s, 3H), 1.27 (s, 3H).
"H NMR (500 MHz, CDCls, minor diastereomer) & 7.33 — 7.11 (m, 5H), 6.02 (d, J = 3.5 Hz, 1H),
4.62 (d, J=3.6 Hz, 1H), 4.56 (d, J = 4.7 Hz, 1H), 4.02 (d, J = 3.6 Hz, 1H), 3.26 (s, 3H), 3.23 —
2.84 (m, 4H), 1.47 (s, 3H), 1.33 (s, 3H). ®C NMR (126 MHz, CDCl;, major diastereomer) &
208.4, 141.1, 128.6 (2C), 128.5 (2C), 126.2, 112.2, 106.4, 89.4, 85.7, 83.3, 57.5, 40.8, 29.3, 26.0,
25.8.3C NMR (126 MHz, CDCl;s, minor diastereomer) § 207.5, 141.3, 128.6 (2C), 128.5 (2C),
126.1, 112.4, 106.0, 86.1, 85.5, 81.3, 58.3, 42.0, 28.7, 27.0, 26.4. FT-IR (cm™, neat, ATR): 2988,
2936, 1715, 1375, 1212, 1049, 1079, 1016, 962. HRMS (ESI) calcd for Ci7H»OsNa [M+Na]':

329.1365, found: 329.1365.

O ..OMe

MeO*" “‘OMe
OMe

3-Phenyl-1-((35,4S,5R,65)-3,4,5,6-tetramethoxytetrahydro-2H-pyran-2-yl)propan-1-one, 2d
(70.5 mg, 83%) was prepared following GP2. The product was isolated as a colorless oil.
dr=1.9:1 based on "H NMR of the crude reaction mixture. "H NMR (500 MHz, CDCls) § 7.33 —
7.24 (m, 2H), 7.24 — 7.14 (m, 3H), 4.84 (d, /= 3.5 Hz, 1H), 4.01 (d, /= 9.9 Hz, 1H), 3.61 (s, 3H),
3.57 - 3.52 (m, 1H), 3.51 (s, 3H), 3.41 (s, 3H), 3.40 (s, 3H), 3.27 — 3.17 (m, 2H), 3.03 — 2.84 (m,
4H). ®C NMR (126 MHz, CDCl3) § 205.9, 141.0, 128.6 (2C), 128.5 (2C), 126.2, 98.1, 83.5,
81.4, 80.8, 73.6, 61.1, 60.5, 59.3, 55.7, 42.8, 29.2. (Only the signals corresponding to the major
stereoisomer are reported). FT-IR (cm™, neat, ATR): 2931, 2834, 1727, 1453, 1361, 1187, 1094,

1064, 1046. HRMS (ESI) calcd for CisH2s06Na [M+Na]": 361.1627, found: 361.1626.
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1-((3aR,6R,6aR)-6-((tert-Butyldimethylsilyl)oxy)-2,2-dimethyltetrahydrofuro[2,3-
d][1,3]dioxol-5-yl)-3-phenylpropan-1-one, 2e (89.8 mg, 88%) was prepared following GP2.
The product was isolated as a colorless oil. dr =3.8:1 based on 'H NMR of the crude reaction
mixture. "H NMR (500 MHz, CDCl;) § 7.28 — 7.24 (m, 2H), 7.21 — 7.15 (m, 3H), 6.00 (d, J = 3.7
Hz, 1H), 4.72 (s, 1H), 4.40 (d, J = 3.7 Hz, 1H), 4.23 (s, 1H), 3.29 — 3.10 (m, 1H), 2.99 —2.78 (m,
3H), 1.31 (s, 3H), 1.26 (s, 3H), 0.89 (s, 9H), 0.13 (s, 3H), 0.11 (s, 3H). *C NMR (126 MHz,
CDCl) & 208.5, 141.1, 128.6 (2C), 128.5 (2C), 126.2, 111.9, 106.5, 92.7, 86.3, 77.6, 40.8, 29.2,
25.9,25.8 (3C), 25.7, 18.1, -4.8, -4.7. (Only the signals corresponding to the major stereoisomer
are reported). FT-IR (cm™, neat, ATR): 2980, 2976, 1703, 1403, 1402, 1187, 1163, 1076, 1003.

HRMS (ESI) calced for C2,H3405SiNa, [M+Na]": 429.2073, found: 429.2086.

0]
o)
0
HO I’O)v

1-((3aR,6R,6aR)-6-Hydroxy-2,2-dimethyltetrahydrofuro(2,3-d][1,3]dioxol-5-yl)-3-

phenylpropan-1-one, 2f (58.1 mg, 79%) was prepared following GP2. After 24 h, a soln of
TBAF (1.25 mL, 1.0 M in THF, 6.0 equiv) was added dropwise at 0 °C. The reaction was
allowed to stir for 2 h at rt, then quenched by addition of saturated aqueous soln of NaHCOs. The
aqueous layer was extracted with EtOAc, and the combined organic layers were dried (MgSO4)
and concentrated under reduced pressure. The product was isolated as a crystalline solid. mp =
124-126 °C. dr=3.6:1 based on '"H NMR of the crude reaction mixture. 'H NMR (500 MHz,

CDClIs, major diastereomer) & 7.30 — 7.25 (m, 2H), 7.21 — 7.16 (m, 3H), 6.00 (d, J = 3.8 Hz, 1H),
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4.72 (d, J=3.2 Hz, 1H), 4.53 (d, J = 3.8 Hz, 1H), 4.33 (s, 1H), 3.24 — 3.14 (m, 1H), 3.03 — 2.81
(m, 4H), 1.33 (s, 3H), 1.27 (s, 3H). "H NMR (500 MHz, CDCl;, minor diastereomer) & 7.29 —
7.24 (m, 2H), 7.22 - 7.16 (m, 3H), 5.96 (d, /= 3.6 Hz, 1H), 4.51 (d, /= 3.6 Hz, 1H), 4.28 (s, 1H),
4.10 (dd, J=10.2, 2.7 Hz, 1H), 3.88 (dd, J = 10.2, 0.9 Hz, 1H), 3.24 — 3.14 (m, 1H), 3.03 — 2.81
(m, 2H), 1.90 (s, 1H), 1.49 (s, 3H), 1.32 (s, 3H). ®C NMR (126 MHz, CDCl;, major
diastereomer) & 208.7, 140.9, 128.6 (2C), 128.5 (2C), 126.2, 112.3, 106.3, 91.7, 85.8, 76.7, 40.8,
29.2, 25.9, 25.7. 3C NMR (126 MHz, CDCls, minor diastereomer) & 208.5, 141.0, 128.6 (2C),
128.5 (2C), 126.3, 111.9, 105.3, 85.1, 75.5, 73.0, 40.8, 29.2, 25.9, 25.8. FT-IR (cm’', neat, ATR):
3417, 2979, 1724, 1374, 1219, 1061, 1009, 974. HRMS (ESI) calcd for CisH200sNa [M+Na]":

315.1208, found: 315.1218.

o
W
4,8-Dimethyl-1-phenylnon-7-en-3-one, 2g (51.3 mg, 70%) was prepared following GP2. The
product was isolated as a colorless oil. "H NMR (500 MHz, CDCl;) & 7.30 — 7.26 (m, 2H), 7.18
(ddt,J=7.3,3.2, 1.4 Hz, 3H), 5.04 (ddq, /= 8.6, 5.8, 1.5 Hz, 1H), 2.89 (t, /= 7.6 Hz, 2H), 2.81 —
2.64 (m, 2H), 2.50 (q, J = 6.9 Hz, 1H), 2.00 — 1.76 (m, 2H), 1.75 — 1.61 (m, 1H), 1.68 (d, /J=1.3
Hz, 3H), 1.57 (d, J = 1.3 Hz, 3H), 1.33 (ddt, J = 13.5, 8.3, 6.8 Hz, 1H), 1.04 (d, J = 6.9 Hz,
3H).*C NMR (126 MHz, CDCl;) § 213.9, 141.7, 132.5, 128.7 (2C), 128.6 (2C), 126.3, 124.0,

46.2, 43.0, 33.2, 30.1, 26.0, 25.9, 18.0, 16.5. FT-IR (cm’, neat, ATR): 2967, 2928, 1711, 1454,

1377, 905, 729, 700, 650 ppm. HRMS (EI) caled for Ci7H240 [M]": 244.1827, found: 244.1843.
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3-Phenyl-1-(tetrahydro-2H-pyran-4-yl)propan-1-one, 2h (52.4 mg, 80%) was prepared
following GP2. The product was isolated as a colorless oil. 'H NMR (500 MHz, CDCls) & 7.37 —
7.26 (m, 2H), 7.23 — 7.03 (m, 3H), 3.97 (ddd, J = 11.4, 4.1, 2.6 Hz, 2H), 3.39 (td, J = 11.3, 2.9
Hz, 2H), 2.90 (t, J = 7.5 Hz, 2H), 2.77 (dd, J = 8.0, 6.9 Hz, 2H), 2.50 (m, 1H), 1.83 — 1.60 (m,
4H). *C NMR (126 MHz, CDCl;) § 211.2, 141.4, 128.8 (2C), 128.6 (2C), 126.4, 67.5 (2C), 48.0,

42.2,30.0,28.3 (2C). FT-IR (cm™, neat, ATR): 2952, 2847, 1707, 1445, 1387, 1276, 1240, 1113,

1092, 1016. HRMS (EI) caled for C14H;s0, [M]": 218.1307, found: 218.1315.

(0]

1-(Cyclohex-3-en-1-yl)-3-phenylpropan-1-one, 2i (98.5 mg, 92%) was prepared following GP2.
The product was isolated as a colorless oil. '"H NMR (500 MHz, CDCl;) & 7.30 — 7.26 (m, 2H),
7.19 (m, 3H), 5.68 (m, 2H), 2.91 (m, 2H), 2.85 — 2.76 (m, 2H), 2.58 (m, 1H), 2.15 (dd, J = 14.4,
4.6 Hz, 2H), 2.08 (qt, J = 9.7, 3.7 Hz, 2H), 1.91 (dq, J = 12.6, 4.1 Hz, 1H), 1.59 — 1.52 (m, 1H).
BC NMR (126 MHz, CDCl3) § 212.7, 141.5, 128.6 (2C), 128.5 (2C), 126.8, 126.2, 125.5, 46.9,
42.5,29.9,26.9, 24.9, 24.7. FT-IR (cm™, neat, ATR): 3026, 2924, 2839, 1707, 1604, 1496, 1453,

1374, 1104.
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10-Ox0-10-((3aR,5S5,5aR,8a8,8bR)-2,2,7,7-tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,5-

b:4',5'-d|pyran-5-yl)decanenitrile, 2j (109.0 mg, 92%) was prepared following GP2. The
product was isolated as a colorless oil. dr = 3.8:1 based on 'H NMR of the crude reaction mixture.
'"H NMR (500 MHz, CDCl;) § 5.63 (d, J = 4.9 Hz, 1H), 4.68 — 4.59 (m, 1H), 4.55 (dd, J = 7.7,
1.9 Hz, 1H), 4.34 (dd, J=4.8, 2.3 Hz, 1H), 4.16 (d, J= 1.7 Hz, 1H), 2.76 — 2.46 (m, 2H), 2.31 (t,
J=17.1Hz, 2H), 1.69 — 1.20 (m, 24H). *C NMR (126 MHz, CDCl;) § 209.5, 119.9, 109.6, 109.0,
96.6, 73.8, 72.6, 70.7, 70.5, 39.9, 29.2, 29.0, 28.7, 28.7, 26.1, 26.0, 25.5, 24.9, 24.4, 22.5, 17.2.
(Only the signals corresponding to the major stereoisomer are reported). FT-IR (cm’, neat,
ATR): 2988, 2933, 2857, 1718, 1382, 1372, 1255, 1211, 1166, 1065. HRMS (ESI) calcd for

C21H33NOgNa [M+Na]': 418.2206, found: 418.2203.

Benzyl (35)-3-((tert-Butoxycarbonyl)amino)-5-oxo-5-((3aR,5aR,8aS5,8bR)-2,2,7,7-
tetramethyltetrahydro-5SH-bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran-5-yl)pentanoate, 2k (124 mg,
75%) was prepared following GP2. The product was isolated as a pale-yellow oil. dr = 2:1 based
on '"H NMR of the crude reaction mixture. '"H NMR (500 MHz, CDCls) & 7.50 — 7.29 (m, 5H),
5.61 (d, J = 4.7 Hz, 1H), 5.37 — 5.18 (m, 1H), 5.11 (s, 2H), 4.62 (dd, J = 7.9, 2.6 Hz, 1H), 4.53
(dd, J=17.8, 2.3 Hz, 1H), 4.34 (dd, /= 5.0, 2.5 Hz, 1H), 4.18 (d, /= 2.3 Hz, 1H), 3.13 — 2.85 (m,
2H), 2.79 (dd, J = 16.1, 5.6 Hz, 1H), 2.66 (dd, J = 16.4, 6.4 Hz, 1H), 1.51 (s, 3H), 1.42 (s, 12H),
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1.34 (s, 3H), 1.29 (s, 3H). (Only the signals corresponding to the major stereoisomer are
reported). FT-IR (cm™, neat, ATR): 3425, 2981, 2936, 1715, 1498, 1456, 1383, 1369, 1306,
1254, 1211, 1165, 1108, 1067, 1006. HRMS (ESI) calcd for CasHsoNO1o [M+H]": 550.2652,

found: 550.2651.
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6-Hydroxy-1-((3aR,5aR,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-SH-bis([1,3]dioxolo)[4,5-

b:4',5'-d|pyran-5-yl)hexan-1-one, 21 (91.9 mg, 89%) was prepared following GP2. The product
was isolated as a colorless oil. dr = 1.5:1 based on "H NMR of the crude reaction mixture. 'H
NMR (500 MHz, CDCls) 6 5.63 (d, J = 5.0 Hz, 1H), 4.62 (dd, J = 7.8, 2.4 Hz, 1H), 4.56 (dd, J =
7.8,2.2 Hz, 1H), 4.34 (dd, J = 5.0, 2.4 Hz, 1H), 4.17 (d, J = 2.1 Hz, 1H), 3.64 (t,J = 6.6 Hz, 2H),
2.80 — 2.39 (m, 3H), 1.70 — 1.52 (m, 6H), 1.49 (s, 3H), 1.43 (s, 3H), 1.33 (s, 3H), 1.30 (s, 3H).
BC NMR (126 MHz, CDCls) § 209.7, 109.8, 109.2, 96.7, 74.0, 72.8, 70.9, 70.7, 63.0, 40.0, 32.8,
26.2,26.1,25.4,25.1,24.5,22.4. FT-IR (cm’, neat, ATR): 3426, 2988, 2936, 1717, 1383, 1373,
1255, 1211, 1166, 1140, 1109, 1064, 1005. HRMS (ESI) calcd for C;;H2s0/Na [M+Na]':

367.1733, found: 367.1737

((1S,25)-2-Phenylcyclopropyl)((3aR,5aR,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-5SH-

bis([1,3]dioxolo)[4,5-b:4',5'-d|pyran-5-yl)methanone, 2m (78.6 mg, 70%) was prepared
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following GP2. The product was isolated as a colorless oil. dr = 1:1 based on 'H NMR of the
crude reaction mixture. "H NMR (500 MHz, CDCl;) § 7.34 — 7.24 (m, 2H), 7.24 — 7.16 (m, 1H),
7.17-6.90 (m, 2H), 5.67 (d, J=5.0 Hz, 1H), 4.65 (dd, J=7.8, 2.6 Hz, 1H), 4.59 (dd, J="7.8, 2.3
Hz, 1H), 4.38 (dd, J = 5.0, 2.6 Hz, 1H), 4.33 (d, J = 2.3 Hz, 1H), 2.73 (ddd, J = 8.3, 5.3, 4.1 Hz,
1H), 2.62 (ddd, J= 8.9, 6.7, 4.1 Hz, 1H), 1.73 (ddd, J = 9.2, 5.3, 4.0 Hz, 1H), 1.50 (s, 3H), 1.48
(s, 3H), 1.45 — 1.36 (m, 1H), 1.33 (d, J = 1.8 Hz, 6H). ®C NMR (126 MHz, CDCl3) § 206.6,
140.6, 128.6 (2C), 126.74, 126.72 (2C), 110.0, 109.2, 96.8, 74.3, 72.5, 71.0, 70.6, 30.1, 29.2,
26.2,26.2,25.1,24.7,20.0. FT-IR (cm™, neat, ATR): 2988, 2935, 1698, 1382, 1341, 1255, 1212,

1166, 1103, 1068, 1005. HRMS (EI) calcd for C21H2606 [M]': 374.1726, found: 374.1733.

Fmoc
N

(9H-Fluoren-9-yl)methyl 4-(2-Oxo0-2-((3aR,5aR,8a8,8bR)-2,2,7,7-tetramethyltetrahydro-5SH-
bis([1,3]dioxolo)[4,5-b:4',5'-d|pyran-5-yl)ethyl)piperidine-1-carboxylate, 2n (138.5 mg, 80%)
was prepared following GP2. The product was isolated as a pale-yellow oil. dr = 22:1 based on
'"H NMR of the crude reaction mixture. 'H NMR (500 MHz, CDCl3) & 7.76 (m, 2H), 7.58 (m,
2H), 7.40 (t,J=7.4 Hz, 2H), 7.31 (td, J= 7.5, 1.1 Hz, 2H), 5.65 (d, /= 4.9 Hz, 1H), 4.63 (dd, J =
7.8, 2.5 Hz, 1H), 4.57 (dd, J = 7.8, 2.2 Hz, 1H), 4.47 — 4.38 (m, 2H), 4.36 (dd, J = 5.0, 2.5 Hz,
1H), 4.24 (t, /= 6.9 Hz, 1H), 4.16 (d, /= 2.2 Hz, 1H), 4.07 — 3.98 (m, 2H), 3.01 — 2.74 (m, 2H),
2.57 (dd, J=6.7, 3.6 Hz, 2H), 2.09 (qd, J = 6.8, 6.1, 4.0 Hz, 1H), 1.71 (t, J = 12.4 Hz, 2H), 1.51
(s, 3H), 1.44 (s, 3H), 1.35 (s, 3H), 1.31 (s, 3H), 1.28 — 1.16 (m, 2H). (Only the signals

corresponding to the major stereoisomer are reported). FT-IR (cm™, neat, ATR): 2988, 2934,
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1698, 1450, 1382, 1254, 1237, 1211, 1066, 1006. HRMS (ESI) calcd for C33HsNOs [M+H]":

578.2754, found: 578.2764.

BnO "
ok

((3aR,6R,6aR)-6-(Benzyloxy)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)((1S,2S)-2-

phenylcyclopropyl)methanone, 20 (95.9 mg, 81%) was prepared following GP2. The product
was isolated as a colorless oil. dr = 2.5:1 based on "H NMR of the crude reaction mixture. 'H
NMR (500 MHz, CDCl3, major diastereomer) 6 7.44 — 7.05 (m, 10H), 6.03 (d, J = 3.6 Hz, 1H),
4.67 —4.47 (m, 4H), 4.03 (d, J = 8.4 Hz, 1H), 2.86 —2.79 (m, 1H), 2.67 (t, J=9.7 Hz, 1H), 1.58
(dd, J=9.2, 4.3 Hz, 1H), 1.41 (td, J = 8.2, 4.0 Hz, 1H), 1.22 (s, 3H), 1.14 (s, 3H). "H NMR (500
MHz, CDCIs, minor diastereomer) 6 7.44 — 7.05 (m, 10H), 5.97 (d, J = 3.5 Hz, 1H), 4.67 — 4.47
(m, 4H), 4.03 (d, J = 8.4 Hz, 1H), 2.86 — 2.79 (m, 1H), 2.67 (t,J=9.7 Hz, 1H), 1.58 (dd, J=9.2,
4.3 Hz, 1H), 1.47 (s, 3H), 1.41 (td, J = 8.2, 4.0 Hz, 1H), 1.31 (s, 3H). *C NMR (126 MHz,
CDCl;, major diastereomer) 6 207.0, 140.1, 137.1, 128.7 (2C), 128.5 (2C), 128.1 (2C), 127.8,
126.6, 126.4 (2C), 112.6, 106.6, 89.8, 84.0, 83.8, 72.0, 29.1, 28.1, 26.0, 25.9, 22.1. *C NMR
(126 MHz, CDCls, minor diastereomer) 6 207.0, 140.0, 137.5, 128.7 (2C), 128.2 (2C), 128.1
(20), 127.8, 126.6, 126.4 (2C), 111.7, 105.7, 83.1, 82.0, 71.4, 70.5, 29.8, 26.9, 26.4, 25.9, 22.1.
FT-IR (cm’, neat, ATR): 2927, 1694, 1398, 1374, 1212, 1075, 1013. HRMS (EI) calcd for

C24H2605 [M]": 394.1780, found: 394.1767.
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(1-Benzhydrylazetidin-3-yl)((3aR,6R,6aR)-6-(benzyloxy)-2,2-dimethyltetrahydrofuro([2,3-d]

[1,3]dioxol-5-yl)methanone, 20 (132.0 mg, 88%) was prepared following GP2. The product was
isolated as a white foam. dr = 3.9:1 based on '"H NMR of the crude reaction mixture. '"H NMR
(500 MHz, CDCls, major diastereomer) 6 7.45 — 7.10 (m, 15H), 5.94 (d, J = 3.8 Hz, 1H), 4.61 —
4.56 (m, 3H), 4.52 (s, 1H), 4.42 (s, 1H), 4.33 (s, 1H), 4.04 — 3.96 (m, 1H), 3.55 (t, J = 7.9 Hz,
1H), 3.37 (t, J = 7.5 Hz, 1H), 3.27 (t, /= 7.4 Hz, 1H), 3.03 (t, /= 7.4 Hz, 1H), 1.29 (s, 3H), 1.24
(s, 3H). '"H NMR (500 MHz, CDCls, minor diastereomer) § 7.36 — 7.27 (m, 7H), 7.26 — 7.14 (m,
8H), 5.97 (d, J = 3.6 Hz, 1H), 4.69 (d, /= 3.7 Hz, 1H), 4.57 — 4.53 (m, 2H), 4.43 (d, J=11.4 Hz,
1H), 4.27 (d, J = 3.7 Hz, 1H), 4.20 (s, 1H), 3.73 (t, /= 8.2 Hz, 1H), 3.39 (t, /= 7.9 Hz, 1H), 3.30
(t, J=7.8 Hz, 1H), 3.22 (t, /= 7.8 Hz, 1H), 3.16 (t, J = 7.9 Hz, 1H), 1.44 (s, 3H), 1.30 (s, 3H).
3C NMR (126 MHz, CDCl;, major diastereomer) & 207.9, 141.9, 141.8, 137.0, 128.7 (2C), 128.6
(20), 128.2 (2C), 128.0 (2C), 127.8, 127.6 (2C), 127.5 (2C), 127.3 (2C), 112.2, 106.4, 88.4, 83.8,
83.7,77.8, 72.0, 56.8, 54.1, 37.0, 26.0, 25.8. *C NMR (126 MHz, CDCl3, minor diasterecomer) &
207.4, 142.0, 142.0, 136.9, 128.6 (2C), 128.5 (2C), 128.5 (2C), 128.3, 128.0 (2C), 127.7 (2C),
127.6 (20), 127.2, 127.2, 112.5, 106.1, 85.6, 84.1, 81.9, 77.8, 72.9, 55.2, 54.8, 38.8, 27.1, 26.4.
FT-IR (cm™, neat, ATR): 2939, 2848, 1712, 1453, 1374, 1211, 1163, 1074, 1011. HRMS (ESI)

calced for C31H34NOs [M+H]": 500.2437, found: 500.2456.
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1-((3aR,6R,6aR)-6-(Benzyloxy)-2,2-dimethyltetrahydrofuro|2,3-d][1,3]dioxol-5-yl)-4-

(thiophen-2-yl)butane-1,4-dione, 2q (108.5 mg, 86%) was prepared following GP2. The
product was isolated as a colorless oil. dr = 2.2:1 based on 'H NMR of the crude reaction mixture.
"H NMR (500 MHz, CDCls, major diastereomer) § 7.76 (dd, J = 3.8, 1.1 Hz, 1H), 7.62 (dd, J =
4.9, 1.0 Hz, 1H), 7.37 — 7.25 (m, 5H), 7.13 (dd, J = 4.9, 3.8 Hz, 1H), 6.03 (d, J = 3.9 Hz, 1H),
4.65 —4.63 (m, 2H), 4.62 (d, J=3.2 Hz, 2H), 4.51 (d, /= 1.2 Hz, 1H), 3.36 — 3.28 (m, 1H), 3.19
—3.00 (m, 3H), 1.41 (s, 3H), 1.29 (s, 3H). '"H NMR (500 MHz, CDCl;, minor diastereomer) &
7.69 (dd, J=3.8, 1.0 Hz, 1H), 7.61 (d, /= 1.0 Hz, 1H), 7.37 — 7.25 (m, 5H), 7.10 (dd, /= 5.0, 3.8
Hz, 1H), 6.09 (d, J = 3.6 Hz, 1H), 4.74 (d, J = 3.7 Hz, 1H), 4.63 —4.57 (m, 3H), 4.30 (d, J = 3.7
Hz, 1H), 3.37 — 3.25 (m, 1H), 3.18 — 3.00 (m, 3H), 1.48 (s, 3H), 1.33 (s, 3H). *C NMR (126
MHz, CDCls, major diastereomer) & 207.7, 191.3, 143.8, 137.2, 133.6, 132.0, 128.7 (2C), 128.2,
128.1, 128.0 (2C), 112.3, 106.5, 89.6, 84.1, 83.8, 72.1, 33.3, 32.8, 26.1, 25.9. *C NMR (126
MHz, CDClI3, minor diastereomer) 6 207.1, 191.4, 144.0, 137.1, 133.5, 132.0, 128.6 (2C), 128.2,
128.1, 127.9 (2C), 112.5, 106.1, 85.6, 83.8, 82.0, 72.6, 34.9, 32.5, 27.1, 26.5. FT-IR (cm’, neat,
ATR): 2987, 1717, 1662, 1415, 1374, 1236, 1212, 1075, 1012. HRMS (ESI) calcd for

C2H2405¢SNa [M+Na]": 439.1191, found: 439.1193.
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Methyl 3-((3aR,5aR,8aS,8bR)-2,2,7,7-Tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,5-
b:4',5'-d]pyran-5-carbonyl)bicyclo[1.1.1]pentane-1-carboxylate, 2r (42.5 mg, 76%) was
prepared following GP2. The product was isolated as a crystalline white solid. dr = 4.6:1 based
on '"H NMR of the crude reaction mixture. mp = 58-60 °C. "H NMR (500 MHz, CDCl;) & 5.61
(d, J=5.0 Hz, 1H), 4.60 (dd, J = 7.8, 1.9 Hz, 1H), 4.51 (dd, J = 7.8, 1.5 Hz, 1H), 4.32 (s, 2H),
3.66 (s, 3H), 2.37 (s, 6H), 1.48 (s, 3H), 1.42 (s, 3H), 1.32 (s, 3H), 1.28 (s, 3H). *C NMR (126
MHz, CDCl) 6 204.3, 170.3, 109.7, 108.9, 96.4, 74.6, 72.3, 70.6, 70.3, 53.7 (2C), 53.5, 51.9,
43.6, 38.3, 26.1, 25.9, 24.9, 24.1. (Only the signals corresponding to the major stereoisomer are
reported). FT-IR (cm™, neat, ATR): 2989, 2928, 1732, 1704, 1256, 1205, 1165, 1109, 1064, 999.

HRMS (ESI) calcd for C19H206Na, [M+Na]": 405.1549, found: 405.1535.

(3,3-Difluorocyclobutyl)((3aR,5aR,8a8,8bR)-2,2,7,7-tetramethyltetrahydro-5SH-

bis([1,3]dioxolo) [4,5-b:4',5'-d]Pyran-5-yl)methanone, 2s (88.7 mg, 85%) was prepared
following GP2. The product was isolated as a colorless oil. dr = 7.5:1 based on 'H NMR of the
crude reaction mixture. '"H NMR (500 MHz, CDCl3) § 5.60 (d, J = 4.9 Hz, 1H), 4.62 (dd, J = 7.8,
2.1 Hz, 1H), 4.57 (dd, J = 7.8, 1.7 Hz, 1H), 4.33 (dd, J = 4.8, 2.2 Hz, 1H), 4.27 (d, J = 1.5 Hz,
1H), 3.68 — 3.52 (m, 1H), 2.91 — 2.77 (m, 2H), 2.72 — 2.59 (m, 2H), 1.48 (s, 3H), 1.41 (s, 3H),

1.33 (s, 3H), 1.30 (s, 3H). *C NMR (126 MHz, CDCl3) & 207.6, 119.1 (dd, 'Je.r = 285.1, 269.6
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Hz), 109.7, 109.1, 96.6, 73.6, 72.2, 70.6, 70.5, 37.74 (t, *Jcr = 24.3 Hz), 36.91 (t, *Jc.r = 24.3
Hz), 30.76 (dd, *Jc.r = 14.2, 5.0 Hz), 26.1, 25.9, 24.9, 24.1. ’F NMR (471 MHz, CDCl3) § -82.9
(d, 'Jrr = 191.9 Hz), -97.0 (d, 'Jrr = 192.0 Hz). (Only the signals corresponding to the major
stereoisomer are reported). FT-IR (cm™, neat, ATR): 2987, 2939, 1718, 1294, 1210, 1162, 1063,

1006, 897. HRMS (ESI) calcd for Ci6H22F206Na [M+Na]": 371.1282, found: 371.1284.
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4,4,5,5,6,6,7,7,8,8,9,9,9-Tridecafluoro-1-((3aR,5aR,8a5,8bR)-2,2,7,7-tetramethyltetrahydro-

S5H-bis([1,3]dioxolo)[4,5-b:4",5'-d]|pyran-5-yl)nonan-1-one, 2t (114 mg, 63%) was prepared
following GP2. The product was isolated as a colorless oil. dr = 1.8:1 based on 'H NMR of the
crude reaction mixture. '"H NMR (500 MHz, CDCl3) § 5.65 (d, J = 4.9 Hz, 1H), 4.64 (dd, J = 7.8,
2.5 Hz, 1H), 4.53 (dd, J = 7.8, 2.2 Hz, 1H), 4.37 (dd, J = 5.0, 2.5 Hz, 1H), 4.24 (d, J = 2.2 Hz,
1H), 3.01 (ddd, J = 19.2, 9.9, 5.7 Hz, 1H), 2.90 (dq, J = 15.5, 5.3, 4.8 Hz, 1H), 2.50 — 2.18 (m,
2H), 1.50 (s, 3H), 1.44 (s, 3H), 1.34 (s, 3H), 1.30 (s, 3H). *C NMR (126 MHz, CDCl;) § 207.0,
120.6, 118.8, 118.6, 116.3, 111.3, 110.8, 110.0, 109.4, 96.6, 74.0, 72.8, 70.8, 70.6, 31.7, 30.0,
26.2, 26.0, 25.1, 24.4. ’F NMR (471 MHz, CDCl5) § -80.8 (t, J = 10.0 Hz, 3F), -107.6 —-118.7
(m, 2F), -121.9 (q, J = 13.6, 13.0 Hz, 2F), -122.4 — -123.1 (m, 2F), -123.5 (t, J = 15.1 Hz, 2F), -
126.1 (td, J = 14.9, 6.4 Hz, 2F). (Only the signals corresponding to the minor stereoisomer are
reported). FT-IR (cm™, neat, ATR): 2986, 2935, 1724, 1381, 1372, 1250, 1210, 1166, 1145,

1114, 1077, 1052. HRMS (ESI) calcd for C20H22F 1306 [M+H]": 605.1209, found: 605.1219.
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(35)-3,7-Dimethyl-1-((3aR,5aR,8aS5,8bR)-2,2,7,7-tetramethyltetrahydro-SH

bis([1,3]dioxolo)[4,5-b:4',5'-d|pyran-5-yl)oct-6-en-1-one, 2u (81.5 mg, 71%) was prepared
following GP2. The product was isolated as a colorless oil. dr = 4.1:1 based on 'H NMR of the
crude reaction mixture. "H NMR (500 MHz, CDCl3) § 5.64 (d, J = 5.0 Hz, 1H), 5.09 (tdt, J = 5.7,
2.8, 1.4 Hz, 1H), 4.62 (dd, J=7.8, 2.4 Hz, 1H), 4.58 (dd, J=17.8, 2.1 Hz, 1H), 4.34 (dd, J = 5.0,
2.4 Hz, 1H), 4.14 (d, J = 2.1 Hz, 1H), 2.64 (dd, J=17.8, 5.1 Hz, 1H), 2.41 (dd, J=17.7, 8.2 Hz,
1H), 2.13 —2.04 (m, 1H), 1.97 (m, 2H), 1.67 (d, J = 1.4 Hz, 3H), 1.59 (d, J= 1.3 Hz, 3H), 1.50 (s,
3H), 1.43 (s, 3H), 1.34 (s, 3H), 1.30 (s, 3H), 1.19 (m, 2H), 0.89 (d, J = 6.6 Hz, 3H). *C NMR
(126 MHz, CDCl3) § 209.3, 131.5, 124.9, 109.8, 109.1, 96.8, 74.0, 72.8, 70.9, 70.7, 47.3, 37.4,
27.9,26.2, 26.2, 26.0, 25.8, 25.1, 24.6, 20.1, 17.9. (Only the signals corresponding to the major
stereoisomer are reported). FT-IR (cm'l, neat, ATR): 2982, 2928, 1719, 1382, 1255, 1212, 1067,

1006. HRMS (EI) caled for C21H3406 [M]": 382.23535, found: 382.2360.

10-((3aR,5S,6R,6aR)-6-(Benzyloxy)-2,2-dimethyltetrahydrofuro|2,3-d][1,3]dioxol-5-yl)-10-

oxodecanenitrile, 2v (83.2 mg, 83%) was prepared following GP2. The product was isolated as a
colorless oil. dr> 20:1 based on '"H NMR of the crude reaction mixture. "H NMR (500 MHz,
CDCls) 8 7.36 — 7.30 (m, 5H), 6.01 (s, 1H), 4.62 (s, 3H), 4.47 (s, 2H), 2.83 — 2.70 (m, 1H), 2.67
(t, J=7.7 Hz, 1H), 2.33 (t, J = 7.4 Hz, 2H), 1.67 — 1.62 (m, 2H), 1.55 — 1.42 (m, 4H), 1.37 (s,
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3H), 1.32 — 1.28 (m, 9H). *C NMR (126 MHz, CDCI3) § 209.4, 137.1, 128.7, 128.6, 128.6,
128.2,128.0, 127.8, 127.8, 112.2, 106.5, 89.7, 83.80, 72.0, 39.1, 29.2, 29.1, 28.7, 28.7, 26.0, 25.8,
25.5,23.1, 17.2. FT-IR (cm’, neat, ATR): 2933, 2858, 1715, 1456, 1375, 1213, 1164. HRMS

(EST) caled for C24H34NOs [M+H]": 416.2437, found: 416.2420.

OMe

Cl

2-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-1-((3aR,5aR,8aS,8bR)-2,2,7,7-

tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran-5-yl)ethan-1-one, 2w (82.6
mg, 51%) was prepared following GP2. The product was isolated as a yellow oil. dr = 1.5:1 based
on '"H NMR of the crude reaction mixture. '"H NMR (500 MHz, CDCls) & 7.80 — 7.55 (m, 2H),
7.53 = 7.36 (m, 2H), 7.00 — 6.79 (m, 2H), 6.67 (dd, J = 9.0, 2.5 Hz, 1H), 5.41 — 5.07 (m, 1H),
4.58 (dd, J=5.8, 1.3 Hz, 1H), 4.47 (dd, J = 8.2, 5.7 Hz, 1H), 4.25 (dd, J= 3.0, 1.3 Hz, 1H), 4.11
(d, J=16.3 Hz, 1H), 3.91 — 3.09 (m, 5H), 2.34 (s, 3H), 1.51 (s, 3H), 1.39 (s, 3H), 1.35 (d, /=44
Hz, 6H). ®C NMR (126 MHz, CDCls) § 203.2, 168.5, 156.4, 139.6, 136.6, 134.2, 131.5 (2C),
131.1, 130.9 (2C), 129.4, 115.3, 112.4, 112.3, 111.2, 109.6, 101.3, 97.4, 76.1, 75.1, 74.0, 69.5,
55.9,35.9,27.9, 27.6, 25.9, 25.7, 13.8. (Only the signals corresponding to the major stereoisomer
are reported). FT-IR (cm™, neat, ATR): 2989, 2936, 1728, 1682, 1479, 1371, 1322, 1257, 1214,

1088, 1067, 1006. HRMS (ESI) caled for C30H33CINOg [M+H]": 570.1895, found: 570.1870.
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(8R,95,108,13R,14S5,17R)-10,13-Dimethyl-17-((2R)-5-0x0-5-((3aR,5aR,8aS,8bR)-2,2,7,7-
tetramethyltetrahydro-SH-bis([1,3]dioxolo)[4,5-b:4',5'-d|pyran-5-yl)pentan-2-
yl)dodecahydro-3H-cyclopenta|a]phenanthrene-3,7,12(2H,4H)-trione, 2x (119.8 mg, 65%)
was prepared following GP2. The product was isolated as a white solid. mp = 200-204 °C. dr =
3.3:1 based on "H NMR of the crude reaction mixture. '"H NMR (500 MHz, CDCl3) 6 5.64 (d,J =
5.0 Hz, 1H), 4.75 — 4.59 (m, 1H), 4.60 — 4.41 (m, 1H), 4.34 (ddd, /= 5.2, 2.4, 0.9 Hz, 1H), 4.17
(d, J =2.0 Hz, 1H), 2.96 — 2.77 (m, 3H), 2.79 — 2.63 (m, 1H), 2.55 (ddd, J = 18.2, 8.5, 6.3 Hz,
1H), 2.28 (dddd, J =42.4, 20.8, 14.3, 5.1 Hz, 6H), 2.17 — 2.06 (m, 2H), 2.09 — 1.88 (m, 4H), 1.90
—1.75 (m, 2H), 1.67 — 1.53 (m, 1H), 1.50 (d, J = 3.0 Hz, 3H), 1.43 (s, 3H), 1.39 (s, 3H), 1.33 (s,
3H), 1.30 (s, 3H), 1.47 — 1.15 (m, 4H), 1.06 (s, 3H), 0.83 (d, J = 6.0 Hz, 3H). *C NMR (126
MHz, CDCL) 6 212.2, 210.0, 209.4, 209.0, 109.8, 109.1, 96.7, 74.0, 72.8, 70.9, 70.7, 57.2, 52.0,
49.3, 47.1, 46.0, 45.8, 45.3, 43.1, 38.9, 37.1, 36.8, 36.3, 35.6, 35.5, 28.2, 27.8, 26.2, 26.2, 25.5,
25.1, 24.5, 22.2, 19.1, 12.2. (Only the signals corresponding to the major stereoisomer are
reported). FT-IR (cm™, neat, ATR): 2984, 1718, 1372, 1252, 1212, 1067, 1002. HRMS (ESI)

caled for CssHsoOoNa [M+Na]': 637.3353, found: 637.3343.
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(5)-1-((328,4S,6R,6aR)-6-Methoxy-2,2-dimethyltetrahydrofuro[3,4-d][1,3] dioxol-4-yl)-2-(6-
methoxynaphthalen-2-yl)propan-1-one, 2y (77.2 mg, 80%) was prepared following GP2. The
product was isolated as a colorless oil. dr > 20:1 based on 'H NMR of the crude reaction mixture.
"H NMR (500 MHz, CDCl3) § 7.74 — 7.66 (m, 2H), 7.64 (s, 1H), 7.35 (d, J = 8.4 Hz, 1H), 7.18 -
7.05 (m, 2H), 5.10 (d, J = 5.8 Hz, 1H), 5.02 (s, 1H), 4.74 (s, 1H), 4.50 (d, J = 5.9 Hz, 1H), 4.35
(d, J=7.1 Hz, 1H), 3.91 (s, 3H), 3.34 (s, 3H), 1.56 (d, /= 7.1 Hz, 3H), 1.47 (s, 3H), 1.33 (s, 3H).
BC NMR (126 MHz, CDCl3) § 208.1, 157.8, 135.0, 133.9, 129.4, 129.2, 127.4, 126.9, 126.7,
119.1, 113.1, 109.8, 105.7, 89.4, 84.8, 81.1, 56.1, 55.5, 47.9, 26.8, 25.3, 18.6. FT-IR (cm’, neat,
ATR): 2987, 2937, 1720, 1633, 1606, 1506, 1485, 1267, 1094 ppm. HRMS (EI) calcd for
C2H2606 [M]": 386.1729, found: 386.1738.

o o

0 0.0

%,c‘) ﬁ/o

o)
bis((3aR,5aR,8a8,8bR)-2,2,7,7-Tetraethyltetrahydro-5SH-bis([1,3]dioxolo)[4,5-b:4',5'-
d|pyran-5-yl)methanone, 2z (68 mg, 47%) was prepared following GP2. The product was
isolated as a foam. dr = 5:1 based on 'H NMR of the crude reaction mixture. '"H NMR (500 MHz,
CDCl) 6 5.65 (d, J=4.9 Hz, 2H), 4.80 — 4.66 (m, 4H), 4.63 (dd, J= 7.8, 2.4 Hz, 2H), 4.34 (dd, J
= 5.0, 2.4 Hz, 2H), 1.52 (s, 6H), 1.44 (s, 6H), 1.33 (s, 6H), 1.29 (s, 6H). *C NMR (126 MHz,

CDCls) § 200.5, 110.0 (2C), 109.2 (2C), 96.9 (2C), 72.5 (2C), 71.3 (2C), 71.0 (4C), 26.3 (2C),
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26.1 (2C), 25.2 (2C), 24.5 (2C). (Only the signals corresponding to the major stereoisomer are
reported). FT-IR (cm™, neat, ATR): 1744, 1373, 1253, 1211, 1167, 1139, 1103, 1066, 1019, 999,

976, 920, 889. HRMS (ESI) calcd for Co3H3s01; [M+H]"™: 487.2179, found 487.2200.

((3aR,58,6R,6aR)-6-Methoxy-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-5-
yD((3aR,58,5aR,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-5SH-bis([1,3]dioxolo)[4,5-b:4",5"-
d]pyran-5-yl)methanone, 3a (87.2 mg, 68%) was prepared following GP2. The product was
isolated as a clear oil. dr = 10:1 based on '"H NMR of the crude reaction mixture. "H NMR (500
MHz, CDCL) & 6.05 (d, J = 3.7 Hz, 1H), 5.65 (d, J = 4.8 Hz, 1H), 5.09 (d, J = 3.5 Hz, 1H), 4.73
(d, J=8.2 Hz, 1H), 4.61 (d, J = 8.1 Hz, 1H), 4.58 (d, J = 3.8 Hz, 1H), 4.50 (s, 1H), 4.33 — 4.31
(m, 1H), 4.21 (d, J = 3.5 Hz, 1H), 3.34 (s, 3H), 1.51 (s, 6H), 1.43 (s, 3H), 1.34 (s, 6H), 1.32 (s,
3H). ®C NMR (126 MHz, CDCI3) § 199.9, 112.3, 109.7, 108.9, 105.3, 96.8, 85.2, 83.6, 82.0,
73.0, 71.3, 71.0, 70.8, 58.2, 27.1, 26.5, 26.3, 26.2, 23.0, 24.2. (Only the signals corresponding to
the major stereoisomer are reported). FT-IR (cm‘l, neat, ATR): 2987, 2938, 1740, 1457, 1375,
1257, 1212, 1070, 1009, 732. HRMS (ESI) caled for C23H34011Na [M+Na]": 453.1750, found:

453.1737.

MeO
DOW
Me ‘

(S)-1-Cyclohexyl-2-(6-methoxynaphthalen-2-yl)propan-1-one, 3b (83.4 mg, 56%) was

prepared following GP2. The product was isolated as a colorless oil. 'H NMR (500 MHz, CDCl;)
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§7.71 (d, J=3.9 Hz, 1H), 7.69 (d, J = 3.5 Hz, 1H), 7.60 (s, 1H), 7.29 (d, J = 8.4 Hz, 1H), 7.15
(dd, J=9.0, 2.6 Hz, 1H), 7.12 (d, J= 2.5 Hz, 1H), 4.04 (q, J = 6.9 Hz, 1H), 3.92 (s, 3H), 2.45 (tt,
J=113,3.6 Hz, 1H), 1.87 (d, J = 12.1 Hz, 1H), 1.77 — 1.71 (m, 1H), 1.64 — 1.57 (m, 2H), 1.43
(d, J = 6.8 Hz, 3H), 1.40 — 1.00 (m, 6H). *C NMR (126 MHz, CDCls) 5 214.2, 157.8, 136.0,
133.7, 129.3 (2C), 127.5, 126.7 (2C), 119.2, 105.7, 55.5, 51.2, 49.6, 29.7, 28.4, 26.1, 25.9, 25.4,
18.4. FT-IR (cm’, neat, ATR): 2930, 2854, 1707, 1633, 1606, 1505, 1484, 1266, 853. HRMS

(EI) caled for C2H240, [M]": 296.1776, found: 296.1776.

MeO
DO
g

(8)-1-(Cyclohex-3-en-1-yl)-2-(6-methoxynaphthalen-2-yl)propan-1-one, 3¢ (113.3 mg, 77%)
was prepared following GP2. The product was isolated as a colorless oil. dr = 1.9:1 based on 'H
NMR of the crude reaction mixture. '"H NMR (500 MHz, CDCls) § 7.70 (d, J= 8.6 Hz, 2H), 7.61
(d, J= 8.6 Hz, 1H), 7.30 (t, J = 9.5 Hz, 1H), 7.16 (dd, J = 8.9, 2.5 Hz, 1H), 7.12 (s, 1H), 5.71 —
5.51 (m, 2H), 4.13 — 4.00 (m, 1H), 3.92 (s, 3H), 2.77 — 2.66 (m, 1H), 2.25 - 2.16 (m, 1H), 2.15 —
1.78 (m, 3H), 1.74 — 1.54 (m, 2H), 1.46 (d, J = 6.9 Hz, 3H). *C NMR (126 MHz, CDCl;) &
213.4,213.7, 157.8, 157.7, 135.8, 135.7, 133.8, 129.3, 129.3, 129.2, 129.1, 127.6, 127.5, 127.1,
126.7, 126.6, 126.1, 125.9, 125.3, 119.3, 119.2, 105.7, 55.5, 51.5, 51.4, 45.4, 45.3, 28.2, 27.2,
25.8,25.0,24.7, 24.6, 18.29, 18.6 (mixture of diastereomers, 5 overlapping peaks). FT-IR (cm™,
neat, ATR): 1705, 1632, 1605, 1505, 1484, 1452, 1437, 1391, 1372, 1266, 1228, 1216. HRMS

(EI) caled for C2H220, [M]": 294.1620, found: 294.1600.
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(8)-1-(Cyclohex-3-en-1-yl)-2-(2-fluoro-[1,1'-biphenyl]-4-yl)propan-1-one, 3b (113.3 mg,
77%) was prepared following GP2. The product was isolated as a colorless oil. dr = 1:1 based on
"H NMR of the crude reaction mixture. '"H NMR (500 MHz, CDCl;) § 7.59 — 7.51 (m, 2H), 7.51
—7.33 (m, 4H), 7.15 — 6.99 (m, 2H), 5.67 (d, J = 18.1 Hz, 2H), 4.00 (dq, J = 13.8, 6.9 Hz, 1H),
2.73 (ddt, J = 14.0, 8.0, 2.8 Hz, 1H), 2.31 — 2.19 (m, 1H), 2.18 — 2.03 (m, 2H), 1.96 (dt, J = 13.6,
4.4 Hz, 1H), 1.88 — 1.56 (m, 2H), 1.44 (dd, J = 7.0, 1.9 Hz, 3H).*C NMR (126 MHz, CDCl;,
mixture of two diastereomers) 6 213.4, 213.1, 161.0, 159.0, 142.1, 142.1, 135.6, 135.6, 131.3,
131.3, 131.3, 131.2, 129.2, 129.1, 128.7, 128.0, 128.0, 128.0, 127.9, 127.2, 126.3, 125.9, 125.3,
124.2,124.2,124.2,116.0, 115.9, 115.8, 115.7, 50.9, 50.8, 45.7, 45.6, 30.0, 28.1, 27.2, 25.7, 25.1,
24.7, 18.4, 18.4. FT-IR (cm’, neat, ATR): 3027, 2929, 1709, 1484, 1451, 1436, 1417, 1374,

1268, 1132, 1030.

2-(Adamantan-1-yl)-1-(cyclohex-3-en-1-yl)ethan-1-one, 3e (103.4, 80%) was prepared
following GP2. The product was isolated as a colorless oil. 'H NMR (500 MHz, CDCl3) 6 5.71 —
5.66 (m, 2H), 2.63 — 2.50 (m, 1H), 2.27 — 2.19 (m, 2H), 2.15 — 2.06 (m, 4H), 1.95 (s, 4H), 1.69
(d, J=12.3 Hz, 4H), 1.64 (d, J = 7.3 Hz, 8H), 1.53 — 1.44 (m, 1H). *C NMR (126 MHz, CDCl;)
0 213.8, 126.7, 125.7, 54.3, 48.7, 42.7 (3C), 37.0 (3C), 33.8, 28.8 (3C), 26.7, 25.1, 24.6. FT-IR
(cm’, neat, ATR): 1705, 1632, 1605, 1505, 1484, 1452, 1437, 1391, 1372, 1266, 1228, 1216.

HRMS (EI) caled for CisH260 [M]": 258.1984, found: 258.1992.
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1-(Cyclohex-3-ene-1-carbonyl)-4,7,7-trimethyl-2-oxabicyclo[2.2.1]heptan-3-one, 3f (80.7 mg,
61%) was prepared following GP2. The product was isolated as a colorless oil. dr=1.1:1 based
on 'H NMR of the crude reaction mixture. "H NMR (500 MHz, CDCl3) 6 5.70 (m, 2H), 3.23 —
3.10 (m, 1H), 2.45 — 2.28 (m, 2H), 2.20 — 1.97 (m, 4H), 1.97 — 1.87 (m, 2H), 1.74 — 1.64 (m, 1H),
1.53 — 1.21 (m, 1H), 1.11 (s, 3H), 1.05 (s, 3H; 1:1 mixture of diastereomers), 0.92 (s, 3H; 1:1
mixture of diastereomers). *C NMR (126 MHz, CDCl;, mixture of two diastereomers) & 211.2,
210.6, 179.1, 179.0, 126.8, 126.5, 125.3, 125.0, 96.7, 96.7, 60.5, 55.4, 55.3, 55.1, 43.7, 43.5, 31.8,
31.8,29.4,29.4, 275,252, 25.1, 24.9, 24.5, 23.0, 16.9, 16.8, 16.8, 14.3, 9.7, 9.6. FT-IR (cm’',
neat, ATR): 3025, 1787, 1704, 1449, 1438, 1395, 1376, 1162. HRMS (EI) calcd for CisH2,03

[M]": 262.1569, found: 262.1563.
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Chapter 3. Deaminative Reductive Arylation Enabled by Nickel/Photoredox Dual
Catalysis$

3.1 Introduction

The introduction of 1,4-dihydropyridines in Ni/photoredox dual cross-coupling manifolds
provided access to diverse glycosyl-based radicals from aldehyde feedstocks, facilitating the
synthesis of complex C-acyl glycosides. Moving forward, we focused our efforts on the
development of a cross-electrophilic strategy to forge C(sp’)-hybridized centers from aliphatic
amines. In particular, aliphatic primary amines are a privileged class of compounds prevalent in
natural products, valued synthetic intermediates, and pharmaceutical drugs such as Tamiflu,
Linagliptin, Amlodipine, and Sitagliptin." Although considerable achievements have been made
in the area of C—N bond activation, direct cross-coupling protocols remain elusive. Recent studies
from the Watson group demonstrated the use of Katritzky salts, formed via a simple condensation
of the corresponding amines with a bench-stable, commercially-available pyrylium salt, as alkyl
radical precursors in cross-coupling with arylboronic acids.>* Subsequently, Glorius, Aggarwal,
Shi, Gryko, and Liu further demonstrated the utility of these redox-active amines in C—H
arylation,” borylation,” alkynylation,® allylation,” and dicarbofunctionalization, respectively.®
More recently, Watson and co-workers disclosed a deaminative alkyl-alkyl Negishi cross-
coupling with alkylzinc halides.” The growing interest in this area highlights the challenges

associated with C—N bond activation and presents new opportunities to address these limitations,

3 Reproduced in part with permission from J. Yi, S. O. Badir, L. M. Kammer, M. Ribagorda, G. A.
Molander, Org. Lett. 2019, 21, 3346-3351. Copyright 2019, American Chemical Society.
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in particular with regard to the development of cross-electrophilic strategies to install C(sp’)-

hybridized centers under mild reaction conditions.

Ni/photoredox dual catalysis has been enlisted as a powerful tool to construct C—C bonds
via a single-electron transmetalation pathway.'® In this context, the unique characteristics of this
reaction manifold favors the formation of tetrahedral carbon centers without the need for harsh
nucleophilic organometallic reagents or elevated temperature.!’ As part of a program centered on

the development of Ni-catalyzed alkylation protocols,'*"

we envisioned the application of
Katritzky salts as a new species of alkyl radical precursors in a reductive, cross-electrophilic

coupling with (hetero)aryl bromides (Figure 3.1) — representing one of the few synthetic methods

employing a net reductive photoredox/Ni dual catalytic transformation."

Ph

A. Alkyl feedstocks utilized in reductive Ni-catalyzed transformations
= o
R' O R! fo) @ | BF,
R’ R’ J\ ‘o Ph N Ph
A A R?7 o)kf( s RZJ'\AI( R A
R2 X R2 /" OTs R OR2
fo) o
O .
X = halides R% = Me or +-Bu alkylamine feedstock
SN
B. Katritzky pyridinium salts in Ni-catalyzed arylation K

+ commodity chemical
+ air stable reductant

+ mild, basic conditions
R'  Suzuki coupling

Ar—<
R

Negishi coupling R'

R*
(Watson, 2019) _<R2

2 (Watson, 2017)

R* = Alkyl or Ar

Katritzky salts

N
NC CN
C. This strategy: Reductive Ni/photoredox deaminative arylation with (het)aryl bromides O N N Q
A Tig\o

NH, /@ | B% Ni/ [PC] R!
— X + (Het)Ar—Br Ar(Het) <
R R Ph N Ph (Hey terminal R2
J\ reductant 4CzIPN
R1” OR2 +cheap & metal-free [PC]

Figure 3.1. Strategies toward net-reductive Ni-catalyzed cross-couplings and envisioned

transformation.
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3.2 Results and Discussion

Given the accessible redox potential of Katritzky salts (E1» = —0.93 V vs SCE),’ the
organic dye 4CzIPN (reduced photocatalyst E1> = -1.21 V vs. SCE) was examined and proved

effective at delivering the desired coupled product (Figure 3.2).

NiBry(dtbbpy) (5 mol %)
4CzIPN (3 mol %)

Br
/©/ TEA (3 equiv)
.
[X] NC THF
1 2

blue LEDs, 24 h, rt NC

3
Entry Deviation from standard conditions 3 94lal
1 None 93 (86)Mb]
2 [I{dF(CF3)-ppy}(dtbbpy)]PFe 87
3 [Ir(dtbbpy)(ppy)2]PFe 99
4 3.0 equiv Hantzsch ester 33
5 CH4CN 73
6 DMA 92
7 No light (dark) 0
8 No photocatalyst 0
9 No Ni catalyst 0
10 No amine 0
NG § CcN T Sy
fj\ o Br\Ni“"‘N >
CbzI;:Cbz o N | ::4 Br’ \N\’ i
Cbz Sl tBu
4CzIPN X1 NiBr,(dtbbpy)

Figure 3.2. Optimization studies. Reactions were performed using 1 (0.45 mmol), 2 (0.3 mmol),
4CzIPN (3 mol %), NiBr»(dtbbpy) (5 mol %) in dry, degassed solvent (3.0 mL, 0.1 M) under blue
LED irradiation for 24 h. "JGC/MS yield using 1,3,5-trimethoxybenzene as internal standard.

Pl[solated yield of 3.

Other photocatalysts were also tested (entries 2 and 3, Figure 3.2). Not surprisingly,

[Ir(dtbbpy)(ppy)2]PFs provided quantitative conversion to the desired product, likely because of
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its strongly reductive nature (E;»= —1.51 V vs SCE).*'® Considering the low cost, ease of
preparation, and excellent reactivity of 4CzIPN," it was chosen as the photocatalyst of choice.
Although DMA provided equally good results in this cross-coupling (entry 6, Figure 3.2), THF
was chosen because of its low boiling point. However, it should be noted that the use of DMA for
electron-rich substrates proved effective at times (see the Experimental Section). As anticipated,
control experiments proved that all components of the reaction were necessary for the dual
catalytic system to proceed (entries 7-10, Figure 3.2). Finally, in an attempt to provide a user-

friendly reaction set-up, the optimization was carried out using the precomplex NiBr,*dtbbpy.

With suitable reaction conditions in hand, the scope of this deaminative cross-coupling
was examined (Figure 3.3). To this end, a wide array of aryl bromides bearing electron-
withdrawing substituents at the para-position exhibited excellent reactivity (3-10, 16). Electron-
rich aryl bromides were also compatible substrates (11 and 12). Importantly, aryl bromides
bearing an additional handle for further elaboration in Chan-Lam and Suzuki couplings, such as
pinacol boronic ester (17) and aryl chlorides (6 and 13), reacted to afford the corresponding
products in good yields. Given the mildly basic conditions of this protocol, a variety of sensitive
functional groups, including lactone 15 and sulfonamide 16, were compatible structural motifs.
Substitution at the meta-position (13, 15, 17, and 18) and ortho-position (14 and 18) was
explored; whereby efficient cross-coupling events took place. Moreover, electron deficient
difluoroaryl bromide 18 and several heteroaryl systems (19-22) were successfully employed.
Because of their notoriously unstable nature as the corresponding boronic acids (owing to
protodeboronation under strongly basic conditions),'® the analogous substructural partners had

provided sluggish reactivity in previous reports.’
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Figure 3.3. Scope of the developed C(sp®)-C(sp®) cross-coupling. All values correspond to

isolated yields after purification. Reaction conditions as depicted in Figure 3.2, entry 1 (0.5 mmol

scale). "'Using DMA as a solvent, 48 h.
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Given their importance in pharmaceutical settings,'’

a variety of nitrogen-containing
heteroaryl bromides, including pyrimidine (20 and 26), quinoline (23, 27 and 28), isoquinoline
24, pyridine (25 and 29), and indole (30) electrophiles were effectively incorporated under this
reaction manifold (Figure 3.3). It is worth highlighting that heteroaromatics (23 and 24),
previously well-behaved under photoinduced deamination C—H arylation conditions,” reacted in a

chemoselective manner. This highlights the complementary advantages of this protocol to

existing Minisci transformations.*'®

Next, attention was turned to the scope of the alkylpyridinium salts, where a wide array
of functional groups was tolerated (Figure 3.3). Katritzky salts bearing a free hydroxyl group (39
and 40) did not inhibit the reaction, presenting orthogonal reactivity to C—O bond activation
previously reported by MacMillan." Other pyridinium salts bearing an ester handle (41) and
nitrogen heterocyclic structural motifs (33 and 34) afforded the desired products in excellent
yields. Notably, both cyclic (31-36, 39-42) and acyclic (37, 38, 43, and 44) alkylpyridinium salts
reacted efficiently under the reaction conditions. Finally, to demonstrate the applicability of this
protocol to the synthesis of bioactive molecules, we prepared the corresponding alkylpyridinium
salt from Mexiletine, a voltage-gated sodium channel blocker used as an antiarrhythmic.?’
Utilizing two different aryl bromides, success was achieved at delivering the cross-coupled
products 43 and 44 in excellent yields. Finally, a complex aryl bromide derived from
Loratadine,” used in the treatment of allergies, was accommodated under the reaction conditions

(45).

To highlight the benefits of employing 4CzIPN as an inexpensive organic photocatalyst
[~$5 mmol '], a transformation was successfully performed on gram-scale, whereby the desired

heteroaryl coupled product 27 was obtained in 90% yield (Figure 3.4). Taking further advantage
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of the inherent chemoselectivity of this cross-coupling as described earlier, the quinoline scaffold
of 27 was further elaborated at the C2 position to obtain 46 and 47 in good yields, utilizing
Minisci-type photoinduced deaminative and decarboxylative strategies previously reported by
Glorius and Dhar, respectively.*'*¢ The ease with which a wide array of aryl- and heteroaryl
systems can be fashioned showcases the significant potential of deaminative-based C—C bond

construction in industrial settings.

Br Xy © NiBr,(dtbbpy) (5 mol %)

| o | BFs 4CzIPN (3 mol %)
— .
N, PhTONT ph TEA (3 equiv) X
~ —
N @ THE N

blue LEDs, 24 h, rt

27, 90%
o 5 mmol scale
Gram-Scale
Ph o
Xy ©
| o | BF
Ph NZ Ph . modified
- [Ir(ppy)2(dtbbpy)]PFg (2.5 mol %) . Glorius conditions
+
fj DMA _
N blue Kessil, 24 h N
Boc NBoc
46, 71%
0.5 mmol scale
(0]

modified
Dhar conditions

O O OMe
@ 4C2IPN (1 mol %)
- N—G o) TFA ( 2.0 equiv)
DMSO
(@) blue Kessil, 4 h

47, 73%

0.5mmol scale ~ OMe

Figure 3.4. Sequential gram-scale deaminative cross-Coupling and Minisci C-H Arylation.

To probe the reaction pathway, we conducted a series of mechanistic experiments. In the
presence of the radical scavenger TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl], the arylation
was completely inhibited, with full recovery of the aryl bromide (Figure 3.5 A). This is
suggestive of the involvement of radical species under this metallaphotoredox manifold. This

hypothesis was further corroborated by isolation of 48, a byproduct likely formed via a radical-
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radical coupling of the persistent dihydropyridine radical intermediate A with a transient

secondary alkyl radical during the course of the reaction® (Figure 3.5 B).

A Ph
TEMPO (2.0 equiv)
Br Xy © NiBr,(dtbbpy) (5 mol %)
| ® | BF 4CzIPN (3 mol %)
N + Ph7 N7 TPh TEA (3 equiv) N
THF
0 blue LEDs, 24 h, rt 0
1.0 equiv 1.5 equiv 0% ('H NMR analysis)
(0]
B.
Ph
. Ph
Br Xy © NiBr,(dtbbpy) (5 mol %)
S BF, 4CzIPN (3 mol %) T
= TEA (3 equiv)
+ PhT ONT PR Ph” >N Ph
NC
THF
blue LEDs, 24 h, rt
o 0
1.0 equiv 1.5 equiv . 48, 13%
via:  Ph (*H NMR analysis)@l
Ph N Ph
fj radical-radical coupling
(0]
stabilized radical
intermediate
A

Figure 3.5. Support for involvement of radical intermediates. '"H NMR yield was calculated

based on the loading of the alkylpyridinium reagent.

To gain further understanding of the role of the photocatalyst, fluorescence quenching
studies were performed (Figure 3.6). As anticipated, the Stern-Volmer relationship confirmed that
both triethylamine and the Katritzky salt were effectively quenched by the photoexcited state of
4CzIPN. Although these results could support an operative single-electron-transfer (SET)
reduction of the alkylpyridinium salt by the photocatalyst, we cannot rule out the possibility of a

direct SET event from a low-valent nickel intermediate as proposed by Watson and Lei.>'*
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Stern-Volmer Fluorescence Quenching
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Figure 3.6. Stern-Volmer fluorescence quenching studies of 4CzIPN in THF.

Based on these results and precedented literature reports detailing the reductive cleavage
of Katritzky salts,”® a plausible mechanism is depicted in Figure 3.7. First, visible-light
irradiation of 4CzIPN generates a potent excited-state oxidant (E1» = +1.35 V vs SCE),*? which is
sufficiently quenched by triethylamine D (E;2= +1.0 V vs SCE),'® thus forming the reduced
state of the photocatalyst. Upon generation of alkyl radical IV from the Katritzky salt (Ei» =
—-0.93 V vs. SCE)’ via SET from the photoexcited 4CzIPN or a low-valent nickel intermediate,
the radical is intercepted by a ligated Ni(0) complex V to afford a Ni(I) intermediate.
Subsequently, VI undergoes oxidative addition with the (hetero)aryl bromide to afford the
corresponding high-valent Ni(III) complex VII. Reductive elimination would then occur to yield
the desired coupled product 3 and Ni—Br species VIII. Reduction of VIII by the ground state of
the reduced photocatalyst III (Ei2 = -1.21 V vs SCE) concurrently completes both catalytic

cycles.
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Figure 3.7. Proposed mechanism.

The developed arylation protocol does exhibit a limitation owing to the inherent stability
of the dihydropyridine radical intermediate A generated (Figure 3.5 B). Thus, primary
alkylpyridinium salts preferentially undergo reoxidation to deliver the corresponding pyridine
byproduct.® Considering the sheer number of existing, complementary cross-coupling approaches
for primary alkyl radicals developed by our group and others,”* we foresee the current work as an
important, complementary approach to the challenges associated with the activation of inert C—N
bonds in recently described systems that appear restricted to aryl iodides and use excess metal

reductants at elevated temperatures.”
3.3 Conclusion

In summary, a cross-electrophilic, deaminative strategy to achieve net-reductive protocol
under photoredox conditions has been developed, using triethylamine as the terminal reductant.
Eliminating the need for stoichiometric metal reductants, elevated temperatures, and/or strong

bases, an exceptional array of functional groups and complex structural scaffolds can be
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incorporated, including those from bioactive molecules. This arylation protocol is scalable,

operationally simple, and utilizes alkylamines as abundant feedstocks.

3.4 Experimental

General Consideration

General: All chemical transformations requiring inert atmospheric conditions were carried out
using Schlenk line techniques with a 4- or 5-port dual-bank manifold. LED irradiation was
accomplished as described in our previous reports.”* NMR spectra (‘H, "*C, °F) were obtained at
298 °K. '"H NMR spectra were referenced to residual, CHCl; (8 7.26) in CDCls. *C NMR spectra
were referenced to CDCl; (8 77.3). Reactions were monitored by LC/MS, GC/MS, 'H NMR,
and/or TLC on silica gel plates (60 A porosity, 250 um thickness). TLC analysis was performed
using hexanes/EtOAc as the eluent and visualized using ninhydrin, p-anisaldehyde stain, and/or
UV light. Flash chromatography was accomplished using an automated system (CombiFlash®,
UV detector, 2 = 254 nm and 280 nm) with RediSep® R silica gel disposable flash columns (60 A
porosity, 40-60 pm) or RediSep Rr Gold® silica gel disposable flash columns (60 A porosity, 20—
40 um). Accurate mass measurement analyses were conducted using electron ionization (EI) or
electrospray ionization (ESI). The signals were mass measured against an internal lock mass
reference of perfluorotributylamine (PFTBA) for EI-GC/MS and leucine enkephalin for ESI-
LC/MS. The utilized software calibrates the instruments and reports measurements by use of
neutral atomic masses. The mass of the electron is not included. IR spectra were recorded on an
FT-IR using either neat oil or solid products. Solvents were purified with drying cartridges

through a solvent delivery system. Melting points (°C) are uncorrected.

Chemicals: Deuterated NMR solvents were purchased and stored over 4A molecular sieves.
CH,Cl,, EtOAc, hexanes, MeOH, Et,O, and toluene were obtained from commercial suppliers
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and used as purchased. THF was purchased and dried via a solvent delivery system.
Triphenylpyrylium tetrafluoroborate and aliphatic amines were purchased from commercial
suppliers and used without further purification. Ets;N was purchased from commercial suppliers
and used without further distillation. The organic photocatalyst 2,4,5,6-tetra(9H-carbazol-9-
yl)isophthalonitrile (4CzIPN) was prepared in-house by the procedure outlined in our previous
publication.” New alkylpyridinium salts were prepared according to the representative procedure
outlined below from their corresponding amines. Information (preparation, characterization, etc.)
for all other alkylpyridinium salts can be found in previous literature reports.>**?® All other
reagents were purchased commercially and used as received. Photoredox-catalyzed reactions
were performed using 8 mL. Chemglass vials (2-dram, 17 x 60 mm, 15-425 Green Open Top Cap,

TFE Septa).

General Procedures

Preparation of alkylpyridinium salts (GP1): To a Schlenk tube equipped with a stir bar was added
2,4,6-triphenylpyrylium tetrafluoroborate (1.0 equiv) and amine (1.2 equiv) in EtOH (1.0 M). The
tube was sealed and stirred at 90 °C for 4 h. Upon completion, the reaction mixture was cooled to
rt. If precipitation occurred, the solid was filtered, washed with EtOH and then Et,O. If no
precipitation occurred, Et;O was added and the reaction was stirred at rt for 1 h. The solid was
then collected and washed with Et;O. Upon drying under reduced pressure, the alkylpyridinium
salts were used without further purification. In the case of amine hydrochlorides, EtsN (1.3 equiv)
was added to a soln of the amine (1.2 equiv) in EtOH (1.0 M). The reaction was stirred at rt for 30
min. After this time, triphenylpyrylium tetrafluoroborate (1.0 equiv) was added, and the reaction
was stirred at 90 °C for 4 h. Upon precipitation of the product with Et,O, the solid was collected

and washed with H,O before washing with EtOH and Et,0.
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Cross-coupling of alkylpyridinium salts (GP2): To an 8 mL reaction vial equipped with a stir bar
were added 4CzIPN (11.8 mg, 0.015 mmol, 3 mol %), NiBr:(dtbbpy) (12.2 mg, 0.025 mmol, 5
mol %), alkylpyridinium salt (0.75 mmol, 1.5 equiv), and aryl bromide (0.50 mmol, 1.0 equiv), if
a solid. The vial was sealed with a cap containing a TFE-lined silicone septa and placed under an
argon atmosphere via an inlet needle. The vial was evacuated three times via an inlet needle then
purged with argon. The vial was then charged with a dry and degassed soln of THF or DMA (5.0
mL, 0.1 M). If the aryl bromide was an oil, it was added at this point directly via a microsyringe.
Et;N (0.21 mL, 1.5 mmol, 3 equiv) was then added to the reaction via a syringe. The reaction was
placed under blue LED irradiation (approximately 2 cm from a ring of blue LED light strips) and
stirred for 24 h. The temperature of the reaction was maintained at approximately 24 °C via a fan.
After completion, the reaction mixture was taken to dryness and purified on an automated liquid

chromatographic system to obtain the pure product.

Characterization Data

Ph

e
X, BF,
| o

Ph N Ph

.

o

2,4,6-Triphenyl-1-(tetrahydro-2 H-pyran-4-yl)pyridin-1-ium, 3a (20.0 mmol scale, 6.2 g,
65%) was prepared following GPI. The desired product was isolated as a white foam. "H NMR
(CDCl;, 500 MHz) & 7.81 (s, 2H), 7.75 (dd, J = 13.5, 7.4 Hz, 6H), 7.67 — 7.37 (m, 9H), 4.89 (t, J
= 12.6 Hz, 1H), 4.11 — 3.30 (m, 2H), 2.81 (t, J = 11.6 Hz, 2H), 2.24 — 1.66 (m, 4H). *C NMR

(CDClL, 125 MHz) 8 157.5, 155.6, 134.2, 134.0, 132.2, 131.3, 129.8, 129.6, 129.3, 128.5, 128.5,
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69.3, 68.1, 34.0. FT-IR (cm’', neat, ATR): 1708, 1619, 1564, 1494, 1413, 1357, 1290, 1241,

1148, 983. HRMS (EI) caled for CosH26NO [M]': 392.2014, found: 392.1992.
Ph

o
Xy, BF,
| o
N

Ph

>

éOzMe

Ph

1-trans-4-(Methoxycarbonyl)cyclohexyl)-2,4,6-triphenylpyridin-1-ium, 3b (2.0 mmol scale,
0.5 g, 50%) was prepared following GPI. The desired product was isolated as a white foam. 'H
NMR (CDCl;, 500 MHz) 6 7.84 (s, 2H), 7.75 (t, J = 6.9 Hz, 6H), 7.55 (ddt, J = 49.4, 15.0, 7.2
Hz, 9H), 4.65 (dd, J = 13.8, 10.8 Hz, 1H), 3.54 (s, 3H), 2.24 (d, J = 12.4 Hz, 2H), 1.85 (d, J =
13.3 Hz, 2H), 1.79 — 1.64 (m, 1H), 1.67 — 1.44 (m, 2H), 1.14 — 0.55 (m, 2H). *C NMR (CDCl;,
125 MHz) 6 174.7, 157.3, 155.5, 134.3, 134.1, 132.2, 131.3, 129.8, 129.6 (2C), 129.2, 128.6,
70.8, 52,0, 41.8, 32.3, 29.0. FT-IR (cm™, neat, ATR): 1728, 1619, 1599, 1563, 1456, 1436, 1414,

1356, 1198, 892. HRMS (EI) calcd for C31H3NO, [M]": 448.2277, found: 448.2267.

Ph

©
X, BF,
| o

Ph N Ph

1-trans-4-Hydroxycyclohexyl)-2,4,6-triphenylpyridin-1-ium, 3¢ (5.0 mmol scale, 1.35 g, 55%)
was prepared following GPI. The desired product was isolated as a white foam. '"H NMR (500
MHz, acetone-ds) 6 8.32 (s, 2H), 8.16 (d, J = 7.6 Hz, 2H), 7.85 (d, J= 7.2 Hz, 4H), 7.72 (m, 6H),

7.63 (dt, J=15.0, 7.3 Hz, 3H), 4.75 (tt, J = 12.3, 3.1 Hz, 1H), 3.62 (s, 1H), 2.99 (pseudeo d, J =
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11.1 Hz, 1H), 2.25 (d, J = 12.4 Hz, 2H), 1.79 - 1.65 (m, 4H), 0.78 (qd, J = 12.8, 3.2 Hz, 2H)."”*C
NMR (acetone-ds, 125 MHz) § 158.6, 155.3, 135.2, 134.5, 133.2, 131.9, 130.6, 130.3, 129.7,
129.4, 128.5, 72.0, 68.8, 35.9, 31.8. FT-IR (cm’, neat, ATR): 2960, 1621, 1055, 760, 705.

HRMS (EI) caled for C20H2sNO [M]": 406.2171, found: 406.2156.
Ph
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1-(4-(tert-Butyl)cyclohexyl)-2,4,6-triphenylpyridin-1-ium, 3d (2.0 mmol scale, 0.53 g, 50%)
was prepared following GPI. The desired product was isolated as a white foam. '"H NMR
(CDCls, 500 MHz) 6 7.84 (s, 2H), 7.76 (ddd, J = 14.9, 7.9, 1.6 Hz, 6H), 7.70 — 7.38 (m, 9H), 4.87
—4.38 (m, 1H), 2.17 (d, J = 12.0 Hz, 2H), 1.63 (d, J = 12.8 Hz, 2H), 1.50 (tt, J = 13.3, 7.2 Hz,
2H), 1.24 (t, J = 7.0 Hz, 1H), 0.63 (s, 9H), 0.56 — 0.37 (m, 2H). *C NMR (CDCl;, 125 MHz) §
157.4, 155.2, 134.33, 134.3, 132.1, 131.1, 129.8, 129.6, 129.1, 128.5, 128.4, 72.5, 46.8, 33.6,
32.2,27.7,27.5. FT-IR (cm’, neat, ATR): 2986, 1737, 1421, 1360, 1092, 938, 847, 785. HRMS

(EI) caled for C33HigN [M]': 446.2848, found: 446.2842.

NC

4-(Tetrahydro-2H-pyran-4-yl)benzonitrile, 3 (80 mg, 86%) was prepared following GP2. The
desired product was isolated as an oil (24 g column, 100:0—95:5 hexanes/EtOAc). "H NMR
(CDCl;, 500 MHz) 6 7.82 — 7.52 (m, 2H), 7.33 (d, J = 8.0 Hz, 2H), 4.09 (ddd, /= 11.5,4.5, 1.9

Hz, 2H), 3.53 (td, J = 11.4, 2.9 Hz, 2H), 2.82 (tt, J = 11.3, 4.6 Hz, 1H), 2.13 — 1.59 (m, 4H). *C
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NMR (CDCls, 125 MHz) § 151.4, 132.7, 127.9, 119.2, 110.5, 68.3, 42.0, 33.7. FT-IR (cm™, neat,
ATR): 2941, 2842, 2225, 1607, 1505, 1443, 1387, 1238, 1178, 1123. HRMS (EI) calcd for

C12H;3NO [M]": 187.0997, found: 187.1002.

MeO

Methyl 4-(Tetrahydro-2H-pyran-4-yl)benzoate, 4 (79 mg, 72%) was prepared following GP2.
The desired product was isolated as an oil (24 g column, 100:0—95:5 hexanes/EtOAc). '"H NMR
(CDCls, 500 MHz) & 7.99 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 4.43 — 4.00 (m, 2H), 3.91
(s, 3H), 3.54 (td, J = 11.6, 2.5 Hz, 2H), 2.82 (tt, J = 11.7, 4.2 Hz, 1H), 2.00 — 1.66 (m, 4H). *C
NMR (CDCls, 125 MHz) § 167.3, 151.3, 130.2, 128.6, 127.1, 68.5, 52.3, 41.9, 33.9. FT-IR (cm’’,
neat, ATR): 1718, 1611, 1436, 1310, 1238, 1182, 1111, 1097, 1084. HRMS (EI) calcd for

Ci3H1603 [M]": 220.1099, found: 220.1099.

F3C

4-(4-(Trifluoromethyl)phenyl)tetrahydro-2 H-pyran, 5 (81 mg, 70%) was prepared following
GP2. The desired product was isolated as an oil (24 g column, 100:0—98:2 hexanes/EtOAc). 'H
NMR (CDCls, 500 MHz) é 7.57 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 4.10 (dd, J=11.7,
4.1 Hz, 2H), 3.54 (td, J = 11.6, 2.4 Hz, 2H), 2.83 (tt, /= 11.4, 4.4 Hz, 1H), 1.82 (ddt, J = 20.1,
15.4, 7.6 Hz, 4H). *C NMR (CDCls, 125 MHz) & 149.9, 128.8 (q, J = 32.4 Hz), 127.2, 125.6,

125.59, 68.3, 41.6, 33.8. YF NMR (471 MHz, CDCl;) § -62.37. FT-IR (cm™, neat, ATR): 2938,
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2845, 1619, 1420, 1323, 1258, 1238, 1189, 1161, 1116. HRMS (EI) calcd for C1oH;30F; [M]":

230.0918, found: 230.0926.

Cl

4-(4-Chlorophenyl)tetrahydro-2H-pyran, 6 (54 mg, 55%) was prepared following GP2. The
desired product was isolated as an oil (24 g column, 100:0—98:2 hexanes/EtOAc). '"H NMR
(CDCl3, 500 MHz) 6 7.28 (d, J = 8.1 Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H), 4.08 (dd, J=10.5, 4.1 Hz,
2H), 3.52 (td, J = 11.3, 3.2 Hz, 2H), 2.73 (tt, J = 11.1, 4.8 Hz, 1H), 1.97 — 1.39 (m, 4H). *C
NMR (CDCls;, 125 MHz) & 144.6, 132.2, 128.9, 128.4, 68.6, 41.3, 34.2. FT-IR (cm™, neat,
ATR): 2937, 2841, 1493, 1466, 1442, 1410, 1386, 1262, 1167, 1139. HRMS (EI) calcd for

C11H3C10 [M]": 196.0655, found: 196.0654.

W\

4-(4-(Methylsulfonyl)phenyl)tetrahydro-2H-pyran, 7 (60 mg, 50%) was prepared following
GP2. The desired product was isolated as an oil (24 g column, 80:20—60:40 hexanes/EtOAc). 'H
NMR (CDCls, 500 MHz) ¢ 7.88 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 4.09 (dt, J = 11.0,
3.3 Hz, 2H), 3.53 (td, J = 11.5, 2.7 Hz, 2H), 3.04 (s, 3H), 2.86 (tt, J=11.5, 4.5 Hz, 1H), 1.88 —
1.68 (m, 4H).C NMR (CDCl;, 125 MHz) § 152.4, 138.8, 128.0, 128.0, 68.3, 44.8, 41.9, 33.8.
FT-IR (cm’, neat, ATR): 2945, 2844, 1507, 1383, 1305, 1296, 1237, 1142. HRMS (EI) calcd for

C12H1603S [M]': 240.0820, found: 240.0829.
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N,N-Dibenzyl-4-(tetrahydro-2H-pyran-4-yl)benzamide, 8 (154 mg, 80%) was prepared
following GP2. The desired product was isolated as an oil (24 g column, 80:20—50:50
hexanes/EtOAc). '"H NMR (CDCls, 500 MHz) § 7.71 — 6.43 (m, 14H), 4.94 — 4.60 (m, 2H), 4.43
(s, 2H), 4.07 (ddd, J = 11.6, 4.5, 1.7 Hz, 2H), 3.51 (td, J = 11.6, 2.5 Hz, 2H), 2.76 (tt, J = 11.6,
4.2 Hz, 1H), 2.09 — 1.65 (m, 4H). *C NMR (CDCls, 125 MHz) § 172.5, 147.8, 137.2, 136.8,
134.4, 129.1, 129.0, 128.7, 127.9, 127.8, 127.3, 127.3, 127.2, 68.5, 51.9, 47.1, 41.7, 34.0. FT-IR
(cm’, neat, ATR): 1631, 1450, 1418, 1386, 1363, 1370, 1237, 1120, 1100. HRMS (EI) calcd for

C26H27NO, [M]": 385.2042, found: 385.2023.

A

Pyrrolidin-1-yl(4-(tetrahydro-2H-pyran-4-yl)phenyl)methanone, 9 (110 mg, 85%) was
prepared following GP2. The desired product was isolated as an oil (24 g column, 80:20—50:50
hexanes/EtOAc). '"H NMR (CDCls, 500 MHz) § 7.47 (d, J = 8.3 Hz, 2H), 7.34 — 7.02 (m, 2H),
4.26 — 3.87 (m, 2H), 3.64 (t, J = 7.0 Hz, 2H), 3.52 (td, J = 11.6, 2.6 Hz, 2H), 3.45 (t, J = 6.6 Hz,
2H), 2.77 (tt, J = 11.7, 4.3 Hz, 1H), 2.00 — 1.52 (m, 8H). *C NMR (CDCls, 125 MHz) § 169.8,
147.8, 135.5, 127.6, 126.8, 68.5, 49.8, 46.4, 41.7, 34.0, 26.6, 24.7. FT-IR (cm’, neat, ATR):
2948, 2872, 2842, 1618, 1564, 1406, 1339, 1236, 1187, 1127. HRMS (EI) calcd for CicH21NO;

[M]": 259.1572, found: 259.1577.
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Phenyl(4-(tetrahydro-2 H-pyran-4-yl)phenyl), 10 (108 mg, 80%) was prepared following GP2.
The desired product was isolated as an oil (24 g column, 100:0—80:20 hexanes/EtOAc). 'H
NMR (CDCls, 500 MHz) & 7.79 (t, J = 8.3 Hz, SH), 7.58 (t, /= 7.4 Hz, 1H), 7.49 (d, J = 7.6 Hz,
2H), 7.34 (d,J= 7.9 Hz, 2H), 4.11 (dd, J=11.4, 4.1 Hz, 2H), 3.55 (td, /= 11.6, 2.5 Hz, 2H), 2.86
(tt, J = 11.7, 4.3 Hz, 1H), 2.08 — 1.52 (m, 4H). *C NMR (CDCls, 125 MHz) § 196.3, 150.7,
137.8, 135.8, 132.3, 130.6, 130.0, 128.3, 126.7, 68.2, 41.7, 33.6. FT-IR (cm™', neat, ATR): 3248,
2938, 2851, 1613, 1513, 1443, 1311, 1249, 1156, 1132, 1029, 833, 752, 514. HRMS (EI) calcd

for CisH30, [M]": 266.1307, found: 266.1309.

o]
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H

N-(4-(Tetrahydro-2H-pyran-4-yl)phenyl)acetamide, 11 (46 mg, 42%) was prepared following
GP2 (in DMA as a solvent, 48 h). The desired product was isolated as a white solid (24 g column,
100:0—80:20 hexanes/EtOAc). mp = 181-182 °C. 'H NMR (CDCls;, 500 MHz) § 7.44 (d, J = 8.2
Hz, 2H), 7.24 — 7.02 (m, 3H), 4.20 — 3.98 (m, 2H), 3.53 (td, J = 11.4, 2.9 Hz, 2H), 2.73 (tt, J =
11.3, 4.6 Hz, 1H), 2.18 (s, 3H), 1.86 — 1.68 (m, 4H). *C NMR (CDCls, 125 MHz) § 168.3, 141.9,
136.0, 127.1, 120.2, 68.3, 40.9, 33.9, 24.4. FT-IR (cm’', neat, ATR): 3301, 2931, 2845, 1665,

1538, 1515, 1316, 826, 541. HRMS (EI) calcd for C13H7NO, [M]": 219.1259, found: 219.1263.
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4-(4-Methoxyphenyl)tetrahydro-2H-pyran, 12 (56 mg, 58%) was prepared following GP2 (in
DMA as a solvent, 48 h). The desired product was isolated as an oil (24 g column, 100:0—98:2
hexanes/EtOAc). '"H NMR (CDCl;, 500 MHz) § 7.15 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.7 Hz,
2H), 4.12 — 4.01 (m, 2H), 3.80 (s, 3H), 3.52 (td, J = 11.4, 3.1 Hz, 2H), 2.70 (tt, J = 11.2, 4.7 Hz,
1H), 1.84 — 1.69 (m, 4H). *C NMR (CDCls, 125 MHz) & 158.2, 138.3, 127.7, 114.0, 68.6, 55.4,
40.9, 34.4. FT-IR (cm’, neat, ATR): 2934, 2836, 1610, 1512, 1243, 1035, 1020, 842, 827, 541.

HRMS (EI) caled for C1oHi602 [M]": 192.1150, found: 192.1146.

Cl

4-(3-Chlorophenyl)tetrahydro-2H-pyran, 13 (57 mg, 58%) was prepared following GP2. The
desired product was isolated as an oil (24 g column, 100:0—98:2 hexanes/EtOAc). "H NMR
(CDCls, 500 MHz) & 7.58 — 7.15 (m, 3H), 7.10 (d, J = 7.6 Hz, 1H), 4.48 — 3.80 (m, 2H), 3.52 (td,
J=113,3.2 Hz, 2H), 2.74 (tt, J = 10.9, 4.9 Hz, 1H), 2.17 — 1.63 (m, 4H). *C NMR (CDCl;, 125
MHz) § 148.1, 134.6, 130.0, 127.3, 126.7, 125.2, 68.5, 41.6, 34.0. FT-IR (cm’, neat, ATR):
2937, 2841, 1596, 1573, 1479, 1386, 1236, 1129, 1116. HRMS (EI) calcd for Ci;Hi3ClO [M]":

196.0655, found: 196.0649.
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2-(Tetrahydro-2H-pyran-4-yl)benzonitrile, 14 (82 mg, 88%) was prepared following GP2. The
desired product was isolated as an oil (24 g column, 100:0—95:5 hexanes/EtOAc). '"H NMR
(CDCl3, 500 MHz) 6 7.63 (dd, J= 7.7, 1.5 Hz, 1H), 7.57 (td, /= 7.8, 1.4 Hz, 1H), 7.38 (d, /= 8.0
Hz, 1H), 7.31 (td, J = 7.6, 1.2 Hz, 1H), 4.17 — 4.00 (m, 2H), 3.59 (td, /= 11.4, 3.2 Hz, 2H), 3.34
—3.18 (m, 1H), 1.90 — 1.74 (m, 4H). *C NMR (CDCl;, 125 MHz) § 149.3, 133.3, 133.2, 127.0,
126.7, 118.1, 112.0, 68.2, 40.0, 33.2. FT-IR (cm’, neat, ATR): 2944, 2847, 2223, 1266, 1129,

761, 732, 518. HRMS (EI) calced for C12Hi3NO [M]": 187.0997, found: 187.1003.

5-(Tetrahydro-2H-pyran-4-yl)isobenzofuran-1(3H)-one, 15 (82.7 mg, 76%) was prepared
following GP2. The desired product was isolated as a colorless solid (24 g column, 100:0—80:20
hexanes/EtOAc). mp = 142-144 °C. "H NMR (CDCl;, 500 MHz) § 7.78 (t, J = 8.5 Hz, 1H), 7.42
—7.22 (m, 2H), 5.24 (d, J = 8.1 Hz, 2H), 4.04 (dt, J = 11.4, 5.5 Hz, 2H), 3.49 (q, J = 10.3 Hz,
2H), 2.86 (dt, J = 11.3, 5.4 Hz, 1H), 1.94 — 1.65 (m, 4H). *C NMR (CDCl;, 125 MHz) § 170.9,
152.9, 147.3, 128.2, 125.8, 124.0, 120.2, 69.6, 68.1, 42.0, 33.7. FT-IR (cm’', neat, ATR): 3400,
2928, 1606, 1503, 1415, 1255, 1119, 999. HRMS (EI) calcd for C3H140, [M]: 218,0943 found:

218.0945.
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N-Phenyl-4-(tetrahydro-2H-pyran-4-yl)benzenesulfonamide, 16 (113 mg, 75%) was prepared
following GP2. The desired product was isolated as an oil (24 g column, 80:20—50:50
hexanes/EtOAc). '"H NMR (CDCls, 500 MHz) § 7.72 (d, J = 8.3 Hz, 2H), 7.52 — 7.17 (m, 4H),
7.17 - 6.94 (m, 3H), 6.60 (s, 1H), 4.38 — 3.84 (m, 2H), 3.51 (td, J=11.5, 2.9 Hz, 2H), 2.79 (td, J
= 11.3, 5.2 Hz, 1H), 2.09 — 1.61 (m, 4H).®C NMR (CDCls, 125 MHz) § 151.5, 137.4, 136.8,
129.6, 127.8, 127.7, 125.5, 121.7, 68.3, 41.8, 33.7. FT-IR (cm’, neat, ATR): 3300, 2950, 2484,
1598, 1495, 1415, 1344, 1300, 1238, 1222. HRMS (EI) calcd for C17H19NO3S [M]": 318.1164,

found: 318.1172.

5,5-Dimethyl-2-(3-(tetrahydro-2H-pyran-4-yl)phenyl)-1,3,2-dioxaborinane, 17 (100 mg,
73%) was prepared following GP2. The desired product was isolated as an oil (24 g column,
100:0—95:5 hexanes/EtOAc). "H NMR (CDCls, 500 MHz) § 7.73 — 7.62 (m, 2H), 7.36 — 7.28
(m, 2H), 4.08 (dd, J=11.4, 4.3 Hz, 2H), 3.77 (s, 4H), 3.52 (td, J=11.7, 2.2 Hz, 2H), 2.77 (tt, J =
12.0, 4.0 Hz, 1H), 1.92 — 1.73 (m, 4H), 1.03 (s, 6H). *C NMR (CDCl;, 125 MHz) § 145.0, 132.4,
132.0, 129.2, 127.9, 72.4, 68.6, 41.7, 34.1, 32.0, 22.0. FT-IR (cm’, neat, ATR): 2955, 2933,
2840, 1476, 1305, 1247, 1129, 708. HRMS (EI) calcd for Ci6H23BO; [M]": 274.1740, found:

274.1729.
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4-(2,5-Difluorophenyl)tetrahydro-2H-pyran, 18 (83 mg, 84%) was prepared following GP2.
The desired product was isolated as an oil (24 g column, 100:0—98:2 hexanes/EtOAc). '"H NMR
(CDCl;, 500 MHz) 6 7.03 — 6.90 (m, 2H), 6.90 — 6.80 (m, 1H), 4.09 (d, J=10.6 Hz, 2H), 3.55 (d,
J=11.4Hz, 2H), 3.11 (m, 1H), 1.86 — 1.72 (m, 4H). *C NMR (CDCl;, 125 MHz) § 158.9 (dd, J
=241.6, 2.2 Hz), 156.4 (dd, J = 240.5, 2.5 Hz), 134.1 (dd, J = 17.1, 7.1 Hz), 116.2 (dd, J = 25.9,
8.7 Hz), 114.0 (dd, J = 24.3, 5.3 Hz), 113.7 (dd, J = 24.1, 8.8 Hz), 68.1, 34.4, 32.3. ’F NMR
(471 MHz, CDCl;) & -118.7 — -118.8 (m), -125.4 — -125.6 (m). FT-IR (cm™, neat, ATR): 2952,
2844, 1491, 1233, 1180, 1130, 1091, 878, 813, 734. HRMS (EI) calcd for CH,F,O [M]":

198.0856, found: 198.0858.

o
\
4-(Furan-2-yl)tetrahydro-2H-pyran, 19 (50 mg, 66%) was prepared following GP2. The
desired product was isolated as an oil (24 g column, 100:0—95:5 hexanes/EtOAc). '"H NMR
(CDCls, 500 MHz) & 7.32 (s, 1H), 6.29 (s, 1H), 5.99 (s, 1H), 4.02 (dt, J = 11.5, 2H), 3.54 — 3.43
(m, 2H), 2.94 — 2.82 (m, 1H), 1.92 (d, J = 13.3 Hz, 2H), 1.82 — 1.70 (m, 2H). *C NMR (126
MHz, CDCls) & 159.1, 141.0, 110.0, 103.3, 67.6, 34.5, 31.3. FT-IR (cm™, neat, ATR): 2944,
2844, 1506, 1128, 1089, 1008, 875, 728. HRMS (EI) calcd for CoH 20, [M]": 152.0837, found:

152.0848.
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5-(Tetrahydro-2H-pyran-4-yl)-pyrimidine, 20 (50.3 mg, 61%) was prepared following GP2.
The desired product was isolated as a yellow foam (24 g column, 80:20—30:70
hexanes/EtOAc)."H NMR (CDCls, 500 MHz) § 9.09 (s, 1H), 8.61 (s, 2H), 4.32 — 4.00 (m, 2H),
3.53 (td, J = 11.5, 2.9 Hz, 2H), 2.80 (tt, J = 11.5, 4.6 Hz, 1H), 1.90 — 1.67 (m, 4H). *C NMR
(CDCls, 125 MHz) § 157.4, 155.7, 138.3, 68.0, 37.2, 33.2. FT-IR (cm’, neat, ATR): 2939, 2844,
1561, 1443, 1276, 1164, 1086, 896. HRMS (EI) caled for CoHiON, [M]": 164.0950,

found:164.0964.

Methyl 3-(Tetrahydro-2H-pyran-4-yl)thiophene-2-carboxylate, 21 (85 mg, 75%) was
prepared following GP2. The desired product was isolated as a white solid (24 g column,
100:0—80:20 hexanes/EtOAc). mp = 110 — 112 °C. '"H NMR (CDCls;, 500 MHz) § 7.45 (d, J =
5.2 Hz, 1H), 7.09 (d, J=5.2 Hz, 1H), 4.05 (dt, /= 11.3, 3.2 Hz, 2H), 3.95 — 3.82 (m, 4H), 3.64 —
3.52 (m, 2H), 1.84 — 1.73 (m, 4H). ®C NMR (CDCl;, 125 MHz) § 162.7, 154.5, 130.7, 127.4,
125.6, 68.1, 51.6, 35.1, 33.2. FT-IR (cm”, neat, ATR): 3103, 2952, 2845, 1706, 1437, 1228,

1125, 1071, 783. HRMS (EI) calcd for C11H1403S [M]": 226.0664, found: 226.0659.

116



QA s
\ |
1-(5-(Tetrahydro-2H-pyran-4-yl)thiophen-2-yl)ethan-1-one, 22 (57 mg, 54%) was prepared
following GP2. The desired product was isolated as an oil (24 g column, 100:0—80:20
hexanes/EtOAc). '"H NMR (CDCl;, 500 MHz) § 7.56 (d, J = 3.8 Hz, 1H), 6.87 (d, J = 3.9 Hz,
1H), 4.06 (dd, J = 11.3, 3.5 Hz, 2H), 3.52 (td, J = 11.8, 2.1 Hz, 2H), 3.07 (tt, J = 11.6, 4.0 Hz,
1H), 2.52 (s, 3H), 1.99 — 1.90 (m, 2H), 1.90 — 1.75 (m, 2H). *C NMR (CDCl;, 125 MHz) &
190.7, 159.7, 142.1, 132.8, 123.9, 67.8, 37.4, 34.6, 26.6. FT-IR (cm’', neat, ATR): 2923, 2852,
1655, 1604, 1449, 1123, 866, 812, 602. HRMS (EI) calcd for C;1H140,S [M]": 210.0715, found:

210.0723.

\

2-Methyl-6-(tetrahydro-2H-pyran-4-yl)quinolone, 23 (92 mg, 81%) was prepared following
GP2. The desired product was isolated as a white solid (24 g column, 100:00—80:20
hexanes/EtOAc). mp = 104-106 °C. "H NMR (CDCl;, 500 MHz) § 8.07 — 7.85 (m, 2H), 7.56 (d,
J = 8.0 Hz, 2H), 7.24 (s, 1H), 4.24 — 3.90 (m, 2H), 3.57 (td, J = 11.6, 2.6 Hz, 2H), 2.91 (tt, J =
11.6, 4.3 Hz, 1H), 2.72 (s, 3H), 1.98 — 1.80 (m, 4H). *C NMR (CDCls, 125 MHz) § 158.6, 147.1,
143.3, 136.1, 129.4, 128.9, 126.7, 124.3, 122.2, 68.5, 41.5, 34.0, 25.4. FT-IR (cm™, neat, ATR):
2934, 2840, 1600, 1125, 1084, 834. HRMS (EI) caled for CisHi7sNO [M]": 227.1310, found:

227.1312.
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6-(Tetrahydro-2H-pyran-4-yl)isoquinoline, 24 (51 mg, 48%) was prepared following GP2. The
desired product was isolated as a white solid (24 g column, 80:20—60:40 hexanes/EtOAc). mp =
57-59 °C. "H NMR (CDCls, 500 MHz) § 9.21 (s, 1H), 8.50 (d, J = 5.8 Hz, 1H), 7.92 (d, J = 8.4
Hz, 1H), 7.69 — 7.56 (m, 2H), 7.50 (dd, J = 8.5, 1.7 Hz, 1H), 4.23 — 3.99 (m, 2H), 3.58 (td, J =
11.7, 2.4 Hz, 2H), 2.96 (tt, J = 11.8, 4.1 Hz, 1H), 1.99 — 1.79 (m, 4H). *C NMR (CDCl;, 125
MHz) § 152.3, 148.4, 143.3, 136.3, 128.0, 127.8, 127.4, 123.4, 120.5, 68.4, 42.1, 33.7. FT-IR
(cm’, neat, ATR): 2936, 2840, 1630, 1238, 1124, 1084, 830, 732. HRMS (EI) calcd for

C1sH1sNO [M]": 213.1154, found: 213.1155.

X
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4-(5-(Tetrahydro-2H-pyran-4-yl)pyridin-2-yl)morpholine, 25 (89 mg, 72%) was prepared
following GP2. The desired product was isolated as an oil (24 g column, 80:20—40:60
hexanes/EtOAc). "H NMR (CDCls, 500 MHz) § 8.10 (d, J = 2.4 Hz, 1H), 7.44 — 7.33 (m, 1H),
6.64 (d, J = 8.8 Hz, 1H), 4.08 (dd, J = 11.4, 3.8 Hz, 2H), 3.87 — 3.72 (m, 4H), 3.58 — 3.38 (m,
6H), 2.68 (td, J = 11.4, 5.7 Hz, 1H), 1.86 — 1.66 (m, 4H). *C NMR (CDCl;, 125 MHz) & 158.7,
146.4, 136.1, 131.1, 107.1, 68.4, 66.9, 46.1, 38.3, 34.0. FT-IR (cm’, neat, ATR): 2954, 2844,
1605, 1495, 1239, 945, 764, 750. HRMS (ESI) caled for Ci4H2N2O, [M+H]": 249.1603, found:

249.1595.
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tert-Butyl 4-(5-(Tetrahydro-2H-pyran-4-yl)pyrimidin-2-yl)piperazine-1-carboxylate, 26 (112
mg, 64%) was prepared following GP2. The desired product was isolated as a white solid (24 g
column, 80:20—40:60 hexanes/EtOAc). mp = 158-160 °C. '"H NMR (CDCls, 500 MHz) § 8.21
(s, 2H), 4.11 — 4.02 (m, 2H), 3.77 (t, J = 5.2 Hz, 4H), 3.56 — 3.43 (m, 6H), 2.68 — 2.57 (m, 1H),
1.81 — 1.67 (m, 4H), 1.48 (s, 9H). ®C NMR (CDCls, 125 MHz) & 161.1, 156.5, 155.0, 126.8,
80.1, 68.3, 43.9, 43.2, 36.3, 33.7, 28.6. FT-IR (cm™, neat, ATR): 2850,1688, 1497, 1418, 1264,

1243, 1168, 732, 702. HRMS (ESI) calcd for C1sH20N4O3 [M+H]": 349.2240, found: 349.2256.

4-(Tetrahydro-2H-pyran-4-yl)quinoline, 27 (102 mg, 95%) was prepared following GP2. The
desired product was isolated as an oil (24 g column, 80:20—60:40 hexanes/EtOAc). '"H NMR
(CDCls, 500 MHz) 6 8.88 (d, J = 4.6 Hz, 1H), 8.12 (dd, J=22.8, 8.4 Hz, 2H), 7.71 (t,J = 7.6 Hz,
1H), 7.58 (t,J=7.7 Hz, 1H), 7.43 — 6.88 (m, 1H), 4.61 —3.91 (m, 2H), 3.69 (td, J=11.5, 2.6 Hz,
2H), 3.61 (ddd, J = 11.4, 7.1, 4.2 Hz, 1H), 2.26 — 1.66 (m, 4H). *C NMR (CDCl;, 125 MHz) §
151.2, 150.6, 148.6, 130.8, 129.1, 126.7, 126.6, 122.7, 117.7, 68.4, 36.4, 33.2. FT-IR (cm’, neat,
ATR): 2947, 2919, 2843, 1590, 1569, 1508, 1386, 1238, 1126, 1112. HRMS (ESI) calcd for

C14sHi¢NO [M+H]": 214.1232, found: 214.1218.
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3-(Tetrahydro-2H-pyran-4-yl)quinoline, 28 (80 mg, 80%) was prepared following GP2. The
desired product was isolated as an oil (24 g column, 60:40—20:80 hexanes/EtOAc). '"H NMR
(CDCls, 500 MHz) 6 8.84 (d, J=2.3 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.94 (d, /= 2.2 Hz, 1H),
7.79 (dd, J= 8.2, 1.4 Hz, 1H), 7.67 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.54 (td, /= 7.4, 6.8, 1.2 Hz,
1H), 4.14 (ddd, J = 11.6, 4.3, 1.8 Hz, 2H), 3.60 (td, /= 11.5, 2.7 Hz, 2H), 2.99 (tt, J = 11.6, 4.3
Hz, 1H), 2.19 — 1.52 (m, 4H). ®C NMR (CDCl;, 125 MHz) § 151.0, 147.2, 138.4, 132.7, 129.3,
129.0, 128.3, 127.7, 126.9, 68.3, 39.3, 33.7. FT-IR (cm’', neat, ATR): 2850,1688, 1497, 1418,

1264, 1243, 1168, 732, 702. HRMS (EI) calcd for Ci4H;sNO [M]": 213.1154, found: 213.1155.

2-Fluoro-4-(tetrahydro-2 H-pyran-4-yl)pyridine, 29 (54 mg, 60%) was prepared following
GP2. The desired product was isolated as an oil (24 g column, 80:20—40:60 hexanes/EtOAc). 'H
NMR (CDCls, 500 MHz) 6 8.11 (d, J = 5.2 Hz, 1H), 7.02 (d, J = 5.1 Hz, 1H), 6.75 (s, 1H), 4.07
(d, J=11.7 Hz, 2H), 3.80 — 3.36 (m, 1H), 2.79 (m, J = 7.9 Hz, 2H), 1.77 (d, J = 7.3 Hz, 4H). *C
NMR (CDCl;, 125 MHz) 6 165.1, 163.2, 160.3 (d, J= 7.5 Hz), 147.6 (d, /= 15.4 Hz), 119.9 (d, J
=3.9 Hz), 107.4 (d, J = 37.1 Hz), 67.7, 40.7 (d, J = 2.9 Hz), 32.7. ’F NMR (471 MHz, CDCl;) §
-68.41. FT-IR (cm™, neat, ATR): 1680, 1565, 1555, 1411, 1387, 1239, 1153, 1126. HRMS (EI)

calced for C1oH12FNO [M]': 181.0903, found: 181.0908.
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tert-Butyl 5-(Tetrahydro-2H-pyran-4-yl)-1H-indole-1-carboxylate, 30 (66 mg, 44%) was
prepared following GP2. The desired product was isolated as an oil (24 g column, 100:0—80:20
hexanes/EtOAc). '"H NMR (CDCl;, 500 MHz) § 8.06 (d, J = 8.6 Hz, 1H), 7.58 (d, J = 3.7 Hz,
1H), 7.40 (d, /= 1.8 Hz, 1H), 7.19 (dd, J = 8.6, 1.8 Hz, 1H), 6.53 (d, /= 3.7 Hz, 1H), 4.16 — 4.05
(m, 2H), 3.56 (td, J=11.7, 2.3 Hz, 2H), 2.85 (tt, /= 11.9, 4.1 Hz, 1H), 1.94 — 1.77 (m, 4H), 1.67
(s, 9H). *C NMR (CDCls;, 125 MHz) & 149.9, 140.6, 134.0, 131.0, 126.3, 123.5, 118.7, 115.3,
107.4, 83.7, 68.7, 41.7, 34.6, 28.4. FT-IR (cm’, neat, ATR): 2978, 2838, 1728, 1470, 1362,
1325, 1272, 1260, 1247, 1161, 1128, 1082, 1022, 764, 749. HRMS (EI): calcd for Ci3H23NO;

[M]": 301.1678, found: 301. 1683.

Ph

Ph N

N,N-Dibenzyl-4-cyclohexylbenzamide, 31 (177.1 mg, 92%) was prepared following GP2. The
desired product was isolated as a colorless solid (24 g column, 80:20—50:50 hexanes/EtOAc).
mp = 165-166 °C. "H NMR (CDCls, 500 MHz) & 7.46 — 7.44 (m, 2H), 7.38 — 7.36 (m, 4H), 7.32 -
7.29 (m, 4H), 7.22 (d, J = 8.1 Hz, 2H), 7.17 - 7.16 (m, 1H), 4.71 (s, 2H), 4.45 (s, 2H), 2.51 (dq, J
=5.4, 4.0 Hz, 1H), 1.86 - 1.83 (m, 4H), 1.76 - 1.73 (m, 1H), 1.42 -1.38 (m, 4H), 1.29 -1.23 (m,
2H). BC NMR (CDCls, 125 MHz) & 172.6, 150.0, 133.6, 131.9, 128.9, 128.8, 128.6, 128.5,
127.7, 127.6, 127.2, 127.0, 51.8, 47.0, 44.6, 34.4, 29.8, 26.9, 26.2. FT-IR (cm’, neat, ATR):
2923, 2850, 1633, 1494, 1307, 1185, 1028, 836. HRMS (EI) calcd for Co7H20NO [M]': 383.2249,

found: 383.2245.
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N,N-Dibenzyl-4-cycloheptylbenzamide, 32 (184.3 mg, 93%) was prepared following GP2. The
desired product was isolated as a pale-yellow oil (24 g column, 80:20—50:50 hexanes/EtOAc).
"H NMR (CDCls, 500 MHz) § 7.47 (d, J = 7.9 Hz, 2H), 7.39 — 7.36 (m, 4H), 7.32 (d, J = 7.2 Hz,
4H), 7.22 (d, J=7.9 Hz, 2H), 7.19 (s, 2H), 4.74 (s, 2H), 4.47 (s, 2H), 2.70 — 2.67 (m, 1H), 1.93 -
1.88 (m, 2H), 1.84 - 1.78 (m, 2H), 1.73 - 1.68 (m, 2H), 1.64 - 1.53 (m, 6H). *C NMR (CDCl;,
125 MHz) 6 172.4, 151.7, 137.1, 136.7, 133.3, 131.7, 128.8, 127.6, 127.5, 126.9, 126.8, 51.4,
46.9, 36.6, 27.9, 27.2. FT-IR (cm™, neat, ATR): 2924, 1494, 1363, 1308, 1141, 992, 826, 647.

HRMS (EI) caled for C2sH3 NO [M]": 397.2406, found: 397.2400.

NBoc
Ph

Ph N

tert-Butyl 4-(4-(Dibenzylcarbamoyl)phenyl)piperidine-1-carboxylate, 33 (115.4 mg, 48%)
was prepared following GP2. The desired product was isolated as a pale-yellow foam (24 g
column, 80:20—40:60 hexanes/EtOAc). '"H NMR (CDCls;, 500 MHz) § 7.45 (d, J = 7.9 Hz, 2H),
7.36 (t, J = 7.4 Hz, 4H), 7.33 - 7.28 (m, 4H), 7.20 (d, J = 8.0 Hz, 2H), 7.15 (s, 2H), 4.69 (s, 2H),
4.42 (s, 2H), 4.23 (s, 1H), 2.78 (s, 2H), 2.69 - 2.58 (m, 1H), 1.79 (d, J = 13.0 Hz, 2H), 1.60 (t, J =
12.8 Hz, 2H), 1.47 (s, 9H). *C NMR (CDCl;, 125 MHz) § 172.4, 155.0, 147.7, 137.1, 136.7,
134.3, 129.0, 128.9, 128.6, 127.8, 127.6, 127.2, 79.7, 51.7, 47.0, 44.5, 42.8, 33.2, 28.6. FT-IR
(cm, neat, ATR): 1449, 1364, 1287, 1125, 1012, 989, 842, 698. HRMS (ESI) calcd for

C31H36N203 [M+H]": 485.2804, found: 485.2824.
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tert-Butyl 4-(4-Cyanophenyl)piperidine-1-carboxylate, 34 (112.5 mg, 79%) was prepared
following GP2. The desired product was isolated as a colorless oil (24 g column, 100:0—80:20
hexanes/EtOAc). '"H NMR (CDCl;, 500 MHz) § 7.57 (d, J = 7.9 Hz, 2H), 7.29 (d, J = 7.9 Hz,
2H), 4.24 (s, 2H), 2.80 (brs, 2H), 2.69 (tt, J = 12.7, 2.6 Hz, 1H), 1.79 (d, J = 13.0 Hz, 2H), 1.58
(qd, J = 12.7, 4.2 Hz, 2H), 1.46 (s, 9H). ®C NMR (CDCl;, 125 MHz) § 154.7, 151.2, 132.4,
127.7, 118.9, 110.3, 79.6, 44.2, 42.9, 32.7, 28.4. FT-IR (cm’, neat, ATR): 1476, 1465, 1392,
1125, 1107, 986, 884, 860. HRMS (ESI) caled for Ci7H23N>O, [M+H]": 287.1760, found:

287.1747.

5-(Tetrahydro-2H-pyran-4-yl)-2,3-dihydro-1H-inden-1-one, 35 (72.5 mg, 67%) was prepared
following GP2. The desired product was isolated as a colorless solid (24 g column, 100:0—90:10
hexanes/EtOAc). mp = 74-75 °C. '"H NMR (CDCls;, 500 MHz) § 7.62 (s, 1H), 7.53 — 7.40 (m,
2H), 4.08 (dd, J = 11.4, 3.9 Hz, 2H), 3.53 (td, J = 11.4, 2.7 Hz, 2H), 3.20 — 3.05 (m, 2H), 2.83
(ddt, J=11.4, 8.9, 3.9 Hz, 1H), 2.75 — 2.64 (m, 2H), 1.87 — 1.73 (m, 4H). *C NMR (CDCl;, 125
MHz) § 207.2, 153.6, 145.5, 137.6, 133.9, 126.9, 121.6, 68.4, 41.4, 36.7, 34.0, 25.6. FT-IR (cm’',
neat, ATR): 2932, 2841, 1709, 1615, 1444, 1284, 1128, 1086. HRMS (EI) calcd for Ci4Hi60:

[M]": 216.1150, found: 216.1140.
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4-(2,3-Dihydro-1H-Inden-2-yl)quinoline, 36 (115.0 mg, 94%) was prepared following GP2.
The desired product was isolated as a yellow oil (24 g column, 80:20—40:60 hexanes/EtOAc)."H
NMR (CDCl;, 500 MHz) 6 8.79 (d, J = 4.6 Hz, 1H), 8.16 (ddd, J = 8.4, 4.3, 1.4 Hz, 2H), 7.74
(ddd, J=8.4,6.9, 1.4 Hz, 1H), 7.60 (ddd, /= 8.4, 6.9, 1.4 Hz, 1H), 7.29 (dd, J=5.5, 3.8 Hz, 3H),
7.24 —7.22 (m, 2H), 4.68 — 4.28 (m, 1H), 3.54 (dd, J = 15.8, 8.3 Hz, 2H), 3.23 (dd, /= 15.8, 6.8
Hz, 2H). *C NMR (CDCls, 125 MHz) § 150.4, 142.2, 131.5, 130.4, 129.2, 127.4, 126.9, 126. 6,

124.6, 123.5, 117.9, 40.0, 39.9. FT-IR (cm’', neat, ATR): 3066, 2940, 2844, 1568, 1483, 1446,

1336, 869. HRMS (ESI) calcd for CisH;sN [M+H]": 246.1283, found: 246.1261.

@Nop*

(4-Isopropylphenyl)(pyrrolidin-1-yl)methanone, 37 (98 mg, 90%) was prepared following
GP2. The desired product was isolated as an oil (24 g column, 80:20—50:50 hexanes/EtOAc). 'H
NMR (CDCls, 500 MHz) 6 7.46 (d, J = 7.7 Hz, 2H), 7.24 (d, J = 7.8 Hz, 2H), 3.65 (t, J = 6.8 Hz,
2H), 3.46 (t, J= 6.5 Hz, 2H), 2.93 (m, J = 7.0 Hz, 1H), 1.91 (m, 4H), 1.25 (d, J = 6.9 Hz, 6H). *C
NMR (CDCls, 125 MHz) 6 169.7, 150.6, 134.6, 127.2, 127.1, 126.1, 49.5, 46.0, 33.9, 30.8, 26.3,
24.4,23.7. FT-IR (cm’, neat, ATR): 2959, 2872, 1621, 1417, 1403, 1260, 842, 765, 750. HRMS

(EI) caled for C14HioNO [M]™: 217.1467, found: 217.1484.
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6-(sec-Butyl)-2-methylquinoline, 38 (78 mg, 78%) was prepared following GP2. The desired
product was isolated as an oil (24 g column, 100:0—80:20 hexanes/EtOAc). '"H NMR (CDCl;,
500 MHz) & 7.95 (dd, J = 8.5, 3.2 Hz, 2H), 7.59 — 7.43 (m, 2H), 7.21 (d, J = 8.4 Hz, 1H), 2.80 —
2.66 (m, 4H), 1.72 — 1.60 (m, 2H), 1.30 (d, J = 6.9 Hz, 3H), 0.82 (t, J = 7.3 Hz, 3H). *C NMR
(CDCls, 125 MHz) 6 158.2, 147.0, 145.1, 136.0, 129.5, 128.6, 126.6, 124.8, 122.0, 41.7, 31.2,
25.4, 22.0, 12.4. FT-IR (cm’, neat, ATR): 2959, 2922, 2872, 1600, 1496, 1375, 885, 835.

HRMS (EI) caled for Ci4sHi7N [M]": 199.1361, found: 199.1387.

OH
Ph

Ph N

N,N-Dibenzyl-4-(4-hydroxycyclohexyl)benzamide, 39 (115.4 mg, 48%, dr 1:1) was prepared
following GP2. The desired product was isolated as a pale-yellow foam (24 g column,
70:30—20:80 hexanes/EtOAc). '"H NMR (CDCls, 500 MHz) § 7.52 — 7.18 (m, 12H), 7.14 (s,
2H), 4.67 (s, 2H), 4.42 (s, 2H), 4.10 (d, /= 5.8 Hz, 1H), 2.63 — 2.38 (m, 1H), 2.11 — 1.78 (m, 4H),
1.64 (d, J = 15.5 Hz, 4H), 1.52 — 1.19 (m, 1H). ®C NMR (CDCl;, 125 MHz) 172.6, 149.3, 133.8,
129.0, 128.8, 128.5, 128.2, 128.2, 128.1, 128.0, 127.8, 127.6, 127.2, 127.0, 65.6, 43.9, 33.1, 29.8.
FT-IR (cm’', neat, ATR): 1449, 1364, 1287, 1125, 1012, 989, 842, 698. HRMS (ESI) calcd for

C27H29NO, [M+H]": 400.2277, found: 400.2286.
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4-(4-Hydroxycyclohexyl)benzonitrile, 40 (94.7 mg, 94%, dr 1:1) was prepared following GP2.
The desired product was isolated as a pale-yellow solid (24 g column, 70:30—40:60
hexanes/EtOAc). mp = 29-30 °C. '"H NMR (CDCl;, 500 MHz) § 7.57 (d, J = 8.0 Hz, 2H), 7.33
(d, J= 8.0 Hz, 2H), 4.15 (q, /= 3.1 Hz, 1H), 2.59 (tt,J=11.4, 3.4 Hz, 1H), 1.91 — 1.86 (m, 4H),
1.73 — 1.61 (m, 4H), 1.49 (s, 1H). ®C NMR (CDCls, 125 MHz) § 153.0, 132.3, 127.8, 119.2,
109.8, 65.2, 44.1, 32.9, 27.4. FT-IR (cm’, neat, ATR): 3400, 2928, 1606, 1503, 1415, 1255,

1119, 999. HRMS (EI) caled for Ci3HisNO [M]': 201.1154, found: 201.1167.

CO,Me
o

Methyl 4-(4-(Pyrrolidine-1-carbonyl)phenyl)cyclohexane-1-carboxylate, 41 (129.8 mg, 82%,
dr 1:1) was prepared following GP2. The desired product was isolated as a colorless foam (24 g
column, 80:20—50:50 hexanes/EtOAc). "H NMR (CDCl;, 500 MHz) § 7.44 (dd, J = 8.1, 6.5 Hz,
2H), 7.20 (dd, J = 8.1, 6.5 Hz, 2H), 3.70 (s, 3H), 3.63 (t, /= 7.1 Hz, 2H), 3.43 (t, J = 6.7 Hz, 2H),
2.71 (t,J=3.5Hz, 0.5 H), 2.54 (ddd, /= 15.4, 9.6, 6.1 Hz, 1H), 2.35 (tt, J=12.2, 3.5 Hz, 0.5 H),
224 (t,J=6.4Hz, 1 H),2.15-2.07 (m, 1H), 1.95 (dt, J=13.4, 5.4 Hz, 3H), 1.86 (q, J = 6.7 Hz,
2H), 1.75 (q, J = 4.2 Hz, 1H), 1.69 — 1.54 (m, 3H), 1.47 (qd, J = 12.9, 3.2 Hz, 1H). ®C NMR
(CDCls, 125 MHz) & 176.4, 175.6, 169.9, 169.8, 149.0, 148.8, 135.2, 135.0, 127.4, 127.4, 126.8,
126.7 51.7,49.8, 46.3, 43.6, 43.5, 43.0, 38.9, 33.2, 30.4, 29.3, 27.6, 26.5, 24.6. FT-IR (cm™, neat,
ATR): 2933, 1728, 1564, 1376, 1255, 1144, 1018, 836. HRMS (EI) calcd for Ci19H2sNOs [M]":

315.1837, found: 315.1836.
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(4-(4-(tert-Butyl)Cyclohexyl)phenyl)(pyrrolidin-1-yl)methanone, 42 (82.6 mg, 88%, dr 1:1)
was prepared following GP2. The desired product was isolated as a pale-yellow solid (24 g
column, 80:20—50:50 hexanes/EtOAc). mp = 37-39 °C. '"H NMR (CDCl;, 500 MHz, signals
reported from the diastereomeric mixture) ¢ 7.47 — 7.41 (m, 4H), 7.36 (d, J = 8.0 Hz, 2H), 7.23 —
7.18 (m, 2H), 3.63 (td, J = 6.8, 4.5 Hz, 4H), 3.45 (q, J = 6.8 Hz, 4H), 3.02 (dd, J = 5.7, 3.0 Hz,
1H), 2.45 (tt, J=12.2, 3.4 Hz, 1H), 2.31 — 2.18 (m, 2H), 1.94 — 1.84 (m, 13H), 1.76 (td, J = 12.2,
4.7 Hz, 2H), 1.61 — 1.50 (m, 2H), 1.42 (tt, J = 13.6, 6.9 Hz, 2H), 1.18 — 1.06 (m, 6H), 0.87 (s,
9H), 0.78 (s, 9H). *C NMR (CDCls, 125 MHz, signals reported from the diastereomeric mixture)
0 170.0, 169.9, 149.8, 147.3, 134.8, 134.1, 127.6, 127.3, 127.1, 126.7, 49.7, 48.3, 47.8, 46.3, 46.2,
44.6, 36.4, 34.7, 32.7, 32.6, 30.7, 27.7, 27.7, 27.6, 26.5, 24.6, 22.8. FT-IR (cm’, neat, ATR):

2937, 2866, 1563, 1419, 1365, 1229, 1186, 1113. HRMS (EI) calecd for C,H;NO [M]":

6}
Ph

(4-(1-(2,6-Dimethylphenoxy)propan)-2-yl)phenyl)(phenyl)methanone, 43 (147.9 mg, 86%)

313.2406, found: 313.2411.

was prepared following GP2. The desired product was isolated as a colorless oil (24 g column,
100:0—70:30 hexanes/EtOAc). "H NMR (CDCls, 500 MHz) & 7.89 — 7.78 (m, 4H), 7.66 — 7.55
(m, 1H), 7.54 — 7.42 (m, 4H), 6.98 (d, J = 7.4 Hz, 2H), 6.90 (dd, /= 8.2, 6.7 Hz, 1H), 3.93 — 3.84

(m, 2H), 3.36 (q, J = 6.8 Hz, 1H), 2.17 (s, 6H), 1.51 (d, J = 6.8 Hz, 3H). 3C NMR (CDCL, 125
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MHz) 196.6, 155.7, 149.3, 138.0, 136.1, 132.4, 131.0, 130.5, 130.1, 129.0, 128.4, 127.7, 124.0,
41.0, 18.1, 16.3. FT-IR (cm’, neat, ATR): 2890, 1606, 1447, 1382, 1178, 1091, 1008, 938.

HRMS (EI) caled for CosH240, [M]': 344.1776, found: 344.1786.

4-(1-(2,6-Dimethylphenoxy)propan)-2-yl)phenylbenzenesulfonamide, 44 (159.8 mg, 81%)
was prepared following GP2. The desired product was isolated as a colorless foam (24 g column,
80:20—50:50 hexanes/EtOAc)."H NMR (CDCls, 500 MHz) 7.75 (d, J = 8.1 Hz, 2H), 7.41 (d, J =
8.1 Hz, 2H), 7.24 (dd, J = 13.9, 6.3 Hz, 2H), 7.17 — 7.04 (m, 3H), 6.94 (d, J = 7.4 Hz, 2H), 6.88
(dd, J = 8.3, 6.4 Hz, 1H), 6.75 (s, 1H), 3.81 — 3.75 (m, 2H), 3.31 — 3.24 (m, 1H), 2.03 (s, 6H),
1.43 (d, J = 7.0 Hz, 3H). “C NMR (CDCl;, 125 MHz) § 155.4, 150.1, 137.3, 136.6, 130.9,
129.5, 129.0, 128.5, 127.5, 125.5, 124.1, 121.7, 76.5, 40.8, 17.7, 16.2. FT-IR (cm™', neat, ATR):
3250, 1495, 1412, 1277, 1069, 1011, 822, 578. HRMS (ESI) calcd for C3H24NOsS [M-H]:

394.1477, found: 394.1483.

Ethyl 4-(2-Chloro-8-(tetrahydro-2H-pyran-4-yl)-10,11-dihydro-5H-dibenzo[a,d][7]annulen-

S-ylidene)cyclohexane-1-carboxylate, 45 (120 mg, 81%) was prepared following GP2. The
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desired product was isolated as a white foam (24 g column, 70:30—20:80 hexanes/EtOAc)."H
NMR (CDCl;, 500 MHz) ¢ 8.24 (d, J = 2.1 Hz, 1H), 7.24 (d, J = 2.2 Hz, 1H), 7.20 — 7.05 (m,
3H), 4.13 (q, J = 7.1 Hz, 2H), 3.81 (s, 2H), 3.56 — 3.19 (m, 2H), 3.11 (tt, J = 13.1, 3.5 Hz, 2H),
2.92 —2.69 (m, 2H), 2.48 (ddt, J = 18.5, 13.3, 6.5 Hz, 2H), 2.34 (dq, J = 14.4, 4.8 Hz, 3H), 1.82
(d, J=7.5Hz, 4H), 1.74 (d, J=13.0 Hz, 1H), 1.38 (ddq, /= 11.6, 8.9, 4.4, 3.7 Hz, 4H), 1.24 (t, J
= 7.0 Hz, 4H). “C NMR (CDCl;, 125 MHz) § 155.6, 154.4, 145.8, 141.7, 139.9, 138.3, 137.4,
136.0, 134.3, 133.0, 132.8, 130.5, 129.0, 126.3, 61.4, 44.97, 44.95, 41.7, 34.3, 34.2, 31.9, 31.8,
30.9, 30.7, 26.8, 26.1, 14.8. FT-IR (cm™, neat, ATR): 3250, 1495, 1412, 1277, 1069, 1011, 822,

578. HRMS (ESI) caled for CosH34CIN2O, [M+H]': 465.2309, found: 465.2329.

\

NBoc

tert-Butyl 4-(4-Tetrahydro-2H-pyran-4-yl)quinolin-2-yl)piperidine-1-carboxylate, 46 (141.2

mg, 71%) was prepared according to a modified procedure of Glorius et al.*

The desired product
was isolated as a yellow oil (24 g column, 80:20—50:50 hexanes/EtOAc)."H NMR (CDCl;, 500
MHz) $ 8.09 — 8.00 (m, 2H), 7.67 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.51 (ddd, J = 8.2, 6.8, 1.3 Hz,
1H), 7.18 (s, 1H), 4.29 (s, 2H), 4.15 (ddd, J = 11.5, 4.2, 1.8 Hz, 2H), 3.68 (td, J = 11.5, 2.7 Hz,
2H), 3.57 (tt, J=11.2, 4.2 Hz, 1H), 3.03 (ddt, /= 12.0, 7.4, 3.7 Hz, 1H), 2.89 (s, 2H), 2.01 — 1.73
(m, 8H), 1.49 (s, 9H). *C NMR (CDCl, 125 MHz) § 164.6, 154.9, 151.6, 148.3, 130.3, 129.1,
125.9, 125.5, 122.5, 115.9, 79.5, 68.4, 45.8, 36.5, 33.3, 31.7, 28.6. FT-IR (cm’, neat, ATR):
2891, 1599, 1465, 1446, 1389, 1275, 1013, 961. HRMS (ESI) caled for C24H33NO3 [M+H]":

397.2497, found: 397.2498.
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Methyl 4-(4-(Tetrahydro-2H-pyran-4-yl)quinolin-2-yl)bicyclo[2.2.2.]octane-1-carboxylate,
47 (138.4 mg, 73%) was prepared according to a modified procedure of Dhar et al.'* The desired
product was isolated as a pale-yellow foam (24 g column, 80:20—50:50 hexanes/EtOAc)."H
NMR (CDCls, 500 MHz) & 8.04 (dd, J = 9.8, 8.4 Hz, 2H), 7.72 — 7.62 (m, 1H), 7.49 (t, J = 7.8
Hz, 1H), 7.30 (s, 1H), 4.16 (dd, J = 11.5, 4.6 Hz, 1H), 3.74 — 3.67 (m, 5H), 3.58 — 3.54 (m, 1H),
2.37 (dd, J = 10.1, 5.7 Hz, 1H), 2.14 — 1.83 (m, 16H). *C NMR (CDCl;, 125 MHz) § 178.6,
171.2, 167.5, 150.8, 148.0, 130.6, 128.8, 125.7, 125.1, 122.4, 114.6, 68.5, 60.5, 51.8, 39.5, 38.5,
36.5, 33.3, 30.7, 28.8. FT-IR (cm’, neat, ATR): 2947, 2866, 1598, 1455, 1434, 1239, 1113,

1004. HRMS (EI) calcd for C24H2NO; [M]": 379.2147, found: 379.2166.

Methyl 4-(4-(Tetrahydro-2H-pyran-4-yl)quinolin-2-yl)bicyclo[2.2.2.]octane-1-carboxylate,
48 was isolated following GP2. The byproduct was isolated as a white foam (24 g column,
100:0—80:20 hexanes/EtOAc).'H NMR (CDCls, 500 MHz) & 7.63 (d, J = 7.2 Hz, 4H), 7.53 -
7.30 (m, 10H), 7.18 (t,J = 7.3 Hz, 1H), 5.41 (s, 2H), 3.90 (dd, /= 11.5, 4.2 Hz, 2H), 3.50 (dd, J =

11.4,3.2 Hz, 2H), 3.24 (t, J= 11.7 Hz, 2H), 3.12 - 2.97 (m, 1H), 2.79 (td, J = 11.1, 5.4 Hz, 2H),
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1.81 (td, J=12.1, 6.0 Hz, 1H), 1.40 (qd, J = 12.5, 4.4 Hz, 2H), 1.42 — 1.14 (m, 2H), 1.12 (dd, J =
8.1, 3.4 Hz, 4H).*C NMR (CDCls, 125 MHz) § 149.9, 145.4, 140.0, 128.1, 127.9, 127.95, 127.7,
126.7, 125.4, 115.9, 68.3, 67.9, 59.6, 47.3, 46.2, 33.2, 28.5. HRMS (EI) calcd for C33Hi35NO:

[M]": 477.2668, found: 477.2672.
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Chapter 4. Decarboxylative Reductive Arylation Enabled by Electron Donor-

Acceptor Complex Photoactivation™

4.1 Introduction

The disclosure of Ni/photoredox dual catalysis using triethylamine as a terminal
reductant enabled a cross-electrophilic strategy to forge C(sp*)-hybridized centers from aliphatic
amines. Moving forward, we sought to develop a general net-reductive arylation platform using
carboxylic acids as abundant and commercially available feedstocks. In the last decades,
transition-metal-catalyzed cross-couplings have become indispensable tools for the rapid
assembly of C(sp®)-C(sp?) linkages in medicinal settings.' Among these platforms, net-reductive
cross-electrophile couplings are particularly advantageous because they facilitate the direct

1£,1j.2

integration of alkyl electrophiles, bypassing the necessity for preformed, reactive carbon

nucleophiles.’

However, the vast majority of reductive cross-coupling reactions require
(super)stoichiometric loadings of metal powders, including manganese and zinc as chemical

reductants, to restore the active metal catalyst.'""

In addition to safety concerns with respect to
metal waste disposal, the industry’s dependence on these reaction paradigms highlights the
necessity for inexpensive and scalable strategies for the incorporation of abundant feedstocks in
cross-coupling manifolds.'** Recently, several seminal studies have demonstrated the use of

organic reducing agents in cross-electrophile processes. Pioneering work from Tanaka and

colleagues showcased the use of tetrakis(dimethylamino)ethylene (TDAE) as a homogeneous

** Reproduced in part with permission from L. M. Kammer, S. O. Badir, R.-M. Hu, G. A. Molander, Chem.
Sci. 2021, 12, 5450-5457. This article is licensed under a Creative Commons Attribution NonCommercial
3.0 Unported License.
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organic reductant to achieve the homo-coupling of aryl halides.” Subsequently, the Weix group
utilized this reductant to activate C(sp’)-hybridized electrophiles.?*® In 2017, Reisman
demonstrated that TDAE, in place of manganese or zinc, functions as a terminal organic reductant
in the enantioselective cross-coupling of alkyl-N-hydroxyphthalimide esters (redox-active esters,
RAEs) with alkenyl bromides (Figure 4.1).” These protocols, however, are complicated by the
air-sensitive nature of the organic super-electron-donor.® Strategies utilizing amines and

tris(trimethylsilyl)silane as non-metallic reducing agents have also been disclosed.’

Baran 2016 NiC|2(dthy)
Ar—znCl-Lict , LG-R _(0mol%) - o O Q
3 equiv 1 equiv y""‘
N-O
NiBry(ctopy) -Le
(7 mol %) (e]
_ _ Zn (2 equiv)
Ar—l  LG-R 0T Ar=R ¢ oo
1 equiv 1.5 equiv cl %
TDAE, N-O
Reisman 2017 (1.5 equiv) cl
NiBr,(pybox) c O =LG-Cl
(10 mol %),
R Nal (0.5 equiv),
N gy + LG—R TMSBr (1 equiv) R'\/\R Me,N NMe,
—_—
1 equiv 1 equiv —
Ni(dmp), -xHz0 Me:N  NMe,
(20moi % (roAe)
Azn CILG—-R ZnBr;, (1 equiv) A—R
1.5 equiv 1 equiv

Figure 4.1. Exemplary decarboxylative net-reductive cross-couplings.

In recent years, photochemical methods have been enlisted to assemble challenging
structural motifs using excitable catalysts under visible-light conditions. Such systems are
inherently mild, efficient at room temperature, and evade the need for reactive additives
(pyrophoric reagents, strong bases, harsh oxidants and reductants).'® In these dual manifolds, the
reduced state of the photocatalyst has been proposed to restore the catalytically active Ni’ species
through single-electron transfer (SET) events.'" However, the majority of these redox-active
auxiliaries are based on precious metals including ruthenium and iridium, presenting limitations

with respect to scalability and sustainability.'* These processes are further complicated by the
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oxidation/reduction steps of the photocatalyst. To establish a complementary reactivity mode, the
Melchiorre group elegantly reported the direct photoexcitation of 4-alkyl-1,4-dihydropyridines
(DHPs) to trigger the generation of C(sp’)-centered radicalsin the absence of external
catalysts.''* Although this advancement presented a milestone in its own right, the scope of the
radical precursor in the reported Ni-catalyzed C(sp’)-C(sp?) cross-coupling was limited to
secondary and stabilized primary systems'** owing to competitive C-H bond scission inherent to
DHP feedstocks.'” In this context, the generation of heteroatom- and unactivated carbon-based
radicals through direct visible-light excitation in Ni-catalyzed cross-couplings remains

underdeveloped.

Recently, synthetic methods driven by the photoactivity of electron donor—acceptor
(EDA) complexes (Figure 4.2) have gained considerable momentum, including borylation,
thioetherification, and sulfonylation.'® Inspired by this advance, the feasibility of EDA complex
photoactivation was examined as an enabling technology in Ni-mediated C(sp*)—C(sp?) cross-
couplings (Figure 4.2). Under light irradiation at 390 nm, a commercially available and
inexpensive electron donor, Hantzsch ester (HE, diethyl 1,4-dihydro-2,6-dimethyl-3,5-
pyridinedicarboxylate), serves as a potent organic photoreductant to deliver diverse radical
architectures from carboxylic acid feedstocks'’ for further functionalization in Ni-catalyzed cross-
couplings. As part of its dual role, the photoexcited HE modulates the oxidation state of the
metal, delivering catalytically active Ni(0) species, thus bypassing the need for exogenous,

expensive photocatalysts.
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Electron donor-acceptor (EDA) photoactivation of organic substrates
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Figure 4.2. Envisioned transformation using EDA photoactivation.
4.2 Results and Discussion

Encouraged by the potential synthetic applications of harnessing photoactive EDA
complexes toward Ni-mediated bond formation, the feasibility of the proposed net-reductive
cross-electrophile coupling was investigated using 5-bromo-2-cyanopyridine 1 and cyclohexyl-N-
hydroxyphthalimide-ester 2 as model substrates (Figure 4.3). From the outset of our investigation,
it was evident that the solvent plays a key role in this process (entries 1-4), as it heavily affects
the molecular assembly and formation of EDA complexes. Once exciplex-based charge transfer
occurs, the resulting radical ion pair is stabilized by interaction with solvent dipoles.'® In this

vein, dimethylacetamide (DMA) proved crucial to the success of this photochemical method.

We then studied the influence of the dihydropyridine (DHP) backbone on the efficacy of
the cross-coupling (Figure 4.3, entries 5-7). To this end, we subjected four different DHP
derivatives to the reaction conditions to gain a deeper understanding of their dual role in EDA
complex photoactivation as well as the reduction of Ni species through SET paradigms. It was

demonstrated that HE and cyano substitution at C3 and C5 of the DHP (HE A, entry 5) promoted
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the reaction most efficiently. For experimental simplicity, commercially available and

inexpensive HE was adopted as the standard photoreductant.

N Br NiBry,(dtbpy) (10 mol %)
| /O HE (2.0 equiv)
J * S
X] |
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purple Kessil, 24 h, it \ o~ N7
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1 None 1.42 (79%)P] 9 under air 0.93
2 DMSO traces 10 NiBry(dMe-phen) traces
3 THF traces 11 NiBry(bpy) 1.32
4 ACN 0.32 12 NiBr,(dMeObpy) 1.37
5 HEA 1.40 13 NiBry3H,0O 0.92
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Figure 4.3. Optimization studies. Reactions were performed using 1 (0.1 mmol), 2 (0.2 mmol),
HE (0.2 mmol), and NiBr,(dtbpy) (10 mol %) in dry, degassed solvent (1.0 mL, 0.1 M) under
purple Kessil irradiation for 24 h at rt. Product to internal standard ratio (P/IS) was calculated
using 1,3,5-trimethoxybenzene as internal standard using LC-MS analysis of the crude reaction

mixture. ™Isolated yield of 3 on 0.5 mmol scale.

The C-4-substituted DHP (HE B, entry 6) resulted in diminished reactivity. Not
surprisingly, 4,4’-dimethyl HE C (entry 7) led to no product formation. This result can be

rationalized by the lack of photooxidative aromatization as an intrinsic driving force to suppress a
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competitive back electron transfer (BET) event from the radical ion pair, restoring the ground-
state EDA complex.'™" Finally, a ligand screen was performed (Figure 4.3, entries 10-12),
demonstrating that 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy), 2,2’-bipyridine (bpy), and electron-
rich 4,4’-dimethoxy-2,2’-bipyridine (dMeObpy) function as viable ligand frameworks. Of note,

modest conversion to 3 was observed using ligand-free nickel(Il) bromide trihydrate.

Notably, the developed net-reductive photochemical conditions are user-friendly,
employing an air-stable nickel precatalyst and a mild, homogeneous reductant (HE). Deviations
from the standard reaction setup are tolerated. For example, modest product formation was
observed when the reaction was carried out under air (Figure 4.3, entry 9). Similarly, although
superior reactivity was accomplished using purple Kessil irradiation (Amax = 390 nm), affording a
potent photoreductant [Ewd (HE*/HE™) = —2.28 V vs SCE],* comparable results were achieved
under blue light (entry 8, Amax = 456 nm). Control experiments demonstrated that all reaction

parameters are key to the formation of C(sp*)-C(sp?) linkages (Figure 4.3, entries 14-16).

With suitable conditions established, we examined the scope of the decarboxylative
arylation employing a broad palette of (hetero)aryl bromides (Figure 4.4). In general, organic
halides substituted with electron-withdrawing groups exhibited excellent reactivity, although
electron-neutral and electron-donating groups also afforded the desired products in modest yields.
More sterically-encumbered ortho-substituted aryl bromides (5, 9) did not hinder the cross-
coupling efficacy. Furthermore, substitution at the meta position (4, 6) is tolerated. Several
sensitive functional groups, including secondary sulfonamides (8, 19, 20, 31), ketones (4, 11, 18),
trimethylsilylalkyne (9), and terminal alkene (22) remained intact under the developed
photoredox conditions. To this end, substrates 6, 9 and 22 can be further diversified via Kumada-,

sila-Sonogashira-couplings, as well as Giese-type additions, respectively.*!
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Figure 4.4. Scope of the developed C(sp®)-C(sp®) cross-coupling. All values correspond to

isolated yields after purification. Reaction conditions as depicted in Figure 4.3, entry 1 (0.5 mmol

scale).
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Notably, several heteroarenes (electron-deficient: 3, 12, 13, 34 and electron-rich: 17, 18)
were compatible structural motifs. In particular, nitrogen-containing heteroaryl bromides,
including quinoline (13) and pyridine (3, 12, 34) scaffolds, reacted in a chemoselective fashion to
yield C(sp®)-C(sp?) linkages, despite their propensity to undergo visible light-mediated Minisci C-
H alkylation with alkyl-N-hydroxyphthalimide-esters.”> This demonstrates a complementary
reactivity mode to existing Minisci protocols, delivering linchpins that drive molecular

complexity.”

Next, the aliphatic photocoupling was evaluated with respect to redox-active carboxylate
derivatives (Figure 4.4). The reaction proceeded smoothly using a diverse array of proteinogenic
and non-proteinogenic amino acids (21, 23, 25-30). Bifunctional reagents, including Boc- (17, 23,
25-26, 29-30) and Fmoc-protected (28) amines, afforded the arylated products without

compromising yields.

The scope was further extended to secondary, benzylic (35), and stabilized a-oxy (19, 24,
31, 32) radical architectures. Remarkably, primary alkyl systems that lack any radical stabilizing
groups displayed exceptional reactivity (4-8, 11-18), providing a clear advantage in terms of
scope over previously reported protocols.'** Of note, medicinally relevant structures including

thiophene (6-8), piperidine (23), and pyrrolidine (25) motifs were efficiently incorporated.

To demonstrate the amenability of this cross-coupling for late-stage functionalization,
including glycodiversification of drug scaffolds, photoredox-generated glycosyl radicals were
successfully harnessed in this dual-catalytic manifold (Figure 4.4). The desired C-aryl
carbohydrates (31 and 32) were obtained in good yields and excellent diastercoselectivity (dr >
20:1). The relative configuration of the major diasterecomer 32 was elucidated based on X-ray

crystallography with the aryl group cis with respect to the dimethyl acetal protecting group
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(Figure 4.4). Efficient decarboxylative arylation was observed with pharmaceutically relevant
cores, displaying a high density of pendant functional groups, including Indomethacin®* and
Loratadine® precursors (33, 34). To evaluate the amenability toward bioactive molecules further,
carboxylic acid derivatives stemming from dipeptide (36) and D-biotin (37) were subjected to the
reaction conditions. The corresponding cross-coupled products were obtained in moderate to high
yields (65-86%). Finally, to demonstrate the versatility of EDA paradigms toward Ni-catalyzed

bond-forming processes, the cross-coupling was further extended to other electron acceptors

)160,26 )9b,16d,27 .

including redox-active thiols (38a-39a and pyridinium-activated amines (40a-41a in

the absence of external catalysts.

To gain insight into the mechanism of this photochemical net-reductive cross-coupling,
we analyzed the reaction components by UV/vis absorption spectroscopy (Figure 4.5). In line
with seminal reports,'® although cyclohexyl-N-hydroxyphthalimide-ester shows absorption in the
visible light region, mixtures of the RAE and HE in DMA at 0.2 M display a significant
bathochromic shift (Figure 4.5 B, brick red and blue lines). The absorption band (brick red line)
stems from the formation of a new molecular aggregation, a colored EDA complex (Figure 4.5
B), exhibiting a wavelength band tailing to 500 nm. Preliminary studies revealed an association
constant of 2.04 M of HE with 2, indicating a plausible EDA complex association event prior to
homolytic fragmentation (Figure 4.5 C). Analysis of this complex using Job’s method® revealed
a 1:1 stoichiometry of the most absorbing species (Figure 4.5 D). Notably, concentration is a
crucial parameter for effective cross-coupling. A dilute reaction mixture (10 M) exhibits a blue-
shifted absorption band, indicating the inhibition of EDA complex formation (see the
Experimental Section). Furthermore, a DMA soln of HE was found to absorb visible light (A
>400 nm), indicating selective photoexcitation of this species at 390 nm to generate a potent

reducing agent (Figure 4.5 B, purple line).
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UV/vis Studies
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Figure 4.5. (A) Visual appearance of reaction components and mixtures thereof. (B) UV/vis
absorption spectra measured in DMA (0.1 M) unless otherwise noted. Ni complex =
NiBr»(dtbpy), aryl bromide = 4-bromobenzonitrile, and RAE = cyclohexyl-N-hydroxyphthalimide
ester. Mixture refers to a DMA soln of all reaction components. (C) Benesi-Hildebrand plot.*®
(D) Job plot® for a mixture of N-(cyclohexyl)-hydroxyphthalimide ester (2) and HE in DMA (0.

2 M).

Under the optimized reaction conditions, near full recovery of pyridine was observed
(relative to 2.0 equiv of HE), demonstrating the role of excited HE as an organic single-electron
donor in this system (Figure 4.6 A). To probe the formation of alkyl radical intermediates,
TEMPO trapping experiments were performed. The corresponding TEMPO-adduct was isolated
in 63% yield and confirmed via HRMS analysis (Figure 4.6 B, bottom right). Stoichiometric
experiments with Ni complex 46, synthesized through oxidative addition of 4-

bromobenzotrifluoride to Ni(cod)./dtbpy, revealed that C(sp®) alkyl transfer does not occur in the
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absence of HE, thus highlighting the likelihood of EDA complex activation for effective cross-

coupling (Figure 4.6 B, bottom left).

A) Investigation of HE as electron donor
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Figure 4.6. Mechanistic studies. (A) Investigation of HE as electron donor. (B) Mechanistic
experiments. ™Isolated yield on 0.3 mmol scale, ™analyzed via GC/MS analysis, “’NMR yield,

*1.0 equiv of 42.

As anticipated, Ni complex 46 is catalytically active in the reaction, delivering the
desired arylated product in 77% yield (Figure 4.6 B, bottom left). Furthermore, negligible
conversion of 42 was observed in the presence of stoichiometric amounts of Ni(COD),/dtbpy;
traces of homocoupling or alkene-side products, if any, were detected in the crude mixture, ruling
out the role of Ni as a catalytic reductant toward RAEs (Figure 4.6 B, top right). Finally, it is

worth noting that reduction of RAEs with photoredox catalysts is reported in the presence of HE
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as a hydrogen atom transfer (HAT) donor.*® A model reaction in the absence of Ni/dtbpy and aryl
halide afforded the hydroalkylated product in 70% yield with full recovery of pyridine (Figure 4.6
B, top left). These findings demonstrate that the rate of alkyl radical addition to aryl-Ni(Il)

species VII must be faster than hydrogen atom abstraction from HE.

Based on these experiments, we propose a mechanistic scenario involving the
intermediacy of an EDA complex between the electron-deficient, aliphatic RAEs and the
electron-rich HE (Figure 4.7). Photoirradiation at 390 nm triggers an intra-complex SET event,
generating a dihydropyridine radical cation and a phthalimide radical anion. The latter species
undergoes decarboxylative fragmentation to yield an alkyl radical I'. Although the absorptivity of
the EDA complex is significantly greater than that of the HE itself, and although the entropic
advantage inherent in intra-complex charge transfer provides an enormous rate enhancement over
intermolecular SET, we cannot rule out the intervention of some direct electron transfer from the
photoexcited HE to initiate radical formation from the RAE. This high-energy, C(sp*)-hybridized
intermediate can suffer two potential fates. Based on previous computational studies,'' one
plausible mechanistic pathway involves initial radical combination with a Ni° species, generating
a Ni' intermediate that engages in oxidative addition with the aryl halides to produce high valent
Ni"" species II. Subsequent reductive elimination from this complex yields the desired cross-
coupled product and the corresponding L,Ni' species IV. At this juncture, a key SET event from
the excited state HE [Ereq (HE*/HE ™) = —2.28 V vs SCE*"] to Ni [Erea (Ni/Ni®)=—1.17 V vs. SCE
in THF'%] regenerates the active Ni° catalyst. However, a process that involves initial oxidative
addition of the aryl halides to Ni° species V, affording aryl-Ni" complex VII, cannot be ruled out
based on stoichiometric experiments with Ni complex 46 (Figure 4.6 B). In this scenario, VII

I

would engage the radical to generate Ni™ complex II, which would then be carried on through the

catalytic cycle.
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Figure 4.7. Proposed mechanism.
4.3 Conclusion

In summary, we have demonstrated the implementation of an electron donor-acceptor
(EDA) complex platform toward Ni-catalyzed C(sp*)-C(sp?) bond formation, circumventing the
need for exogenous photocatalysts, additives, and stoichiometric metal reductants. Under the
developed conditions, the generation of heteroatom- and unactivated carbon-based radicals
through direct visible-light excitation of diverse electron acceptors is feasible, providing a clear
advantage in terms of scope over previously reported photochemical systems."”” Upon light
irradiation at 390 nm, excited HE functions as a potent organic photoreductant exhibiting a dual
role: generation of reactive C(sp?)-hybridized radicals through EDA complex activation as well as
restoration of the desired catalytically active Ni(0) species through SET paradigms. This
decarboxylative cross-electrophile arylation is amenable to the synthesis of peptidomimetics,

drug-like molecules, and the diastereoselective functionalization of carbohydrates. The
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commercial availability of carboxylic acids and related electron acceptor species facilitates the
rapid incorporation of diverse carbon- and heteroatom-based radical architectures with high
functional group tolerance. Key mechanistic and spectroscopic studies highlight the necessity for
EDA photoactivation for efficient alkyl transfer and help inform the design of improved EDA-

based paradigms in Ni-catalyzed cross-couplings.

4.4 Experimental

General Consideration

General: All chemical transformations requiring inert atmospheric conditions were carried out
using Schlenk line techniques with a 4- or 5-port dual-bank manifold. For purple and blue light
irradiation, two Kessil PR160-purple LED lamps (30 W High Luminous DEX 2100 LED, Amax =
390 nm) or two Kessil AI60WE Tuna Blue LED lamps (40 W, Amax = 456 nm) were placed 1.5
inches away from the reaction vials. NMR spectra (‘H, °C, '°F) were obtained at 298 °K using
300, 400 and 500 MHz spectrometers. 'H NMR spectra were referenced to residual, CHCl; (3
7.26) in CDCl; or DMSO-ds (8 2.50). *C NMR spectra were referenced to CDCl; (§ 77.3) or
DMSO-ds (8 39.5). Reactions were monitored by LC/MS, GC/MS, 'H NMR, and/or TLC on
silica gel plates (60 A porosity, 250 pum thickness). TLC analysis was performed using
hexanes/EtOAc as the eluent and visualized using ninhydrin, p-anisaldehyde stain, and/or UV
light. Flash chromatography was accomplished using an automated system (CombiFlash®, UV
detector, A = 254 nm and 280 nm) with RediSep® R¢ silica gel disposable flash columns (60 A
porosity, 40-60 pm) or RediSep Rr Gold® silica gel disposable flash columns (60 A porosity, 20—
40 um). Accurate mass measurement analyses were conducted using electron ionization (EI) or
electrospray ionization (ESI). The signals were mass measured against an internal lock mass

reference of perfluorotributylamine (PFTBA) for EI-GC/MS and leucine enkephalin for ESI-
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LC/MS. The utilized software calibrates the instruments and reports measurements by use of
neutral atomic masses. The mass of the electron is not included. IR spectra were recorded on an
FT-IR using either neat oil or solid products. Solvents were purified with drying cartridges

through a solvent delivery system. Melting points (°C) are uncorrected.

Chemicals: Deuterated NMR solvents were purchased and stored over 4A molecular sieves.
CH,Cl,, EtOAc, hexanes, MeOH, Et,O, and toluene were obtained from commercial suppliers
and used as purchased. DMAP and DCC were purchased from commercial suppliers and used
without further purification. THF and CH,Cl, were purchased and dried via a solvent delivery
system. RAEs were prepared according to the literature.***° Synthesis of all new RAEs is outlined
here. HE was obtained commercially or prepared according to the literature.”? Aryl bromides
were purchased from commercial suppliers. The Ni complex 46 was synthesized according to
Martin et al.”® All other reagents were purchased commercially and used as received. Photoredox-
catalyzed reactions were performed using 8 mL Chemglass vials (2-dram, 17 x 60 mm, 15-425
Green Open Top Cap, TFE Septa). DMA 99.5% extra pure over molecular sieves was purchased

from Acros Organics and used as received.

General Procedures

Preparation of RAEs (GP1): To a round-bottom flask equipped with a stir bar was added the
corresponding carboxylic acid (if solid) (1.0 equiv), N-hydroxyphthalimide (1.0 equiv), and
DMAP (0.1 equiv). The flask was then charged with CH>Cl, or THF (0.2 M). At this point,
carboxylic acid (1.0 equiv) was added via syringe (if liquid). DCC (1.1 equiv) was added, and the
reaction was allowed to stir at rt until full consumption of the starting material. The mixture was
then filtered over Celite and rinsed with additional CH,Cl,. The solvent was removed under

reduced pressure, and the crude material was purified via flash chromatography.
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Cross-coupling of RAEs (GP2): To an 8 mL vial equipped with a magnetic stir bar and a rubber
septum was added NiBrx(dtbpy) (10 mol %), HE (2.0 equiv, 1.0 mmol), RAE (2.0 equiv,
1.0 mmol), and aryl bromide (1.0 equiv, 0.50 mmol, if solid). The vial was evacuated three times
via an inlet needle then purged with argon. The vial was then charged with dry, degassed DMA
(0.1 M, 5mL) via syringe. At this point, aryl bromide (1.0 equiv, 0.50 mmol) was added via
syringe (if liquid). The reaction mixture was irradiated for 24 h with two Kessil PR160-purple
LED lamps (30 W High Luminous DEX 2100 LED, Amax = 390 nm) as described in the “Reaction
Workflow” section. The temperature of the reaction was maintained at approximately 24 °C via a
fan. Upon completion, the reaction mixture was poured into a separatory funnel containing an aq
5% LiCl soln (15 mL) and extracted with Et,O or MTBE (methyl-tert-butyl ether, 3 x 15 mL).
The combined organic layers were dried (MgSQO.), and all volatiles were removed under reduced

pressure. The crude mixture was purified using automatic flash column chromatography.

Reaction workflow.: All photoredox reactions were performed with two Kessil PR160-purple LED
lamps (30 W High Luminous DEX 2100 LED, 390 nm). The lamps were placed 1.5 inches away

from the reaction vials within a ventilated fume hood. A typical reaction setup is shown below.
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Mechanistic Investigation

UVvis studies:

UV/vis absorption spectra were measured in a 1 cm quartz cuvette using a Genesys 150
UV/vis spectrophotometer from Thermo Scientific. Absorption spectra of individual reaction
components and mixtures thereof were recorded. A bathochromic shift was observed for a
mixture of alkyl RAE and HE in DMA (0.2 M), which was visibly yellow in color (Figure 4.8).
This indicates the formation of an electron donor-acceptor (EDA) complex (Figure 4.9 A and B,
orange band). Notably, concentration is a crucial parameter for effective cross-coupling. A dilute
reaction mixture (10 M) exhibits a blue-shifted absorption band, indicating the inhibition of

EDA complex formation (Figure 4.9 C and D, black band).

To underline the formation of EDA complexes between RAEs with HE, we further
recorded the corresponding UV/vis absorption spectra using the more electron deficient
tetrachloro N-hydroxyphthalimide ester derivative (Figure 4.9 E and F). As expected, this species
functions as a potent electron acceptor, and a more significant bathochromic shift was detected in

this case (Figure 4.9 E and F).

Figure 4.8. Visual appearance of reaction components and mixtures thereof.
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Figure 4.9. UV/vis absorption spectra of individual reaction components and a combination
thereof (A—F). All spectra were measured in DMA and with a concentration of: 0.1 M aryl
bromide, 0.2 M RAE/RAE-CI, 0.2 M HE and 0.01 M Ni complex. The stoichiometry and
concentration of sample "mixture" reflects the reaction conditions. The stoichiometry and
concentration of sample "mixture-Cl" reflects the reaction conditions, and instead of RAE, RAE-
4-bromobenzonitrile, and RAE =

Cl was used. Ni complex = NiBry(dtbpy), aryl bromide =

cyclohexyl-N-hydroxyphthalimide-ester, RAE-CI =  cyclohexyl-N-hydroxy-3,4,5,6-tetra-

chlorophthalimide-ester.
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Job’s method experiment:

The stoichiometry of the EDA complex was determined using Job’s method with varying
ratios of redox-active ester 2 and HE in DMA (0.2 M) at 455 nm. The absorbance was plotted
against the molar fraction of HE. Maximum absorbance was detected at 50% molar fraction of
HE, indicating a 1:1 stoichiometry of the EDA complex.

Job Plot at 455 nm
0.25
0.2 ®
0.15

0.1 °

absorbance

0.05

0 20 40 60 80 100
molar fraction of HE

Figure 4.10. Job plot of the EDA complex (0.2 M total concentration in DMA) between HE and

RAE 2 recorded at 455 nm.

Determination of association constant (kepa):

The association constant for the EDA complex formed between RAE 2 and HE was
determined by UV/vis measurements in DMA employing the Benesi-Hildebrand method. The
absorbance of a constant concentration of 2 (0.02 M) and an increasing concentration of HE
(0.02-0.07 M) was recorded at 445 nm. The absorption spectra shown in Figure 4.11 were

recorded in 1 cm path quartz cuvette. To determine the kepa, the reciprocal concentration of HE
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was plotted against the reciprocal absorbance (A) of the EDA complex at 445 nm. A straight line

was obtained, and by dividing the intercept through the slope: kepa = 2.04 M for 2/HE.

3 ———HE 0.02M

25 ——HE+RAE 0.02M
3 2 HE+RAE 0.03M
=
3
= 1S HE+RAE 0.05M
2
|
— HE+RAE 0.06M
0.5 ———HE+RAE 0.07M
0
420 430 440 450 460

wavelength (nm)

Figure 4.11. UV/vis absorption spectra of RAE (2, 0.02M in DMA) in combination with

increasing concentrations of HE (0.02 M up to 0.07 M in DMA).

kEDA Of Z/HE at 445nm
30 )
< 25
<
=20 .
= LTy =0.6397x - 1.3041
é 15 R?=0.996
= 10 ‘_,‘.--"' kgpa =2.04 M-
5
10 20 30 40 50 60

I/HE (M)

Figure 4.12. Benesi-Hildebrand plot for the EDA complex generated in DMA upon association

of RAE 2 with HE.
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TEMPO trapping experiment:

0 O
o) TEMPO (3.0 equiv) (¢}
Br N-O NiBr,(dtbpy) (10 mol %) N
+ s HE (2 equiv) S (0}
NC 0 ! \_s

DMA (0.1 M)
purple Kessil, 24 h, rt
1.0 equiv 2.0 equiv 47, 63%

To probe the intermediacy of radical species, a trapping experiment was performed using
TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl] as a radical scavenger. The reaction was
performed according to GP2 (0.3 mmol scale) in the presence of TEMPO (0.9 mmol, 3.0 equiv).
The corresponding TEMPO adduct 47 was isolated in 63% vyield via flash column
chromatography. The product was obtained as a colorless oil. '"H NMR (500 MHz, CDCl;) § 7.77
(d, J=3.8 Hz, 1H), 7.64 (d, J = 4.6 Hz, 1H), 7.13 (t, /= 4.4 Hz, 1H), 3.30 (t, /= 7.0 Hz, 2H),
2.81 (t, J = 7.0 Hz, 2H), 1.77 — 1.47 (m, 6H), 1.14 (s, 6H), 1.06 (s, 6H). *C NMR (126 MHz,
CDClL) 6 191.0, 143.8, 133.7, 132.1, 128.2, 60.2, 39.1 (2C), 34.1, 32.0 (2C), 26.8 (2C), 20.6
(2C), 17.1. FT-IR (cm™, neat, ATR): 2977, 2937, 1756, 1666, 1380, 1245, 1131, 1083, 904, 854.

HRMS (EI) calc for Ci1sH2sNO,S [M]": 295.1606, found: 295.1557.
Investigation of HE backbone:

NiBry(dtbpy) (10 mol %)
S HE (2 equiv)
DMA (0.1 M)

purple Kessn 24 h, rt
1.0 equiv 2.0 equiv 13, 72% 43, 96%

The reaction was performed according to GP2 (0.3 mmol scale), and the corresponding
(by-)products 13 and 43 were isolated via flash column chromatography. For characterization of
compound 13, see the characterization data section. The byproduct 43 was obtained as a white

solid. mp = 72-74 °C. '"H NMR (500 MHz, CDCl3) & 8.66 (s, 1H), 4.39 (q, J = 7.1 Hz, 4H), 2.84
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(s, 6H), 1.41 (t, J = 7.1 Hz, 6H). *C NMR (126 MHz, CDCl;) § 166.1 (2C), 162.4, 141.0 (2C),
123.2 (20), 61.5 (2C), 25.1 (2C), 14.4 (2C). FT-IR (cm', neat, ATR): 2977, 2931, 1716, 1590,
1474, 1442, 1378, 1293, 1222, 1045. HRMS (ESI) calc for C;3H;sNO4 [M+H]": 252.1236, found:

252.1234.
Investigation of radical intermediates and stoichiometric Ni experiments:

0 0
o] o) o} o}
N-O
s HE (2 equiv) S H EtO A OEt
/ \_3 |
o — DMA (0.1 M)

. *+ Me N” "Me
purple Kessil, 24 h, rt
1.0 equiv 44, 72% 43, 98%

The reaction was performed according to GP2 using 42 (1.0 equiv, 0.3 mmol), HE (1.0
equiv, 0.3 mmol) in DMA (0.1 M, 3 mL). The corresponding products (43 and 44) were isolated
via automated flash column chromatography. Product 44 was obtained as a colorless oil. 'H
NMR (500 MHz, CDCl3) 6 7.71 (d, J = 3.7 Hz, 1H), 7.61 (d, J=4.9 Hz, 1H), 7.12 (t, J = 4.4 Hz,
1H), 2.94 (q, J = 7.4 Hz, 2H), 1.24 (t, J = 7.4 Hz, 3H)."*C NMR (126 MHz, CDCl;) § 194.0,
144.3, 133.3, 131.7, 128.1, 32.7, 8.7. FT-IR (cm ', neat, ATR): 2978, 2937, 1660, 1518, 1459,

1376, 1277, 1225, 1085, 799.

O O
0 0 ST
N-O Ni(cod), (1.0 equiv) =~
s dtbpy (1.1 equiv) =
7 \

o _ DMA (0.1 M)
dark, 24 h, rt

) 45, 0%
1.0 equiv GC-MS analysis

The reaction was performed according to GP2 using 42 (1.0 equiv, 0.3 mmol), Ni(COD),
(1.0 equiv, 0.3 mmol), and 4,4’-di-tert-butyl-2,2’-dipyridine (dtbpy, 1.1 equiv, 0.33 mmol) in

DMA (0.1 M, 3 mL). The crude reaction mixture was analyzed using GC/MS analysis whereby
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no homocoupling or alkene product formation was observed, ruling out a plausible SET event

from Ni(0) to the RAE.

Stoichiometric experiments with Ni-complex 46:

O O O
(@] Ni-complex 46 (1.0 equiv)
N-O HE (2 equiv) X
s \_s
Y / P DMA (0.1 M) CFs

purple Kessil, 24 h, rt
14, 40%
2.0 equiv "H NMR yield

The reaction was performed in a nitrogen-filled glove box according to GP2 using 42
(2.0 equiv, 0.6 mmol), Ni-complex 46 (1.0 equiv, 0.3 mmol), and HE (2.0 equiv, 0.6 mmol) in
DMA (0.1 M). The reaction vial was removed from the glove box and irradiated for 24 h. After
the work-up, the desired product was obtained in 40% yield as determined by 'H-NMR
spectroscopy using 1,3,5-trimethoxybenzene (0.3 mmol) as an internal standard. For

characterization of compound 14, see the characterization data section.

O O (0]
O
N-O Ni-complex 46 (1.0 equiv) X
8 DMA \s
)/ (0.1 M) CF

o — purple Kessil, 24 h, rt

3

20 ) 14, 0%
.0 equiv GC-MS analysis

The reaction was performed in a nitrogen-filled glove box according to GP2 using 42
(2.0 equiv, 0.6 mmol) and Ni-complex 46 (1.0 equiv, 0.3 mmol) in DMA (0.1 M). No aryl
bromide or HE were added to the reaction mixture. The tube was removed from the glove box
and irradiated for 24 h. The crude reaction mixture was analyzed by GC/MS. The C(sp*)-C(sp>)
product was not observed, highlighting the necessity for EDA complexation for effective

coupling.
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Catalytic competence of Ni-complex 46:

o o o
5 o)
' N-O Ni-complex 46 (10 mol %) A
+ s \ s
FiC Y /> DMA (0.1 M) CF,

purple Kessil, 24 h, rt

1.0 equiv 2.0 equiv 14, 77%

The reaction was set up in a nitrogen-filled glove box and performed according to GP2
using 42 (2.0 equiv, 0.6 mmol) and Ni-complex 46 (10 mol %, 0.03 mmol). The reaction vial was
removed from the glove box, and the reaction mixture was irradiated for 24 h. After automated
flash column chromatography, the desired product (14) was isolated in 77% yield. For

characterization of compound 14, see the characterization data section.

Characterization Data

0
0

N-O
/

O Z

w

1,3-Dioxoisoindolin-2-yl 4-Oxo-4-(thiophen-2-yl)butanoate, 42 (20 mmol scale, 6.5 g, 70%)
was prepared following GPI. The product was obtained as a brown solid. mp = 115 - 117 °C. '"H
NMR (400 MHz, CDCl3) & 7.90 — 7.81 (m, 2H), 7.81 — 7.73 (m, 3H), 7.64 (d, J = 4.9 Hz, 1H),
7.12 (t,J = 4.4 Hz, 1H), 3.39 (t, J = 7.0 Hz, 2H), 3.12 (t, J = 7.0 Hz, 2H). *C NMR (101 MHz,
CDClL) 6 1894, 169.2, 161.8 (2C), 143.1, 134.9 (2C), 134.2, 132.4, 128.9 (2C), 128.3, 124.0
(2C), 33.6, 25.4. FT-IR (cm, neat, ATR): 1816, 1787, 1741, 1666, 1518, 1467, 1415, 1356,

1250, 1219, 1186. HRMS (ESI) calc for Ci¢H12NOsS [M+H]": 330.0436, found: 330.0452.
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1,3-Dioxoisoindolin-2-yl

(3aR,5aR,8aS5,8bR) 2,2,7,7 tetramethyltetrahydro SH-bis([1,3]dioxolo)[4,5-b:4',5'-d|pyran-5-
carboxylate, 31a (20 mmol scale, 6.0 g, 72%) was prepared following GPI. The product was
obtained as a white solid. mp = 176 — 178 °C. "H NMR (500 MHz, CDCl;) § 7.92 — 7.87 (m,
2H), 7.82 -17.76 (m, 2H), 5.70 (d, /= 5.0 Hz, 1H), 4.83 (d, J=2.3 Hz, 1H), 4.73 (qd, J= 7.5, 2.5
Hz, 2H), 4.45 (dd, J = 5.1, 2.7 Hz, 1H), 1.54 (s, 3H), 1.40 (s, 3H), 1.37 (s, 3H), 1.27 (s, 3H). *C
NMR (101 MHz, CDCl3) 6 164.9 (2C), 161.4, 134.9 (2C), 129.0, 128.9, 124.1 (2C), 111.0, 109.6,
96.6, 72.0, 70.9, 70.3, 68.4, 26.2, 26.0, 25.1, 24.9. FT-IR (cm', neat, ATR): 2989, 2933, 1833,
1792, 1624, 1374, 1256, 1213, 1186, 1071. HRMS (ESI) calcd for C0H21NOsNa [M+Na]':

442.1114, found: 442.1118.

1,3-Dioxoisoindolin-2-yl (((9H-Fluoren-9-yl)methoxy)carbonyl)-L-isoleucylvalinate, 48 (1.73
mmol scale, 383 mg, 37%) was prepared following GPI. The product was obtained as a colorless
oil. "H NMR (300 MHz, CDCl3) § 7.91 — 7.82 (m, 2H), 7.81 — 7.70 (m, 4H), 7.59 — 7.56 (m, 2H),
7.44 — 7.27 (m, 4H), 6.50 — 6.43 (m, 1H), 5.43 — 5.33 (m, 1H), 4.96 (dd, J = 8.8, 5.0 Hz, 1H),
4.39 (q, J = 10.6, 8.1 Hz, 2H), 4.27 — 4.01 (m, 2H), 2.38 (dd, J = 12.9, 6.6 Hz, 1H), 2.04 — 1.84
(m, 1H), 1.62 (brs, 2H), 1.09 (dd, J = 6.9, 2.7 Hz, 6H), 0.93 (d, J = 10.3 Hz, 6H)."*C NMR (75

MHz, CDCl;) 6 183.0, 172.8, 168.4, 161.6, 141.5 (2C), 135.0 (3C), 129.0 (2C), 127.9 (2C), 127.2
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(4C), 125.2 (20), 124.2 (2C), 120.1 (2C), 67.3, 55.7, 47.3, 37.5, 31.6, 18.9, 17.7, 15.8, 15.5, 11.6,
11.4. FT-IR (cm', neat, ATR): 3298, 2966, 1789, 1746, 1661, 1537, 1467, 758, 696. HRMS

(EST) calc for C34H3sN3NaO; [M+Na]': 620.2367, found: 620.2370.

5-Cyclohexylpicolinonitrile, 3 (74 mg, 79%) was prepared following GP2. The product was
obtained as a yellow oil. "H NMR (300 MHz, CDCls) § 8.55 (pseudo t, J = 1.6 Hz, 1H), 7.62
(pseudo t, J = 1.6 Hz, 2H), 2.60 (tt, J = 9.0, 2.5 Hz, 1H), 1.93 — 1.69 (m, 5H), 1.49 — 1.17 (m,
5H). *C NMR (75 MHz, CDCLy): § 150.7, 147.2, 135.0, 131.3, 128.4, 117.6, 42.2, 33.8 (20),
26.5 (2C), 25.8. FT-IR (cm'', neat, ATR): 2927, 2853, 2234, 1720, 1566, 1470, 1397, 1024, 999.

HRMS (ESI) calc for CoH;sN, [M+H]": 187.1230, found 187.1226.

C :

6-Phenethyl-2,3-dihydro-1H-inden-1-one, 4 (87.4 mg, 74%) was prepared following GP2. The
product was obtained as a colorless solid. mp = 87-88 °C. "H NMR (500 MHz, CDCl;) & 7.82 (d,
J=7.9 Hz, 1H), 7.31 — 7.29 (m, 4H), 7.19 (t, J = 6.9 Hz, 3H), 5.27 (br s, 2H), 2.78 (t, J= 7.8 Hz,
2H), 2.68 (t, J = 7.7 Hz, 2H), 2.01 (q, J = 7.8 Hz, 2H)."*C NMR (126 MHz, CDCl;) § 171.2,
149.7, 147.2, 141.7, 129.8 (2C), 128.5 (2C), 126.1, 125.7 (2C), 123.7, 121.9, 69.6, 35.9, 35.4,
32.9. FT-IR (cm™, neat, ATR): 3025, 2930, 1757, 1619, 1601, 1495, 1357, 1282, 1209, 1118.

HRMS (EI) calc for Ci7H1607 [M]': 236.1201, found: 236.1203.

160



DI

2-Phenethylbenzonitrile, 5 (75.7 mg, 73%) was prepared following GP2. The product was
obtained as a pale-yellow oil. 'H NMR (500 MHz, CDCl) § 7.63 (d, J = 7.7 Hz, 1H), 7.49 (t, J =
7.6 Hz, 1H), 7.33 — 7.18 (m, 7H), 3.16 (dd, J = 9.6, 6.6 Hz, 2H), 2.99 (dd, J = 9.5, 6.5 Hz, 2H).
BC NMR (126 MHz, CDCls) & 145.6, 140.6, 132.9, 132.8 (2C), 129.8 (2C), 128.6 (2C), 126.7,
126.4, 118.1, 112.5, 37.3, 36.9. FT-IR (cm ', neat, ATR): 3062, 2929, 2862, 2223, 1600, 1494,

1485, 1452, 1311, 1163, 1072. HRMS (EI) calc for C;sHi3N [M]": 207.1048, found: 207.1050.

Cl

3-(3-Chlorophenyl)-1-(thiophen-2-yl)propan-1-one, 6 (109.1 mg, 87%) was prepared
following GP2. The product was obtained as a pale-yellow oil. 'H NMR (500 MHz, CDCl;) §
7.68 — 7.64 (m, 2H), 7.30 — 7.05 (m, 5H), 3.22 (t, J = 7.7 Hz, 2H), 3.05 (t, J = 7.7 Hz, 2H). *C
NMR (126 MHz, CDCls) 6 191.7, 144.1, 143.1, 134.4, 133.8, 132.0, 129.9, 128.7, 128.2, 126.8,
126.5, 40.8, 30.0. FT-IR (cm', neat, ATR): 1659, 1597, 1518, 1477, 1414, 1355, 1289, 1237,

1207, 1079. HRMS (EI) calc for Ci3H;;OSCI [M]": 250.0219, found: 250.0218.

S

\
Ph

3-(|1,1’-Biphenyl]|-4-yl)-1-(thiophen-2-yl)propan-1-one, 7 (93.6 mg, 64%) was prepared
following GP2. The product was obtained as a colorless oil. "H NMR (500 MHz, CDCls) & 7.72

(dd, J=3.8, 1.2 Hz, 1H), 7.67 — 7.50 (m, 5H), 7.44 (t, J= 7.7 Hz, 2H), 7.34 (dd, J= 7.7, 6.1 Hz,
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3H), 7.13 (dd, J = 5.0, 3.7 Hz, 1H), 3.28 (dd, J = 8.5, 6.8 Hz, 2H), 3.13 (t, J = 7.7 Hz, 2H). *C
NMR (126 MHz, CDCL;) § 192.2, 144.3, 141.1, 140.3, 139.4, 133.7, 132.0, 129.0 (2C), 128.9,
128.3 (2C), 127.4 (2C), 127.3 (2C), 127.2, 41.2, 30.1. FT-IR (cm', neat, ATR): 2980, 1662,
1518, 1486, 1415, 1238, 1205, 1063, 933, 827. HRMS (EI) calc for C1oH;s0S [M]": 292.0922,

found: 292.0912.

T
S
77N

4-(3-Oxo0-3-(thiophen-2-yl)propyl)-NV-phenylbenzenesulfonamide, 8 (154.2 mg, 83%) was
prepared following GP2. The product was obtained as a pale-yellow oil. '"H NMR (500 MHz,
CDCl3) 6 7.83 —7.57 (m, 4H), 7.36 — 7.20 (m, 4H), 7.18 — 7.01 (m, 4H), 6.71 (d, /= 6.8 Hz, 1H),
3.21 (t, J = 7.4 Hz, 2H), 3.09 (t, J = 7.4 Hz, 2H). ®C NMR (126 MHz, CDCl;) § 191.5, 146.9,
143.9, 137.1, 136.6, 134.0, 132.1 (2C), 129.4, 129.3 (2C), 128.3 (2C), 127.6 (2C), 125.4, 121.6,
40.3, 30.1. FT-IR (cm', neat, ATR): 3253, 1657, 1598, 1518, 1495, 1415, 1300, 1219, 1092,

920. HRMS (ESI) calc for C1oH7NNaO;S; [M+Na]": 394.0548, found: 394.0558.

FZ
TMS

((2-Cyclohexylphenyl)ethynyl)trimethylsilane, 9 (100 mg, 78%) was prepared following GP2.
The product was obtained as a colorless oil. "H NMR (300 MHz, CDCl): § 7.44 (ddd, J = 7.6,
1.5, 0.6 Hz, 1H), 7.32 — 7.19 (m, 2H), 7.11 (ddd, J = 7.6, 7.0, 1.7 Hz, 1H), 3.08 — 3.04 (m, 1H),
2.15 — 1.68 (m, 5H), 1.54 — 1.19 (m, 5H), 0.28 (s, 9H). *C NMR (75 MHz, CDCl3): § 150.3,

132.5, 128.9 (2C), 125.5 (2C), 122.2, 104.2, 98.0, 42.2, 33.0 (2C), 27.2 (3C), 26.4, 0.2. FT-IR
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(cm™, neat, ATR): 2925, 2851, 2155, 1447, 1248, 861, 841, 756. HRMS (EI), calc for Ci7H24Si

[M]": 256.1647, found :256.1645.

CN

4-Cyclohexylbenzonitrile, 10 (64.5 mg, 70%) was prepared following GP2. The product was
obtained as a colorless oil. '"H NMR (300 MHz, CDClL): § 7.61 — 7.46 (m, 2H), 7.35 — 7.21 (m,
2H), 2.58 — 2.51 (m, 1H), 1.96 — 1.71 (m, 5H), 1.49 — 1.16 (m, 5H). *C NMR (75 MHz, CDCl):
§ 153.6, 132.3 (2C), 127.8 (2C), 119.3, 109.6, 44.8, 34.1 (2C), 26.7 (2C), 26.0. FT-IR (cm’,
neat, ATR): 2924, 2851, 2226, 1606, 1504, 1448, 1415, 1175, 999, 827. HRMS (ESI) calc for

Ci3HisN [M+H]": 186.1277, found 186.1271.

Ph

3-(4-Benzoylphenyl)-1-(thiophen-2-yl)propan-lone, 11 (116.9 mg, 73%) was prepared
following GP2. The product was obtained as a colorless solid. mp = 119-120 °C. '"H NMR (500
MHz, CDCl;) 6 7.83 — 7.68 (m, 5H), 7.64 (d, /= 5.0 Hz, 1H), 7.58 (t, J=7.5 Hz, 1H), 7.47 (t,J =
7.7 Hz, 2H), 7.36 (d, J = 7.7 Hz, 2H), 7.12 (t, J = 4.4 Hz, 1H), 3.28 (t, /= 7.5 Hz, 2H), 3.16 (t, J
= 7.5 Hz, 2H). *C NMR (126 MHz, CDCl;) & 196.5, 191.7, 146.2, 144.1, 137.9, 135.8, 133.9,
132.4, 132.0, 130.6 (2C), 130.1 (2C), 128.6 (2C), 128.4 (20C), 128.3, 40.6, 30.4. FT-IR (cm’,
neat, ATR): 2970, 1655, 1518, 1446, 1415, 1355, 1316, 1278, 1177, 1063. HRMS (EI) calc for

C20H1602S [M]": 320.0871, found: 320.0883.
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5-(4-Oxo0-4-(thiophen-2-yl)butyl)picolinonitrile, 12 (0.30 mmol scale, 52 mg, 72%) was
prepared following GP2. The product was obtained as a pale-yellow oil. '"H NMR (500 MHz,
CDCl) 6 8.63 (s, 1H), 7.83 —7.50 (m, 4H), 7.13 (t, J=4.4 Hz, 1H), 3.30 (t, /= 7.1 Hz, 2H), 3.16
(t, J = 7.1 Hz, 2H). ®C NMR (126 MHz, CDCl5) § 190.6, 151.7, 143.6, 140.9, 137.2, 134.3,
132.2, 131.9, 128.4, 128.3, 117.4, 39.7, 27.3. FT-IR (cm', neat, ATR): 2835, 2473, 1651, 1414,

1250, 1089, 722.

3-(Quinoline-4-yl)-1-(thiophen-2-yl)propan-1-one, 13 (61.5 mg, 46%) was prepared following
GP2. The product was obtained as a yellow solid. mp = 104-105°C. '"H NMR (500 MHz,
CDCl) 6 7.93 — 7.72 (m, 7H), 7.66 (d, J = 4.9 Hz, 1H), 7.14 (t, /= 4.4 Hz, 1H), 3.41 (t, /= 7.0
Hz, 2H), 3.15 (t, J = 7.0 Hz, 2H). *C NMR (126 MHz, CDCl;) & 189.5, 169.3, 168.0, 161.9,
143.2, 134.9, 134.5, 134.2, 132.8, 132.4, 129.0, 128.3, 124.1, 123.7, 33.8, 25.5. FT-IR (cm,

neat, ATR): 1816, 1787, 1774, 1739, 1665, 1415, 1373, 1303, 1250, 1219, 1185.

S

\ |
CF4

1-(Thiophen-2-yl)-3-(4-(trifluoromethyl)phenyl)propan-1-one, 14 (0.30 mmol scale, 65.9 mg,
77%) was prepared following GP2. The product was obtained as a pale-yellow oil. "H NMR (500

MHz, CDCls) & 7.68 — 7.63 (m, 2H), 7.54 (d, J = 7.9 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 7.12 (t, J
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= 4.4 Hz, 1H), 3.26 (t, J = 7.5 Hz, 2H), 3.13 (t, J = 7.5 Hz, 2H). ®C NMR (126 MHz, CDCls) §
191.5, 145.3, 144.0, 133.8, 132.0, 128.6 (d, J = 32.3 Hz), 128.9 (2C), 128.3, 125.5 (q, J = 3.8 Hz,
2C), 124.4 (g, J = 271.9 Hz), 40.5, 30.0. ’F NMR (471 MHz, CsDs) & -62.3. FT-IR (cm ", neat,
ATR): 1662, 1618, 1518, 1415, 1354, 1322, 1240, 1209, 1161, 1118, 1107. HRMS (EI) calc for

C14H,1OSF; [M]": 284.0483, found: 284.0502.

s
N/

1-(Thiophen-2-yl)-3-(4-fluoro)phenyl)propan-1-one, 15 (504 mg, 43%) was prepared
following GP2. The product was obtained as a colorless oil. "H NMR (500 MHz, CDCl;) & 7.68
(dd, J=3.8, 1.1 Hz, 1H), 7.63 (dd, J=4.9, 1.1 Hz, 1H), 7.23 — 7.17 (m, 2H), 7.11 (dd, J = 4.9,
3.8 Hz, 1H), 7.02 — 6.94 (m, 2H), 3.21 (t, J = 7.6 Hz, 2H), 3.04 (t, J = 7.6 Hz, 2H). *C NMR
(126 MHz, CDCl;) 6 192.1, 161.6 (d, J = 243.9 Hz), 144.2, 136.73, 136.71, 133.8, 132.0, 130.01,
130.0, 128.2, 115.4 (d, J = 21.3 Hz), 41.3, 29.7. YF NMR (471 MHz, C¢Ds) & -117.11. FT-IR
(cm™, neat, ATR): 2925, 2854, 1661, 1601, 1509, 1415, 1355, 1296, 1219, 1157. HRMS (EI)

calc for C3H;;OSF [M]": 234.0515, found: 234.0520.

2-Fluoro-4-phenethylbenzenesulfonyl Fluoride, 16 (120 mg, 85%) was prepared following
GP2. The product was obtained as a colorless oil. "H NMR (500 MHz, CDCl;) § 7.84 (t, J=17.5
Hz, 1H), 7.36 — 7.00 (m, 7H), 3.04 — 2.99 (m, 4H). *C NMR (126 MHz, CDCl3) § 159.6 (d, J =
261.8 Hz), 154.0 (d, J = 8.1 Hz), 140.0, 130.8, 128.8 (2C), 128.5 (2C), 126.7, 125.16 (d, J = 3.6

Hz), 117.8, 117.7, 37.8, 36.8. Y’F NMR (471 MHz, CDCl3) & -107.04, -107.07. FT-IR (cm™',
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neat, ATR): 1607, 1574, 1496, 1453, 1260, 1245, 1212, 1154, 1074, 779. HRMS (EI) calc for

C14H120,F>S [M]": 282.0526, found: 282.0510.

Ph
/E\>—/,
O g

Y

BocN\)

tert-Butyl 4-((5-Phenethylthiophen-2-yl)sulfonyl)piperazine-1-carboxylate, 17 (152.8 mg,
70%) was prepared following GP2. The product was obtained as a colorless solid. mp = 87-
88 °C. '"TH NMR (500 MHz, CDCl3) § 7.40 — 7.06 (m, 6H), 6.77 (d, J = 3.8 Hz, 1H), 3.51 (pseudo
t, J = 5.1 Hz, 4H), 3.14 (t, J = 7.7 Hz, 2H), 2.99 — 2.94 (m, 6H), 1.43 (s, 9H). *C NMR (126
MHz, CDCL) & 154.3, 152.7, 140.0, 133.0, 132.5 (2C), 128.6 (2C), 128.5 (2C), 126.6, 125.5,
80.5, 46.0 (2C), 42.8, 37.5, 32.1, 28.4 (3C). FT-IR (cm', neat, ATR): 2979, 1736, 1694, 1454,

1421, 1355, 1310, 1249, 1221, 1162. HRMS (ESI) calc for C21H20N204S, [M+H]": 437.1569,

found: 437.1578.

4-(5-Acetylthiophen-2-yl)-1-(thiophen-2-yl)butan-1-one, 18 (86 mg, 65%) was prepared
following GP2. The product was obtained as a colorless solid. mp = 89-90 °C. "H NMR (500
MHz, CDCL) 6 7.72 (d, J = 3.9 Hz, 1H), 7.65 (d, J = 4.6 Hz, 1H), 7.52 (d, J= 3.9 Hz, 1H), 7.14
(d, J = 4.6 Hz, 1H), 6.90 (d, J = 3.9 Hz, 1H), 3.31 (s, 4H), 2.51 (s, 3H). *C NMR (126 MHz,
CDCl) 6 190.9, 190.6, 153.6, 143.8, 142.8, 134.1, 133.0, 132.2 (2C), 126.6, 40.6, 26.7, 25.1. FT-
IR (cm™', neat, ATR): 3088, 2980, 1742, 1654, 1518, 1415, 1358, 1252, 1233, 852. HRMS (ESI)
calc for C13H130,S,; [M+H]": 265.0338, found: 265.0337.
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4-(2,3.Dihydrobenzo|b][1,4]dioxin-2-yl)-N-phenylbenzenesulfonamide, 19 (137.8 mg, 75%)
was prepared following GP2. The product was obtained as a colorless solid. mp = 171-172 °C.
"H NMR (500 MHz, CDCl3) § 7.83 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.34 — 7.21 (m,
2H), 7.14 — 7.09 (m, 3H), 7.00 — 6.80 (m, 4H), 6.73 (s, 1H), 5.17 (dd, J = 8.6, 2.4 Hz, 1H), 4.34
(dd, J=11.6, 2.4 Hz, 1H), 3.95 (dd, J = 11.6, 8.6 Hz, 1H). *C NMR (126 MHz, CDCl;) § 143.4,
143.0, 141.9, 139.6, 136.3, 129.6 (2C), 127.8 (2C), 127.2 (2C), 125.8, 122.1 (2C), 122.0, 121.9,
117.6, 117.4, 74.4, 69.0. FT-IR (cm™', neat, ATR): 2980, 1493, 1382, 1263, 1159, 1078, 954,

751. HRMS (ESI) calc for C2HsNO4S [M+H]': 368.0965, found: 368.0957.

4-Phenethyl-N-phenylbenzenesulfonamide, 20 (133.9 mg, 71%) was prepared following GP2.
The product was obtained as a colorless solid. mp = 128-129 °C. '"H NMR (500 MHz, CDCl;) &
7.71 (d, J= 7.9 Hz, 2H), 7.40 — 6.88 (m, 12H), 5.45 (s, 1H), 3.16 — 2.64 (m, 4H). *C NMR (126
MHz, CDCL) & 147.5, 140.8, 136.6, 129.4 (2C), 129.3 (2C), 128.5 (4C), 127.5 (2C), 126.3 (20),
125.5, 121.8 (2C), 37.8, 37.4. FT-IR (cm™', neat, ATR): 3257, 2980, 1598, 1410, 1221, 1092,

1030, 920, 820, 752. HRMS (ESI) calc for C20H20NO,S [M+H]": 338.1214, found: 338.1215.
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Shaeh

N-(4-Cyanobenzyl)benzamide, 21 (114 mg, 96%) was prepared following GP2. The product
was obtained as a colorless oil. "H NMR (300 MHz, CDCls): § 7.88 — 7.71 (m, 2H), 7.63 — 7.47
(m, 3H), 7.47 — 7.34 (m, 4H), 6.96 (t, J = 6.3 Hz, 1H), 4.66 (d, J = 6.3 Hz, 2H). *C NMR
(75 MHz, CDCls): & 167.8, 144.1, 133.9, 132.6 (2C), 132.0, 128.8 (2C), 128.3 (2C), 127.1 (2C),
118.8, 111.3, 43.6. FT-IR (cm ™', neat, ATR): 3319, 2930, 2228, 1725, 1641, 1577, 1415, 1077,

880. HRMS (ESI) calc for C;sHi3N,O [M+H]": 237.1022, found 237.1017.

L

CN

4-(Pent-4-en-2-yl)benzonitrile, 22 (67 mg, 78%) was prepared following GP2. The product was
obtained as a colorless oil. '"H NMR (300 MHz, CDCls): § 7.67 — 7.55 (m, 2H), 7.36 — 7.28 (m,
2H), 5.68 (ddt, J=17.7, 9.6, 7.1 Hz, 1H), 5.15 — 4.76 (m, 2H), 2.92 — 2.88 (m, 1H), 2.38 — 2.33
(m, 2H), 1.29 (d, J = 6.9 Hz, 3H). *C NMR (75 MHz, CDCl3): § 152.6, 136.2, 132.3 (2C), 128.0
(20), 119.2, 116.9, 109.9, 42.3, 40.1, 21.2. FT-IR (cm', neat, ATR): 2964, 2927, 2227, 1640,

1607, 1504, 1416, 1178, 993, 834. HRMS (ESI) calc for CixHisN [M+H]™: 172.1121, found

172.1114.
BocN
CN

tert-Butyl 4-(4-Cyanophenyl)piperidine-1-carboxylate, 23 (111 mg, 79%) was prepared
following GP2. The product was obtained as a colorless oil. 'H NMR (300 MHz, CDCl;): § 7.55
(pseudo dt, J = 8.2, 1.9 Hz, 2H), 7.27 (pseudo dt, J = 8.4, 1.5 Hz, 2H), 4.22 (br d, J = 12.8 Hz,
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2H), 2.87 — 2.54 (m, 3H), 1.83 — 1.69 (m, 2H), 1.66 — 1.51 (m, 2H), 1.47 — 1.41 (m, 9H). *C
NMR (75 MHz, CDCly): & 154.8, 154.7, 151.2, 132.4, 127.7 (2C), 127.6, 118.9, 110.2, 79.6,
42.8,41.0,32.7, 28.4 (3C), 26.9. FT-IR (cm™’, neat, ATR): 2939, 2225, 2167, 2029, 1691, 1422,

1365, 1279, 1170, 1014. HRMS (ESI) calc for Ci7H23N,0, [M+H]": 287.1754, found 287.1766.
C\@
CN
4-(Tetrahydrofuran-2-yl)benzonitrile, 24 (76 mg, 88%) was prepared following GP2. The
product was obtained as a colorless oil. "H NMR (300 MHz, CDCl3): § 7.70 — 7.53 (m, 2H), 7.48
—7.36 (m, 2H), 4.93 (t, /=7.2 Hz, 1H), 4.11 —4.00 (m, 2H), 2.50 — 2.28 (m, 1H), 2.12 - 1.91 (m,
2H), 1.75 — 1.72 (m, 1H). ®C NMR (75 MHz, CDCl3): § 149.4, 132.3 (2C), 126.3 (2C), 119.1,

111.0, 80.0, 69.1, 34.9, 26.1. FT-IR (cm', neat, ATR): 2953, 2923, 2852, 1726, 1609, 1459,

1261, 1066, 836. HRMS (ESI) calc for C;;H;2NO [M+H]": 174.0913, found: 174.0907.

CN

tert-Butyl 2-(4-Cyanophenyl)pyrrolidine-1-carboxylate, 25 (115 mg, 85%) was prepared
following GP2. The product was obtained as a colorless oil. 'H NMR (300 MHz, CDCl;): & 7.55
(d, J= 8.1 Hz, 2H), 7.25 (d, J = 8.1 Hz, 2H), 4.89 — 4.75 (m, 1H), 3.59 — 3.32 (m, 2H), 2.41 —
2.22 (m, 1H), 1.91 — 1.67 (m, 3H), 1.40 (s, 4H), 1.13 (s, 5H). *C NMR (75 MHz, CDCL): §
155.3,132.2, 126.3 (2C), 124.9, 119.7, 110.4, 79.7, 61.2, 47.2, 35.9, 28.4, 28.1 (3C), 23.3. FT-IR
(cm™', neat, ATR): 2975, 2227, 1693, 1608, 1477, 1454, 1365, 1249, 1111. HRMS (ESI) calc for

Ci6H21N20, [M+H]": 273.1598, found: 273.1592.
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CN

tert-Butyl (1-(4-Cyanophenyl)-2-phenylethyl)carbamate, 26 (113 mg, 70%) was prepared
following GP2. The product was obtained as a colorless oil. "H NMR (300 MHz, DMSO-dy): §
7.78 (d, J= 8.0 Hz, 2H), 7.55 — 7.45 (m, 2H), 7.30 — 7.12 (m, 5H), 4.79 (q, J = 8.1 Hz, 1H), 2.89
(d, J = 8.6 Hz, 1H), 1.39 (s, 2H), 1.27 (s, 9H). *C NMR (75 MHz, DMSO-ds): § 160.2, 143.5,
137.4 (2C), 134.4, 133.3 (2C), 132.7 (20C), 131.4 (2C), 124.1, 114.7, 83.2, 61.0, 47.1, 33.4 (20),
31.6 (2C). FT-IR (cm ™', neat, ATR): 2976, 2926, 2229, 1698, 1505, 1455, 1366, 1168, 1018, 700.

HRMS (ESI) calc for C20H2NaN,O, [M+Na]": 345.1573, found: 345.1566.

O\\ /©/

HN S
0]
NC

N-(1-(4-Cyanophenyl)-3-methylbutyl)-4-methylbenzenesulfonamide, 27 (130 mg, 76%) was
prepared following GP2. The product was obtained as a yellow oil. "H NMR (300 MHz, CDCl;):
7.53 — 7.46 (m, 2H), 7.45 — 7.39 (m, 2H), 7.16 — 7.10 (m, 4H), 5.25 (d, /= 7.1 Hz, 1H), 4.38 (dt,
J=38.1, 6.6 Hz,1H), 2.37 (s, 3H), 1.70 — 1.35 (m, 3H), 0.82 (dd, J = 18.4, 6.1 Hz, 6H). *C NMR
(75 MHz, CDCL): ¢ 147.0, 143.7, 137.4, 134.5, 132.3, 129.9, 129.5, 127.5, 127.1, 126.6, 123.8,
118.7, 111.1, 56.2, 46.9, 24.7, 22.6, 22.0, 21.6. FT-IR (cm™', neat, ATR): 3200, 2957, 2228,
1773, 1605, 1468, 1386, 1160, 815, 714. HRMS (ESI) calc for C19H23N>0,S [M+H]": 343.1475,

found: 343.1475.
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l CN

(9H-Fluoren-9-yl)methyl (2-(4-(tert-butoxy)phenyl)-1-(4-cyanophenyl)ethyl)carbamate, 28
(145 mg, 56%) was prepared following GP2. The product was obtained as a colorless oil. 'H
NMR (300 MHz, CDCls): 6 7.88 —7.70 (m, 2H), 7.67 — 7.49 (m, 2H), 7.40 — 7.30 (m, 5H), 7.17
(d, J=8.4 Hz, 4H), 6.91 (d, /= 8.4 Hz, 3H), 6.70 (d, /= 10.9 Hz, 1H), 5.94 (d, J = 14.6 Hz, 1H),
4.53 (d, J = 6.7 Hz, 2H), 4.48 — 4.36 (m, 1H), 4.25 (t, J = 6.7 Hz, 1H), 1.34 (s, 9H). *C NMR
(75 MHz, CDCL): 6 154.1, 153.7, 143.7 (2C), 141.5 (2C), 131.5 (2C), 128.0 (2C), 127.3 (4C),
125.9 (2C), 125.0 (4C), 124.6 (4C), 123.1, 120.2 (2C), 110.8, 78.7, 67.3, 47.2, 29.0 3C). FT-IR
(cm™, neat, ATR): 2978, 1721, 1661, 1596, 1542, 1447, 1284, 1105, 951. HRMS (ESI) calc for

C34H33N,03 [M+H]": 517.2486, found: 517.2478.

MeO,C

OMe
NHBoc

Methyl 4-(1-((tert-Butoxycarbonyl)amino)-4-methoxy-4-oxobutyl)benzoate, 29 (170 mg,
97%) was prepared following GP2. The product was obtained as a colorless foam. '"H NMR
(300 MHz, CDCl): 6 8.12 — 7.85 (m, 2H), 7.32 (d, J = 8.1 Hz, 2H), 5.27 — 5.15 (m, 1H), 4.67 (br
s, 1H), 3.87 (s, 3H), 3.63 (s, 3H), 2.34 (td, J = 7.4, 4.1 Hz, 2H), 2.03 (d, J = 7.4 Hz, 2H), 1.44 —
1.29 (m, 9H). ®C NMR (75 MHz, CDCL): § 173.6, 166.9, 155.3, 147.7, 134.2, 130.0, 129.2,
126.3, 123.5, 79.8, 54.3, 52.1, 51.8, 51.7, 31.5, 30.9, 30.8, 28.4. FT-IR (cm ', neat, ATR): 2977,
1717, 1611, 1513, 1437, 1366, 1278, 1164, 1113, 859. HRMS (ESI) calc for CisH2sNaNOs

[M+Na]": 374.1574, found 374.1569.
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MGOZC

Methyl 4-(3-(Benzyloxy)-2-((tert-butoxycarbonyl)amino)-3-oxopropyl)benzoate, 30 (188 mg,
91%) was prepared following GP2. The product was obtained as a colorless oil. '"H NMR
(300 MHz, CDCls): 6 7.88 (d, J = 8.0 Hz, 2H), 7.38 — 7.31 (m, 3H), 7.31 — 7.22 (m, 2H), 7.09 (d,
J=17.9 Hz, 2H), 5.26 — 4.93 (m, 3H), 4.71 —4.56 (m, 1H), 3.90 (s, 3H), 3.18 — 3.10 (m, 2H), 1.41
(s, 9H). *C NMR (75 MHz, CDCl3): & 171.5, 167.0, 155.1, 141.5, 135.1, 129.9, 129.5 (2C),
129.0 (2C), 128.8 (2C), 128.7 (2C), 80.2, 67.4, 54.3, 52.2, 38.4, 28.4 (3C). FT-IR (cm ', neat,
ATR): 2977, 1715, 1611, 1498, 1366, 1277, 1161, 1105, 1055, 1020. HRMS (ESI) calc for

C2H27NaNOg [M+Na]": 436.1731, found 436.1741.

HN_ /9
/o
(6]
0.0
g

N-Phenyl-4-((3aR,5R,5a5,8a5,8bR)-2,2,7,7-tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,5-

b:4’,5’-d]pyran-5-yl)benzenesulfonamide, 31 (127 mg, 55%, dr >20:1) was prepared following
GP2. The product was obtained as a yellow solid. mp = 85-86 °C. '"H NMR (500 MHz, CDCls) §
7.73 (d, J= 8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.26 — 7.23 (m, 2H), 7.11 — 7.07 (m, 3H), 6.76
(d, J=8.9 Hz, 1H), 5.69 (d, J = 5.0 Hz, 1H), 4.88 (s, 1H), 4.71 (d, /= 7.8 Hz, 1H), 4.39 (d, J =
8.9 Hz, 2H), 1.54 (s, 3H), 1.40 (s, 3H), 1.37 (s, 3H), 1.27 (s, 3H). *C NMR (126 MHz, CDCl3) §

143.4, 138.1, 136.5 129.5 (2C), 127.7 (2C), 127.1 (2C), 125.6 (2C), 121.9, 109.6, 109.0, 96.9,
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73.5,71.1, 70.7, 69.2, 26.3, 26.0, 25.0, 24.4. FT-IR (cm ', neat, ATR): 2980, 1495, 1382, 1300,
1254, 1211, 1161, 1092, 1000, 961. HRMS (ESI) calc for C23H2sNO-S [M+H]": 462.1586, found:

462.1593.

4-((3aR,5R,5a85,8a5,8bR)-2,2,7,7-Tetramethyltetrahydro-SH-bis([1,3]dioxolo)[4,5-b:4°,5’-

d]pyran-5-yl)methylsulfonamide, 32 (125 mg, 65%, dr. >20:1) was prepared following GP2.
The product was obtained as a yellow solid. mp = 108-110 °C. '"H NMR (500 MHz, CDCl;) &
791 (d, J= 8.0 Hz, 2H), 7.59 (d, /= 8.0 Hz, 2H), 5.71 (d, J= 4.9 Hz, 1H), 4.95 (s, 1H), 4.74 (dd,
J=17.7,2.5 Hz, 1H), 4.54 — 4.33 (m, 2H), 3.04 (s, 3H), 1.56 (s, 3H), 1.43 (s, 3H), 1.38 (s, 3H),
1.29 (s, 3H). *C NMR (126 MHz, CDCls) § 144.3, 139.5, 127.9 (2C), 127.3, 109.7, 109.0, 97.0,
73.5,71.2, 70.7, 69.2, 44.7, 26.3, 26.0, 25.0, 24.4. FT-IR (cm ™', neat, ATR): 2981, 1730, 1382,

1255, 1210, 1149, 1068, 1001, 957, 867.

2

w

1 H

4-((1-(4-Chlorobenzoyl)5-methoxy-2-methyl-1H-indol-3yl)methyl-V
phenylbenzenesulfonamide, 33 (190.1 mg, 70%) was prepared following GP2. The product was

obtained as a yellow foam. '"H NMR (500 MHz, CDCl3) § 7.63 (dd, J = 14.9, 8.2 Hz, 4H), 7.43
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(d, J= 8.5 Hz, 2H), 7.24 — 7.19 (m, 2H), 7.16 (t, J = 7.8 Hz, 2H), 7.09 — 7.00 (m, 3H), 6.83 (d, J
= 8.5 Hz, 1H), 6.61 (d, J = 8.7 Hz, 2H), 4.32 (s, 1H), 3.99 (s, 2H), 3.66 (s, 3H), 2.29 (s, 3H). *C
NMR (126 MHz, CDCl;) 6 168.5, 156.1, 145.7, 139.4, 137.1, 136.6, 135.6, 134.0, 131.3 (2C),
131.2 (2C), 130.9 (20), 129.4 (2C), 129.3 (20), 128.9 (2C), 127.7, 125.5, 121.7, 116.9, 115.2,
111.4, 101.7, 55.8, 30.0, 13.5. FT-IR (cm', neat, ATR): 3253, 2927, 1678, 1596, 1401, 1352,
1224, 1090, 1066, 832. HRMS (ESI) calc for C3;H»CIN>OsS [M+H]": 545.1302, found
545.1293.

c I N Ph

Ethyl 4-(8-Chloro-3-phenethyl-5,6-dihydro-11H-benzo[5,6]cyclohepta[1,2-b]pyridine-11-
ylidene)piperidine-1-carboxylate, 34 (153.4 mg, 63%) was prepared following GP2. The
product was obtained as a yellow oil. "H NMR (500 MHz, CDCl;) § 8.23 (s, 1H), 7.33 — 7.06 (m,
9H), 4.14 (q, J = 7.2 Hz, 2H), 3.81 — 3.78 (m, 2H), 3.39 — 3.30 (m, 2H), 3.17 - 3.01 (m, 2H), 2.94
—2.68 (m, 5H), 2.57 — 2.40 (m, 1H), 2.31 — 2.29 (m, 3H), 1.25 (t,J = 7.0 Hz, 4H). *C NMR (126
MHz, CDCl;) 6 155.6, 154.5, 146.6, 141.0, 139.7, 138.0, 135.7, 133.0, 130.6 (2C), 129.0 (2C),
128.6 (2C), 128.5 (4C), 126.3 (2C), 61.4, 44.9 (2C), 37.5, 34.6, 31.7, 31.6, 30.9, 30.7, 14.8. FT-
IR (cm ™', neat, ATR): 2923, 2856, 1693, 1470, 1385, 1277, 1227, 1172, 1115, 1029, 997. HRMS

(ESI) calc for C30H32CIN,O, [M+H]": 487.2152, found 487.2148.
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Methyl 4-(1-(4-Isobutylphenyl)ethyl)benzoate, 35 (0.29 mmol, 86 mg, 58%) was prepared
following GP2. The product was obtained as a colorless foam. '"H NMR (300 MHz, CDCls): &
8.03 — 7.83 (m, 2H), 7.32 — 7.26 (m, 2H), 7.14 — 7.01 (m, 4H), 4.17 (q, J = 7.3 Hz, 1H), 3.89 (s,
3H), 2.43 (d, J= 7.2 Hz, 2H), 1.88 — 1.81 (m, 1H), 1.64 (d, /= 7.2 Hz, 3H), 0.89 (d, /= 6.6 Hz,
6H). *C NMR (75 MHz, CDCly): § 167.2, 152.2, 142.8, 139.8, 129.9 (2C), 129.3 (2C), 128.0
(2C), 127.8 (2C), 127.4 (2C), 52.1, 45.1, 44.6, 30.3, 22.5, 21.8. FT-IR (cm', neat, ATR): 2953,
1724, 1608, 1434, 1278, 1179, 1112, 1014, 848. HRMS (ESI) calc for CyH,sO, [M+H]":

297.1849, found 297.1853.

@CN
HN (6}

,,

NHFmoc

(9H-Fluoren-9-yl)methyl (1-((1-(4-cyanophenyl)-2-methylpropyl)amino)-4-methyl-1-

oxopentan-2-yl)carbamate, 36 (168 mg, 65%, dr: 1.1:1) was prepared following GP2. The
product was obtained as a colorless oil. '"H NMR (300 MHz, DMSO-dj): § 7.95 — 7.84 (m, 3H),
7.80 — 7.65 (m, 4H), 7.54 — 7.20 (m, 5H), 4.60 (q, J = 8.6 Hz, 1H), 4.36 — 4.10 (m, 3H), 3.99 —
3.90 (m, 1H), 2.02 - 1.87 (m, 1H), 1.70 — 1.65 m, 1H), 1.51 — 1.00 (m, 3H), 0.93 — 0.53 (m, 13H).
BC NMR (75 MHz, DMSO-ds): § 171.1, 156.0, 148.6, 143.9, 143.8, 140.7, 132.0, 128.9 128.2,
128.1, 127.6, 127.3, 127.0, 125.4, 120.1, 118.9, 109.5, 65.6 59.0, 58.5, 46.7, 46.0, 36.0, 32.6,

32.5,20.1, 19.6, 19.6, 18.9, 18.5, 15.5, 15.2. FT-IR (cm ', neat, ATR): 3296, 3064, 2963, 1770,
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1723, 1655, 1533, 1129, 1008. HRMS (ESI) calc for C3H3sNaN3;O; [M+H]": 532.2570, found

532.2566.

CN
O}’NH ’ \/\Q/
HN @‘

H S

4-(4-((3aS,4S5,6aR)-2-Oxohexahydro-1H-thieno|[3,4-d]imidazole-4-yl)butyl)benzonitrile

(Biotin Derivative), 37 (130 mg, 86%) was prepared following GP2. The product was obtained
as a pale-yellow oil. '"H NMR (600 MHz, CDCls): & 7.42 — 7.37 (m, 2H), 7.15 — 7.09 (m, 2H),
5.88 (s, 1H), 5.56 (s, 1H), 4.33 (dd, /= 8.0, 4.9 Hz, 1H), 4.11 (ddd, /=8.0, 4.7, 1.7 Hz, 1H), 2.72
(dd, J=12.7, 5.0 Hz, 1H), 2.62 (d, J = 12.7 Hz, 1H), 2.51 (t, J = 7.7 Hz, 3H), 1.55 — 1.46 (m,
3H), 1.33 — 1.21 (m, 3H). ®C NMR (151 MHz, CDCls): § 163.3, 147.9, 131.9 (2C), 129.0 (20),
118.9, 109.3, 61.8, 60.0, 55.4, 40.3, 35.6, 30.6, 28.4, 28.3. FT-IR (cm ', neat, ATR): 2961, 2864,
1703, 1449, 1346, 1204, 1125, 1077, 1009, 576. HRMS (ESI) calc for Ci¢HN30S [M+H]":

302.1322, found 302.1318.

AT O

4-(Phenylthio)benzonitrile, 38 (90 mg, 85%) was prepared following GP2. The product was
obtained as a colorless oil. 'H NMR (500 MHz, CDCls) § 7.54 — 7.37 (m, 7H), 7.16 (d, J = 8.2
Hz, 2H). *C NMR (126 MHz, CDCl3) § 145.8, 134.6 (2C), 132.5 (2C), 130.9, 130.0, 129.5 (2C),
127.4 (2C), 118.9, 108.8. FT-IR (cm', neat, ATR): 2226, 1592, 1484, 1440, 1401, 1080, 1016,

822, 749, 691, 543. HRMS (EI) calc for Ci3HoNS [M]": 211.0456, found: 211.0450.

176



AT O

4-(Cyclohexylthio)benzonitrile, 39 (56 mg, 51%) was prepared following GP2. The product was
obtained as a colorless oil. 'H NMR (400 MHz, CDCls) § 7.54 — 7.49 (m, 2H), 7.36 — 7.31 (m,
2H), 3.29 (tt, J = 10.3, 3.7 Hz, 1H), 2.12 — 1.95 (m, 2H), 1.83 — 1.79 (m, 2H), 1.72 — 1.60 (m,
1H), 1.51 — 1.19 (m, 5H). *C NMR (101 MHz, CDCl;) & 144.1, 132.3 (2C), 128.7 (2C), 119.1,
108.5, 45.0, 33.1 (2C), 26.0 (2C), 25.7. FT-IR (cm', neat, ATR): 2931, 2854, 2225, 1592, 1485,

1449, 1088, 820, 544. HRMS (EI) calc for Ci3H;sNS [M]": 217.0925, found: 217.0923.
NBoc
NC

tert-Butyl 4-(4-Cyanophenyl)piperidine-1-carboxylate, 40 (121 mg, 84%) was prepared
following GP2. The product was obtained as a colorless oil. 'H NMR (400 MHz, CDCls) § 7.72
—7.51 (m, 2H), 7.32 — 7.27 (m, 2H), 4.26 (s, 2H), 2.92 — 2.63 (m, 3H), 1.87 — 1.74 (m, 2H), 1.60
(qd, J=12.7, 4.4 Hz, 2H), 1.47 (s, 9H). *C NMR (101 MHz, CDCl;) § 154.9, 151.3, 132.5 (2C),
128.8, 127.8 (20), 119.1, 110.4, 79.8, 43.0 (2C), 32.9, 29.8, 28.6 (3C). FT-IR (cm ', neat, ATR):
1476, 1465, 1392, 1125, 1107, 986, 884, 860. HRMS (ESI) caled for Ci7H23N,O, [M+H]":

287.1760, found: 287.1747.

oY
NC O

4-(2,3-Dihydro-1H-inden-2-yl)benzonitrile, 41 (77 mg, 70%) was prepared following GP2. The
product was obtained as a colorless oil. "H NMR (500 MHz, CDCl;) § 7.70 — 7.50 (m, 2H), 7.40
—7.35 (m, 2H), 7.28 — 7.17 (m, 4H), 3.75 — 3.72 (m, 1H), 3.39 (dd, J = 15.6, 8.2 Hz, 2H), 3.06
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(dd, J = 15.6, 8.2 Hz, 2H). 3C NMR (126 MHz, CDCls) § 151.4, 142.2 (2C), 132.5 (2C), 128.0
(20), 126.9 (2C), 124.5 (2C), 119.2, 110.2, 45.4, 40.8 (2C). FT-IR (cm™, neat, ATR): 2945,
2905, 2840, 2222, 1607, 1475, 1457, 1178, 1006, 852, 829, 754. HRMS (EI) calc for Ci6Hi3NS

[M]": 219.1048, found: 219.1044.
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Chapter 5. Photoinduced 1,2-Dicarbofunctionalization of Alkenes with

Organotrifluoroborate Nucleophiles via Radical/Polar Crossover '’

5.1 Introduction

The integration of diverse radical progenitors in Ni/photoredox dual manifolds has
facilitated the synthesis of chemical motifs with a high content of C(sp®) carbons in the presence
of sensitive functional groups. Although transition-metal-mediated protocols, with' or without the
aid of a photocatalyst***>¢ (Figure 5.1 A), have been utilized in the synthesis of 1,2-substituted
products, these cross-couplings remain predominantly applicable to the construction of one C—C
linkage. Typically, these processes are complicated by numerous deleterious pathways, such as f3-
hydride elimination, homocoupling, isomerization, or proto-demetalation.' To expand access to
uncharted chemical space, the vicinal difunctionalization of alkenes has emerged as an enabling
technology in organic synthesis to access diverse structural skeletons from readily available
building blocks.! In particular, intermolecular 1,2-dicarbofunctionalization (DCF) reactions
represent a powerful method to install two carbon subunits across an unsaturated system in one
step with an accompanying increase in molecular complexity.” As a complementary approach to
metallaphotoredox catalysis, we examined the utility of photochemical radical/polar crossover in

sequential C—C bond formation without the need for alkylmetal species.

Radical/polar crossover (RPC) has recently been enlisted to assemble challenging
structural motifs under mild reaction conditions (Figure 5.1 B).*’ Under RPC paradigms, odd-

electron intermediates are generated through single-electron transfer (SET) and then engage in

ft Reproduced in part from M. J. Cabrera-Afonso, A. Sookezian, S. O. Badir, M. El Khatib, G. A.
Molander, Chem. Sci. 2021, Advance Article. This article is licensed under a Creative Commons
Attribution NonCommercial 3.0 Unported License.
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further transformations. The resulting radical species can subsequently undergo single-electron
oxidation or reduction to enter the two-electron reaction domain for further diversification.
Although photo- and electrochemical RPC-mediated intermolecular 1,2-DCFs that proceed with
in situ formed carbanions have been reported, these efforts are largely limited to carbonyl

810 or carbocarboxylation.*™!! Complementary RPC protocols operating through

alkylation
carbocation intermediates via oxidative quenching pathways have been studied more extensively,
but remain predominantly applicable to heteroatom-based nucleophiles such as alcohols, amines,

2 Methods to incorporate carbon-centered

water, carboxylic acids, amides, and halogens.
nucleophiles typically rely on strongly nucleophilic, electron-rich systems in conjunction with

Lewis acids or peroxides as additives."” In this vein, the development of a general RPC route

employing two carbon-based coupling partners for DCF remains elusive.

As part of a program centered on the development of catalytic tools for alkene
functionalization, a photochemical intermolecular 1,2-dicarbofunctionalization of olefins with
alkyl N-(acyloxy)phthalimide redox-active esters (RAEs) as radical progenitors has been
developed (Figure 5.1 C). RAEs are bench-stable solids readily accessible from carboxylic acids
with an established propensity to undergo decarboxylative fragmentation upon single-electron
reduction.'* We envisioned that radical addition to vinylarenes would generate key radical and

carbocation intermediates that could be harnessed in sequential bond formation through RPC.

185



A. Transition-metal-catalyzed difunctionalization of alkenes
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Figure 5.1. Strategies toward olefin 1,2-difunctionalization and envisioned transformation.

5.2 Results and Discussion

With these goals in mind, the interrogation of potassium organotrifluoroborates as
nucleophiles to construct C—C linkages under photoredox catalysis was considered, as they have
been shown to engage in nucleophilic addition reactions under Brensted and Lewis acid
catalysis.'”> Furthermore, alkynyltrifluoroborates have been enlisted as alternative nucleophilic
partners in Suzuki-Miyaura cross-couplings, with the Bsp>~Csp bond being adequately polarized
to engender a direct transmetalation event.'® From a synthetic standpoint and through the same
RPC reactivity mode, the proposed strategy would facilitate carboallylation, carboalkenylation,
carboalkynylation, and carboarylation from commodity chemicals with regio- and chemoselective

control. Notably, this net-neutral RPC process is driven by SET events that occur predominantly
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between the photocatalyst and substrates/intermediates, bypassing the requirement for

stoichiometric external reductants or oxidants.

To examine the feasibility of the proposed reaction design, 4-acetoxystyrene 1a, aliphatic
RAE 2a, and potassium (2-phenylethynyl)trifluoroborate 3a were employed (Figure 5.2). A more
detailed optimization of the equivalences of reaction components, catalyst loading, solvent, and
reaction concentration is provided in the experimental section. Here, the most relevant findings
are highlighted, namely the critical performance of photoredox catalysts on the DCF outcome.
Notably, the crux of this net-neutral RPC approach is a series of well-orchestrated, single-electron
oxidation and reduction steps. To achieve chemo- and regio-selectivity, the following criteria
must be considered: (i) The aliphatic RAE should be more susceptible to reduction than the
alkene or the resulting benzylic radical formed upon addition to the olefin. (ii) The alkyl radical
should react with alkene 1 at a rate faster than its single-electron oxidation to a carbocation
intermediate or radical dimerization. (iii) The rate of benzylic radical oxidation must be
competitive with its addition to another equivalent of the styrene. (iv) The rate of single-electron
oxidation of the benzylic radical must be faster than that of the radical intermediate generated
from RAE reduction. (v) The rate of nucleophilic addition of the potassium organotrifluoroborate
to the benzylic carbocation should take place preferentially over single-electron oxidation of the
organoboron reagent under photoredox conditions. (vi) This rate must also be competitive with
the nucleophilic addition of phthalimide anions generated upon decarboxylative fragmentation of
the RAE. In this vein, the choice of photocatalyst significantly impacts product distributions.
Given the propensity of RAEs to undergo SET (E12! = -1.26 V vs SCE for 1-methylcyclohexyl-
N-hydroxyphthalimide-ester'’), a palette of catalysts in acetonitrile (MeCN) was surveyed (entries
1-13). Reducing iridium-based (Ir) photocatalysts in combination with 2-phenylpyridine (ppy)

derived-ligands (entries 1-9) exhibited optimal reactivity, affording 4a in excellent yield.
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Importantly, in the absence of a highly oxidizing photocatalyst, the corresponding
organotrifluoroborates would not undergo SET."® As expected, weaker reductants, PC10
(IV/*1r™ Eyp = -1.00 V vs SCE") and organic dye PC11 (PC*/PC* Ej; = -1.12 V vs SCE"),
showed little (entry 11) to no conversion (entry 10). Notably, iron-based catalyst PC12 (Fe'"/*Fe"
Ei2 =-1.65 V vs SCE") and organic sensitizer PC13 (PC*/PC* E;» = -2.1 V vs SCE") resulted

in full recovery of the styrene derivative (entries 12-13), presumably because they possess a short

excited-state lifetime (for PC11, 1 =~ 0.8-2.3 ns").

Entry

Deviation from Std Conditions

% Yield?!

P °>\ < > Ph
N\
+ N—O me + \\
BFaK
o
2a

3a

4 I

Ir(ppy)s (3 mol %)

MeCN (

blue LEDs, tt, 24h  AcO” 7

Entry

O

Me

0.1 M)

1
N

5 %
% Yield®! [

Deviation from Std Conditions

R' = R? = H; Ir(ppy)3 (PC1)

1 None 89 12 PC12 instead of PC1 R' = R? = F; Ir(dFppy)s (PC2) [I{dF(CFy5) 2ppy)2 )dlbbpy)]PFe
2 PC2 instead of PC1 81 13 PC13 instead of PC1 nr R' = H, R? = Me; Ir(p-Me-ppy); (PC3)
) . R' = H, R? = CFg; Ir(p-CFa-ppy)s (PCA) sk
3 PC3 instead of PC1 67 14 20 mol % Cu(OTf), 32 R' = H, R? = F; Ir(p-F-ppy)s (PC5) w2
4 PC4 instead of PC1 91 15 20 mol % Yb(OTf) 36
5 PC5 instead of PC1 89 16 No PC nr
S N/ N >
6 PC6 instead of PC1 52 17 No light nr
7 PC7 instead of PC1 58
R
8 PC8 instead of PC1 68 o TP e g o RS- Re-h: [Fe(bpy)sl[BF4l, (PC12)
9 PC3 instead of PC1 81 < ) e [Ir(bpY)(PPY)2]PFe (PCE)
10 PC10 instead of PC1 T i R e e
nstead o " RS e [INetobpy)(ppy)zJPFs (PCT)
1 PC11 instead of PC1 traces R®. ‘\N/ ] R®=tBu, R* = R° = Me, R®= H;
N S [Ir(dtbbpy)(dMeppy),]PFs (PC8)

R R®=RS=RS=tBu R*=H;

[Ir(dtbbpy)(dtbppy),]PFg (PC9)

4CzIPN (PC11)
S

naphthyl phenothiazine (PC13)

Figure 5.2. Optimization studies. Reaction conditions: styrene 1a (0.1 or 0.2 mmol), RAE 2a (1.5

equiv), potassium organotrifluoroborate salt 3a (2 equiv), Ir(ppy)s (3 mol %) in MeCN (0.1 M),

24 h irradiation with blue LEDS (Amax =

456 nm).

[yields were determined by "H NMR analysis

using trimethoxybenzene as internal standard. Abbreviations: std, standard; nr, no reaction.

Inspired by precedents on the activation of RAEs with Lewis acids,”

the influence of

these additives on the outcome of the three-component photochemical paradigm was studied.

Surprisingly, the addition of Cu(OTf), or Yb(OTf); led to a decrease in yield (entries 14-15).
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Control experiments omitting light as well as photocatalyst validated the necessity of all reaction

components to facilitate sequential bond formation (entries 16-17).

With suitable conditions established, the scope of RAEs with nucleophile 3a was
evaluated (Figure 5.3). In general, the reaction is amenable to an array of unactivated secondary
and tertiary radical architectures. The method further benefits from broad substrate tolerance,
facilitating the incorporation of a strained cyclobutane subunit (4b), a Boc-protected amine (4d),
a bridged bicycle (4e), acyclic moieties, as well as biologically relevant scaffolds including lipid-
lowering agent gemfibrozil (4h). In addition, efficient product formation occurs in the presence of
an internal olefin (4¢), showcasing the chemoselectivity of this protocol toward styrenyl-type
systems. Notably, RAEs bearing reduction-labile chloride handles (4g, 4k, 4y, 4ah, 4ai) can be
introduced without compromising yields, delivering linchpins that can drive molecular

complexity through subsequent transition-metal-mediated functionalization.

Next, the reactivity of various potassium organotrifluoroborates using 4-acetoxystyrene
1a was evaluated (Figure 5.3). Carboallylation proved feasible, affording the difunctionalized
product (4j) in good yield, while simultaneously incorporating an olefinic moiety that can engage
in diverse downstream alkene transformations. Although progress has been made in conjunctive
cross-couplings employing transition-metal catalysts with alkynyl-, alkenyl-, alkyl-, and aryl-
electrophiles, the use of allyl counterparts remains scarce.”"* In addition to B-hydride elimination
associated with alkylmetal species, these processes are further complicated by the generation of
undesired two-component allylation products. Importantly, the allyl handle might be susceptible
to additional insertion events, resulting in oligomerization.”"" ** In this vein, the utility of the
developed three-component allylation is partially driven by its ability to deliver two

C(sp®)-C(sp’) linkages selectively from readily available building blocks. Similarly, potassium
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arylethynyltrifluoroborates bearing electron-donating (para-methoxy, 4Kk) or electron-neutral

(naphthyl, 41) substituents serve as effective nucleophiles.
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Figure 5.3. DCF scope. Reaction conditions: styrene 1 (0.3 mmol), RAE 2 (0.45 mmol, 1.5
equiv), potassium organotrifluoroborate salt 3 (0.6 mmol, 2 equiv), Ir(ppy)s (3 mol %) in MeCN

(3.0 mL, 0.1 M), 24 h irradiation with blue LEDS (Amax = 456 nm). “/[Ir(dtbbpy)(ppy)2]PFs (3 mol

%) was used instead Ir(ppy)s.

The phenyl moiety was successfully replaced by primary short- (4m) and long-chain (40)
alkyl groups as well as more sterically hindered carbocycles (4n). The scope was further extended

to alkenyltrifluoroborates (4p-4s), with aryl-substituted derivatives performing slightly better
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under the reaction conditions. Notably, both the (E)- and (Z)-isomers of 1-propenyltrifluoroborate

resulted in product formation with retention of stereochemistry about the olefin (4p, 4q).

Remarkably, aryltrifluoroborates function as competent nucleophiles, facilitating
intermolecular 1,2-alkylarylation (Figure 5.3). Substitution at the para- and meta-positions of the
aryl scaffolds was explored, whereby efficient photocoupling took place. Specifically, alkoxy
derivatives, a methyl thioether, and a Boc-protected amine were successfully harnessed to afford
difunctionalized synthetic frameworks (4t-4aa). The amenability of aryltrifluoroborates provides
a facile, unique approach toward the synthesis of 1,1-diaryl compounds of significance in drug
discovery efforts.” Furthermore, medicinally relevant heterocycles such as furan (4ab, 4ad) and
thiophene (4ac) moieties exhibited good reactivity. Notably, this photoredox-mediated RPC
proceeds exceptionally well with electron-rich aryl systems that suffer from lower coupling
efficiency in certain transition-metal-catalyzed cross-couplings. The mild reaction conditions
(room temperature, additive-free, and near-neutral pH) serve to suppress side reactivity stemming

from an otherwise competitive hydrodeboration of the trifluoroborate starting material.

Finally, the scope of olefins was investigated (Figure 5.3). In general, styrenes bearing no
substitution, electron-donating, and electron-withdrawing groups at the ortho-, meta-, and para-
positions exhibited comparable reactivity (4ae-4ai). Of note, aryl bromide 4ag proved to be a
suitable substrate with complete retention of the halide handle, providing a clear advantage in
terms of scope over traditional transition-metal-catalyzed DCFs. A broad array of functional
groups is tolerated, including esters, ketones, Boc-protected amines, and carbamates (4aj-4ar).
Additionally, a substrate derived from estrone was examined, generating steroid derivative 4an in
excellent yield. Heterocyclic compounds including pyridine, benzofuran, benzothiophene, and

indazole systems were readily incorporated under the developed conditions (4ao-4ar). In
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particular, these Lewis basic moieties are traditionally challenging structures in cross-couplings

because of their ability to bind and poison the catalyst.

To confirm this RPC protocol was unique to potassium organotrifluoroborates, boronic
acid 3xa, pinacol boronate 3xb, and MIDA boronate 3xc were tested as partner nucleophiles but
proved ineffectual (Figure 5.4). These results are in accordance with the N-parameters reported
by Mayr,”* a solvent-dependent nucleophilicity scale, which identified potassium

organotrifluoroborates as one of the most reactive nucleophilic organoboron sources.

To investigate the reaction mechanism, radical and carbocation trapping studies were
performed under standard conditions (Figure 5.4). Addition of TEMPO (2,2,6,6-tetramethyl-1-
piperidinyloxy) inhibited product generation. Specifically, recovery of 4-acetoxystyrene 1a was
observed, and the corresponding TEMPO adduct 5 was isolated and confirmed via NMR and
HRMS analysis (Figure 5.4 B). To probe the intermediacy of carbocation species, nucleophilic
trapping experiments were conducted using O-centered nucleophiles with slight modifications in
the loading of these reagents (3.0 equiv of MeOH or 30.0 equiv of H>O). The corresponding ether
6 and alcohol 7 were successfully isolated and characterized, providing further credence to the

existence of an ionic pathway (Figure 5.4 C).

Stern-Volmer luminescence studies of individual reaction components established that
the excited state photocatalyst was quenched most effectively by the aliphatic RAE with an
observed constant Ksy of 1.4 x 10* M (Figure 5.4 2D, see the Experimental Section).
Furthermore, the photochemical quantum yield @ of this reaction is 0.26, indicating that a radical

chain mechanism is unlikely or inefficient (see the Experimental Section).*®
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Figure 5.4. Reactivity and mechanistic studies. Reaction conditions: styrene 1 (0.2 mmol), RAE
2 (0.3 mmol, 1.5 equiv), potassium organotrifluoroborate salt 3 (0.4 mmol, 2 equiv), Ir(ppy); (3
mol %) in MeCN (2.0 mL, 0.1 M), 24 h irradiation with blue LEDS (Amax = 456 nm). 'Yield was
determined by 'H NMR analysis using trimethoxybenzene as internal standard. Abbreviations: nr,

no reaction.

Based on these findings, a mechanistic scenario is postulated (Figure 5.5) whereby
excitation of Ir(ppy)s; under blue light irradiation generates a potent excited state *[Ir]" complex
(E12 [I'V/Ir'™] = -1.88 V vs SCE"). Single-electron transfer (SET) to RAE 2 (E12™ =-1.26 V vs
SCE for I-methylcyclohexyl-N-hydroxyphthalimide ester'’) induces formation of C(sp’)-
hybridized radical A followed by extrusion of carbon dioxide. Subsequent addition of this
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reactive intermediate to vinyl arene 1 furnishes a relatively stabilized 2° benzylic radical B (E£,™
=0.37 V vs SCE®). Single-electron oxidation of this species by [Ir]"Y (Ei» [Ir'V/I'™] = 0.77 V vs
SCE") yields the corresponding carbocation C, restoring the ground-state photocatalyst. At this
critical juncture, ionic intermediate C is intercepted by the organotrifluoroborate nucleophile 3 to

furnish the desired 1,2-dicarbofunctionalized product 4.

o o R! CO, and Phth R1
Evidence for closed R?
catalytic cycle N-O R3 — SET
o<1 Iy ||| \
O<d< N 2 [ir]
K [|r]IV
Evidence for Oxidative dl-
Quenching: i~ SET AN
v Stern-Volmer Studies B,:3 R?
v Redox Potentials 1 ) @ R?
RS
nucleophlllc C
addition

Figure 5.5. Proposed 1,2-DCF mechanism.

5.3 Conclusion

In summary, a unified protocol to achieve the carboallylation, carboalkenylation,
carboalkynylation, and carboarylation of olefins with regio- and chemoselective control has been
developed. Through an oxidative quenching pathway, the photoreduction of aliphatic RAEs has
been enlisted to generate alkyl radical intermediates that react with alkene feedstocks in a
regulated fashion. The resulting C-centered radical undergoes single-electron oxidation to afford
a key carbocation intermediate that is intercepted by organotrifluoroborate nucleophiles to
facilitate sequential C—C bond formation under mild reaction conditions. Mechanistic studies,
including Stern-Volmer quenching studies, photochemical quantum yield measurements, and

trapping experiments of radical and ionic intermediates emphasize that an RPC-mediated
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mechanism is likely operational. Most importantly, this report provides a general blueprint toward

1,2-dicarbofunctionalizations in the absence of organometal species.

5.4 Experimental

General Consideration

General: All chemical transformations requiring inert atmospheric conditions were carried out
using Schlenk line techniques with a 4- or 5-port dual-bank manifold. LED irradiation was
accomplished as described in precedent reports.”” NMR spectra ('H, °C, '°F) were obtained at
298 °K. ""F NMR spectra were referenced to hexafluorobenzene (8 —161.64 in CDCl;). 'H NMR
spectra were referenced to residual, CHCI; (8§ 7.26) in CDCl;. *C NMR spectra were referenced
to CDCl; (8 77.30). In the case of diastereomeric mixtures, crude NMR was recorded to
determine the ratio. Reactions were monitored by LC/MS, GC/MS, '"H NMR, and/or TLC on
silica gel plates (60 A porosity, 250 pum thickness). TLC analysis was performed using
hexanes/EtOAc as the eluent and visualized using ninhydrin, p-anisaldehyde stain, and/or UV
light. Flash chromatography was accomplished using an automated system (CombiFlash®, UV
detector, A = 254 nm and 280 nm) with RediSep®™ R silica gel disposable flash columns (60 A
porosity, 40-60 pm) or RediSep Rr Gold® silica gel disposable flash columns (60 A porosity, 20—
40 um). Accurate mass measurement analyses were conducted using electron ionization (EI) or
electrospray ionization (ESI). The signals were mass measured against an internal lock mass
reference of perfluorotributylamine (PFTBA) for EI-GC/MS and leucine enkephalin for ESI-
LC/MS. The utilized software calibrates the instruments and reports measurements by use of
neutral atomic masses. The mass of the electron is not included. IR spectra were recorded on an
FT-IR using either neat oil or solid products. Solvents were purified with drying cartridges

through a solvent delivery system. Melting points (°C) are uncorrected. UV/vis absorption spectra
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for the quantum yield reaction were recorded on a Perkin-Elmer Lambda 365 UV/vis
spectrophotometer. Quartz fluorometric cells (1 cm optical path length, Starna) were used in all
optical experiments. The quantum yield reaction was conducted on a FS920 spectrofluorometer
(Edinburgh Instruments, UK), equipped with R2658P red-sensitive PMT (Hamamatsu), a

temperature and stir controller.

Chemicals: Deuterated NMR solvents were purchased and stored over 4A molecular sieves.
EtOAc, hexanes, MeOH, Et,0, and toluene were obtained from commercial suppliers and used as
purchased. CH,Cl, and THF were purchased and dried via a solvent delivery system. Anhydrous
MeCN was obtained from commercial sources and stored over molecular sieves. All other
reagents were purchased commercially and used as received. Photoredox-catalyzed reactions
were performed using 8 mL Chemglass vials (2-dram, 17 x 60 mm, 15-425 Green Open Top Cap,

TFE Septa).

General Procedures

1,2-DCF protocol (GP1): To an 8 mL reaction vial (2-dram, 17 x 60 mm) equipped with a
magnetic stir bar was added styrene derivative (0.3 mmol, 1.0 equiv, if solid or non-volatile
liquid), redox-active ester (0.45 mmol, 1.5 equiv), potassium organotrifluoroborate salt (0.6
mmol, 2.0 equiv), and Ir(ppy); (6 mg, 0.009 mmol, 3.0 mol %, 0.03 equiv) under air. The vial
was sealed with a cap containing a TFE-lined silicone septum, evacuated, and back-filled with
nitrogen. After this process was repeated 3 times, anhyd MeCN (3 mL, 0.1 M) was added
followed by styrene via syringe (0.3 mmol, 1.0 equiv, if volatile liquid). The reaction was
irradiated for 24 h using blue LED strips (Amax = 456 nm, distance lamp—vial ~3-5 cm), whereby

the temperature was maintained at approximately 25 °C via cooling with a fan. Upon completion,
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the mixture was taken to dryness and then purified using column chromatography with

hexanes/EtOAc as eluent.

Reaction Optimization

To an 8 mL reaction vial (2-dram, 17 x 60 mm) equipped with a magnetic stir bar was
added the corresponding amounts of I1-methylcyclohexyl redox active ester,
phenylethynyltrifluoroborate, and Ir(ppy)s. The vial was sealed with a cap containing a TFE-lined
silicone septum and then evacuated and backfilled with nitrogen three times. Corresponding
amounts of MeCN and styrene were then added via syringe. The reaction was irradiated for 24 h
with blue LEDs for 16 h whereby the temperature was maintained at approximately 27 °C via
cooling with a fan. Upon completion, the reaction mixture was concentrated to dryness and then

analyzed by crude '"NMR using equimolar (0.1 mmol) trimethoxybenzene as internal standard.

BFgK Ph
MeO O
Ir(ppY)s (3 mol%) It
o O +H
| P + O-N MeCN (0.1 M), 1t, 24 h
blue LEDs Me
o
l1ae 2a 1a 4ae
0.1 mmol 1.5 equiv 2.0 equiv
Entry Deviation from std. conditions Yield[al
1 none 59%
2 3 equiv RBF3K 55%
3 1 mol% Ir(ppy)s 57%
4 10 mol% Ir(ppy)3 47%
5 0.2 M MeCN 57%
6 0.05 M MeCN 36%

Figure 5.6. Supplementary optimization studies. 'Yields were determined via "H NMR analysis

using 0.1 mmol trimethoxybenzene as internal standard (IS).
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Mechanistic Investigation

Reactivity studies of organoboron compounds:

NHBoc
NHBoc

Ir(ppy (8 mol %)
X
Ji)/ “MeCN (0.1 M), 24 1
2 blue LEDS A
AcO inert atmosphere J|\j Me
1a AcO” N7
4x

1.0 equiv 2.0 equiv 1.5 equiv

To an 8 mL reaction vial (17 x 60 mm) equipped with a magnetic stir bar was added 1,3-
dioxoisoindolin-2-yl 1-methylcyclohexane-1-carboxylate (86 mg, 0.30 mmol, 1.5 equiv), boron
substrate (0.20 mmol, 2.0 equiv), and Ir(ppy)s (4 mg, 0.006 mmol, 3.0 mol %, 0.03 equiv) under
air. The vial was sealed with a cap containing a TFE-lined silicone septum, evacuated, and back-
filled with nitrogen. After this process was repeated 3 times, MeCN (3.0 mL, 0.1 M) was added
followed by 4-vinylphenyl acetate (32.4 mg, 0.2 mmol, 1.0 equiv) via syringe. The reaction was
irradiated for 24 h using using blue LED strips (Amax = 456 nm, distance lamp—vial ~3-5 cm),
whereby the temperature was maintained at approximately 25 °C via cooling with a fan. Upon
completion, the mixture was taken to dryness and then analyzed by crude 'NMR using

trimethoxybenzene (34 mg, 0.20 mmol, 1.0 equiv) as internal standard in MeCN-d; (6 2.13).

©) Me o,
R E HO\B E Me O\B § /Ei—g
B]= F—-B— — — 0
(8] g " Me—~gf <7N
Me

3x, 71%le 3xa, nridl 3xb, tracesl® 3xc, nriél

Figure 5.7. Reactivity studies with different boron compounds. ™Yield was determined via 'H

NMR analysis using 0.1 mmol trimethoxybenzene as internal standard (IS). n.r. = no reaction.
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Radical trapping experiment:

Me Ph
O/Q ‘ | Me Me Me
Ve MO
Ph Me Me Ir(ppy)3 (3 mol %) ah
( o TEMPO (3 equiv) Not observed
-
/
NI MeCN (0.1 M), rt, 24 h Ve M Me Me
/\) BEK blue LEDs iV
AcO 3 (0] inert atmosphere MO
3a 2h 0
Me ' Me
N
Me Me
1.0 equiv 2.0 equiv 1.5 equiv Me

5
6% isolated yield

To an 8 mL reaction vial (17 x 60 mm) equipped with a magnetic stir bar was added 1,3-
dioxoisoindolin-2-yl 1-methylcyclohexane-1-carboxylate (129 mg, 0.45 mmol, 1.5 equiv),
TEMPO (141 mg, 0.90 mmol, 3.0 equiv), trifluoro(phenylethynyl)-A*-borane, potassium salt (125
mg, 0.60 mmol, 2.0 equiv), and Ir(ppy); (6 mg, 0.009 mmol, 3.0 mol %, 0.03 equiv) under air.
The vial was sealed with a cap containing a TFE-lined silicone septum, evacuated, and back-filled
with nitrogen. After this process was repeated 3 times, MeCN (3.0 mL, 0.1 M) was added
followed by 4-vinylphenyl acetate (48.7 mg, 0.3 mmol, 1.0 equiv) via syringe. The reaction was
irradiated for 24 h using blue LED strips (Amax = 456 nm, distance lamp—vial ~3-5 cm), whereby
the temperature was maintained at approximately 25 °C via cooling with a fan. Upon completion,
the mixture was taken to dryness and then purified using column chromatography with
hexanes/EtOAc as eluent. The TEMPO derivative was isolated as a colorless oil (6 mg, 6%). "H
NMR (400 MHz, CDCl3) 6 7.00 (d, J = 7.4 Hz, 1H), 6.68 — 6.61 (m, 2H), 3.96 (t, J = 6.3 Hz,
2H), 2.31 (s, 3H), 2.18 (s, 3H), 2.01 — 1.91 (m, 2H), 1.80 — 1.72 (m, 2H), 1.52 — 1.42 (m, 4H),
1.30 (s, 6H), 1.30 — 1.23 (m, 2H), 1.13 (s, 6H), 1.09 (s, 6H). *C NMR (101 MHz, CDCl;) §
157.2, 136.4, 130.3, 123.6, 120.5, 111.9, 78.3, 68.4, 59.2 (2C), 40.9 (2C), 40.1, 34.8 (2C), 27.0

(2C), 24.4, 21.4,20.7 (2C), 17.2, 15.9. FT-IR (cm', neat, ATR): 3007, 2971, 2928, 2869, 1586,
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1509, 1467, 1414, 1375, 1361, 1285, 1265, 1209, 1180, 1157, 1130, 1046. HRMS (ESI) calcd for

C23HsoNO, [M+H]": 361.2981, found 361.2993.
Carbocation trapping experiments:

Formation of 4-(1-Methoxy-2-(1-methylcyclohexyl)ethyl)phenyl Acetate (6)

0 o
Ir(ppy)3 (3 mol %
. )
N— —»
@ + MeOH + (ﬁ O Me MeCN (0.1 M), t, 24 h (
AcO

blue LEDs N
(e] inert atmosphere AcO
. . 2a . 68% |solated yield
1.0 equiv 3.0 equiv 1.5 equiv

To an 8 mL reaction vial (17 x 60 mm) equipped with a magnetic stir bar was added 1,3-
dioxoisoindolin-2-yl 1-methylcyclohexane-1-carboxylate (129 mg, 0.45 mmol, 1.5 equiv) and
Ir(ppy)s (6 mg, 0.009 mmol, 3.0 mol %, 0.03 equiv) under air. The vial was sealed with a cap
containing a TFE-lined silicone septum, evacuated, and back-filled with nitrogen. After this
process was repeated 3 times, MeCN (3.0 mL, 0.1 M) and MeOH (36 uL, 0.9 mmol, 3.0 equiv)
were added. This was followed by addition of 4-vinylphenyl acetate (48.7 mg, 0.3 mmol, 1.0
equiv) via syringe. The reaction was irradiated for 24 h using blue LED strips (Amax = 456 nm,
distance lamp—vial ~3-5 cm), whereby the temperature was maintained at approximately 25 °C
via cooling with a fan. Upon completion, the mixture was taken to dryness and then purified
using column chromatography with hexanes/EtOAc as eluent. The title compound was obtained
as a colorless oil (59 mg, 68%). "H NMR (400 MHz, CDCl;) & 7.28 (d, J = 8.3 Hz, 2H), 7.05 (d,
J=28.4Hz, 2H), 4.22 (dd, J= 8.7, 2.9 Hz, 1H), 3.14 (s, 3H), 2.29 (s, 3H), 1.78 (dd, J = 14.7, 8.7
Hz, 1H), 1.51 — 1.39 (m, 6H), 1.38 — 1.23 (m, 5H), 0.97 (s, 3H). ®C NMR (101 MHz, CDCl3) §

169.6, 149.8, 141.8, 127.5 (2C), 121.5 (2C), 80.8, 56.4, 50.6, 38.7, 38.4, 33.1, 26.5, 25.8, 22.2,

200



22.1, 21.3. FT-IR (cm ™', neat, ATR): 2923, 2861, 1759, 1504, 1450, 1369, 1212, 1196, 1163,

1097, 1048, 1016. HRMS (ESI) calced for C1sH2603 Na[M+Na]": 313.1780, found 313.1782.

Formation of 4-(1-Hydroxy-2-(1-methylcyclohexyl)ethyl)phenyl Acetate (7)

blue LEDs \ Me
inert atmosphere . = 7

0 0
>7<:> Ir(ppy)s (3 mol %) OH
X _ T
Ji)/\ + HO o+ N=0O Me MeCN (0.1 M), rt, 24 h X
/
AcO o)
1a 2a

41% conversion

1.0equiv  30.0 equiv 1.5 equiv 34% isolated yield

To an 8 mL reaction vial (17 x 60 mm) equipped with a magnetic stir bar was added 1,3-
dioxoisoindolin-2-yl 1-methylcyclohexane-1-carboxylate (129 mg, 0.45 mmol, 1.5 equiv) and
Ir(ppy)s (6 mg, 0.009 mmol, 3.0 mol %, 0.03 equiv) under air. The vial was sealed with a cap
containing a TFE-lined silicone septum, evacuated, and back-filled with nitrogen. After this
process was repeated 3 times, MeCN (3.0 mL, 0.1 M) and H>O (162 pL, 9.0 mmol, 30.0 equiv)
were added. This was followed by addition of 4-vinylphenyl acetate (48.7 mg, 0.3 mmol, 1.0
equiv) via syringe. The reaction was irradiated for 24 h using blue LED strips (Amax = 456 nm,
distance lamp—vial ~3-5 cm), whereby the temperature was maintained at approximately 25 °C
via cooling with a fan. Upon completion, the mixture was taken to dryness and then purified
using column chromatography with hexanes/EtOAc as eluent. The title compound was obtained
as a colorless oil (30 mg, 34%). "H NMR (400 MHz, CDCl;) & 7.35 (d, J = 8.1 Hz, 2H), 7.05 (d,
J=28.1 Hz, 2H), 4.87 (dd, J = 8.6, 3.2 Hz, 1H), 2.29 (s, 3H), 1.82 — 1.67 (m, 2H), 1.60 (dd, J =
14.8, 3.3 Hz, 1H), 1.49 — 1.26 (m, 10H), 1.01 (s, 3H). ®C NMR (101 MHz, CDCl;) & 169.7,
149.8, 144.5, 126.9 (2C), 121.7 (2C), 71.4, 51.5, 38.8, 38.4, 33.1, 26.5, 25.7, 22.1 (2C), 21.3. FT-
IR (cm™, neat, ATR): 3431, 2923, 2859, 1758, 1606, 1505, 1451, 1369, 1196, 1165, 1061, 1016.

HRMS (ESI) calcd for Ci7H2403Na [M+Na]": 299.1623, found 299.1632.
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Stern-Volmer quenching studies:

Fluorescence measurements were obtained using septa-capped UV-Quartz cuvettes (10
mm pathlength) obtained from Starna Cells (Cat#: 29F—Q—10). Excitation was performed at
375 nm; fluorescence spectra were obtained from 400-700 nm. In a nitrogen filled glovebox, the

following stock solns were prepared:

— Photocatalyst soln (0.0002 M): To an oven dried scintillation vial equipped with a stir bar
was added Ir(ppy) ; (1.46 mg, 2.23x10~ mmol). This was diluted with 10.8 mL of MeCN and

stirred until completely dissolved, producing a 2.06x10™* M soln of Ir(ppy)s.

— Phthalimide ester soln (0.004 M): To an oven dried scintillation vial equipped with a stir bar,
was added 1,3-dioxoisoindolin-2-yl 1-methylcyclohexane-1-carboxylate RAE 2a (12.4 mg,
4.32x10? mmol). This was diluted in 10.8 mL of MeCN and stirred until completely

dissolved, producing a colorless, 4.00x10° M soln of phthalimide ester 2a.

— Organotrifluoroborate soln (0.004 M): To an oven dried scintillation vial equipped with a stir
bar was added (trifluoro(phenylethynyl)-A4-borane, potassium salt 3a (8.99 mg, 4.32x10
mmol). This was diluted in 10.8 mL of MeCN and stirred until completely dissolved,

producing a colorless, 4.00x10~ M soln of organotrifluoroborate 3a.

— Styrene soln (0.004 M): To an oven dried scintillation vial equipped with a stir bar, was
added 10.8 mL of MeCN followed by styrene derivative 1a (6.6 pL, 4.32x10* mmol). The
soln was stirred until completely dissolved, producing a 4.00x10° M soln of styrene

derivative 1a.

Following preparation, the solns were allocated to the cuvettes and fluorescence
quenching was determined with individual quenchers (phthalimide ester, styrene, and
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organotrifluoroborate). The Io/I values of each sample were calculated from the average of three
scans per data point. Linear regression of lo/l against concentration was carried out to yield the
Stern-Volmer quenching rate constant (Ksv). The following Stern-Volmer plots for luminescence
quenching of Ir(ppy)s (1.9 x 10 M in degassed MeCN) by quenchers were obtained. The excited
catalyst is quenched most efficiently by the aliphatic phthalimide ester with a Stern-Volmer

quenching rate constant of 1.4 x 10* M\,

Stern-Volmer Fluorescence Quenching

16

)

14 .......

12 o ®BF3K

10 o ORAE
<
=8 ® Styrene

6 o

......... Ky, =1.4x10*M!
4 N 2
2 e
XTI .. ............... @:coevevcsesannd . ---------- 1@
0
0 0.0002 0.0004 0.0006 0.0008 0.001

Quencher Concentration (M)

Figure 5.8. Stern-Volmer plots for luminescence quenching of Ir(ppy)s (1.9 x 107> M in degassed
MeCN) by redox-active ester 2a (blue), organotrifluoroborate 3a (red), styrene 1a (green), Aexc. =

375 nm, Aem. = 534 nm, Ksv = Stern-Volmer constant.

Determination of quantum yield: a closed catalytic loop (® < 1) or radical chain process (P

>1)?

The quantum yield of the reaction was determined using the procedure reported

previously:*** 4-Vinylphenyl acetate 1a, N-hydroxyphthalimide ester 2a and potassium (2-
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phenylethynyl)trifluoroborate 3a were used as a model substrates to determine the quantum yield,

using trimethoxybenzene as internal standard in a proportion 1:1 with 1a.

o]
- o N Ir(ppy)s (3 mol %) | |
e - >
N [ N MeCN (0.1 M), rt, 3.5 h
406 nm A
AcO BF3K 0 inert atmosphere Ji Me
1a 3a 2a AcO =

1.0 equiv 2.0 equiv 1.5 equiv 4a

— The quantum yield of the reaction is defined as:

mol of product formed

€y

~ mol of photon flux X t X f

where @ is the quantum yield of the reaction, t is the time of the reaction (s), f is the incident light
absorbed by the Ir catalyst at 406 nm and the photon flux is calculated by standard ferrioxalate

actinometry®’ (section C).
A) Incident light absorbed by the Ir(ppy); (f)

— The fraction of light, f, absorbed was determined according to equation 2:

f=1-10% (2

where A is the absorbance of the fully soluble Ir in acetonitrile at 406 nm. The wavelength of 406
nm was chosen based on two criteria: the wavelength at which the (i) absolute ®(Fe*") had been
established;* and (ii) reaction was going to be irradiated where the Ir catalyst absorbs most. The
absorbance of Ir catalyst was measured by adding Ir(ppy); (4 mg, 0.003 mmol) in acetonitrile (2

mL) to a cuvette equipped with a Teflon-coated magnetic stir bar and stirred for 10 min. The
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absorbance of the suspension was recorded. To accurately determine the fraction of light
absorbed, another identical soln of Ir in acetonitrile was prepared and then filtered. The
absorbance of the solvated Ir soln in acetonitrile was measured. The absorbance (A) at 406 nm
was determined to be 1.94888 (Figure 5.9), and thus indicating the fraction of light absorbed is >

0.98875 according to equation 2.

20 — Ir(ppy),

104\ A (406 nm) = 1.94888

Absorbance (OD)

0.5

0.0
T T T T T T T T 1
400 450 500 550 600 650 700 750 800 850

wavelength (nm)

wavelength (nm)

Figure 5.9. Absorption spectrum for filtered soln of Ir(ppy); in MeCN.
B) The photoredox reaction

To the cuvette in section A containing Ir(ppy)s (4 mg, 0.003 mmol) in acetonitrile (2 mL)
was added 4-vinylphenyl acetate (32.4 mg, 0.2 mmol), potassium trifluoro(phenylethynyl)borate
(83.2 mg, 0.4 mmol, 2 equiv) and 1,3-dioxoisoindolin-2-yl 1-methylcyclohexane-1-carboxylate
(86.2 mg, 0.3 mmol, 1.5 equiv) in a dark room (laboratory lights were shut off). The cuvette was
then capped with a PTFE stopper, and Ar(g) was bubbled through for 300 s. Initial emission
quenching experiments were performed on the Ir catalyst to determine the time it takes for the
system to deoxygenate, and this was found to be 200 s. Under an Ar (g) atm., the sample was

stirred (1200 rpm, temp maintained at 23 °C using a temperature controller) and irradiated (A =
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406 nm, excitation slit width = 10.0 nm, step = 1.0 nm, Iris = 100) for 12600 s (3.5 h) (Figure
5.10). Note: the reaction is heterogeneous and light scattering due to solids has not been

accounted for.

Figure 5.10. The photoredox reaction set-up. The reaction mixture was irradiated at 406 nm

under an atmosphere of Ar (g) at 23 °C.

After irradiation, the crude mixture was passed through a silica plug using EtOAc and the
filtrate concentrated under reduced pressure to give a yellow residue. The reaction was repeated
twice for reproducibility. The yield of product (0.01 mmol after 12,600 s) obtained after
irradiating at 406 nm was determined by 'H NMR based on a 1,3,5-trimethoxybenzene internal

standard (internal standard added was 1:1 with 1a, the limiting reagent).
C) Photon flux at 406 nm

Standard ferrioxalate actinometry was used to determine the photon flux of the
spectrophotometer using equations 3 and 4.%%° For the ferrioxalate actinometer the production of

iron(II) ions proceeds by the following reactions:*’
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hv

[Fe(C,04),]02M*

Fe?* + (n-1)(C,0)* + C,04

[Fe(C,04),1°" + €04

Fe?*+ n(C,09)* + 2C0,

The moles of Fe*" formed are determined spectrophotometrically by development with

1,10-phenanthroline (phen) to form the red [Fe(phen);]*" moiety (A = 510 nm).?**° The photon

flux is defined as:

mol (Fe?*)

Photon flux =

Dd(Fe?t) x t x f

where @ is the quantum yield for the ferrioxalate actinometer (1.188 at A = 406 nm),* t is the

time (s), and £> 0.999, and the mol of Fe*" are calculated according to equation 4.

mol (Fe?t) =

V X AA
1 X ¢

(4)

where V is the total volume of the soln, AA is the difference in absorbance between irradiated and

non-irradiated solns, 1 is the path length (1.0 cm), € is the molar absorptivity at 510 nm (11,110 L

mol'ecm™).*

D) Experimental

The following solns were prepared in the dark (flasks were wrapped in aluminum foil)

and stored in the dark at room temperature:

— Ferrioxalate soln (0.15 M): potassium ferrioxalate hydrate (2.21 g) was added to a flask

wrapped in aluminum foil containing H>SO4 (30 mL, 0.05 M). The flask was stirred for
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complete solvation of the green solid in complete darkness. It is noteworthy that the soln

should not be exposed to any incident light.

—  Developer solution: 1,10-phenanthroline (50 mg) and NaOAc (11.25 g) was added to a flask

containing H,SO4 (50 mL, 0.5 M) and sonicated until completely solvated.

The absorbance of the non-irradiated sample: The buffered soln of phen (0.35 mL) was added to
a ferrioxalate (2.0 mL) in a vial that had been covered with aluminum foil {lights of the
laboratory were switched off}. The vial was capped and allowed to rest for 1 h and then
transferred to a cuvette. The absorbance of the non-irradiated was measured at 510 nm to be

0.3534 (Figure 5.11).

The absorbance of the irradiated sample: In a cuvette equipped with a stir bar was added the
ferrioxalate soln (2.0 mL), and the stirred soln was irradiated for 90.0 s at A = 406 nm with an
excitation slit width = 10.0 nm (step = 1.0 nm, Iris = 100). After irradiation, the buffered phen
soln (0.35 mL) was added to the cuvette and allowed to rest for 1 h in the dark to allow the
ferrous ions to coordinate completely to phen. The absorbance was measured at 510 nm to be

1.93858 (Figure 5.11).

3.5 1

irradiated sample; A (510 nm) = 1.93858
3.0 — non-irradiated sample; A (510 nm) = 0.3534

2.5

2.0+

Absorbance (OD)

0.5+

0.0+

T T T T
500 600 700 800

wavelength (nm)

Figure 5.11. Absorption spectra for irradiated and non-irradiated samples of red [Fe(phen);]*".
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— Photon flux sample calculation. Sample calculation:

V x AA
I X ¢

4)

mol (Fe?*) =

[perry___ OO0ZSLX1SBSI8 T T
mol (Fe™) = 150 e x 11110 Lol Tem =~ > mo
Photon flux = mol (Fe?") 3
oo X = S (Fer) x t x £ ®)
3.3530 x 107 mol
Photon flux = = 3.13598 x 10~° einstein s !
1.188 x 90.0s x 1.00

E) Quantum yield of the reaction

— Therefore, the quantum yield of the reaction is determined to be:

mol of product formed
"~ mol of photon flux x t x f

€y

0.1 X 10~3 mol

= - - = 0.256
3.13598 x 102 einstein s~ x 12600s x 0.98875

O]

® > 1 would mean that the chain propagation; ® < 1 would mean closed photocatalytic pathway

The quantum yield studies indicate that this is not a radical-chain process as evidenced by the ®.
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Characterization Data

Ph

AcO

4-(1-(1-Methylcyclohexyl)-4-phenylbut-3-yn-2-yl)phenyl Acetate, 4a (89 mg, 82%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (500 MHz,
CDCl) 6 7.46 — 7.39 (m, 4H), 7.33 — 7.27 (m, 3H), 7.06 (d, J = 8.6 Hz, 2H), 3.91 (dd, J = 10.2,
3.2 Hz, 1H), 2.31 (s, 3H), 2.03 (dd, J=13.9, 10.1 Hz, 1H), 1.63 (dd, J = 14.0, 3.3 Hz, 1H), 1.62 —
1.53 (m, 2H), 1.53 — 1.32 (m, 8H), 1.12 (s, 3H). ®C NMR (101 MHz, CDCl;) & 169.7, 149.3,
142.0, 131.5 (2C), 128.5 (2C), 128.3 (2C), 127.8, 124.0, 121.7 (2C), 93.2, 83.3, 51.1, 38.5, 38.1,
33.9, 33.4, 26.5, 25.9, 22.2 (2C), 21.3. FT-IR (cm', neat, ATR): 2924, 2860, 1761, 1691, 1599,
1504, 1491, 1443, 1369, 1198, 1166, 1102, 1018. HRMS (EI) calcd for CasH200, [M+H]":

361.2168, found 361.2160.

Ph

Me
AcO

4-(1-(1-Methylcyclobutyl)-4-phenylbut-3-yn-2-yl)phenyl Acetate, 4b (59 mg, 59%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.47 — 7.39 (m, 4H), 7.33 — 7.26 (m, 3H), 7.10 — 7.03 (m, 2H), 3.87 (dd, J = 10.3, 4.7
Hz, 1H), 2.30 (s, 3H), 2.25 - 2.15 (m, 1H), 2.07 (dd, J = 13.5, 10.3 Hz, 1H), 1.97 (dddd, J = 15.8,
10.5, 5.0, 2.5 Hz, 1H), 1.89 — 1.75 (m, 4H), 1.73 — 1.61 (m, 1H), 1.34 (s, 3H). *C NMR (101

MHz, CDClL) ¢ 169.7, 149.3, 141.0, 131.5 (2C), 128.5 (2C), 128.3 (2C), 127.8, 124.0, 121.6
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(2C), 91.9, 83.6, 51.7, 38.9, 34.6, 34.6, 34.4, 25.6, 21.3, 15.8. FT-IR (cm', neat, ATR): 2950,
2923, 1759, 1503, 1489, 1368, 1196, 1017, 754. HRMS (ESI) calcd for Ca3Hzs0, [M+H]':

333.1855, found 333.1852.

Ph

L
o
AcO

4-(1-(1-Methylcyclohex-3-en-1-yl)-4-phenylbut-3-yn-2-yl)phenyl Acetate, 4c (50 mg, 46%,
isolated as an inseparable 1:1 diastereomeric mixture) was prepared following GPI. The product
was obtained as a colorless oil. "H NMR (400 MHz, CDCl3) § 7.41 (ddt, J = 6.6, 4.0, 2.1 Hz,
4H), 7.29 (dd, J = 5.1, 2.0 Hz, 3H), 7.07 — 7.02 (m, 2H), 5.72 — 5.55 (m, 2H), 3.96 — 3.88 (m,
1H), 2.30 (s, 3H), 2.24 — 2.12 (m, 1H), 2.10 — 1.80 (m, 4H), 1.72 — 1.64 (m, 1H), 1.64 — 1.57 (m,
1H), 1.57 — 1.45 (m, 1H), 1.13 (d, J = 7.4 Hz, 3H). Diastereomer 1: *C NMR (101 MHz,
CDClL) 6 169.7, 149.3, 141.8, 131.5 (2C), 128.5 (20), 128.4 (2C), 127.9, 125.8, 125.5, 124.0,
121.7 (2C), 93.1, 83.4, 50.5, 38.2, 33.8, 33.7, 32.4, 25.3, 22.9, 21.3. Diastereomer 2: *C NMR
(101 MHz, CDClL) & 169.7, 149.3, 141.8, 131.5 (2C), 128.5 (2C), 128.4 (2C), 127.9, 126.3,
125.9, 124.0, 121.7 (2C), 93.1, 83.6, 50.4, 37.9, 34.1, 33.6, 32.3, 25.3, 22.8, 21.3. FT-IR (cm’,
neat, ATR): 2915, 1759, 1503, 1490, 1368, 1197, 1165, 1017. HRMS (ESI) calcd for CysH270:

[M+H]": 359.2011, found 359.2008.
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Ph

| | NBoc

tert-Butyl 4-(2-(4-Fluorophenyl)-4-phenylbut-3-yn-1-yl)-4-methylpiperidine-1-carboxylate,
4d (75.2 mg, 60%) was prepared following GPI. The product was obtained as a colorless oil. "H
NMR (400 MHz, CDCls) 6 7.42 — 7.34 (m, 4H), 7.33 — 7.27 (m, 3H), 7.08 — 6.96 (m, 2H), 3.91
(dd, /= 10.1, 3.5 Hz, 1H), 3.62 (dd, J = 13.2, 6.3 Hz, 1H), 3.56 — 3.46 (m, 1H), 3.35 — 3.23 (m,
2H), 2.06 (dd, J = 14.0, 10.1 Hz, 1H), 1.76 — 1.67 (m, 1H), 1.61 (dd, J = 14.0, 3.5 Hz, 1H), 1.55 —
1.33 (m, 12H), 1.17 (s, 3H). *C NMR (101 MHz, CDCl3) & 163.0, 160.5, 155.1, 139.5 (2C),
131.5, 128.9 (20), 128.4, 128.1, 123.6, 115.7, 115.5, 92.5, 83.8, 79.4, 50.7, 39.9, 37.6, 37.0, 33.2,
32.5,29.8, 28.6 (3C), 24.2. ’F NMR (377 MHz, CDCl;) § -116.34. FT-IR (cm ™', neat, ATR):
2925, 1684, 1506, 1422, 1364, 1248, 1222, 1156, 755. HRMS (ESI) calcd for CHasFN [M-
Boc+2H]": 322.1971, found 322.1971.

Ph

AcO

4-(1-((3r,5r,7r)-Adamantan-1-yl)-4-phenylbut-3-yn-2-yl)phenyl Acetate, 4e (84 mg, 70%)
was prepared following GPI. The product was obtained as a colorless oil. 'H NMR (400 MHz,
CDCl) 6 7.42 (dt, J = 6.6, 2.3 Hz, 4H), 7.33 — 7.26 (m, 3H), 7.05 (d, J = 8.2 Hz, 2H), 3.93 (dd, J
=10.2, 3.1 Hz, 1H), 2.30 (s, 3H), 2.03 — 1.97 (m, 3H), 1.83 (dd, J = 14.0, 10.1 Hz, 1H), 1.78 —
1.62 (m, 12H), 1.50 (dd, J = 13.9, 3.1 Hz, 1H). ®C NMR (101 MHz, CDCls) & 169.7, 149.2,

142.0, 131.5 (2C), 128.5 (2C), 128.3 (20), 127.8, 124.1, 121.6 (2C), 93.4, 83.4, 54.2, 42.8 (30),
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37.2 (3C), 33.4, 32.5, 28.9 (3C), 21.3. FT-IR (cm ', neat, ATR): 2899, 2845, 1760, 1502, 1489,

1199, 1166, 755. HRMS (ESI) calcd for C2sH30, [M+H]": 399.2324, found 399.2318.

Ph

Me Me

Me

AcO

4-(5,5-Dimethyl-1-phenylhex-1-yn-3-yl)phenyl Acetate, 4f (64 mg, 66%) was prepared
following GP1. The product was obtained as a colorless oil. "H NMR (400 MHz, CDCls) & 7.46
— 7.38 (m, 4H), 7.33 — 7.26 (m, 3H), 7.06 (d, J = 8.5 Hz, 2H), 3.89 (dd, J = 10.2, 3.4 Hz, 1H),
2.30 (s, 3H), 1.93 (dd, J = 13.8, 10.2 Hz, 1H), 1.65 (dd, J = 13.8, 3.4 Hz, 1H), 1.08 (s, 9H). *C
NMR (101 MHz, CDCl3) 6 169.7, 149.3, 141.8, 131.5 (2C), 128.5 (2C), 128.3 (2C), 127.8, 124.0,
121.7 (2C), 93.1, 83.6, 53.1, 34.5, 31.5, 30.0 (3C), 21.3. FT-IR (cm', neat, ATR): 2954, 2866,
1762, 1692, 1599, 1504, 1490, 1476, 1367, 1199, 1166, 1103, 1018. HRMS (EI) calcd for
CyHa50, [M+H]™: 321.1855, found 321.1854.

Ph

Me Me
Cl

AcO

4-(6-Chloro-5,5-dimethyl-1-phenylhex-1-yn-3-yl)phenyl Acetate, 4g (64 mg, 60%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.48 — 7.41 (m, 4H), 7.35 — 7.28 (m, 3H), 7.07 (d, J = 8.5 Hz, 2H), 3.92 (dd, J = 10.8,
3.5 Hz, 1H), 3.65 — 3.53 (m, 2H), 2.31 (s, 3H), 2.02 (dd, J = 14.1, 10.8 Hz, 1H), 1.79 (dd, J =
14.1, 3.5 Hz, 1H), 1.19 (d, J = 1.9 Hz, 6H). *C NMR (101 MHz, CDCl;) & 169.6, 149.5, 140.9,

131.6 (20), 128.5 (2C), 128.4 (2C), 128.1, 123.6, 121.8 (2C), 91.9, 84.1, 55.3, 47.9, 36.2, 34.0,
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26.1, 25.9, 21.3. FT-IR (cm’', neat, ATR): 2963, 1760, 1598, 1504, 1490, 1470, 1443, 1387,

1368, 1200, 1167, 1018. HRMS (EI) caled for C2,H24Cl0, [M+H]': 354.1387, found 354.1404.

Ph
| | Me Me Me
(e}
AcO
Me

4-(8-(2,5-Dimethylphenoxy)-5,5-dimethyl-1-phenyloct-1-yn-3-yl)phenyl Acetate, 4h (108 mg,
77%) was prepared following GPI. The product was obtained as a colorless oil. "H NMR (400
MHz, CDCl3) 6 7.50 — 7.40 (m, 4H), 7.28 (dd, /= 5.2, 2.0 Hz, 3H), 7.09 (d, J = 8.6 Hz, 2H), 7.04
(d, J=7.4 Hz, 1H), 6.69 (d, J = 6.8 Hz, 1H), 6.62 (s, 1H), 4.00 — 3.88 (m, 3H), 2.33 (d, /= 3.7
Hz, 6H), 2.23 (s, 3H), 2.02 (dd, J = 13.9, 10.3 Hz, 1H), 1.96 — 1.74 (m, 2H), 1.70 (dd, J = 14.0,
3.3 Hz, 1H), 1.65 — 1.57 (m, 2H), 1.14 (s, 6H). *C NMR (101 MHz, CDCl3) § 169.7, 157.2,
149.3, 141.7, 136.5, 131.5 (2C), 130.4, 128.5 (2C), 128.3 (2C), 127.9, 123.9, 123.7, 121.7 (2C),
120.7, 112.1, 92.9, 83.5, 68.6, 50.8, 38.4, 34.0, 33.7, 27.9, 27.9, 24.5, 21.5, 21.3, 16.0. FT-IR
(cm™, neat, ATR): 2954, 2869, 1762, 1585, 1507, 1490, 1471, 1443, 1415, 1389, 1368, 1265,
1200, 1166, 1130, 1018. HRMS (EI) caled for C3:H37,03 [M+H]": 496.2743, found 496.2751.

Ph

AcO

4-(1-Cyclohexyl-4-phenylbut-3-yn-2-yl)phenyl Acetate, 4i (42 mg, 40%) was prepared
following GP1. The product was obtained as a colorless oil. "H NMR (400 MHz, CDCls) & 7.49
—7.41 (m, 4H), 7.32 (dd, J=5.2, 2.0 Hz, 3H), 7.11 — 7.04 (m, 2H), 3.95 (dd, /= 9.8, 5.2 Hz, 1H),

233 (s,3H), 1.92 (d, J=12.8 Hz, 1H), 1.84 — 1.57 (m, 7H), 1.37 - 1.17 (m, 3H), 1.06 — 0.91 (m,
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2H). ®C NMR (101 MHz, CDCl3) 8 169.7, 149.4, 140.5, 131.8 (2C), 128.5 (2C), 128.3 (2C),
127.9, 123.9, 121.6 (2C), 91.7, 83.3, 46.7, 35.7, 35.3, 33.9, 32.7, 26.8, 26.4, 26.3, 21.3. FT-IR
(cm™', neat, ATR): 2921, 2849, 1759, 1503, 1490, 1447, 1368, 1196, 1165. HRMS (EI) calcd for

C24H2602 [M]": 346.1933, found 346.1917.

Me
AcO

4-(1-(1-Methylcyclohexyl)pent-4-en-2-yl)phenyl Acetate, 4j (47 mg, 53%) was prepared
following GP1. The product was obtained as a colorless oil. "H NMR (400 MHz, CDCl) & 7.17
(d, J = 8.6 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 5.60 (ddt, J = 17.1, 10.1, 7.0 Hz, 1H), 4.98 — 4.87
(m, 2H), 2.74 (qd, J=17.5, 3.3 Hz, 1H), 2.27 (s, 3H), 1.69 (dd, J = 14.2, 8.6 Hz, 1H), 1.60 (dd, J =
14.2, 3.4 Hz, 1H), 1.49 — 1.32 (m, 4H), 1.32 — 1.18 (m, 6H), 1.06 — 1.01 (m, 2H), 0.74 (s, 3H).
3C NMR (101 MHz, CDCl3) § 169.6, 148.7, 145.2, 137.3, 128.7 (2C), 121.2 (2C), 116.1, 48.1,
44.4, 41.2, 38.6, 38.5, 33.8, 26.5, 25.5, 22.2, 22.0, 21.3. FT-IR (cm', neat, ATR): 2923, 2849,
1766, 1640, 1606, 1507, 1446, 1368, 1198, 1166, 1100, 1017. HRMS (EI) calcd for C>0H2302Na

[M+Na]": 323.1982, found 323.1978.

OMe

Me Me

l Cl
AcO

4-(6-Chloro-1-(4-methoxyphenyl)-5,5-dimethylhex-1-yn-3-yl)phenyl Acetate, 4k (94 mg,

81%) was prepared following GPI. The product was obtained as a colorless oil. '"H NMR (400
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MHz, CDCl;) & 7.44 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H), 7.06 (d, J = 8.6 Hz, 2H), 6.84
(d, J = 8.8 Hz, 2H), 3.89 (dd, J = 10.8, 3.5 Hz, 1H), 3.80 (s, 3H), 3.67 — 3.53 (m, 2H), 2.30 (s,
3H), 1.99 (dd, J = 14.1, 10.8 Hz, 1H), 1.77 (dd, J = 14.1, 3.5 Hz, 1H), 1.17 (d, J = 3.1 Hz, 6H).
13C NMR (101 MHz, CDCL) & 169.7, 159.5, 149.4, 141.2, 132.9 (2C), 128.5 (2C), 121.7 (2C),
115.8, 114.0 (2C), 90.3, 83.9, 55.4, 55.4, 47.9, 36.2, 34.0, 26.2, 25.9, 21.3. FT-IR (cm™', neat,
ATR): 2961, 1758, 1605, 1508, 1466, 1442, 1368, 1290, 1246, 1195, 1165, 1105, 1030, 1018.

HRMS (EI) caled for C23Hz6Cl03 [M+H]": 385.1570, found 385.1555.

L0
Dl
AcO

4-(1-(1-Methylcyclohexyl)-4-(naphthalen-1-yl)but-3-yn-2-yl)phenyl Acetate, 41 (56 mg, 45%)
was prepared following GPI. The product was obtained as a colorless oil. 'H NMR (400 MHz,
CDCl) 6 8.32 (d, J= 8.0 Hz, 1H), 7.84 (dd, /= 7.9, 1.6 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.64
(dd, J=7.2, 1.2 Hz, 1H), 7.57 — 7.48 (m, 4H), 7.41 (dd, /= 8.3, 7.1 Hz, 1H), 7.09 (d, J = 8.5 Hz,
2H), 4.07 (dd, J = 10.1, 3.2 Hz, 1H), 2.31 (s, 3H), 2.13 (dd, J = 14.0, 10.1 Hz, 1H), 1.73 (dd, J =
14.0, 3.2 Hz, 1H), 1.69 — 1.54 (m, 2H), 1.52 — 1.37 (m, 8H), 1.17 (s, 3H). *C NMR (101 MHz,
CDCl) 6 169.7, 149.3, 142.2, 133.6, 133.3, 130.2, 128.5 (2C), 128.3, 128.2, 126.7, 126.4, 126.4,
125.4, 121.8 (2C), 121.7, 98.2, 81.6, 51.5, 38.5, 38.3, 33.9, 33.8, 26.5, 25.8, 22.2 (2C), 21.3. FT-
IR (cm™', neat, ATR): 2923, 2850, 1760, 1504, 1454, 1396, 1368, 1265, 1196, 1165, 1017.

HRMS (EI) caled for CooH310, [M+H]": 411.2324, found 411.2325.
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AcO

4-(1-(1-Methylcyclohexyl)pent-3-yn-2-yl)phenyl Acetate, 4m (49.3 mg, 55%) was prepared
following GP1. The product was obtained as a colorless oil. "H NMR (400 MHz, CDCl;) & 7.38
—7.29 (m, 2H), 7.05 — 6.96 (m, 2H), 3.62 (dt, /= 9.5, 3.0 Hz, 1H), 2.29 (s, 3H), 1.89 — 1.83 (m,
1H), 1.81 (d, J = 2.4 Hz, 3H), 1.56 — 1.38 (m, 7H), 1.38 — 1.22 (m, 4H), 1.01 (s, 3H). ®C NMR
(101 MHz, CDCl;) 6 169.7, 149.1, 142.8, 128.4 (2C), 121.5 (2C), 82.6, 78.4, 51.1, 38.4, 38.2,
33.8, 32.9, 26.6, 25.7, 22.2, 22.1, 21.3, 3.8. FT-IR (cm’, neat, ATR): ¥ = 2922, 2858, 1762,
1504, 1368, 1200, 1165, 1018, 911. HRMS (ESI) calcd for C2H»70, [M+H]": 299.2011, found

299.2010.

Me
AcO

4-(4-Cyclohexyl-1-(1-methylcyclohexyl)but-3-yn-2-yl)phenyl Acetate, 4n (52 mg, 48%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) & 7.35 (d, J = 8.5 Hz, 2H), 7.01 (d, J = 8.5 Hz, 2H), 3.66 (dt, /= 10.2, 2.6 Hz, 1H), 2.43 —
2.32 (m, 1H), 2.29 (s, 3H), 1.89 — 1.76 (m, 3H), 1.74 — 1.66 (m, 2H), 1.59 — 1.48 (m, 3H), 1.48 —
1.27 (m, 14H), 1.05 (s, 3H). *C NMR (101 MHz, CDCl3) & 169.7, 149.0, 143.0, 128.4 (2C),
121.4 (2C), 87.5, 83.1, 51.4, 38.5, 38.1, 33.8, 33.0 (2C), 32.8, 29.4, 26.6, 26.1, 25.9, 25.1, 22.2
(3C), 21.3. FT-IR (cm', neat, ATR): 2925, 2854, 1762, 1675, 1599, 1504, 1449, 1368, 1194,

1164, 1103, 1045, 1011. HRMS (EI) calcd for CosH3sO2 [M+H]": 367.2637, found 367.2655.
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AcO

4-(1-(1-Methylcyclohexyl)dodec-3-yn-2-yl)phenyl Acetate, 40 (56 mg, 47%) was prepared
following GP1. The product was obtained as a colorless oil. "H NMR (400 MHz, CDCl;) § 7.34
(d, /= 8.5 Hz, 2H), 7.01 (d, J = 8.6 Hz, 2H), 3.64 (dd, J = 10.1, 2.8 Hz, 1H), 2.29 (s, 3H), 2.18
(td, /= 7.0, 2.2 Hz, 2H), 1.85 (dd, J = 13.9, 10.0 Hz, 1H), 1.56 — 1.47 (m, SH), 1.45 — 1.26 (m,
18H), 1.03 (s, 3H), 0.92 — 0.85 (m, 3H). *C NMR (101 MHz, CDCl3) § 169.7, 149.1, 142.9,
128.4 (2C), 121.5 (2C), 83.3 (20), 51.3, 38.4, 38.2, 33.8, 32.9, 32.0, 29.4, 29.3, 29.1, 29.0, 26.6,
25.8,22.8,22.2,22.2,21.3,19.0, 14.3. FT-IR (cm', neat, ATR): 2924, 2855, 1763, 1675, 1599,
1504, 1454, 1369, 1277, 1194, 1164, 1103, 1044, 1011. HRMS (EI) calcd for C27H410, [M+H]":

397.3107, found 397.3094.

Me

Me
AcO

(E)-4-(1-(1-Methylcyclohexyl)pent-3-en-2-yl)phenyl Acetate, 4p (33 mg, 36%) was prepared
following GP1. The product was obtained as a colorless oil. "H NMR (400 MHz, CDCl5) & 7.18
(d, J = 8.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 5.56 (ddd, J = 15.2, 8.2, 1.6 Hz, 1H), 5.41 — 5.29
(m, 1H), 3.40 (q, /= 6.9 Hz, 1H), 2.28 (s, 3H), 1.67 (d, /= 6.4 Hz, 2H), 1.62 (dd, /= 6.4, 1.6 Hz,
3H), 1.45 — 1.32 (m, 5H), 1.31 — 1.22 (m, 3H), 1.21 — 1.08 (m, 2H), 0.84 (s, 3H). *C NMR (101
MHz, CDCL) 6 169.7, 148.6, 145.1, 137.5, 128.5 (2C), 123.8, 121.4 (2C), 48.6, 44.6, 38.7, 38.6,

33.9, 26.6, 25.6, 22.1 (2C), 21.3, 18.0. FT-IR (cm', neat, ATR): 2922, 2853, 1766, 1605, 1505,
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1451, 1368, 1197, 1166, 1100, 1044, 1017. HRMS (EI) caled for CoH200> [M+H]": 301.2168,

found 301.2177.

Me
AcO

(Z2)-4-(1-(1-Methylcyclohexyl)pent-3-en-2-yl)phenyl Acetate, 4q (31 mg, 34%) was prepared
following GPI. The product was obtained as a colorless oil. ""H NMR (400 MHz, CDCl3) § 7.21
(d, J= 8.5 Hz, 2H), 6.98 (d, J= 8.6 Hz, 2H), 5.62 — 5.53 (m, 1H), 5.41 — 5.30 (m, 1H), 3.76 (dt, J
=9.7, 6.4 Hz, 1H), 2.28 (s, 3H), 1.69 — 1.64 (m, 5H), 1.45 — 1.36 (m, 5H), 1.31 — 1.19 (m, 5H),
0.89 (s, 3H). *C NMR (101 MHz, CDCl3) § 169.7, 148.6, 145.4, 136.9, 128.2 (2C), 122.0, 121.5
(2C), 49.8, 38.7, 38.6, 38.5, 33.9, 26.6, 25.6, 22.2 (2C), 21.3, 13.2. FT-IR (cm', neat, ATR):
2923, 2858, 1765, 1505, 1449, 1399, 1368, 1196, 1166, 1100, 1017. HRMS (EI) calcd for

C20H200, [M+H]": 301.2168, found 301.2174.

Me

J
e
SR
AcO
(E)-4-(1-(1-Methylcyclohexyl)-4-(p-tolyl)but-3-en-2-yl)phenyl Acetate, 4r (73 mg, 65%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.32 - 7.27 (m, 2H), 7.26 — 7.22 (m, 2H), 7.12 (d, J= 7.9 Hz, 2H), 7.07 — 7.02 (m, 2H),
6.37 — 6.24 (m, 2H), 3.65 (q, /= 6.4 Hz, 1H), 2.34 (s, 3H), 2.31 (s, 3H), 1.90 — 1.77 (m, 2H), 1.54

—1.18 (m, 10H), 0.93 (s, 3H). *C NMR (101 MHz, CDCl5) § 169.7, 148.8, 144.4, 136.8, 135.3,

135.0, 129.3 (2C), 128.6 (3C), 126.1 (2C), 121.5 (2C), 48.7, 44.8, 38.7, 38.6, 34.0, 26.5, 25.7,
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22.2 (2C), 21.3 (2C). FT-IR (cm’, neat, ATR): 2922, 2853, 1765, 1504, 1452, 1367, 1199.

HRMS (EI) caled for C2H3,0, [M]": 376.2402, found 376.2385.

[\
o__0O

Me
AcO

4-(2-(1-Methylcyclohexyl)-1-(1,4-dioxaspiro[4.5]dec-7-en-8-yl)ethyl)phenyl Acetate, 4s (45
mg, 38%) was prepared following GPI. The product was obtained as a colorless oil. '"H NMR
(400 MHz, CDCls) 6 7.20 (d, J = 8.4 Hz, 2H), 6.97 (d, J = 8.0 Hz, 2H), 5.58 (s, 1H), 3.96 — 3.83
(m, 4H), 3.35 (t, /= 6.4 Hz, 1H), 2.27 (s, 3H), 2.22 (s, 2H), 2.09 (q, /= 16.8 Hz, 2H), 1.77 (d, J =
6.3 Hz, 1H), 1.63 (t, J= 6.6 Hz, 2H), 1.42 — 1.21 (m, 10H), 1.11 (t, /= 5.9 Hz, 1H), 0.79 (s, 3H).
BC NMR (101 MHz, CDCl3) § 169.6, 148.8, 142.9, 139.8, 129.0 (2C), 121.1 (2C), 120.0, 108.7,
64.4 (2C), 47.6, 44.9, 38.7, 38.4, 37.0, 33.8, 30.9, 26.6, 25.0, 24.3, 22.2,22.1, 21.3. FT-IR (cm ™',
neat, ATR): 2923, 1761, 1504, 1448, 1367, 1310, 1199, 1166, 1100, 1059, 1042, 1017. HRMS

(EI) caled for CasH3s04 [M+H]": 399.2535, found 399.2551.

OMe

Sac
AcO

4-(1-(4-Methoxyphenyl)-2-(1-methylcyclohexyl)ethyl)phenyl Acetate, 4t (53 mg, 48%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCls) 6 7.27 (d, J= 8.6 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 8.5 Hz, 2H), 6.81 (d, J =

8.7 Hz, 2H), 4.05 (t, J = 6.6 Hz, 1H), 3.77 (s, 3H), 2.26 (s, 3H), 2.07 (qd, J = 14.2, 6.6 Hz, 2H),
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1.44 — 1.32 (m, 5H), 1.27 — 1.15 (m, 5H), 0.79 (s, 3H). *C NMR (101 MHz, CDCl;) & 169.6,
157.9, 148.7, 145.2, 138.8, 128.8 (2C), 128.6 (2C), 121.4 (2C), 113.9 (2C), 55.3, 48.6, 46.0, 38.6
(2C), 34.0, 26.5, 25.4,22.1,22.1, 21.3. FT-IR (cm™', neat, ATR): 2923, 2848, 1761, 1609, 1504,
1462, 1368, 1301, 1247, 1198, 1166, 1110, 1037, 1017. HRMS (EI) calcd for C24H3,05 [M+H]'":

367.2273, found 367.2280.

OEt

SR
AcO

4-(1-(4-Ethoxyphenyl)-2-(1-methylcyclohexyl)ethyl)phenyl Acetate, 4u (70 mg, 61%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.26 (d, J = 8.5 Hz, 2H), 7.18 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 8.6 Hz, 2H), 6.79 (d, J =
8.7 Hz, 2H), 4.04 (t, J = 6.6 Hz, 1H), 3.99 (q, J = 7.0 Hz, 2H), 2.26 (s, 3H), 2.15 — 1.97 (m, 2H),
1.45 — 1.30 (m, 8H), 1.29 — 1.16 (m, 5H), 0.78 (s, 3H). *C NMR (101 MHz, CDCl3) § 169.6,
157.3, 148.7, 145.2, 138.7, 128.8 (2C), 128.7 (2C), 121.4 (2C), 114.5 (2C), 63.5, 48.7, 46.0, 38.7
(20), 34.0, 26.5, 25.4,22.2, 22.1, 21.3, 15.0. FT-IR (cm™', neat, ATR): 2923, 1761, 1610, 1504,
1478, 1445, 1368, 1244, 1197, 1166, 1116, 1047, 1017. HRMS (EI) calcd for C2sH3303 [M+H]":

381.2430, found 381.2421.
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4-(2-(1-Methylcyclohexyl)-1-(4-propoxyphenyl)ethyl)phenyl Acetate, 4v (59 mg, 50%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDClL) 6 7.27 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.3 Hz, 2H), 6.97 (d, J = 8.2 Hz, 2H), 6.80 (d, J =
8.3 Hz, 2H), 4.04 (t, J = 6.5 Hz, 1H), 3.88 (t, J = 6.5 Hz, 2H), 2.27 (s, 3H), 2.15 — 1.98 (m, 2H),
1.84 — 1.72 (m, 2H), 1.46 — 1.31 (m, 5H), 1.29 — 1.16 (m, 5H), 1.02 (t, J = 7.4 Hz, 3H), 0.79 (s,
3H). ®C NMR (101 MHz, CDCls) & 169.6, 157.4, 148.6, 145.2, 138.6, 128.8 (2C), 128.6 (20),
121.4 (2C), 114.5 (20), 69.6, 48.7, 46.0, 38.6 (2C), 34.0, 26.5, 25.4, 22.8, 22.1 (2C), 21.3, 10.7.

FT-IR (cm™, neat, ATR): 2924, 1761, 1504, 1455, 1368, 1243, 1197, 1166, 1112, 1068, 1048,

1017. HRMS (EI) calcd for Cx6H3s03 [M+H]": 395.2586, found 395.2570.

SMe

SR
AcO

4-(2-(1-Methylcyclohexyl)-1-(4-(methylthio)phenyl)ethyl)phenyl Acetate, 4w (56 mg, 49%)
was prepared following GPI. The product was obtained as a colorless oil. 'H NMR (400 MHz,
CDClL) 6 7.27 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 6.97 (d, J =
8.5 Hz, 2H), 4.05 (t, /= 6.5 Hz, 1H), 2.44 (s, 3H), 2.26 (s, 3H), 2.14 — 1.99 (m, 2H), 1.45 — 1.30
(m, 5H), 1.27 — 1.16 (m, 5H), 0.79 (s, 3H). *C NMR (101 MHz, CDCl;) § 169.6, 148.8, 144.6,

143.8, 135.6, 128.7 (2C), 128.5 (2C), 127.2 (2C), 121.5 (2C), 48.4, 46.4, 38.6 (2C), 34.0, 26.5,
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25.4,22.1(2C), 21.3, 16.3. FT-IR (cm', neat, ATR): 2921, 2847, 1757, 1504, 1492, 1441, 1406,
1367, 1195, 1166, 1094, 1015. HRMS (EI) caled for C4H3,0,S [M+H]": 383.2045, found

383.2044.

NHBoc

Sae
AcO

4-(1-(4-((tert-Butoxycarbonyl)amino)phenyl)-2-(1-methylcyclohexyl)ethyl)phenyl  Acetate,
4x (80 mg, 59%) was prepared following GPI. The product was obtained as a solid. mp = 142 —
144 °C. "H NMR (400 MHz, CDCl5) & 7.25 (d, J = 8.8 Hz, 4H), 7.20 (d, J = 8.7 Hz, 2H), 6.96 (d,
J=28.5Hz, 2H), 6.44 (bs, 1H), 4.04 (dd, /= 7.3, 5.8 Hz, 1H), 2.26 (s, 3H), 2.14 — 1.98 (m, 2H),
1.50 (s, 9H), 1.44 — 1.31 (m, 5H), 1.26 — 1.13 (m, 5H), 0.78 (s, 3H). *C NMR (101 MHz, CDCl)
0 169.6 (2C), 152.9, 148.7, 144.9, 141.3, 136.4, 128.6 (2C), 128.5 (2C), 121.4 (2C), 118.8, 80.5,
48.5, 46.2, 38.6, 38.6, 34.0, 28.5 (3C), 26.5, 25.4, 22.1, 22.1, 21.3. FT-IR (cm', neat, ATR):
2925, 1756, 1725, 1594, 1521, 1504, 1454, 1412, 1392, 1367, 1314, 1218, 1199, 1157, 1052,

1016. HRMS (ESI) calced for CosH37NO4Na [M+Na]": 474.2620, found 474.2609.

Oi-Pr

Me Me

l Cl
AcO

4-(4-Chloro-1-(4-isopropoxyphenyl)-3,3-dimethylbutyl)phenyl Acetate, 4y (57 mg, 49%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,

CDClL) 6 7.28 (d, J = 8.5 Hz, 2H), 7.17 (d, J = 8.7 Hz, 2H), 6.99 (d, J = 8.6 Hz, 2H), 6.80 (d, J =
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8.6 Hz, 2H), 4.53 — 4.44 (m, 1H), 4.00 (t, J = 7.0 Hz, 1H), 3.24 (d, J = 2.5 Hz, 2H), 2.27 (s, 3H),
2.17 (qd, J = 14.4, 7.0 Hz, 2H), 1.31 (d, J = 6.0 Hz, 6H), 0.91 (s, 6H). *C NMR (101 MHz,
CDCL) & 169.6, 156.4, 148.9, 144.0, 137.3, 128.8 (2C), 128.6 (2C), 121.5 (2C), 116.0 (2C), 70.0,
56.1, 46.5, 44.9, 36.3, 26.2, 26.0, 22.2 (2C), 21.3. FT-IR (cm™', neat, ATR): 2975, 2933, 1759,
1609, 1505, 1468, 1384, 1369, 1297, 1243, 1198, 1167, 1118, 1017. HRMS (EI) calcd for

C23H30C103 [M+H]": 389.1883, found 389.1885.

4-(1-(Benzo|d][1,3]dioxol-5-yl)-2-(1-methylcyclohexyl)ethyl)phenyl Acetate, 4z (58 mg, 50%)
was prepared following GPI. The product was obtained as a colorless oil. 'H NMR (400 MHz,
CDCl) 6 7.27 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.2 Hz, 2H), 6.83 — 6.66 (m, 3H), 5.90 (d, /= 3.6
Hz, 2H), 4.01 (t, J = 6.5 Hz, 1H), 2.27 (s, 3H), 2.11 — 1.98 (m, 2H), 1.47 — 1.29 (m, 5H), 1.29 —
1.13 (m, 5H), 0.80 (s, 3H). ®C NMR (101 MHz, CDCl;) § 169.6, 148.8, 147.7, 145.8, 144.8,
140.8, 128.6 (2C), 121.4 (2C), 120.8, 108.3, 108.2, 100.9, 48.5, 46.5, 38.6 (2C), 34.0, 26.5, 25.3,
22.1 (2C), 21.3. FT-IR (cm™', neat, ATR): 2923, 2859, 1761, 1503, 1487, 1440, 1368, 1244,
1197, 1166, 1120, 1097, 1038, 1017. HRMS (EI) calcd for C24H2004 [M+H]": 381.2066, found

381.2078.
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4-(1-(2,3-Dihydrobenzo|b][1,4]dioxin-6-yl)-2-(1-methylcyclohexyl)ethyl)phenyl Acetate, 4aa
(61 mg, 52%) was prepared following GPI. The product was obtained as a white solid. mp = 95
~96 °C. "H NMR (400 MHz, CDCl3) § 7.26 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 8.5 Hz, 2H), 6.79 (s,
1H), 6.74 (s, 2H), 4.21 (s, 4H), 3.97 (t, J = 6.5 Hz, 1H), 2.26 (s, 3H), 2.11 — 1.95 (m, 2H), 1.45 —
1.31 (m, 5H), 1.27 — 1.17 (m, 5H), 0.78 (s, 3H). ®C NMR (101 MHz, CDCl;) & 169.6, 148.7,
144.9, 143.4, 141.8, 140.2, 128.6 (2C), 121.4 (2C), 120.8, 117.2, 116.5, 64.5, 64.4, 48.5, 46.2,
38.6, 38.6, 34.0, 26.5, 25.3, 22.1 (2C), 21.3. FT-IR (cm', neat, ATR): 2925, 1764, 1589, 1504,
1459, 1431, 1369, 1308, 1286, 1258, 1200, 1167, 1126, 1069, 1017. HRMS (EI) calcd for

CysH3104 [M+H]™: 395.2222, found 395.2231.

AcO

4-(1-(Furan-2-yl)-2-(1-methylcyclohexyl)ethyl)phenyl Acetate, 4ab (115 mg, 87%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl3) 6 7.31 — 7.26 (m, 3H), 7.00 (d, J = 8.6 Hz, 2H), 6.26 (d, J = 2.0 Hz, 1H), 6.02 (d, J=3.2
Hz, 1H), 4.11 (dd, J=17.9, 5.4 Hz, 1H), 2.28 (s, 3H), 2.20 (dd, J = 14.1, 7.9 Hz, 1H), 1.82 (dd, J =
14.1, 5.4 Hz, 1H), 1.41 — 1.36 (m, 5H), 1.25 — 1.17 (m, 5H), 0.79 (s, 3H). *C NMR (101 MHz,
CDClL) 6 169.7, 156.6, 150.6, 149.0, 143.0, 128.8 (2C), 121.4 (2C), 106.0, 105.9, 47.1, 40.6,

38.4,38.2,33.7, 26.5, 25.1, 22.1, 21.3, 13.7. FT-IR (cm ', neat, ATR): 2924, 2849, 1765, 1505,
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1449, 1368, 1196, 1166, 1072, 1010. HRMS (EI) calcd for C21H»,03 [M+H]": 327.1960, found

327.1959.

Me
AcO

4-(2-(1-Methylcyclohexyl)-1-(thiophen-2-yl)ethyl)phenyl Acetate, 4ac (40 mg, 39%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDClL) 6 7.30 — 7.24 (m, 2H), 7.22 (dd, J = 5.0, 3.0 Hz, 1H), 7.03 — 6.95 (m, 4H), 4.18 (t, /= 6.5
Hz, 1H), 2.28 (s, 3H), 2.15 — 2.01 (m, 2H), 1.46 — 1.32 (m, 5H), 1.29 — 1.16 (m, 5H), 0.80 (s,
3H). *C NMR (101 MHz, CDCl3) § 169.6, 148.8, 147.6, 144.3, 128.8 (2C), 127.9, 125.5, 121.4
(2C), 120.0, 49.0, 42.3, 38.6, 38.5, 33.9, 26.5, 25.3, 22.1, 22.1, 21.3. FT-IR (cm', neat, ATR):
2922, 2851, 1763, 1504, 1450, 1368, 1196, 1166, 1103, 1017. HRMS (ESI) calcd for C21H270,S

[M+H]": 343.1732, found 343.1735.

Me
AcO

4-(2-(1-Methylcyclohexyl)-1-(5-methylfuran-2-yl)ethyl)phenyl Acetate, 4ad (50 mg, 49%)
was prepared following GPI. The product was obtained as a colorless oil. 'H NMR (400 MHz,
CDCl) 6 7.28 (d, J = 8.6 Hz, 2H), 6.99 (d, J= 8.6 Hz, 2H), 5.88 (d, /= 3.1 Hz, 1H), 5.82 (dd, J =
3.0, 1.2 Hz, 1H), 4.03 (dd, J= 7.8, 5.5 Hz, 1H), 2.28 (s, 3H), 2.24 (s, 3H), 2.17 (dd, /= 14.1, 7.8
Hz, 1H), 1.78 (dd, J = 14.1, 5.5 Hz, 1H), 1.42 — 1.36 (m, 5H), 1.26 — 1.17 (m, 5H), 0.80 (s, 3H).
BC NMR (101 MHz, CDCl3) § 169.7, 156.7, 150.6, 149.0, 143.0, 128.8 (2C), 121.4 (2C), 106.0,
105.9, 49.2, 40.6, 38.4, 38.2, 33.7, 26.5, 24.3, 22.1 (2C), 21.3, 13.7. FT-IR (¢cm’, neat, ATR):
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2924, 2854, 1762, 1605, 1505, 1450, 1369, 1196, 1166, 1102, 1044, 1017. HRMS (EI) calcd for

C2nH2003 [M+H]": 341.2117, found 341.2108.

Ph

I
X
E Me
Pz

(4-(1-Methylcyclohexyl)but-1-yne-1,3-diyl)dibenzene, 4ae (45 mg, 50%) was prepared
following GP1. The product was obtained as a colorless oil. "H NMR (400 MHz, CDCl;) § 7.43
(td, J=17.1, 1.8 Hz, 4H), 7.34 (t, J = 7.6 Hz, 2H), 7.31 — 7.22 (m, 4H), 3.91 (dd, J = 10.1, 3.3 Hz,
1H), 2.04 (dd, J = 14.0, 10.1 Hz, 1H), 1.64 (dd, J = 14.0, 3.3 Hz, 1H), 1.63 — 1.52 (m, 2H), 1.50 —
1.33 (m, 8H), 1.12 (s, 3H). *C NMR (101 MHz, CDCl3) § 144.5, 131.6 (2C), 128.7 (2C), 128.3
(20), 127.7, 127.5 (2C), 126.6, 124.2, 93.6, 83.1, 51.1, 38.5, 38.2, 34.0, 33.9, 26.6, 25.9, 22.2
(20). FT-IR (cm™', neat, ATR): 2923, 2849, 1692, 1673, 1598, 1490, 1450, 1377, 1350, 1318,

1262, 1177, 1071, 1025. HRMS (EI) calcd for Co3Hy7 [M+H]": 303.2113, found 303.2100.

Ph

Me
MeO

1-Methoxy-4-(1-(1-methylcyclohexyl)-4-phenylbut-3-yn-2-yl)benzene, 4af (55 mg, 55%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.42 — 7.38 (m, 2H), 7.33 (d, J = 8.7 Hz, 2H), 7.32 — 7.24 (m, 3H), 6.87 (d, /= 8.7 Hz,
2H), 3.85 (dd, J = 9.5, 2.9 Hz, 1H), 3.80 (s, 3H), 2.00 (dd, J = 13.9, 10.0 Hz, 1H), 1.61 (dd, J =
14.0, 3.5 Hz, 1H), 1.60 — 1.51 (m, 2H), 1.49 — 1.32 (m, 8H), 1.09 (s, 3H). '"H NMR (400 MHz,

CDCl) 6 158.3, 136.7, 131.5 (2C), 128.5 (2C), 128.3 (2C), 127.7, 124.3, 114.1 (2C), 93.9, 83.0,
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55.5, 44.5, 38.5, 38.2, 33.8, 33.1, 26.6, 25.9, 22.2 (2C). FT-IR (cm', neat, ATR): 2925, 2860,
1749, 1726, 1610, 1510, 1490, 1462, 1301, 1250, 1211, 1175, 1118, 1037. HRMS (EI) calcd for

Ca4H200 [M+H]": 332.2140, found 332.2144.

Ph

J/Q

A
| Me
Br Z

1-Bromo-4-(1-(1-methylcyclohexyl)-4-phenylbut-3-yn-2-yl)benzene, 4ag (41.4 mg, 45%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.49 — 7.43 (m, 2H), 7.41 (dd, J = 6.6, 3.1 Hz, 2H), 7.34 — 7.27 (m, 5H), 3.87 (dd, J =
10.0, 3.4 Hz, 1H), 2.01 (dd, J = 13.9, 10.0 Hz, 1H), 1.64 — 1.30 (m, 11H), 1.10 (s, 3H). *C NMR
(101 MHz, CDCl;) ¢ 143.5, 131.8 (2C), 131.5 (2C), 129.3 (2C), 128.4 (2C), 127.9, 123.9, 120.3,
92.8, 83.5, 51.0, 38.5, 38.2, 33.9, 33.5, 26.5, 25.8, 22.2 (2C). FT-IR (cm ', neat, ATR): 2923,
2848, 1597, 1486, 1071, 1011, 754. HRMS (EI) caled for C,3HasBr [M]": 380.1140, found

380.1144.

Ph

Me Me
| N cl
=
2-(6-Chloro-5,5-dimethyl-1-phenylhex-1-yn-3-yl)naphthalene, 4ah (49 mg, 47%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl3) 6 6 7.92 — 7.80 (m, 4H), 7.57 (d, J = 8.5 Hz, 1H), 7.53 — 7.42 (m, 4H), 7.37 — 7.29 (m,

3H), 4.09 (dd, J = 10.5, 3.7 Hz, 1H), 3.62 (q, J = 10.8 Hz, 2H), 2.13 (dd, J = 14.1, 10.5 Hz, 1H),

1.91 (dd, J = 14.1, 3.7 Hz, 1H), 1.22 (d, J = 5.0 Hz, 6H). *C NMR (101 MHz, CDCl3) & 140.7,
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133.7, 132.6, 131.6 (2C), 128.6, 128.4 (2), 128.1, 127.9, 127.8, 126.3, 126.0, 125.8, 125.8, 123.8,
92.2, 84.2, 55.5,47.7, 36.3, 34.7, 26.2, 25.9. FT-IR (cm ', neat, ATR): 2961, 1598, 1507, 1490,
1468, 1442, 1387, 1367, 1265. HRMS (EI) calcd for C4HxCl [M+H]": 347.1567, found

347.1557.

Ph

X Cl

_
Me
1,4-Dimethyl-2-(1-(1-methylcyclohexyl)-4-phenylbut-3-yn-2-yl)benzene, 4ai (55 mg, 55%)
was prepared following GPI. The product was obtained as a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 7.46 — 7.39 (m, 3H), 7.34 —7.26 (m, 3H), 7.06 (d, /= 7.6 Hz, 1H), 6.98 (dd, J="7.7, 1.9
Hz, 1H), 4.10 (dd, J = 10.7, 2.8 Hz, 1H), 2.39 (s, 3H), 2.36 (s, 3H), 2.34 (d, /= 5.6 Hz, 1H), 2.04
(dd, J=13.9, 10.7 Hz, 1H), 1.71 — 1.59 (m, 2H), 1.54 — 1.45 (m, 6H), 1.45 — 1.37 (m, 2H), 1.17
(s, 3H). *C NMR (101 MHz, CDCl3) § 142.3, 136.0, 131.5 (2C), 131.2, 130.6, 128.7, 128.3
(2C), 127.6, 127.3, 124.4, 94.1, 82.4, 49.6, 38.8, 38.1, 34.0, 30.3, 26.6, 25.7, 22.3 (2C), 21.3,
19.2. FT-IR (cm ™, neat, ATR): 2924, 2861, 1598, 1502, 1490, 1443, 1378, 1156, 1069. HRMS

(EI) caled for CosHsi [M+H]™: 330.2348, found 330.2349.
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4-(1-(4-Isopropoxyphenyl)-2-(1-methylcyclohexyl)ethyl)phenyl 3-Phenylpropanoate, 4aj (65
mg, 45%) was prepared following GPI. The product was obtained as a colorless oil. '"H NMR
(400 MHz, CDCl3) 6 7.36 — 7.30 (m, 2H), 7.31 — 7.20 (m, 5H), 7.17 (d, J = 8.7 Hz, 2H), 6.91 (d, J
= 8.5 Hz, 2H), 6.79 (d, J= 8.7 Hz, 2H), 4.54 — 4.44 (m, 1H), 4.03 (t, /= 6.5 Hz, 1H), 3.07 (t, J =
7.7 Hz, 2H), 2.87 (t, J = 7.7 Hz, 2H), 2.13 — 1.99 (m, 2H), 1.47 — 1.33 (m, 5H), 1.32 (dd, J = 6.0,
1.3 Hz, 6H), 1.26 — 1.14 (m, 5H), 0.79 (s, 3H). *C NMR (101 MHz, CDCl3) § 171.6, 156.2,
148.6, 145.2, 140.3, 138.7, 128.8 (2C), 128.7(4C), 128.5 (20C), 126.5, 121.3 (2C), 115.9 (20),
70.0, 48.6, 46.0, 44.6, 38.6, 36.1, 34.0, 31.1, 29.9, 26.5, 25.4,22.3,22.2,22.1. FT-IR (¢cm ', neat,
ATR): 3029, 2974, 2924, 2860, 1758, 1608, 1504, 1454, 1372, 1297, 1243, 1203, 1167, 1129,

1077, 1017. HRMS (ESI) calced for C33H403Na[M+Na]": 507.2875, found 507.2886.

o) A
@ e
= o NF
\_0

4-(1-(Benzo|d][1,3]dioxol-5-yl)-2-(1-methylcyclohexyl)ethyl)phenyl furan-2-carboxylate, 4ak
(63 mg, 48%) was prepared following GPI. The product was obtained as a white solid. mp = 75
—77°C. "H NMR (400 MHz, CDCl3) § 7.68 — 7.63 (m, 1H), 7.37 — 7.29 (m, 3H), 7.11 (d, J = 8.6
Hz, 2H), 6.82 — 6.68 (m, 3H), 6.57 (dd, J=3.5, 1.8 Hz, 1H), 5.90 (d, /= 2.4 Hz, 2H), 4.03 (t, J =

6.5 Hz, 1H), 2.11 — 2.01 (m, 2H), 1.46 — 1.34 (m, 5H), 1.29 — 1.18 (m, 5H), 0.80 (s, 3H). *C
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NMR (101 MHz, CDCL) 6 157.1, 148.3, 147.8, 147.2, 145.8, 145.1, 144.2, 140.7, 128.7 (2C),
121.5 (2C), 120.8, 119.4, 112.3, 108.4, 108.3, 101.0, 48.5, 46.6, 38.6 (2C), 34.0, 26.5, 25.3, 22.1
(2C). FT-IR (cm', neat, ATR): 2924, 2859, 1740, 1503, 1486, 1471, 1441, 1392, 1293, 1245,
1231, 1203, 1174, 1089, 1070, 1040, 1015. HRMS (ESI) calcd for C7;H230sNa [M+Na]':

455.1834, found 455.1835.

N

o
4-(1-(Benzo|d][1,3]dioxol-5-yl)-2-(1-methylcyclohexyl)ethyl)phenyl Morpholine-4-
carboxylate, 4al (92 mg, 68%) was prepared following GPI. The product was obtained as a
white solid. mp = 103 — 105 °C. "H NMR (400 MHz, CDCl3) § 7.27 (d, J = 8.0 Hz, 2H), 7.02 (d,
J=8.2 Hz, 2H), 6.84 — 6.66 (m, 3H), 5.90 (d, J=3.7 Hz, 2H), 4.02 (t, /= 6.5 Hz, 1H), 3.74 (t, J
= 4.7 Hz, 4H), 3.61 (d, J = 30.7 Hz, 4H), 2.05 (d, J = 6.5 Hz, 2H), 1.47 — 1.33 (m, 5H), 1.30 —
1.18 (m, 5H), 0.80 (s, 3H). ®C NMR (101 MHz, CDCls) § 153.9, 149.3, 147.7, 145.7, 144.3,
140.9, 128.5 (2C), 121.5 (2C), 120.7, 108.3, 108.2, 100.9, 66.7 (2C), 48.4, 46.5, 44.9, 44.18, 38.6
(20), 34.0, 26.5, 25.3, 22.1 (2C). FT-IR (cm', neat, ATR): 2922, 2858, 1719, 1503, 1487, 1454,
1439, 1420, 1366, 1278, 1241, 1208, 1169, 1117, 1066, 1040, 1017. HRMS (EI) calcd for

C27HasNOs [M+H]": 474.2256, found 474.2259.
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4-(1-(4-Isopropoxyphenyl)-2-(1-methylcyclohexyl)ethyl)phenyl 4-Fluorobenzoate, 4am (65
mg, 46%) was prepared following GPI. The product was obtained as a white solid. mp = 67 — 68
°C.'"H NMR (400 MHz, CDCl;) & 8.20 (dd, J = 8.7, 5.6 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 7.22 —
7.14 (m, 4H), 7.10 (d, J = 8.4 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 4.54 — 4.44 (m, 1H), 4.07 (t, J =
6.5 Hz, 1H), 2.13 — 2.05 (m, 2H), 1.44 — 1.35 (m, 5H), 1.31 (d, J = 6.1 Hz, 6H), 1.28 — 1.17 (m,
5H), 0.81 (s, 3H). F NMR (376 MHz, CDCl;) 6 -104.62. *C NMR (101 MHz, CDCls) § 166.1
(d, Jor = 255.0 Hz), 164.3, 156.1, 148.7, 145.3, 138.6, 132.8 (d, Jc.r = 9.4 Hz, 2C), 128.7 (4C),
126.0 (d, Jc.r =2.9 Hz), 121.3 (2C), 115.83 (2C), 115.76 (d, Jc.r = 22.1 Hz, 2C), 69.9, 48.5, 46.0,
38.6 (2C), 33.9, 26.4, 25.3, 22.2, 22.1, 22.0 (2C). FT-IR (cm', neat, ATR): 2975, 2924, 2860,
1739, 1604, 1507, 1452, 1297, 1262, 1242, 1202, 1168, 1154, 1120, 1071, 1015. HRMS (ESI)

calcd for C3;H3sFO3Na [M+Na]": 492.2468, found 492.2463.

(8R,9S,138S,145)-13-Methyl-3-(1-(1-methylcyclohexyl)-4-phenylbut-3-yn-2-yl)-
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopentaja]phenanthren-17-one, 4an (112 mg,

78%, isolated as 1:1 diastereomeric mixture) was prepared following GPI. The product was
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obtained as a colorless oil. 'H NMR (400 MHz, CDCl;) § 7.40 (ddd, J = 6.3, 3.1, 1.4 Hz, 2H),
7.31 —7.25 (m, 4H), 7.20 (ddd, J = 8.2, 3.8, 2.1 Hz, 1H), 7.15 (d, J = 2.2 Hz, 1H), 3.84 (dd, J =
10.4, 3.0 Hz, 1H), 2.94 (dd, J=9.2, 4.2 Hz, 2H), 2.51 (dd, J = 18.7, 8.6 Hz, 1H), 2.46 — 2.37 (m,
1H), 2.31 (td, J=11.1, 4.1 Hz, 1H), 2.21 — 1.90 (m, 5H), 1.71 — 1.27 (m, 17H), 1.11 (s, 3H), 0.91
(s, 3H). ®C NMR (101 MHz, CDCl3) § 142.1, 138.1, 138.0, 136.8 (2C), 131.5, 128.3, 128.0,
127.7, 125.8, 124.9, 124.3, 93.7 (2C), 83.0 (2C), 50.7, 48.2, 44.5, 38.6, 38.3, 38.2, 36.0, 33.9,
33.5 (20), 31.8, 29.7, 29.6, 26.7, 26.6, 25.9, 22.3, 21.8, 14.0. FT-IR (cm ', neat, ATR): 2923,
2856, 1739, 1489, 1453, 755. HRMS (ESI) caled for CssHiO [M+H]": 479.3314, found

479.3308.

Ph

N
I
—

MeO N

2-Methoxy-5-(1-(1-methylcyclohexyl)-4-phenylbut-3-yn-2-yl)pyridine, 4ao (58.3 mg, 58%)
was prepared following GPI. The product was obtained as a colorless oil. 'H NMR (400 MHz,
CDCl) 6 8.18 (d, J = 2.6 Hz, 1H), 7.65 (dd, J = 8.6, 2.5 Hz, 1H), 7.41 — 7.36 (m, 2H), 7.28 (dt, J
=4.7,2.8 Hz, 3H), 6.73 (d, J = 8.5 Hz, 1H), 3.93 (s, 3H), 3.86 (dd, /= 9.8, 3.6 Hz, 1H), 2.01 (dd,
J =140, 9.8 Hz, 1H), 1.63 — 1.50 (m, 3H), 1.49 — 1.31 (m, 8H), 1.09 (s, 3H). *C NMR (101
MHz, CDCL) 6 163.1, 145.4, 138.1, 132.7, 131.5 (2C), 128.4 (2C), 127.9, 123.9, 110.9, 92.8,
83.3, 53.6, 50.9, 38.5, 38.2, 33.9, 30.7, 26.5, 25.8, 22.2 (2C). FT-IR (cm', neat, ATR): 2924,
2847, 1605, 1490, 1391, 1288, 1027, 755. HRMS (ESI) calcd for C23HxsNO [M+H]": 334.2171,

found 334.2175.
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5-(1-(1-Methylcyclohexyl)-4-phenylbut-3-yn-2-yl)benzofuran, 4ap (654 mg, 64%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.64 (dd, J=16.8, 2.0 Hz, 2H), 7.46 (d, J = 8.5 Hz, 1H), 7.41 (dq, J = 5.0, 2.9 Hz, 2H),
7.34 (dd, J = 8.5, 1.9 Hz, 1H), 7.31 — 7.22 (m, 3H), 6.75 (d, J = 2.1 Hz, 1H), 4.00 (dd, J = 10.0,
3.4 Hz, 1H), 2.08 (dd, J = 13.9, 10.0 Hz, 1H), 1.68 (dd, J = 14.0, 3.4 Hz, 1H), 1.63 — 1.54 (m,
2H), 1.51 — 1.30 (m, 8H), 1.12 (s, 3H). ®C NMR (101 MHz, CDCl;) § 154.0, 145.5, 139.2,
131.8, 131.6 (2C), 128.3 (2C), 127.7, 124.2, 124.1, 119.8, 111.5, 106.8, 94.0, 83.1, 51.6, 38.5,
38.2, 33.9 (20), 26.6, 25.9, 22.3 (2C). FT-IR (cm’, neat, ATR): 2924, 2849, 1490, 1466, 1442,

1262, 1109, 1031, 755. HRMS (EI) caled for CosHz60 [M]': 342.1984, found 342.1974.

Ph

Il

SPle

5-(1-(1-Methylcyclohexyl)-4-phenylbut-3-yn-2-yl)benzo[b] thiophene, 4aq (78 mg, 73%) was
prepared following GPI. The product was obtained as a colorless oil. "H NMR (400 MHz,
CDCl) 6 7.89 (d, J = 1.7 Hz, 1H), 7.84 (d, J = 8.3 Hz, 1H), 7.42 (ddd, J = 8.2, 7.1, 3.6 Hz, 4H),
7.35—-7.27 (m, 4H), 4.03 (dd, J = 10.0, 3.3 Hz, 1H), 2.10 (dd, J = 13.9, 10.0 Hz, 1H), 1.70 (dd, J
=14.0, 3.3 Hz, 1H), 1.65 — 1.53 (m, 2H), 1.52 — 1.31 (m, 8H), 1.13 (s, 3H). *C NMR (101 MHz,
CDCls) 6 140.8, 140.1, 138.1, 131.6 (2C), 128.3 (2C), 127.8, 126.9, 124.4, 124.2, 124.0, 122.7,

122.2, 93.7, 83.2, 51.4, 38.5, 38.2, 33.9 (2C), 26.6, 25.9, 22.3 (2C). FT-IR (cm', neat, ATR):

234



2921, 2845, 1597, 1489, 1441, 754, 690. HRMS (ESI) calcd for CasHa7S [M+H]™: 359.1833,

found 359.1826.

N
N =

tert-Butyl 5-(1-(1-Methylcyclohexyl)-4-phenylbut-3-yn-2-yl)-1H-indazole-1-carboxylate, 4ar
(86.4 mg, 65%) was prepared following GPI. The product was obtained as a colorless oil. 'H
NMR (400 MHz, CDCls) & 8.14 (d, J = 7.8 Hz, 2H), 7.80 (d, J = 1.7 Hz, 1H), 7.59 (dd, J = 8.8,
1.7 Hz, 1H), 7.42 (dd, J = 6.7, 2.9 Hz, 2H), 7.33 — 7.27 (m, 3H), 4.04 (dd, J = 9.9, 3.4 Hz, 1H),
2.08 (dd, J=14.0, 9.9 Hz, 1H), 1.73 (s, 9H), 1.67 (dd, J = 14.0, 3.5 Hz, 1H), 1.63 — 1.53 (m, 2H),
1.51 — 1.32 (m, 8H), 1.12 (s, 3H). *C NMR (101 MHz, CDCl;) & 149.3, 140.2, 139.7, 138.8,
131.5 (2C), 129.1, 128.4 (2C), 127.9, 126.3, 123.9, 119.2, 114.9, 93.2, 84.9, 83.5, 51.3, 38.5,
38.2, 33.9, 33.7, 28.3 (3C), 26.5, 25.9, 22.2 (2C). FT-IR (cm', neat, ATR): 2923, 1758, 1734,
1384, 1369, 1350, 1290, 1249, 1162, 1149, 1029. HRMS (EI) calcd for CxH2sN> [M-Boc]:

341.2018, found 341.2032.
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Chapter 6. Photoredox-Catalyzed Multicomponent Alkyl Petasis Reaction with
Organotrifluoroborates*

6.1 Introduction

The disclosure of photochemical radical/polar crossover manifolds for sequential C—C
bond formation providled a general multicomponent blueprint toward 1,2-
dicarbofunctionalizations in the absence of organometal species. In recent years, multicomponent
reactions (MCRs) have emerged as powerful tools to condense three or more partners to deliver
novel structural scaffolds with inherent molecular complexity.' The advantages of MCRs include
the preservation of atom- and step economies, shorter reaction times, and the ability to access
highly diverse chemical space rapidly and efficiently. These integral benefits render MCRs highly
attractive for diversity-oriented synthesis of small molecule libraries in drug discovery,” as well

as in a variety of other useful endeavors.?

Presently, the tool box of a synthetic chemist is composed of many MCRs, including
Mannich,* Biginelli,’ Passerini,’ and Ugi transformations.” As an important representative, the
Petasis reaction® is a pivotal platform by virtue of its generation of amines and amino acid

derivatives with significant activity in biology. The majority of traditional Petasis applications

[13 tE

require adjacent heteroatoms as directing groups to form the key boron “ate” complex
intermediate (Figure 6.1).° This initial complexation is followed by an irreversible, two-electron
nucleophilic addition to an imine or iminium ion intermediate, stemming from a condensation

reaction of the aldehyde and amine. The propensity of the boron “ate” complex to migrate

ot Reproduced in part with permission from J. Yi, S. O. Badir, R. Alam, G. A. Molander, Org. Lett. 2019,
21, 4853-4858. Copyright 2019, American Chemical Society.
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depends on its ability to stabilize negative charge: alkynyl > aryl = alkenyl > alkyl.'’ Thus, the
traditional Petasis reaction is restricted to alkenyl, aryl, alkynyl, allyl, benzyl, and allylic boronic
acid derivatives.*® To harness the full power of photoredox catalysis for sequential bond
formation, the development of a multicomponent Petasis reactions using alkylboron derivatives to

access unprecedented amine-based structural motifs was examined.

A widely utilized approach toward amine synthesis relies on two-electron nucleophilic
additions to imines or iminium ions using strongly nucleophilic organometallic reagents.'' These
transformations, however, rely on harsh reaction conditions that compromise functional group
tolerability, restricting their widespread use in late-stage functionalization of complex molecules.
It is also important to note that the formation of water as a byproduct under a multicomponent
platform would hinder the efficacy of these pyrophoric reagents. In the context of single-electron
transfer (SET) in the multicomponent Petasis reaction, precedent reports require preformed
imines'? or the use of stoichiometric indium as a reductant with limited scope, being restricted to
secondary alkyl iodides.”> Other SET approaches to C=N bond alkylation, including Minisci

reactions, are well documented.'*

Our group, as well as others, recently demonstrated that photoredox catalysis enables the
generation of alkyl radicals from organotrifluoroborates, while maintaining broad functional
group tolerance." Given the robust stability of alkyl radicals to aqueous conditions, a photoredox
approach to a multicomponent Petasis-type reaction would appear feasible. We envisioned that a
suitable photocatalyst in its excited state ([PC]*, II) would initiate the process by oxidizing an
alkyltrifluoroborate IV to the desired alkyl radical V (Figure 6.1), generating BF; as a byproduct.
The radical V could then add to the in sifu condensed imine VIII to form the amine radical cation

IX. A subsequent reduction of IX by the reduced state of the photocatalyst III terminates the
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photocatalytic cycle. The use of trifluoroborates as radical precursors was viewed as critical for
the success of the proposed protocol, because the BFs; Lewis acid generated in the SET process
was anticipated to facilitate the condensation between the aldehyde and the amine, activating the

resultant imine toward radical addition.

Recently, the Doyle'® and Gaunt'” groups reported elegant multicomponent reactions to
access benzhydryl amines as well as tertiary amines, respectively. In a unique transformation, Li
reported a Ru-catalyzed addition of aldehydes to preformed aryl imines, accessing phenylalkyl
amines. The scope of this process was restricted predominantly to benzaldehydes.'® The

multicomponent synthesis of analogous phenylalkyl amines thus remains underexplored.
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Figure 6.1. Mechanistic rationale: SET-based Petasis reaction and phenylalkyl amine bioactive

molecules.
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6.2 Results and Discussion

After a systematic survey of reaction parameters (see the Experimental Section), we were
able to identify suitable reaction conditions. Thus, in exploratory studies, a mixture of methyl 4-
formylbenzoate (1), aniline (2, 1.5 equiv), and potassium cyclohexyltrifluoroborate (3, 1.5 equiv),
was catalyzed by [Ir{dF(CF3)ppy}2(bpy)]PFs (2 mol %, Eix [*Ir'"/Ir'"]=+ 1.32 V vs SCE)" in the
presence of sodium bisulfate (1.0 equiv) in 1,4-dioxane (0.1 M). The desired product 4 was
afforded in 84% isolated yield under irradiation with blue LEDs for 24 h at 1t.”° In expanding the
method (Figure 6.2), diverse secondary alkyltrifluoroborates, including heteroaromatic-based
systems, were found to be amenable substrates in this transformation. In the heteroaromatic
substructures (e.g., 10), no Minisci byproduct was detected. Sterically disfavored tertiary
alkyltrifluoroborates gave excellent yields (12, 13). Primary aliphatic alkyltrifluoroborates, with a
markedly higher oxidation potential (E1,™® = +1.90 V vs. SCE),*! were accommodated under the

reaction conditions (14-16).

Assessing the aldehyde scope (Figure 6.2), halo-substituted benzaldehyde derivatives
whose products are suitable for further processing provided the targets in good yield (25-27). The
reaction is highly chemoselective. In a dicarbonyl substrate, only the aldehyde derivative reacted,
while the ketone remained untouched (24). Electron-donating groups are amenable structural
motifs (32-37). Given that heteroarenes represent prevalent substructures in pharmaceutically
relevant molecules,* a variety of such systems were evaluated and proved to be effective partners
(38-43). Additionally, an unnatural a-amino acid derivative is accessible using glyoxyl aldehyde

instead of a benzaldehyde derivative (44).
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Figure 6.2. Scope of alkyltrifluoroborates, aldehydes and anilines. Reaction conditions: aldehyde
(0.5 mmol), alkyltrifluoroborate (0.75 mmol), aniline (0.75 mmol), [Ir{dF(CF3)ppy}2(bpy)]PFs
(0.01 mmol), NaHSO4 (0.5 mmol) in 1,4-dioxane (5 mL, 0.1 M), 24 h irradiation with blue LEDs

(Amax = 456 nm). Isolated yields are given. “Irradiated with 34 W Kessil lamps.
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Next, we turned our attention to the aniline partner (Figure 6.2) where a wide array of
functional groups was tolerated, such as chloro (45, 46, 49, 50), trifluoromethyl (47), ester (48),
and methoxy (54). The electronic effect on the aniline component was inconspicuous.
Meanwhile, the reactions were not sensitive to steric hindrance at the ortho position of the aniline

(52, 53).

To demonstrate the utility of this protocol for late-stage modification of intricate
molecules, we prepared benzaldehyde derivatives from commercially available drug cores.”* Both
Indomethacin and Fenofibrate were successfully converted to the corresponding products in
excellent yields (55, 56, Figure 6.3 A). Sulfadimethoxine was also elaborated with acceptable

yield, especially considering its high functional group density (57).
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Figure 6.3. Late-stage functionalization of pharmaceutical analogues and modular bioactive

molecule synthesis.
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To highlight the application of this photoredox alkyl Petasis reaction further, we utilized
this method to expedite the synthesis of a key intermediate toward a Pfizer glucagon receptor
modulator (Figure 6.3 B).> The key intermediate (60) was assembled with good yield in one step

using this newly developed, convergent MCR.

Next, a transformation was successfully performed on a larger scale, whereby the desired
product 54 was obtained in 51% yield, in agreement with the small-scale reaction (Figure 6.4). It
is worth indicating that the para-methoxyphenyl (PMP) group of 54 could be readily removed by

ceric ammonium nitrate (CAN) oxidation to release the primary amine (61, Figure 6.4).%°

Large-Scale Reaction

(0] HN PMP

l o~ OMe BF,K standard
+ ‘ | + conditions

MeO A
© HaN MeO
(o}
(e}
1, 3 mmol scale 54,51 %

PMP Group Removal

_PMP
HN NH,
CAN
MeO MeO.
o (0]

54, 0.5 mmol scale 61,75 mg, 61 %

Figure 6.4. Large-scale reaction and removal of the PMP group.

To probe the reaction pathway, we conducted preliminary mechanistic studies. The ring-
opening product was exclusively observed when potassium (cyclopropylmethyl)trifluoroborate
was used as the starting material (Figure 6.5 A). In the presence of the radical scavenger TEMPO
[(2,2,6,6-tetramethylpiperidin-1-yl)oxyl], the reaction was completely inhibited, and a TEMPO
adduct was isolated, as well as the imine (Figure 6.5 B). This is indicative of the involvement of
radical species under this reaction manifold. When the preformed imine was used instead of the

aldehyde/aniline partners, a similar yield was detected (Figure 6.5 C). Furthermore, during the
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course of the reaction, the reductive dimerization byproduct of the imine was not observed.?
Although Stern-Volmer studies indicate no significant quenching of the excited state of the
photocatalyst (E1» [Ir'Y/Tr'™] = - 1.00 V vs SCE)" by the imine intermediate, we cannot rule out
the possibility of direct reduction of the imine (Ei» = - 1.91 V vs SCE)'**?’ by the reduced state
of the photocatalyst (Ei [If'"™/Ir'"] = - 1.37 V vs SCE)."” In particular, variabilities in reaction

concentration and pH levels could exert an impact on redox potential values.?®
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Figure 6.5. Mechanistic studies.

6.3 Conclusion

In summary, a multicomponent alkyl Petasis reaction under photoredox conditions has
been developed. This procedure employs bench stable, commercially available
alkyltrifluoroborates, easily accessible benzaldehydes, and anilines as feedstock. Taking
advantage of the stability of alkyl radicals in water, preformed imines are no longer required,
providing a highly step-efficient process that should be amenable to the industrial setting. Other

favorable factors include the elimination of harsh reaction conditions (elevated temperatures and
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strong organometallic reagents), and the toleration of an exceptional array of functional groups as
well as complex structural scaffolds. The facile diversification inherent in this MCR positions this
technology as being extremely suitable for diversity-oriented synthesis in drug discovery

scenarios.

6.4 Experimental

General Consideration

General: All chemical transformations requiring inert atmospheric conditions were carried out
using Schlenk line techniques with a 4- or 5-port dual-bank manifold. LED irradiation was
accomplished as described in precedent reports.”” NMR spectra ('H, °C, '°F) were obtained at
298 °K. '"H NMR spectra were referenced to residual, CHCl; (8 7.26) in CDCls. *C NMR spectra
were referenced to CDCl; (8 77.30). In the case of diastereomeric mixtures, crude NMR was
recorded to determine the ratio. Reactions were monitored by LC/MS, GC/MS, 'H NMR, and/or
TLC on silica gel plates (60 A porosity, 250 um thickness). TLC analysis was performed using
hexanes/EtOAc as the eluent and visualized using ninhydrin, p-anisaldehyde stain, and/or UV
light. Flash chromatography was accomplished using an automated system (CombiFlash®, UV
detector, A = 254 nm and 280 nm) with RediSep® R¢ silica gel disposable flash columns (60 A
porosity, 40-60 pm) or RediSep Rr Gold® silica gel disposable flash columns (60 A porosity, 20—
40 um). Accurate mass measurement analyses were conducted using electron ionization (EI) or
electrospray ionization (ESI). The signals were mass measured against an internal lock mass
reference of perfluorotributylamine (PFTBA) for EI-GC/MS and leucine enkephalin for ESI-
LC/MS. The utilized software calibrates the instruments and reports measurements by use of

neutral atomic masses. The mass of the electron is not included. IR spectra were recorded on an
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FT-IR using either neat oil or solid products. Solvents were purified with drying cartridges

through a solvent delivery system. Melting points (°C) are uncorrected.

Chemicals: Deuterated NMR solvents were purchased and stored over 4A molecular sieves.
EtOAc, hexanes, MeOH, Et,0, and toluene were obtained from commercial suppliers and used as
purchased. CH>Cl, and THF were purchased and dried via a solvent delivery system. NaHSO4
was purchased and used after grinding with a pestle and mortar. Anhydrous 1,4-dioxane was
purchased and stored over 4A molecular sieves. Aldehydes, alkyltrifluoroborates, and amines
were purchased from commercial suppliers and used without further purification. All other

reagents were purchased commercially and used as received.

General Procedures

Multicomponent Petasis reaction (GPI): To an 8§ mL reaction vial equipped with a stir bar was
added [Ir{dFCF;ppy}.(bpy)]PFs (10.0 mg, 0.01 mmol, 2 mol %), alkyltrifluoroborate (140.0 mg,
0.75 mmol, 1.5 equiv), aldehyde (82.0 mg, 0.5 mmol, 1.0 equiv), amine (68.0 puL, 0.75 mmol, 1.5
equiv), and NaHSO4 (60.0 mg, 0.5 mmol, 1.0 equiv). The vial was sealed with a cap containing a
TFE lined silicone septa and placed under an argon via an inlet needle. The vial was evacuated
three times via an inlet needle then purged with argon. Dry and degassed 1,4-dioxane was then
added (5.0 mL, 0.1 M). If the amine or aldehyde were in the liquid state, they were added at this
point directly via microsyringe. The reaction was placed under blue LED irradiation and
vigorously stirred for 24 h. The reaction was maintained at approximately 24 °C via a fan. Upon
completion, the reaction mixture was taken to dryness and then purified on an automated liquid
chromatographic system using hexanes/EtOAc as elutent. [Note: In some cases, the reaction
forms a slurry. Consistent stirring is imperative for the full conversion of imines to the desired

alkylated products].
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Deprotection of p-methoxyphenylamines (GP2): To a soln of amine (0.50 mmol) in MeOH/H,O
(28 mL) was added CAN (3.0 equiv) at 0 °C. The reaction was stirred at this temperature for 1 h,
then allowed to warm to rt overnight. Upon completion, the mixture was washed with CH>Cl, (5
mL) then the aq layer was made alkaline by adding 2 N NaOH. The soln was extracted with
EtOAc (4 x 20 mL) and then washed with brine, dried (MgSOs), taken to dryness, and then

purified on an automated liquid chromatographic system using hexanes/EtOAc as eluent.

Reaction Optimization

s
p) . O BFK adeRSE*’sLFifént NS
0 I NN blue LEDs, 1, 24 h/o
1 o 4

Entry [PC] Additive Solvent % Yield®
1 [Ir(dtbbpy)(ppy)2]PFs - acetonitrile 70

2 4CzIPN - acetonitrile 22

3 [Ru(bpy)3](PFs)2 - acetonitrile 10

4 [Ir(dtbbpy)(ppy)2]PFs - acetone 19

5 [Ir(dtbbpy)(ppy)2]PFs - DMF 23

6 [Ir(dtbbpy)(ppy)2]PFs - 1,4-dioxane 64

7 [Ir(dtbbpy)(ppy)2]PFs NaHSO4 acetonitrile 65

8 [Ir(dtbbpy)(ppy)2]PFs NaHSO4 1,4-dioxane 89(84)
9 [Ir(dtbbpy)(ppy)2]PFs NaHSO4 DMSO 84

10 [Tr(dtbbpy)(ppy)2]PFs benzoic acid  1,4-dioxane 14

11 [Ir(dtbbpy)(ppy)2]PFs CSA 1,4-dioxane 67
12(1 [Ir(dtbbpy)(ppy)2]PFs NaHSO4+/H20  1,4-dioxane 86

13 No photocatalyst NaHSO4 1,4-dioxane 0

1414 [Ir(dtbbpy)(ppy)2]PFs ~ NaHSOs 1,4-dioxane 0

Figure 6.6. Supplementary optimization studies following GPI. ™Yields were determined via 'H

NMR analysis using 0.1 mmol trimethoxybenzene as internal standard (IS).
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Mechanistic Investigation

Ring-opening radical clock: To an 8 mL reaction vial equipped with a stir bar were added
[[r{dFCFs;ppy}2(bpy)]PFs  (10.0 mg, 0.0l mmol, 2 mol %), potassium
(cyclopropylmethyljtrifluoroborate (121.5 mg, 0.75 mmol, 1.5 equiv), methyl 4-formylbenzoate
(82.0 mg, 0.5 mmol, 1.0 equiv), and NaHSO4 (60.0 mg, 0.5 mmol, 1.0 equiv). The vial was
sealed with a cap containing a TFE lined silicone septa and placed under an argon via an inlet
needle. The vial was evacuated three times via an inlet needle then purged with argon. Dry and
degassed 1,4-dioxane was then added (5.0 mL, 0.1 M). Aniline (68.0 pL, 0.75 mmol, 1.5 equiv)
was added via microsyringe. The reaction was placed under 34 W blue Kessil lamp irradiation
and vigorously stirred for 24 h. The reaction was maintained at approximately 24 °C via a fan.
After completion, the reaction mixture was taken to dryness and then purified on an automated
liquid chromatographic system (12 g column, 100:0—90:10 hexanes/EtOAc) to obtain the

corresponding alkene.

-

Ph
HN

=
MeO

(0]

Methyl 4-(1-(Phenylamino)pent-4-en-1-yl)benzoate, 62 (49.0 mg, 33%). The desired amine
was isolated as an oil. "H NMR (500 MHz, CDCl) & 8.02 (d, J = 7.8 Hz, 2H), 7.44 (d, J = 7.8
Hz, 2H), 7.10 (t, J = 7.4 Hz, 2H), 6.67 (t,J = 7.0 Hz, 1H), 6.51 (d, /= 7.7 Hz, 2H), 5.85 (td, J =
16.6, 6.6 Hz, 1H), 5.15 — 4.98 (m, 2H), 4.42 (t, /= 6.3 Hz, 1H), 4.14 (s, 1H), 3.92 (s, 3H), 2.24 —
2.11 (m, 2H), 1.98 — 1.84 (m, 2H). ®C NMR (126 MHz, CDCl;) § 166.9, 149.5, 146.9, 137.4,

129.9, 129.1, 128.9, 126.4, 117.5, 115.6, 113.2, 57.5, 51.9, 37.6, 30.3. FT-IR (cm™, neat, ATR):
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3398, 2950, 2848, 1600, 1503, 1275, 1112, 748, 692. HRMS (EI) calcd for CioH,NO, [M]":

295.1572, found: 295.1567.

TEMPO quenching reaction: To an 8 mL reaction vial equipped with a stir bar were added
[Ir{dFCF;ppy }2(bpy)]PFs (10.0 mg, 0.01 mmol, 2 mol %), potassium cyclohexyltrifluoroborate
(140.0 mg, 0.75 mmol, 1.5 equiv), methyl 4-formylbenzoate (82.0 mg, 0.5 mmol, 1.0 equiv),
TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl] (156.0 mg, 1.0 mmol, 2.0 equiv) and NaHSO4
(60.0 mg, 0.5 mmol, 1.0 equiv). The vial was sealed with a cap containing a TFE lined silicone
septa and placed under an argon via an inlet needle. The vial was evacuated three times via an
inlet needle then purged with argon. Dry and degassed 1,4-dioxane was then added (5.0 mL, 0.1
M). Aniline (68.0 puL, 0.75 mmol, 1.5 equiv) was added via microsyringe. The reaction was
placed under blue LED irradiation and vigorously stirred for 24 h. The reaction was maintained at
approximately 24 °C via a fan. After completion, the reaction mixture was taken to dryness and
then purified on an automated liquid chromatographic system (12 g column, 100:0—80:20

hexanes/EtOAc) to obtain the TEMPO adduct and imine.

Lk

O
1-(Cyclohexyloxy)-2,2,6,6-tetramethylpiperidine, 63 (57.5 mg, 48%). The TEMPO adduct was
isolated as a pale-yellow oil. ' H NMR (500 MHz, CDCl;) § 3.65 — 3.50 (m, 1H), 2.10 — 1.97 (m,

2H), 1.78 — 1.68 (m, 2H), 1.60 — 1.42 (m, 6H), 1.29 — 1.07 (m, 18H). 3C NMR (126 MHz,

CDCl) & 81.9, 59.7, 40.4, 34.6, 33.0, 26.1, 25.2, 20.4, 17.5.
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Methyl 4-((Phenylimino)methyl)benzoate, 64 (110 mg, 92%). The imine was isolated as a
white solid. "H NMR (500 MHz, CDCl;) § 8.53 (s, 1H), 8.19 — 8.13 (m, 2H), 8.03 — 7.95 (m,
2H), 7.47 — 7.39 (m, 2H), 7.33 — 7.21 (m, 3H), 3.97 (s, 3H). ®C NMR (126 MHz, CDCl;) &

166.49, 158.98, 151.44, 139.92, 132.26, 129.89, 129.14, 128.55, 126.41, 120.81, 52.23.

Imine as starting material: To an 8 mL reaction vial equipped with a stir bar were added
[Ir{dFCF3ppy }2(bpy)]PFs (10.0 mg, 0.01 mmol, 2 mol %), alkyltrifluoroborate (140.0 mg, 0.75
mmol, 1.5 equiv), 64 (120 mg, 0.5 mmol, 1.0 equiv), and NaHSO,4 (60.0 mg, 0.5 mmol, 1.0
equiv). The vial was sealed with a cap containing a TFE lined silicone septa and placed under an
argon via an inlet needle. The vial was evacuated three times via an inlet needle then purged with
argon. Dry and degassed 1,4-dioxane was then added (5.0 mL, 0.1 M). Aniline (68.0 pL, 0.75
mmol, 1.5 equiv) was added at this point directly via microsyringe. The reaction was placed
under blue LED irradiation and vigorously stirred for 24 h. The reaction was maintained at
approximately 24 °C via a fan. After completion, the reaction mixture was taken to dryness and
then purified on an automated liquid chromatographic system (24 g column, 100:0—85:15

hexanes/EtOAc) to obtain the obtain the desired amine.
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Methyl 4-(Cyclohexyl(phenylamino)methyl)benzoate, 4 (136 mg, 84%) was prepared
following GP1. The desired amine was isolated as a solid. mp = 59-61 °C. "TH NMR (500 MHz,
CDCl) 6 7.98 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 7.06 (t, J = 7.6 Hz, 2H), 6.62 (t, J =
7.2 Hz, 1H), 6.47 (d, J = 8.0 Hz, 2H), 4.23 — 4.12 (m, 2H), 3.90 (s, 3H), 1.87 (d, J = 12.6 Hz,
1H), 1.80 — 1.61 (m, 4H), 1.59 — 1.48 (m, 1H), 1.31 — 1.00 (m, 5H). *C NMR (126 MHz, CDCl;)
0 167.2, 148.5, 147.6, 129.8, 129.2, 129.0, 127.4, 117.4, 113.3, 63.5, 52.1, 44.9, 30.3, 29.5, 26.5,
26.5,26.4. FT-IR (cm™, neat, ATR): 3404, 2924, 2851, 1706, 1600, 1502, 1277, 1103, 747, 691.

HRMS (EI) caled for C21HasNO> [M]': 323.1885, found: 323.1871.

Characterization Data

Ph
HN

Meo\n/Ej)\Q

(0]

Methyl 4-(Cyclobutyl(phenylamino)methyl)benzoate, 5 (140 mg, 95%) was prepared
following GPI. The desired amine was isolated as a solid. mp = 100-102 °C. '"H NMR (500
MHz, CDCL) 6 7.97 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.06 (t, J = 7.7 Hz, 2H), 6.63
(t, J=7.3 Hz, 1H), 6.46 (d, J = 8.4 Hz, 2H), 4.22 (d, J = 8.6 Hz, 1H), 4.02 (s, 1H), 3.89 (s, 3H),
2.59 — 2.47 (m, 1H), 2.19 — 2.07 (m, 1H), 1.96 — 1.74 (m, 5H). *C NMR (126 MHz, CDCl;) §

167.2, 148.3, 147.5, 130.0, 129.2, 129.14 126.7, 117.7, 113.5, 63.8, 52.1, 42.4, 26.2, 25.5, 17.7.
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FT-IR (cm’', neat, ATR): 3361, 1702, 1602, 1313, 1282, 1114, 745, 691. HRMS (EI) calcd for

C19H21NO; [M]":295.1572, found: 295.1565.

Ph

HN

MeO\'(©)\O

o)

Methyl 4-(Cyclopentyl(phenylamino)methyl)benzoate, 6 (81 mg, 52%) was prepared
following GPI. The desired amine was isolated as a solid. mp = 103-104 °C. "H NMR (500
MHz, CDCL) 6 7.98 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.05 (t, J/ = 7.6 Hz, 2H), 6.62
(t, J=7.3 Hz, 1H), 6.47 (d, J = 8.4 Hz, 2H), 4.21 (s, 1H), 4.14 (d, J = 8.3 Hz, 1H), 3.89 (s, 3H),
2.22 —2.10 (m, 1H), 1.94 — 1.84 (m, 1H), 1.71 — 1.55 (m, 3H), 1.53 — 1.38 (m, 3H), 1.33 — 1.24
(m, 1H). ®C NMR (126 MHz, CDCl3) § 167.2, 149.7, 147.4, 129.9, 129.2, 129.0, 127.1, 117.5,
113.4, 63.1, 52.1, 47.7, 30.2, 30.0, 25.3, 25.3. FT-IR (cm’', neat, ATR): 3350, 2953, 2870, 1702,

1601, 1283, 1114, 745, 691. HRMS (EI) calcd for C2H23NO, [M]: 309.1729, found: 309.1725.

Ph

HN

o)

tert-Butyl 2-((4-(Methoxycarbonyl)phenyl)(phenylamino)methyl)pyrrolidine-1-carboxylate,
7 (72 mg, 35%) was prepared following GPI. The desired amine was isolated as an oil. '"H NMR
(500 MHz, CDCls) 6 8.00 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 7.8 Hz, 2H), 7.03 (t, J = 7.7 Hz, 2H),
6.57 (t, J= 7.3 Hz, 1H), 6.42 (d, J = 8.1 Hz, 2H), 4.27 — 4.15 (m, 2H), 3.90 (s, 3H), 3.51 — 3.03
(m, 2H), 1.86 (d, J = 18.0 Hz, 2H), 1.75 — 1.60 (m, 3H), 1.52 (s, 9H). *C NMR (126 MHz,

CDClh) & 167.0, 157.5, 148.3, 148.0, 130.1, 129.6, 129.1, 127.9, 116.7, 112.7, 80.5, 63.7, 62.0,
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52.2,47.1,28.6,27.7,23.7. FT-IR (cm™, neat, ATR): 3380, 2940, 2850, 1721, 1674, 1602, 1392,

1367, 1277, 1160. HRMS (ESI) calcd for C,4H3N>O4Na [M+Na]": 433.2103, found: 433.2111.

Ph

HN

Meom

(0]

Methyl 4-((Phenylamino)(tetrahydro-2H-pyran-4-yl)methyl)benzoate, 8 (96 mg, 59%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) &
7.99 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 7.07 (t, J = 7.9 Hz, 2H), 6.64 (t, /= 7.3 Hz,
1H), 6.48 (d, J= 7.9 Hz, 2H), 4.23 — 4.06 (m, 2H), 4.02 (dd, /=11.4, 3.6 Hz, 1H), 3.95 (dd, J =
11.0, 3.2 Hz, 1H), 3.89 (s, 3H), 3.40 — 3.26 (m, 2H), 1.94 — 1.84 (m, 1H), 1.78 (d, J = 13.4 Hz,
1H), 1.54 — 1.42 (m, 2H), 1.32 (d, J= 13.3 Hz, 1H). *C NMR (126 MHz, CDCl;) § 167.0, 147.6,
147.2, 130.0, 129.3, 129.3, 127.3, 117.9, 113.5, 68.1, 63.0, 52.2, 42.3, 29.7. FT-IR (cm™, neat,
ATR): 3398, 2950, 2844, 1716, 1600, 1277, 1113, 750, 693. HRMS (EI) calcd for C20H23NO;

[M]": 325.1678, found: 325.1674.

-

Ph
HN

o

tert-Butyl 4-((4-(Methoxycarbonyl)phenyl)(phenylamino)methyl)piperidine-1-carboxylate, 9
(176 mg, 83%) was prepared following GP1. The desired amine was isolated as an oil. "H NMR
(500 MHz, CDCls3) 6 7.99 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 8.1 Hz, 2H), 7.06 (t, J = 7.7 Hz, 2H),
6.63 (t, J= 7.2 Hz, 1H), 6.49 (d, J = 7.6 Hz, 2H), 4.35 — 3.99 (m, 4H), 3.89 (s, 3H), 2.62 (d, J =
12.8 Hz, 2H), 1.95 — 1.71 (m, 2H), 1.52 — 1.37 (m, 10H), 1.35 — 1.19 (m, 2H). *C NMR (126

MHz, CDCL) 6 167.0, 154.81, 147.7, 147.2, 130.0, 129.3, 129.3, 127.3, 117.8, 113.5, 79.7, 62.8,
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52.2,43.9,43.3,29.5,28.9, 28.6. FT-IR (cm’', neat, ATR): 3385, 2949, 2851, 1673, 1427, 1278,

729. HRMS (ESI) caled for CosH33N,04 [M+H]": 425.2440, found: 425.2456.

_Ph

HN
Meom | N
o N~

Methyl 4-((Phenylamino)(1-(pyridin-2-yl)piperidin-4-yl)methyl)benzoate, 10 (139 mg, 69%)
was prepared following GPI. The desired amine was isolated as a solid. mp = 163-165 °C. 'H
NMR (500 MHz, CDCl) 6 8.19 (d, J = 3.8 Hz, 1H), 8.01 (d, /= 8.1 Hz, 2H), 7.46 (dd, J = 11.3,
4.3 Hz, 1H), 7.41 (d, J = 8.1 Hz, 2H), 7.08 (t, J = 7.8 Hz, 2H), 6.65 (t, J = 8.7 Hz, 2H), 6.62 —
6.57 (m, 1H), 6.50 (d, J = 7.9 Hz, 2H), 4.45 — 4.14 (m, 4H), 3.91 (s, 3H), 2.82 — 2.69 (m, 2H),
2.01 — 1.86 (m, 2H), 1.58 — 1.40 (m, 3H). *C NMR (126 MHz, CDCl;) § 166.8, 159.2, 147.9,
147.6, 147.0, 137.4, 129.8, 129.1, 127.1, 117.5, 113.3, 112.9, 107.1, 62.6, 52.0, 45.5, 45.4, 43.3,
29.1, 28.4. FT-IR (cm’, neat, ATR): 3450, 2950, 2850, 1702, 1593, 1477, 1432, 1283, 773.

HRMS (EI) caled for CsHz7N302 [M]7:401.2103, found: 401.2088.

Ph

HN

MeO@

0

Methyl 4-(2-Methyl-1-(phenylamino)propyl)benzoate, 11 (68 mg, 48%) was prepared
following GP1. The desired amine was isolated as a solid. mp = 84-86 °C. "H NMR (500 MHz,
CDCl) 6 8.00 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.08 (t, J = 7.8 Hz, 2H), 6.65 (t, J =
7.3 Hz, 1H), 6.49 (d, J = 8.3 Hz, 2H), 4.20 (d, /= 5.7 Hz, 1H), 4.15 (s, 1H), 3.91 (s, 3H), 2.14 —
2.02 (m, 1H), 1.01 (d, J = 6.8 Hz, 3H), 0.95 (d, J = 6.8 Hz, 3H). *C NMR (126 MHz, CDCl;) §
167.0, 148.2, 147.3, 129.5, 129.0, 128.8, 127.2, 117.3, 113.2, 63.6, 51.9, 34.7, 19.6, 18.4. FT-IR
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(cm’', neat, ATR): 3367, 2951, 1705, 1602, 1283, 1107, 746, 691. HRMS (EI) calcd for

CisH21NO, [M]": 283.1572, found: 283.1570.

-

Ph
HN

Meoj‘/Ej)ﬁ<

(]

Methyl 4-(2,2-Dimethyl-1-(phenylamino)propyl)benzoate, 12 (122 mg, 82%) was prepared
following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) & 7.97 (d,
J = 8.3 Hz, 2H), 7.40 (d, J = 8.3 Hz, 2H), 7.08 — 7.01 (m, 2H), 6.61 (t, J = 7.3 Hz, 1H), 6.49 —
6.42 (m, 2H), 4.28 (s, 1H), 4.11 (s, 1H), 3.90 (s, 3H), 1.01 (s, 9H). *C NMR (126 MHz, CDCl;)
0 167.2,147.5,147.1, 129.2, 129.2, 129.0, 128.7, 117.4, 113.3, 67.3, 52.2, 35.1, 27.2. FT-IR (cm’
', neat, ATR): 3423, 2955, 1707,1600, 1506, 1315, 1285, 1098, 743. HRMS (EI) calcd for

C19H23NO, [M]":297.1741, found: 297.1729.

Ph
HN

MeO

Methyl 4-((Adamantan-1-yl)(phenylamino)methyl)benzoate, 13 (173 mg, 92%) was prepared
following GP1. The desired amine was Isolated as a solid. mp = 92-94 °C. "H NMR (500 MHz,
CDClL) 6 7.97 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.05 (t, J = 7.9 Hz, 2H), 6.61 (t, J =
7.3 Hz, 1H), 6.47 (d, J = 7.8 Hz, 2H), 4.38 (s, 1H), 3.95 (s, 1H), 3.90 (s, 3H), 2.01 (s, 3H), 1.71
(dd, J = 11.3, 3.8 Hz, 6H), 1.60 (d, J = 11.8 Hz, 3H), 1.52 (d, J = 11.8 Hz, 3H). *C NMR (126
MHz, CDCl;) 6 167.3, 147.7, 146.3, 129.2, 129.1, 129.0, 128.9, 117.3, 113.3, 68.1, 52.2, 39.4,
37.0, 36.7, 28.6. FT-IR (cm™, neat, ATR): 3361, 2899, 2847, 1703, 1600, 1517, 1430, 1290, 730.

HRMS (EI) caled for CosH20NO> [M]™:375.2198, found, 375.2207.
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Methyl 4-(1-(Phenylamino)heptyl)benzoate, 14 (104 mg, 64%) was prepared following GPI.
The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl;) & 7.99 (d, J = 8.2 Hz, 2H),
7.42 (d, J = 8.2 Hz, 2H), 7.07 (t, J = 7.8 Hz, 2H), 6.64 (t, J = 7.3 Hz, 1H), 6.47 (d, J = 8.1 Hz,
2H), 4.34 (t,J= 6.6 Hz, 1H), 4.08 (s, 1H), 3.90 (s, 3H), 1.88 — 1.69 (m, 2H), 1.46 — 1.19 (m, 8H),
0.87 (t, J = 6.8 Hz, 3H). ®C NMR (126 MHz, CDCl3) § 167.17, 150.13, 147.31, 130.12, 129.29,
129.04, 126.57, 117.61, 113.39, 58.34, 52.17, 39.01, 31.83, 29.30, 26.37, 22.73, 14.20. FT-IR
(cm’, neat, ATR): 3399, 2927, 2855, 1712, 1601, 1503, 14345, 1275, 1112, 747. HRMS (ESI)

caled for Co HosNO, [M+H]™: 326.2120, found: 326.2140.

Ph
HN

X
MeO

O

Methyl 4-(1-(Phenylamino)hex-5-en-1-yl)benzoate, 15 (84 mg, 54%) was prepared following
GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl;) § 8.01 (d, J = 7.5
Hz, 2H), 7.43 (d, J = 7.6 Hz, 2H), 7.09 (t, J = 7.1 Hz, 2H), 6.66 (t, /= 6.8 Hz, 1H), 6.49 (d, J =
7.5 Hz, 2H), 5.78 (td, J = 16.3, 6.7 Hz, 1H), 5.08 — 4.94 (m, 2H), 4.38 (s, 1H), 4.11 (s, 1H), 3.91
(s, 3H), 2.10 (d, J = 6.5 Hz, 2H), 1.91 — 1.74 (m, 2H), 1.61 — 1.40 (m, 2H). *C NMR (126 MHz,
CDCl) & 167.1, 149.9, 147.2, 138.2, 130.1, 129.3, 129.1, 126.6, 117.7, 115.3, 113.4, 58.2, 52.2,
38.3, 33.6, 25.6. FT-IR (cm, neat, ATR): 3400, 2936, 2851, 1600, 1503, 1434, 1275, 1111, 911,

748, 692. HRMS (ESI) calcd for C20H24NO, [M+H]":310.1807, found: 310.1797.
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Methyl 4-(5-(Benzoyloxy)-1-(phenylamino)pentyl)benzoate, 16 (125 mg, 60%) was prepared
following GP1. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCl;) & 8.03 —
7.96 (m, 4H), 7.56 (t, J= 7.4 Hz, 1H), 7.49 — 7.38 (dd, J = 7.6, 5.9 Hz, 4H), 7.08 (t, /= 7.8 Hz,
2H), 6.65 (t, J = 7.3 Hz, 1H), 6.49 (d, J = 8.0 Hz, 2H), 4.40 (t, /= 6.5 Hz, 1H), 4.37 — 4.27 (m,
2H), 4.18 (s, 1H), 3.90 (s, 3H), 1.96 — 1.76 (m, 4H), 1.66 — 1.45 (m, 2H). *C NMR (126 MHz,
CDCL) 6 167.1, 166.8, 149.7, 147.2, 133.1, 130.4, 130.2, 129.7, 129.3, 129.2, 128.5, 126.6,
117.7, 113.4, 64.6, 58.1, 52.2, 38.3, 28.7, 22.9. FT-IR (cm’, neat, ATR): 3400, 2949, 1713,
1600, 1504, 1313, 1272, 1111, 710. HRMS (ESI) calcd for C26H2sNO4 [M+H]": 418.2018, found:

418.2030.

_Ph
HN O
MeO O

(0]

Methyl 4-(2-Phenyl-1-(phenylamino)ethyl)benzoate, 17 (109 mg, 66%) was prepared
following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl;) & 8.05 (d,
J =79 Hz, 2H), 7.44 (d, J = 7.9 Hz, 2H), 7.37- 7.27 (m, 3H), 7.19 — 7.07 (m, 4H), 6.72 (d, J =
7.1 Hz, 1H), 6.50 (d, J = 7.8 Hz, 2H), 4.71 (t, J = 6.6 Hz, 1H), 4.26 (s, 1H), 3.94 (s, 3H), 3.22 —
3.04 (m, 2H). ®C NMR (126 MHz, CDCl3) & 167.2, 149.1, 147.1, 137.3, 130.2, 129.4, 129.3,
128.8, 127.1, 126.8, 118.1, 113.9, 59.4, 52.2, 45.0. FT-IR (cm’, neat, ATR): 3380, 2940, 2863,
1717, 1602, 1504, 1313, 1276, 1098, 1018. HRMS (ESI) calcd for C2oHNO, [M+H]": 332.1651,

found: 332.1668.
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tert-Butyl 4-(2-(4-(Methoxycarbonyl)phenyl)-2-(phenylamino)ethoxy)piperidine-1-
carboxylate, 18 (165 mg, 73%) was prepared following GPI. The desired amine was isolated as
an oil. "H NMR (500 MHz, CDCl3) § 8.00 (dd, J = 8.3, 2.0 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H),
7.14 — 6.96 (m, 2H), 6.83 — 6.59 (m, 1H), 6.55 — 6.36 (m, 2H), 4.71 (s, 1H), 4.53 (dd, J=17.8, 4.1
Hz, 1H), 3.89 (s, 3H), 3.75 (dd, J=9.7, 4.0 Hz, 1H), 3.66 (m, 2H), 3.56 (dd, J=9.7, 7.8 Hz, 1H),
3.48 (tt, J=17.7, 3.6 Hz, 1H), 3.10 (ddq, J = 13.4, 5.6, 3.5 Hz, 2H), 1.93 — 1.61 (m, 2H), 1.45 (s,
11H). ®C NMR (126 MHz, CDCl3) § 167.0, 154.9, 147.3, 146.4, 130.1, 129.5, 129.2, 127.0,
118.2, 114.1,79.6, 75.1, 72.1, 67.2, 60.5, 58.5, 52.2, 28.5. FT-IR (cm’', neat, ATR): 3380, 2928,

1686, 1419, 1275, 1101. HRMS (ESI) calcd for C26H3sN,Os [M+H]": 455.2546, found: 455.2563.

_Ph
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Methyl 4-(1-(Phenylamino)-2-((tetrahydro-2H-pyran-4-yl)methoxy)ethyl)benzoate, 19 (135
mg, 73%) was prepared following GPI. The desired amine was isolated as an oil. '"H NMR (500
MHz, CDCL) 6 8.00 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.08 (t, /= 7.7 Hz, 2H), 6.68
(t,J=7.3 Hz, 1H), 6.49 (d, J= 7.9 Hz, 2H), 4.01 — 3.93 (m, 2H), 3.90 (s, 3H), 3.68 (dd, J = 10.0,
4.1 Hz, 1H), 3.54 (dd, J = 10.0, 8.1 Hz, 1H), 3.46 — 3.30 (m, 3H), 2.00 — 1.75 (m, 2H), 1.76 —
1.51 (m, 4H), 1.44 — 1.17 (m, 2H). ®C NMR (126 MHz, CDCl3) § 166.8, 147.2, 146.2, 129.9,

129.3, 129.0, 126.8, 117.9, 113.8, 76.0, 74.8, 67.5, 57.9, 52.0, 35.3, 29.8, 29.7. FT-IR (cm™, neat,
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ATR) 2851, 1718, 1279, 1111, 906, 725. HRMS (ESI) calcd for C22HxsNO4 [M+H]": 370.2018,

found: 370.2002.
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Methyl 4-(2-(2-(Benzyloxy)ethoxy)-1-(phenylamino)ethyl)benzoate, 20 (152 mg, 75%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) &
8.04 —7.91 (m, 2H), 7.55 — 7.42 (m, 2H), 7.42 — 7.28 (m, 5H), 7.18 — 6.94 (m, 2H), 6.75 — 6.60
(m, 1H), 6.55 — 6.35 (m, 2H), 4.77 (s, 1H), 4.56 (s, 3H), 3.90 (s, 3H), 3.78 (dd, J = 10.1, 4.0 Hz,
1H), 3.74 — 3.68 (m, 1H), 3.67 — 3.57 (m, 4H). ®C NMR (126 MHz, CDCl3) § 167.0, 147.5,
146.4, 138.2, 130.1, 129.5, 129.2, 128.6, 127.9, 127.9, 127.0, 118.0, 114.0, 75.3, 73.5, 70.6, 69.5,
58.2, 52.2. FT-IR (cm’, neat, ATR): 3027, 2950, 1717, 1601, 1503, 1277, 1112. HRMS (ESI)

caled for CsH2sNO4 [M+H]™: 406.2018, found: 406.2038.

Methyl 4-(2-(Benzyloxy)-1-(phenylamino)ethyl)benzoate, 21 (121 mg, 67%) was prepared
following GPI. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCl;) & 8.06 —
7.93 (m, 2H), 7.48 (d, J = 8.2 Hz, 2H), 7.39 — 7.18 (m, 5H), 7.14 — 6.96 (m, 2H), 6.68 (t,J=7.3
Hz, 1H), 6.56 — 6.40 (m, 2H), 4.67 (s, 1H), 4.63 — 4.48 (m, 3H), 3.91 (s, 3H), 3.77 (dd, J = 10.0,
4.0 Hz, 1H), 3.61 (dd, J = 9.9, 7.9 Hz, 1H). *C NMR (126 MHz, CDCl3) § 167.1, 147.3, 146.4,

137.7,130.1, 129.5, 129.2, 128.7, 128.1, 127.9, 127.0, 118.1, 114.0, 74.1, 73.2, 58.2, 52.2. FT-IR
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(cm’', neat, ATR): 3380, 2940, 2850, 1716, 1601, 1503, 1312, 1275, 1099. HRMS calcd for

C23H23NO; [M]7:361.1678, found: 361.1665.

Ph

-
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3

N-(Cyclohexyl(4-(trifluoromethyl)phenyl)methyl)aniline, 22 (133 mg, 80%) was prepared
following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) & 7.60 (d,
J=8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.11 (t, J = 7.9 Hz, 2H), 6.68 (t, J = 7.2 Hz, 1H), 6.51
(d, J=7.8 Hz, 2H), 4.04 — 4.32 (m, 2H), 1.89 (d, /= 12.6 Hz, 1H), 1.85 — 1.67 (m, 4H), 1.58 (d, J
= 12.8 Hz, 1H), 1.30 — 1.05 (m, 5H). *C NMR (126 MHz, CDCl3) § 147.2, 147.0, 129.1, 129.0
(q, J =323 Hz), 127.5, 125.2 (q, J = 3.7 Hz), 124.2 (q, J = 272.2 Hz), 117.3, 113.1, 63.1, 44.7,
30.1, 29.2, 26.2, 26.2. ’F NMR (471 MHz, CDCl;) § -62.23. FT-IR (cm™, neat, ATR): 3425,
2926, 2853, 1502, 1322, 1118, 747. HRMS (EI) caled for Cy0HFsN [M]": 333.1704, found:

333.1716.

-
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N-(Cyclohexyl(4-(methylsulfonyl)phenyl)methyl)aniline, 23 (119 mg, 69%) was prepared
following GPI. The desired amine was isolated as a solid. mp = 177-179 °C. '"H NMR (500
MHz, CDCL) & 7.87 (d, J = 8.2 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 7.07 (t, J = 7.8 Hz, 2H), 6.64
(t, J=17.2 Hz, 1H), 6.45 (d, J = 8.0 Hz, 2H), 4.30 — 4.13 (m, 2H), 3.05 (s, 3H), 1. 62 — 1.90 (m,
5H), 1.53 (d, J=12.3 Hz, 1H), 1.27 — 1.01 (m, 5H). *C NMR (126 MHz, CDCl;) & 149.8, 147.2,

139.2, 129.3, 128.3, 127.6, 117.7, 113.3, 63.3, 44.9, 44.7, 30.3, 29.3, 26.4, 26.4. FT-IR (cm’',
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neat, ATR): 3368, 2925, 2851, 1600, 1503, 1600, 1147, 748. HRMS (EI) calcd for C20H2sNO»S

[M]":343.1606, found: 343.1619.
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o

1-(4-(Cyclohexyl(phenylamino)methyl)phenyl)ethan-1-one, 24 (77 mg, 50%) was prepared
following GP1. The desired amine was isolated as a solid. mp = 93-95 °C. "H NMR (500 MHz,
CDClL) 6 7.91 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.07 (t, J = 7.6 Hz, 2H), 6.63 (t, J =
7.1 Hz, 1H), 6.48 (d, J = 8.0 Hz, 2H), 4.14 — 4.24 (m, 2H), 2.59 (s, 3H), 1.88 (d, J = 12.3 Hz,
1H), 1.83 — 1.64 (m, 4H), 1.56 (d, J = 12.2 Hz, 1H), 1.29 — 1.02 (m, 5H). *C NMR (126 MHz,
CDCh) 6 197.7, 148.5, 147.3, 135.9, 129.0, 128.3, 127.4, 117.2, 113.1, 63.2, 44.7, 30.1, 29.2,
26.5,26.2,26.2. FT-IR (cm™, neat, ATR): 3388, 2922, 2850, 1667, 1601, 1267, 745. HRMS (EI)

calcd for C2;H,sNO [M]":307.1936, found: 307.1931.
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N-((4-Bromophenyl)(cyclohexyl)methyl)aniline, 25 (129 mg, 75%) was prepared following
GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) & 7.43 (d, J = 8.3
Hz, 2H), 7.19 (d, J = 8.3 Hz, 2H), 7.08 (t, /= 7.8 Hz, 2H), 6.64 (t, J= 7.2 Hz, 1H), 6.48 (d, J =
7.8 Hz, 2H), 4.13 (s, 1H), 4.10 (d, J = 6.1 Hz, 1H), 1.87 (d, J = 12.5 Hz, 1H), 1.83 — 1.71 (m,
2H), 1.71 — 1.60 (m, 2H), 1.56 (d, J = 12.9 Hz, 1H), 1.30 — 1.00 (m, 5H). *C NMR (126 MHz,

CDClL) 6 147.3,141.7, 131.2, 129.0, 128.9, 120.4, 117.2, 113.1, 62.8, 44.7, 30.0, 29.3, 26.3, 26.2,
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26.2. FT-IR (cm’, neat, ATR): 3425, 2922, 2850, 1599, 1501, 1484, 1317, 1071, 746, 690.

HRMS (EI) caled for CioH2BrN [M]": 343.0936, found: 343.0908.

Ph
HN

N-(Cyclohexyl(4-iodophenyl)methyl)aniline, 26 (125 mg, 64%) was prepared following GPI.
The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl;) & 7.63 (d, J = 8.2 Hz, 2H),
7.12 -7.03 (m, 4H), 6.64 (t, /= 7.3 Hz, 1H), 6.48 (d, J = 8.4 Hz, 2H), 4.17 — 4.04 (m, 2H), 1.87
(d, J=12.7 Hz, 1H), 1.82 — 1.71 (m, 2H), 1.71 — 1.60 (m, 2H), 1.58 — 1.53 (m, 1H), 1.27 — 1.00
(m, 5H). ®C NMR (126 MHz, CDCl3) § 147.3, 142.4, 137.2, 129.2, 129.0, 117.2, 113.1, 91.9,
62.9, 44.7, 30.0, 29.2, 26.3, 26.2, 26.2. FT-IR (cm’', neat, ATR): 3425, 2922, 2850, 1599, 1501,

1480, 1004, 746, 690. HRMS (EI) calcd for C1oH2NI [M]:391.0797, found: 391.0792.
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N-((2-Chlorophenyl)(cyclohexyl)methyl)aniline, 27 (101 mg, 67%) was prepared following
GPI. The desired amine was isolated as a solid. mp = 94-96 °C. "H NMR (500 MHz, CDCl3) §
7.45 —7.32 (m, 2H), 7.24 — 7.07 (m, 4H), 6.66 (t, J = 7.2 Hz, 1H), 6.53 (d, J = 7.8 Hz, 2H), 4.70
(d, J=6.2 Hz, 1H), 4.23 (s, 1H), 1.95 (d, J=12.2 Hz, 1H), 1. 67 — 1.97 (m, 4H), 1.58 (d, J=12.0
Hz, 1H), 1.37 — 1.11 (m, 5H). *C NMR (126 MHz, CDCls) & 147.5, 140.4, 133.7, 129.7, 129.3,
128.5, 128.0, 127.0, 117.4, 113.2, 59.5, 43.9, 30.4, 29.0, 26.7, 26.6, 26.6. FT-IR (cm’', neat,
ATR): 3399, 2923, 2852, 1598, 1505, 1320, 1032, 746, 690. HRMS (ESI) calcd for Ci19H»CIN

[M+H]":300.1519, found: 300.1542.
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N-(Cyclohexyl(2,6-difluoro-4-methoxyphenyl)methyl)aniline, 28 (108 mg, 65%) was prepared
following GPI. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCl3) § 7.12 (t, J
= 7.8 Hz, 2H), 6.67 — 6. 58 (m, 3H), 6.38 (d, /= 10.5 Hz, 2H), 4.50 (d, J = 9.4 Hz, 1H), 4.15 (s,
1H), 3.72 (s, 3H), 2.24 (d, J = 13.1 Hz, 1H), 1.88 — 1.77 (m, 2H), 1.74 — 1.65 (m, 2H), 1.44 (d, J
=12.7 Hz, 1H), 1.32 — 1.17 (m, 3H), 1.12 — 0.97 (m, 2H). ®C NMR (126 MHz, CDCl;) § 162.0
(dd, J=243.9, 12.7 Hz), 159.7 (t, J= 14.6 Hz), 147.8, 129.4, 117.4, 113.1, 110.5 (t, J = 18.4 Hz),
98.2 (d, J = 30.4 Hz), 55.8, 54.0, 42.7, 31.2, 30.3, 26.6, 26.2, 26.2. YF NMR (471 MHz, CDCls)
5 -113.96. FT-IR (cm™, neat, ATR): 3412, 2924, 2850, 1635, 1496, 1137, 747. HRMS (EI) calcd

for C20H23F2NO [M]": 331.1748, found: 331.1736.
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3-(Cyclohexyl(phenylamino)methyl)benzonitrile, 29 (64 mg, 44%) was prepared following
GP1. The desired amine was isolated as a solid. mp = 135-137 °C. '"H NMR (500 MHz, CDCls)
0 7.62 (s, 1H), 7.54 (dd, J = 17.2, 7.7 Hz, 2H), 7.42 (t, J= 7.7 Hz, 1H), 7.09 (t, J = 7.6 Hz, 2H),
6.67 (t, J= 7.3 Hz, 1H), 6.46 (d, J = 8.4 Hz, 2H), 4.16 (d, J = 6.1 Hz, 2H), 1.88 — 1.74 (m, 3H),
1.72 — 1.62 (m, 2H), 1.54 (d, J= 12.6 Hz, 1H), 1.30 — 1.01 (m, 5H). ®C NMR (126 MHz, CDCl;)
0 146.9, 144.4, 131.7, 130.8, 130.6, 129.1, 129.0, 119.0, 117.5, 113.1, 112.3, 62.9, 44.7, 30.0,
29.1, 26.2, 26.1, 26.1. FT-IR (cm™, neat, ATR) 2925, 2852, 2228, 1601, 1503, 1317, 907, 730,

692. HRMS (EI) calcd for C20H22N, [M]":290.1783, found: 290.1788.

268



-

Ph
HN
Br
\©/kcy

N-((3-Bromophenyl)(cyclohexyl)methyl)aniline, 30 (93 mg, 54%) was prepared following
GPI. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCl;) & 7.47 (s, 1H), 7.36
(d,J=7.2Hz, 1H), 7.29 - 7.21 (m, 1H), 7.18 (t, /= 7.7 Hz, 1H), 7.10 (t, J = 7.8 Hz, 2H), 6.66 (t,
J=17.2Hz, 1H), 6.50 (d, J= 7.7 Hz, 2H), 4.27 — 3.94 (m, 2H), 1.88 (d, /= 11.8 Hz, 1H), 1.83 —
1.71 (m, 2H), 1.71 — 1.59 (m, 2H), 1.55 (d, J = 12.3 Hz, 1H), 1.28 — 1.01 (m, 5H). *C NMR (126
MHz, CDClL) 6 147.3, 145.4, 130.1, 129.9, 129.7, 129.0, 125.9, 122.5, 117.2, 113.1, 63.0, 44.8,
30.1, 29.2, 26.3, 26.2, 26.2. FT-IR (cm™, neat, ATR): 3420, 2922, 2850, 1600, 1501, 1616, 1252,

747, 690. HRMS (ESI) calcd for C19Hx3sNBr [M+H]": 344.1014, found: 344.0996.
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N-(Cyclohexyl(phenyl)methyl)aniline, 31 (122 mg, 92%) was prepared following GPI. The
desired amine was isolated as an oil. "H NMR (500 MHz, CDCl;) & 7.35 — 7.29 (m, 4H), 7.28 —
7.23 (m, 1H), 7.09 (t, J = 7.8 Hz, 2H), 6.64 (t, J = 7.2 Hz, 1H), 6.53 (d, J = 7.7 Hz, 2H), 4.26 —
4.04 (m, 2H), 1.93 (d, J = 12.2 Hz, 1H), 1.84 — 1.64 (m, 4H), 1.58 (d, J = 12.5 Hz, 1H), 1.30 —
1.05 (m, SH). *C NMR (126 MHz, CDCls) & 147.7, 142.6, 129.0, 128.1, 127.2, 126.7, 116.8,
113.1, 63.3, 44.8, 30.2, 29.4, 26.4, 26.3, 26.3. FT-IR (cm’', neat, ATR): 3425, 2922, 2850, 1599,

1501, 1317, 745, 700, 690. HRMS (ESI) calcd for CoH4N [M+H]": 266.1909, found, 266.1913.
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N-(Cyclohexyl(4-phenoxyphenyl)methyl)aniline, 32 (93 mg, 52%) was prepared following
GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl3) & 7.36 (t,J = 7.9 Hz,
2H), 7.28 (d, J = 8.5 Hz, 2H), 7.12 (t, J = 7.8 Hz, 3H), 7.04 (d, J = 7.7 Hz, 2H), 6.98 (d, J = 8.5
Hz, 2H), 6.66 (t, /= 7.2 Hz, 1H), 6.55 (d, J= 7.8 Hz, 2H), 4.29 — 4.08 (m, 2H), 1.94 (d, /=124
Hz, 1H), 1.85 — 1.75 (m, 2H), 1.71 (d, J = 12.1 Hz, 2H), 1.59 (d, J = 12.6 Hz, 1H), 1.33 — 1.04
(m, 5H). *C NMR (126 MHz, CDCls) § 157.2, 155.9, 147.7, 137.4, 129.6, 129.0, 128.4, 123.1,
118.8, 118.5, 116.9, 113.1, 62.8, 44.9, 30.1, 29.5, 26.4, 26.3, 26.3. FT-IR (cm’, neat, ATR):
3423, 2922, 2850, 1600, 1501, 1487, 745, 689. HRMS (EI) calcd for C2sH;NO [M]": 357.2093,

found: 357.2093.
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2-(4-(Cyclohexyl(phenylamino)methyl)phenoxy)acetamide, 33 (105 mg, 62%) was prepared
following GPI. The desired amine was isolated as a solid. mp = 104-106 °C. '"H NMR (500
MHz, CDCL) 6 7.25 (d, J = 8.5 Hz, 2H), 7.07 (t, J = 7.8 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 6.62
(t, J=7.3 Hz, 1H), 6.56 (s, 1H), 6.49 (d, /= 8.0 Hz, 2H), 6.02 (s, 1H), 4.48 (s, 2H), 4.16 (s, 1H),
4.09 (d,J=6.2 Hz, 1H), 1.89 (d, J=12.6 Hz, 1H), 1.82 - 1.71 (m, 2H), 1.70 — 1.59 (m, 2H), 1.54
(d, J=12.7 Hz, 1H), 1.28 — 1.00 (m, 5H). *C NMR (126 MHz, CDCl;) & 171.1, 155.9, 147.6,
136.3, 129.0, 128.4, 116.9, 114.3, 113.1, 67.1, 62.6, 44.9, 30.0, 29.4, 26.3, 26.3, 26.2. FT-IR (cm
', neat, ATR): 3440, 3180, 2932, 2852, 1683, 1598, 1506, 1238, 752. HRMS (EI) calcd for

C21H26N20; [M]": 338.1994, found: 338.2002.
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N-(Cyclohexyl(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methyl)aniline, 34 (113 mg, 70%) was
prepared following GP1. The desired amine was isolated as a solid. mp = 127-128 °C. '"H NMR
(500 MHz, CDCls) 6 7.08 (t, J = 7.7 Hz, 2H), 6.74 — 6.82 (m, 3H), 6.62 (t, /= 7.2 Hz, 1H), 6.52
(d, J=17.6 Hz, 2H), 4.23 (s, 4H), 4.09 — 4.17 (br s, 1H), 4.01 (d, /= 6.3 Hz, 1H), 1.91 (d, J=12.6
Hz, 1H), 1.81 — 1.69 (m, 2H), 1.69 — 1.52 (m, 3H), 1.28 — 0.98 (m, 5H). *C NMR (126 MHz,
CDClL) & 147.9, 143.4, 1424, 136.2, 129.2, 120.4, 117.0, 117.0, 116.0, 113.4, 64.5, 64.4, 63.0,

45.0, 30.3, 29.8, 26.6, 26.5, 26.5. FT-IR (cm™, neat, ATR): 3435, 2931, 2848, 1603, 1504, 1286,

1065, 749. HRMS (EI) caled for C21H2sNO> [M]: 323.1885, found: 323.1895.
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2-(Cyclohexyl(phenylamino)methyl)-6-methoxyphenol, 35 (120 mg, 77%) was prepared
following GPI. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCl3) § 7.14 (t, J
= 7.7 Hz, 2H), 6.88 — 6.80 (m, 2H), 6.80 — 6.74 (m, 1H), 6.74 — 6.64 (m, 3H), 4.95 — 4.05 (m,
2H), 3.88 (s, 3H), 2.09 (d, J=17.0 Hz, 1H), 1.92 — 1.80 (m, 2H), 1.66 — 1.80 (m, 2H), 1.60 (d, J
=12.1 Hz, 1H), 1.35 — 1.10 (m, 5H). *C NMR (126 MHz, CDCl;) § 147.8, 146.7, 144.1, 129.0,
127.6, 120.7, 119.1, 117.7, 113.9, 109.1, 60.2, 55.78, 43.4, 30.1, 29.9, 26.4, 26.3. FT-IR (cm’',
neat, ATR): 3625, 3412, 2922, 2849, 1601, 1476, 1248, 1074, 746, 691. HRMS (ESI) calcd for

C20H26NO, [M+H]": 312.1964, found: 312.1986.
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N-(Cyclohexyl(2,3,4-trimethoxyphenyl)methyl)aniline, 36 (93 mg, 52%) was prepared
following GPI. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCls) § 7.09 (t, J
= 7.9 Hz, 2H), 6.88 (d, J = 8.6 Hz, 1H), 6.63 — 6.55 (m, 4H), 4.39 (d, J = 7.5 Hz, 1H), 4.17 (s,
1H), 4.00 (s, 3H), 3.88 (s, 3H), 3.83 (s, 3H), 2.04 (d, /= 12.8 Hz, 1H), 1.80 (d, /= 11.3 Hz, 1H),
1.76 — 1.65 (m, 3H), 1.49 (d, J= 12.7 Hz, 1H), 1.32 — 1.01 (m, 5H). ®C NMR (126 MHz, CDCl;)
0 152.3,151.7, 148.0, 141.9, 129.0, 128.2, 122.2, 116.6, 113.0, 106.8, 60.7, 60.5, 58.2, 55.8, 44.0,
30.7,29.8, 26.5, 26.4, 26.3. FT-IR (cm™', neat, ATR): 3400, 2924, 2849, 1600, 1492, 1278, 1092,

746, 691. HRMS (EI) caled for C22H20NOs [M]™:355.2147, found: 355.2143.
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N-((2-Bromo-4,5-dimethoxyphenyl)(cyclohexyl)methyl)aniline, 37 (176 mg, 87%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl) &
7.08 (t, J = 7.8 Hz, 2H), 7.00 (s, 1H), 6.81 (s, 1H), 6.63 (t, J = 7.3 Hz, 1H), 6.49 (d, J= 8.0 Hz,
2H), 4.48 (d, J = 6.2 Hz, 1H), 4.15 (s, 1H), 3.85 (s, 3H), 3.77 (s, 3H), 1.91 (d, J = 12.4 Hz, 1H),
1.82 — 1.62 (m, 4H), 1.53 (d, J = 15.5 Hz, 1H), 1.31 — 1.09 (m, 5H). *C NMR (126 MHz, CDCl;)
0 148.8, 148.4, 147.6, 133.9, 129.3, 117.4, 115.5, 113.9, 113.4, 111.1, 61.8, 56.2, 56.1, 44.3, 30.3,

29.0, 26.7, 26.5. FT-IR (cm™, neat, ATR): 3404, 2925, 2850, 1600, 1499, 1436, 1317, 1249,

1154, 730. HRMS (ESI) calcd for C21H2sBrNO, [M+H]": 404.1225, found: 404.1244.
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N-((4-(1H-Pyrazol-1-yl)phenyl)(cyclohexyl)methyl)aniline, 38 (146 mg, 88%) was prepared
following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl;) & 7.89 (d,
J=24Hz, 1H), 7.72 (d, J= 1.4 Hz, 1H), 7.64 (d, J = 8.5 Hz, 2H), 7.39 (d, J = 8.5 Hz, 2H), 7.09
(t,J=7.9 Hz, 2H), 6.64 (t,J= 7.3 Hz, 1H), 6.53 (d, /= 7.9 Hz, 2H), 6.47 — 6.42 (m, 1H), 4.18 (d,
J=6.1Hz, 2H), 1.91 (d, J=12.6 Hz, 1H), 1.83 — 1.64 (m, 4H), 1.60 (d, /= 12.8 Hz, 1H), 1.29 —
1.03 (m, 5H). *C NMR (126 MHz, CDCl;) § 147.7, 141.2, 141.1, 139.2, 129.2, 128.4, 126.8,
119.4, 117.4, 113.5, 107.6, 63.2, 45.1, 30.3, 29.6, 26.6, 26.5, 26.5. FT-IR (cm’, neat, ATR):
3406, 2923, 2850, 1600, 1522, 1501, 1393, 746, 691. HRMS (EI) calcd for CHasNs [M]":

331.2048, found: 331.2046.
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N-((4-(1,2,4-Oxadiazol-3-yl)phenyl)(cyclohexyl)methyl)aniline, 39 (123 mg, 74%) was
prepared following GPI. The desired amine was isolated as a solid. mp = 119-121 °C. '"H NMR
(500 MHz, CDCls) 6 8.70 (s, 1H), 8.06 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 7.08 (t, J =
7.8 Hz, 2H), 6.63 (t, J = 7.2 Hz, 1H), 6.51 (d, J = 7.7 Hz, 2H), 4.35 — 4.05 (m, 2H), 1.90 (d, J =
12.4 Hz, 1H), 1.83 — 1.63 (m, 4H), 1.58 (d, J = 12.4 Hz, 1H), 1.28 — 1.04 (m, 5H). *C NMR (126
MHz, CDCl3) 6 167.8, 164.7, 147.6, 146.8, 129.3, 128.0, 127.7, 125.0, 117.5, 113.4, 63.5, 45.0,
30.3,29.5, 26.5, 26.5, 26.4. FT-IR (cm™, neat, ATR): 3340, 2929, 2850, 1599, 1497, 1333, 1273,

1119, 751, 695. HRMS (EI) calcd for C2H23N3O [M]: 333.1841, found: 333.1844.
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N-(Cyclohexyl(6-(trifluoromethyl)pyridin-3-yl)methyl)aniline, 40 (126 mg, 75%) was
prepared following GP1. The desired amine was isolated as a solid. mp = 131-133 °C. 'H NMR
(500 MHz, CDCl;) 6 8.67 (s, 1H), 7.80 (s, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.08 (t, J = 7.6 Hz, 2H),
6.68 (s, 1H), 6.46 (s, 2H), 4.26 (d, /= 5.9 Hz, 1H), 4.13 (s, 1H), 1.89 — 1.65 (m, 5H), 1.58 (d, J =
12.3 Hz, 1H), 1.27 — 1.03 (m, 5H). ®C NMR (126 MHz, CDCl;) § 149.7, 147.0 (q, J = 34.6 Hz),
146.8, 141.9, 136.1, 129.4, 121.8 (q, J = 273.9 Hz), 120.3 (d, J = 2.4 Hz), 118.1, 113.4, 61.2,
44.8, 30.1, 29.3, 26.3, 26.3, 26.3. YF NMR (471 MHz, CDCl3) § -67.63. FT-IR (cm’, neat,
ATR): 3320, 2938, 2849, 1601, 1496, 1334, 1180, 1081, 747. HRMS (ESI) calcd for Ci19H2F3N>

[M+H]": 335.1735, found: 335.1745.
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N-(Cyclohexyl(3-phenylisoxazol-5-yl)methyl)aniline, 41 (133 mg, 80%) was prepared
following GPI. The desired amine was isolated as a solid. mp = 127-128 °C. '"H NMR (500
MHz, CDCL;) 6 7.79 (dd, J = 6.5, 3.1 Hz, 2H), 7.47 — 7.38 (m, 3H), 7.17 (dd, J = 8.2, 7.6 Hz,
2H), 6.74 (t,J = 7.3 Hz, 1H), 6.63 (d, /= 7.9 Hz, 2H), 6.42 (s, 1H), 4.50 (d, /= 6.0 Hz, 1H), 3.90
—4.24 (brs, 1H), 2.02 — 1.88 (m, 2H), 1.75 — 1.85 (m, 2H), 1.70 (t, J = 10.0 Hz, 2H), 1.36 — 1.12
(m, 5H). “C NMR (126 MHz, CDCl3) § 174.4, 162.3, 147.0, 130.07, 129.5, 129.3, 129.0, 127.0,
118.4, 113.5, 100.2, 56.8, 42.8, 29.7, 29.4, 26.4, 26.3, 26.2. FT-IR (cm’', neat, ATR): 3329,
2925, 2853, 1598, 1497, 1324, 765, 688. HRMS (EI) caled for C2:H24N>O [M]": 332.1889, found:

332.1885.
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N-(Benzofuran-2-yl(cyclohexyl)methyl)aniline, 42 (86 mg, 56%) was prepared following GPI.
The desired amine was isolated as a solid. mp = 109-111 °C. "H NMR (500 MHz, CDCl;) § 7.48
(dd,J=11.9, 7.9 Hz, 2H), 7.29 — 7.11 (m, 4H), 6.73 — 6.63 (m, 3H), 6.55 (s, 1H), 4.41 (d, J=6.2
Hz, 1H), 4.09 (s, 1H), 2.02 — 1.93 (m, 2H), 1.85 — 1.62 (m, 4H), 1.35 — 1.14 (m, 5H). *C NMR
(126 MHz, CDCl3) 6 158.3, 154.6, 147.3, 129.1, 128.3, 123.4, 122.5, 120.6, 117.6, 113.3, 111.0,
103.7, 57.5, 42.4, 29.8, 29.4, 26.3, 26.1, 26.1. FT-IR (cm’', neat, ATR): 3395, 2928, 2852, 1598,

1501, 1454, 1248, 750, 692. HRMS (EI) calcd for C2;H23sNO [M]": 305.1780, found: 305.1769.
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1-(2-(Cyclohexyl(phenylamino)methyl)-1H-indol-1-yl)ethan-1-one, 43 (49 mg, 28%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl) &
8.47 (s, 1H), 7.67 (d, J = 7.7 Hz, 1H), 7.45 — 7.23 (m, 3H), 7.10 (t, J = 7.7 Hz, 2H), 6.67 (t, J =
7.2 Hz, 1H), 6.57 (d, J= 7.9 Hz, 2H), 4.48 (d, /= 5.3 Hz, 1H), 4.09 (s, 1H), 2.58 (s, 3H), 1.95 (d,
J = 12.0 Hz, 2H), 1.85 — 1.66 (m, 4H), 1.31 — 1.11 (m, 5H). *C NMR (126 MHz, CDCl;) §
168.4, 147.7, 136.3, 129.5, 129.07, 125.1, 123.8, 123.4, 122.8, 119.3, 117.4, 116.8, 113.1, 56.2,
43.5,30.4,29.2, 26.3, 24.0. FT-IR (cm™, neat, ATR): 3398, 2924, 2851, 1694, 1600, 1448, 1328,

1218, 746, 730. HRMS (EI) calcd for C23H26N>0 [M]": 346.2045, found: 346.2048.
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Ethyl 2-Cyclohexyl-2-(phenylamino)acetate, 44 (101 mg, 77%) was prepared following GP1.
The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl3) § 7.22 — 7.06 (m, 2H),
6.72 (tt, J=17.3, 1.1 Hz, 1H), 6.66 — 6.56 (m, 2H), 4.24 — 4.05 (m, 3H), 3.86 (d, /= 6.1 Hz, 1H),
1.98 — 1.81 (m, 1H), 1.83 — 1.72 (m, 3H), 1.72 — 1.60 (m, 2H), 1.37 — 1.00 (m, 8H). *C NMR
(126 MHz, CDCl3) 6 173.8, 147.6, 129.4, 118.2, 113.6, 62.2, 60.9, 41.5, 29.8, 29.3, 26.3, 26.3,
26.2, 14.5. FT-IR (cm™, neat, ATR): 2980, 2926, 2853, 1728, 1602, 1505, 1256, 1178, 1146.

HRMS (ESI) calcd for Ci16H24NO, [M+H]": 262.1807, found: 262.1804.

HN X

Cy
MeO

)

Methyl 4-(((4-Chlorophenyl)amino)(cyclohexyl)methyl)benzoate, 45 (77 mg, 43%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) &
7.97 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 6.98 (d, J = 8.9 Hz, 2H), 6.37 (d, J = 8.9 Hz,
2H), 4.22 (s, 1H), 4.12 (d, J = 6.1 Hz, 1H), 3.89 (s, 3H), 1.84 (d, /= 12.4 Hz, 1H), 1.81 — 1.56
(m, 4H), 1.58 — 1.38 (m, 1H), 1.28 — 0.87 (m, 5H). *C NMR (126 MHz, CDCl3) § 167.1, 147.9,
146.0, 129.8, 129.1, 129.0, 127.4, 122.0, 114.4, 63.6, 52.2, 44.8, 30.2, 29.5, 26.4, 26.4, 26.4. FT-
IR (cm™, neat, ATR): 3406, 2927, 2853, 1710, 1599, 1498, 1312,1281. HRMS (ESI) calcd for

C21HasCINO, [M+H]": 358.1574, found: 358.1583.
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Methyl 4-(((3-Chlorophenyl)amino)(cyclohexyl)methyl)benzoate, 46 (118 mg, 66%) was
prepared following GPI. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCl3) &
8.08 — 7.83 (m, 2H), 7.49 — 7.29 (m, 2H), 6.95 (t, /= 8.0 Hz, 1H), 6.57 (ddd, /= 7.9, 2.0, 1.0 Hz,
1H), 6.45 (t, J = 2.1 Hz, 1H), 6.32 (ddd, J = 8.3, 2.3, 1.0 Hz, 1H), 4.27 (s, 1H), 4.14 (d, J= 6.1
Hz, 1H), 3.90 (s, 3H), 1.84 (d, /= 13.0 Hz, 1H), 1.80 — 1.57 (m, 4H), 1.51 (dd, J = 12.8, 3.4 Hz,
1H), 1.34 — 0.81 (m, 5H). *C NMR (126 MHz, CDCl3) & 167.1, 148.6, 147.7, 134.9, 130.2,
129.8, 129.2, 127.3, 117.3, 113.1, 111.5, 67.2, 63.3, 52.2, 44.8, 30.3, 29.4, 26.4, 26.37. FT-IR
(cm’, neat, ATR): 2927, 1710, 1596, 1576, 1499, 1484, 1278, 1114, 907, 730. HRMS (ESI)

calced for CoHasCINO, [M+H]": 358.1574, found: 358.1574.

N
HN™ X" CF,

Cy
MeO

Methyl 4-(Cyclohexyl((3-(trifluoromethyl)phenyl)amino)methyl)benzoate, 47 (125 mg, 64%)
was prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz,
CDCl) 6 8.26 — 7.76 (m, 2H), 7.56 — 7.29 (m, 2H), 7.12 (t, /= 7.9 Hz, 1H), 6.84 (d, /= 7.6 Hz,
1H), 6.72 (t, J = 2.0 Hz, 1H), 6.55 (dd, J = 8.2, 2.4 Hz, 1H), 4.38 (s, 1H), 4.18 (d, J = 6.2 Hz,
1H), 3.90 (s, 3H), 2.06 — 1.79 (m, 1H), 1.81 — 1.61 (m, 4H), 1.53 — 1.42 (m, 1H), 1.36 — 0.71 (m,
5H). BC NMR (126 MHz, CDCl3) § 167.1, 147.6, 147.5, 131.5 (q, J = 31.8 Hz), 129.9, 129.7,

129.2, 127.3, 124.3 (q, J = 272.4 Hz), 115.9, 113.8 (q, J = 3.7 Hz), 109.9 (q, J = 4.0 Hz), 63.4,
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52.2,44.8,30.3, 29.6, 26.4, 26.4, 26.3. ’F NMR (471 MHz, CDCl3) § -62.96. FT-IR (cm™, neat,
ATR): 2929, 2854, 1709, 1612, 1436, 1341, 1313, 1280, 1162, 1116. HRMS (ESI) calcd for

CyHasF3NO> [M+H]": 392.1837, found: 392.1847.

=

g

HN X-">co,Me

Cy
MeO

Methyl 3-((Cyclohexyl(4-(methoxycarbonyl)phenyl)methyl)amino)benzoate, 48 (123 mg,
68%) was prepared following GPI. The desired amine was isolated as an oil. "H NMR (500
MHz, CDCL) 6 7.97 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.30 — 7.24 (m, 1H), 7.21 (t, J
= 2.0 Hz, 1H), 7.09 (t, J= 7.9 Hz, 1H), 6.59 (dd, J = 8.1, 2.5 Hz, 1H), 4.34 (s, 1H), 4.21 (d, J =
6.1 Hz, 1H), 3.88 (s, 3H), 3.84 (s, 3H), 1.87 (d, J = 12.3 Hz, 1H), 1.79 — 1.58 (m, 4H), 1.51 (d, J
=12.9 Hz, 1H), 1.35 - 0.96 (m, 5H). *C NMR (126 MHz, CDCl3) § 167.5, 167.1, 147.9, 147.5,
131.0, 129.8, 129.2, 129.1, 127.3, 118.5, 117.3, 114.4, 63.3, 52.1, 52.1, 44.8, 30.3, 29.5, 26.4,
26.4, 26.3. FT-IR (cm’, neat, ATR): 2928, 2853, 1717, 1605, 1436, 1330, 1278, 1108. HRMS

(EST) caled for C23HasNO4 [M+H]": 382.20138, found: 382.2037.

|/\‘/CI
HNT X
Cy
MeO

)

Methyl 4-(Cyclohexyl((3,4-dichlorophenyl)amino)methyl)benzoate, 49 (133 mg, 68%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl) &

8.09 — 7.83 (m, 2H), 7.38 — 7.29 (m, 2H), 7.05 (d, J = 8.8 Hz, 1H), 6.53 (d, /= 2.7 Hz, 1H), 6.28
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(dd, J=8.7, 2.8 Hz, 1H), 4.30 (s, 1H), 4.10 (d, J = 6.2 Hz, 1H), 3.90 (s, 3H), 1.83 (d, /= 12.9 Hz,
1H), 1.79 — 1.58 (m, 4H), 1.50 (d, J = 13.0 Hz, 1H), 1.31 — 0.88 (m, 5H). *C NMR (126 MHz,
CDCls) § 167.0, 147.2, 146.9, 132.7, 130.6, 129.9, 129.3, 127.2, 119.9, 114.5, 112.8, 63.4, 52.2,
44.7,30.2,29.5, 26.4, 26.3, 26.3. FT-IR (cm’, neat, ATR): 2929, 2853, 1708, 1597, 1490, 1282.

HRMS (ESI) caled for C21H24CLNO, [M+H]": 392.1184, found: 392.1194.

Cl

%
HN /\Am

Cy
MeO

Methyl 4-(Cyclohexyl((3,5-dichlorophenyl)amino)methyl)benzoate, 50 (110 mg, 56%) was
prepared following GPI. The desired amine was isolated as an oil. '"H NMR (500 MHz, CDCl;)
'H NMR (500 MHz, CDCls) § 7.99 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 6.58 (t,J = 1.7
Hz, 1H), 6.32 (d, /= 1.9 Hz, 2H), 4.32 (s, 1H), 4.11 (d, /= 6.3 Hz, 1H), 3.90 (d, /= 1.3 Hz, 3H),
1.91 — 1.59 (m, 5H), 1.48 (d, J= 13.1 Hz, 1H), 1.32 — 0.75 (m, 5H). *C NMR (126 MHz, CDCl;)
0 167.0, 149.1, 147.0, 135.4, 129.9, 129.3, 127.2, 117.2, 111.5, 63.2, 52.2, 44.7, 30.2, 29.4, 26.3,
26.3, 26.3. FT-IR (cm™, neat, ATR): 2927, 2853, 1706, 1589, 1572, 1451, 1436, 1280, 1112.

HRMS (ESI) calcd for C21H24CLNO, [M+H]": 392.1184, found: 392.1176.

=

HN/\v

%

Cy
MeO

Methyl 4-(Cyclohexyl(naphthalen-2-ylamino)methyl)benzoate, 51 (77 mg, 41%) was prepared

following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCl;) & 7.98 (d,

279



J = 8.3 Hz, 2H), 7.64 — 7.53 (m, 2H), 7.51 — 7.34 (m, 3H), 7.34 — 7.18 (m, 1H), 7.13 (ddd, J =
7.9, 6.7, 1.2 Hz, 1H), 6.88 (dd, J = 8.8, 2.4 Hz, 1H), 6.53 (d, J = 2.5 Hz, 1H), 4.34 (s, 1H), 4.32
(d, J= 6.2 Hz, 1H), 3.88 (s, 3H), 1.89 (d, J = 12.8 Hz, 1H), 1.85 — 1.62 (m, 4H), 1.63 — 1.55 (m,
1H), 1.33 — 0.96 (m, 5H). *C NMR (126 MHz, CDCL) 8 167.1, 148.2, 145.0, 135.1, 129.8,
129.0, 129.0, 127.6, 127.5, 127.4, 126.3, 126.0, 122.1, 118.0, 105.6, 63.5, 52.1, 44.9, 30.3, 29.5,
26.5,26.5, 26.4. FT-IR (cm’', neat, ATR): 2925, 2852, 1710, 1629, 1520, 1278, 1113, 827, 732.

HRMS (ESI) calcd for C2sH2sNO, [M+H]": 374.2120, found: 374.2119.

Ph =

X
HN

Cy
MeO
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Methyl 4-(([1,1'-Biphenyl]-2-ylamino)(cyclohexyl)methyl)benzoate, 52 (80 mg, 40%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) &
8.09 — 7.81 (m, 2H), 7.58 — 7.48 (m, 4H), 7.41 (tt, J = 6.5, 1.8 Hz, 1H), 7.37 — 7.28 (m, 2H), 7.08
(dd, J=7.3, 1.7 Hz, 1H), 7.02 (td, J = 7.8, 1.7 Hz, 1H), 6.69 (td, J= 7.4, 1.1 Hz, 1H), 6.33 (dd, J
=8.2, 1.1 Hz, 1H), 4.46 (s, 1H), 4.19 (d, J = 5.8 Hz, 1H), 3.90 (s, 3H), 1.71 — 1.50 (m, 5H), 1.50
—1.38 (m, 1H), 1.20 — 0.65 (m, 5H). *C NMR (126 MHz, CDCl3) § 167.2, 148.5, 144.2, 139.6,
130.1, 129.7, 129.6, 129.1, 129.0, 128.6, 127.9, 127.5, 127.3, 117.0, 111.4, 63.5, 52.1, 44.9, 30.5,
29.0, 26.5, 26.4, 26.4. FT-IR (cm™, neat, ATR): 2925, 2852, 1720, 1508, 1489, 1435, 1277,

1105. HRMS (ESI) caled for C27H30NO> [M+H]": 400.2277, found: 400.2277.
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Methyl 4-(((2-Benzylphenyl)amino)(cyclohexyl)methyl)benzoate, 53 (114 mg, 55%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) &
7.92-7.77 (m, 2H), 7.35 (dd, J= 8.3, 6.7 Hz, 2H), 7.32 — 7.21 (m, 3H), 7.13 (dd, J=7.3, 1.5 Hz,
1H), 7.09 - 7.01 (m, 2H), 6.96 (td, J= 7.8, 1.6 Hz, 1H), 6.64 (td, J=7.3, 1.1 Hz, 1H), 6.21 (d, J =
8.1 Hz, 1H), 4.08 (d, J = 5.1 Hz, 1H), 4.00 (s, 3H), 3.88 (s, 3H), 1.60 (dd, J = 20.7, 9.4 Hz, 3H),
1.41 (dddd, J = 15.3, 12.5, 6.5, 3.3 Hz, 2H), 1.29 (d, J = 13.6 Hz, 1H), 1.16 — 0.91 (m, 3H), 0.82
—0.61 (m, 2H). *C NMR (126 MHz, CDCl;) & 167.2, 148.4, 145.2, 139.8, 131.1, 129.6, 129.0,
128.7, 128.7, 127.9, 127.2, 126.9, 124.5, 116.8, 111.4, 62.6, 52.1, 44.9, 39.4, 30.2, 28.5, 26.5,
26.4, 26.3. FT-IR (cm™, neat, ATR): 2925, 2852, 1718, 1605, 1510, 1450, 1435, 1277, 1113,

1103. HRMS (ESI) calcd for CsH3NO, [M+H]™: 414.2433, found: 414.2450.

OMe
HNT

Cy
MeO

Methyl 4-(Cyclohexyl((4-methoxyphenyl)amino)methyl)benzoate, 54 (88 mg, 50%) was
prepared following GPI. The desired amine was isolated as an oil. "H NMR (500 MHz, CDCls) &
7.97 (d, J=17.9 Hz, 2H), 7.36 (d, J = 7.9 Hz, 2H), 6.65 (d, J = 8.4 Hz, 2H), 6.41 (d, J = 8.5 Hz,
2H), 4.10 (d, J = 6.0 Hz, 1H), 3.91 (s, 1H), 3.89 (s, 3H), 3.67 (s, 3H), 1.86 (d, J = 12.8 Hz, 1H),
1.78 — 1.61 (m, 4H), 1.53 (d, J= 13.1 Hz, 1H), 1.25 — 0.99 (m, 5H). *C NMR (126 MHz, CDCl;)

0 167.2,152.0, 148.8, 141.8, 129.7, 128.9, 127.5, 114.9, 114.5, 64.3, 55.9, 52.1, 45.0, 30.3, 29.5,
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26.5,26.5,26.4. FT-IR (cm™', neat, ATR): 2925, 2852, 1713, 1509, 1277, 1234, 1178, 1106, 818.

HRMS (ESI) caled for C22HasNO; [M+H]": 354.2069, found: 354.2055.
0 4
OMe AN X

MeO
© 0

Methyl 2-(1-(4-(Cyclohexyl(phenylamino)methyl)benzoyl)-5-methoxy-2-methyl-1H-indol-3-
yDacetate, 55 (127.5 mg, 81%) was prepared following GPI. The desired amine was isolated as a
solid. mp = 68-70 °C. '"H NMR (500 MHz, CDCl3) § 7.64 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 7.9
Hz, 2H), 7.10 (t, J = 7.6 Hz, 2H), 6.97 (s, 1H), 6.79 (d, /= 9.0 Hz, 1H), 6.67 (t, J = 7.0 Hz, 1H),
6.61 (dd, J=9.0, 2.2 Hz, 1H), 6.51 (d, J= 8.0 Hz, 2H), 4.52 — 4.18 (m, 2H), 3.85 (s, 3H), 3.71 (s,
3H), 3.68 (s, 2H), 2.37 (s, 3H), 1.92 (d, J = 12.2 Hz, 1H), 1.85 — 1.66 (m, 4H), 1.59 (d, J=12.3
Hz, 1H), 1.30 — 1.07 (m, 5H). *C NMR (126 MHz, CDCl3) & 171.4, 169.4, 155.8, 148.2, 147.2,
136.0, 134.1, 131.0, 130.5, 129.6, 129.0, 127.7, 117.3, 115.0, 113.2, 112.0, 111.4, 101.0, 63.4,
55.6, 52.0, 44.6, 30.1, 30.1, 29.4, 26.3, 26.2, 26.2, 13.2. FT-IR (cm, neat, ATR): 3400, 2927,
1600, 1477, 1312, 1223, 734. HRMS (ESI) caled for Cs3H3N,O4 [M+H]": 525.2753, found:

525.2758.
=
g
Sea<Ueas
(6]

Isopropyl 2-(4-(4-(Cyclohexyl(phenylamino)methyl)benzoyl)phenoxy)-2-methylpropanoate,

56 (114 mg, 74%) was prepared following GPI. The desired amine was isolated as a solid. mp =
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58-60 °C. "H NMR (500 MHz, CDCls) & 7.76 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 7.8 Hz, 2H), 7.40
(d, J = 7.9 Hz, 2H), 7.08 (t, J = 7.7 Hz, 2H), 6.86 (d, J = 8.4 Hz, 2H), 6.64 (t, J = 7.2 Hz, 1H),
6.50 (d,J= 7.8 Hz, 2H), 5.16 — 5.00 (m, 1H), 4.36 — 4.15 (m, 2H), 1.88 (d, J= 12.8 Hz, 1H), 1.82
— 1.61 (m, 10H), 1.57 (d, J = 12.9 Hz, 1H), 1.25 — 1.06 (m, 11H). *C NMR (126 MHz, CDCl)
3C NMR (126 MHz, CDCls) & 195.4, 173.3, 159.6, 147.6, 136.9, 132.2, 130.9, 130.1, 129.3,
127.3, 117.4, 117.3, 113.3, 79.5, 69.4, 63.4, 45.0, 30.4, 29.5, 26.5, 26.4, 25.6, 25.5, 21.7. FT-IR
(em™, neat, ATR): 3395, 2926, 1728, 1598, 1248, 1145, 735. HRMS (ESI) caled for C3:HioNO,

[M+H]": 514.2957, found: 514.2950.

O\\ /7 |
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Methyl 4-(Cyclohexyl((4-(NV-(2,6-dimethoxypyrimidin-4-

yl)sulfamoyl)phenyl)amino)methyl)benzoate, 57 (97 mg, 36%) was prepared following GPI.
The desired amine was isolated as a solid. mp = 212-214 °C. "H NMR (500 MHz, CDCl;) § 7.99
(d, J= 8.2 Hz, 2H), 7.61 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 6.46 (d, J = 8.9 Hz, 2H),
6.19 (s, 1H), 4.85 (d, /= 6.0 Hz, 1H), 4.18 (t, J = 5.8 Hz, 1H), 3.90 (s, 3H), 3.88 (s, 3H), 3.84 (s,
3H), 1.84 (d, J = 12.8 Hz, 1H), 1.80 — 1.60 (m, 4H), 1.48 (d, J = 13.0 Hz, 1H), 1.24 — 0.98 (m,
5H). ®C NMR (126 MHz, CDCl3) § 172.6, 166.7, 164.7, 158.8, 151.4, 146.4, 129.8, 129.4,
129.2, 127.0, 125.4, 112.2, 85.3, 62.8, 54.6, 55.0, 52.0, 44.3, 30.0, 29.3, 26.1, 26.0, 26.0. FT-IR
(cm’, neat, ATR): 3260, 2928, 1718, 1592, 1347, 1280, 1148, 1088, 574. HRMS (ESI) calcd for

C27H33N406S [M+H]™: 541.2121, found: 541.2131.
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5-Nitro-2-(4-(trifluoromethyl)-1H-pyrazol-1-yl)pyridine, 58 (1.7 g, 95%). A mixture of 4-
(trifluoromethyl)-1H-imidazole (1048 mg, 7.7 mmol), 2-chloro-5-nitropyridine (1.110 g. 14.7
mmol), and K,COs (2070 mg, 15.0 mmol) in MeCN (8 mL) was heated at 85 °C overnight. The
reaction was diluted with H,O and extracted with EtOAc (3%25 mL). The combined organic
layers were washed with brine, dried (Na>SOy), filtered with Celite, and concentrated to generate
a white solid. '"H NMR (500 MHz, CDCl3) § 9.31 (d, J = 2.6 Hz, 1H), 8.98 — 8.90 (m, 1H), 8.67
(dd, J=9.0, 2.7 Hz, 1H), 8.22 (d, J = 9.0 Hz, 1H), 8.00 (s, 1H). *C NMR (126 MHz, CDCl;) §
153.5, 1448, 142.8, 140.4 (q, J = 2.6 Hz), 134.5, 127.6 (q, J = 3.9 Hz), 121.9 (q, J = 266.9 Hz),

117.0 (q, J = 38.9 Hz), 112.6. ’F NMR (471 MHz, CDCls) § -57.47.

6-(4-(Trifluoromethyl)-1H-pyrazol-1-yl)pyridin-3-amine, 59 (1.5 g, 98% ). To a soln of 5-
nitro-2-(4-(trifluoromethyl)-1H-pyrazol-1-yl)pyridine (1.7 g) in 20 mL of EtOAc was added 10
wt % Palladium on carbon (250 mg) . The mixture was heated to 50 °C. The reaction was filtered
through Celite, rinsing with MeOH. The filtrate was concentrated to give 6-(4-(trifluoromethyl)-
1H-imidazol-1-yl)pyridin-3-amine as an oil. '"H NMR (500 MHz, CDCl;) § 8.69 (s, 1H), 7.85 (d,
J=10.3 Hz, 2H), 7.75 (d, J = 8.8 Hz, 1H), 7.12 (d, J = 9.1 Hz, 1H), 3.82 (s, 2H). *C NMR (126
MHz, CDCl;) § 143.0, 142.0, 137.8 (d, J = 2.9 Hz), 134.3, 125.6 (q, J = 3.5 Hz), 124.3, 122.6 (q,

J=266.1 Hz), 114.7 (g, J=37.8 Hz), 113.2. ’F NMR (471 MHz, CDCl3) § -56.75.
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Methyl 4-(Cyclohexyl((6-(4-(trifluoromethyl)-1H-pyrazol-1-yl)pyridin-3-
yDamino)methyl)benzoate, 60 (133 mg, 58%) was prepared following GPI. The desired amine
was isolated as a viscous oil. '"H NMR (500 MHz, CDCls) ¢ 8.61 (s, 1H), 8.00 (d, J = 8.0 Hz,
2H), 7.79 (s, 1H), 7.69 (d, J= 2.8 Hz, 1H), 7.64 (d, J = 8.8 Hz, 1H), 7.36 (d, J = 8.1 Hz, 2H), 6.88
(dd, J=8.9,2.9 Hz, 1H), 4.42 (s, 1H), 4.20 (d, /= 4.1 Hz, 1H), 3.90 (s, 3H), 1.90 (d, /= 12.6 Hz,
1H), 1.83 — 1.64 (m, 4H), 1.54 (d, J = 13.0 Hz, 1H), 1.28 — 1.03 (m, 5H). ®C NMR (126 MHz,
CDCl) 6 166.7, 146.5, 142.7, 142.0, 137.6 (d, J=2.8 Hz), 132.8, 129.7, 129.2, 127.1, 1253 (q, J
= 3.7 Hz), 122.5 (q, J = 266.0 Hz), 122.1, 114.5 (q, J = 38.5 Hz), 113.1, 63.3, 51.9, 44.5, 29.8,
29.4, 26.1, 26.1, 26.0. ’F NMR (471 MHz, CDCl3) § -56.75. FT-IR (cm’, neat, ATR): 3380,
2929, 2850, 1708, 1495, 1402, 1263, 1114, 967, 733. HRMS (ESI) calcd for Cz4H26F3N4O:

[M+H]": 459.2008, found: 459.2001.

NH,

Meop)\o

]

Methyl 4-(Amino(cyclohexyl)methyl)benzoate, 61 (75 mg, 61%) was prepared following GP2.
The desired amine was isolated as a viscous yellow oil. "H NMR (500 MHz, CDCl3) § 7.97 (d, J
= 8.1 Hz, 2H), 7.53 — 6.91 (m, 2H), 3.90 (s, 3H), 3.67 (d, /= 7.3 Hz, 1H), 2.03 — 0.46 (m, 14H).

BC NMR (126 MHz, CDCl;) § 167.2, 150.8, 129.7, 128.9, 127.5, 127.3, 61.6, 52.1, 45.3, 30.1,

285



29.4, 26.5, 26.3. FT-IR (cm, neat, ATR): 3375, 2923, 2850, 1717, 1275, 1111, 770. HRMS

(EST) caled for CisH»NO, [M+H]": 248.1651, found: 248.1647.
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Chapter 7. Multifunctional Building Blocks Compatible with Photoredox-Mediated

Alkylation for DNA-Encoded Library Synthesis®®

7.1 Introduction

The discovery of small organic ligands with high-affinity binding to proteins is a central
theme of biomedical research in both academic and industrial settings.' Robust chemical probes
are key to validating the tractability and translatability of a therapeutic target in drug discovery
programs, and they provide a critical starting point for the development of new therapeutic
chemical entities.> Consequently, considerable attention has been devoted to the development of
novel screening methods that diminish clinical attrition and to identification of chemical matter
with superior specificity.’ To accomplish these goals rapidly, DNA-encoded library (DEL)

technolo gy4,5,6,7,8,9,1o,11

(Chapter 1.3) has emerged as an innovative platform to enable the
assembly and sampling of combinatorial libraries of unprecedented magnitude (>10° to 10'* drug-
like candidates).’ In this vein, DEL screens provide a time- and cost-effective format for
exploration of uncharted chemical space. To ensure continued success, the development of on-
DNA water-compatible transformations that employ abundant feedstocks and facilitate the
incorporation of multifunctional building blocks (BBs) with a high content of C(sp®) carbons is
integral. Moving forward, we sought to utilize Ni/photoredox dual catalysis and radical/polar

crossover manifolds as enabling tools to facilitate the assembly of novel structural scaffolds in

DEL synthesis through regulated single-electron intermediates.

88 Reproduced in part with permission from S. O. Badir, J. Sim, K. Billings, A. Csakai, X. Zhang, W.
Dong, G. A. Molander, Org. Lett. 2020, 22, 1046—-1051. Copyright 2020, American Chemical Society.
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To ensure a versatile chemical foundation, careful selection of building blocks (BBs) is
instrumental in constructing libraries. A comprehensive set of BBs encompassing structural
motifs that resemble bioactive molecules in combination with those bearing an additional handle
for diversification is ideal.'” Although mono-functional BBs suitable for existing DEL
chemistries are widely accessible, a recent survey estimates that the number of available
bifunctional BBs, serving as crucial linkers, encompasses only ~3,500 scaffolds.'? In light of
these considerations, we sought to expand the BBs amenable for photoredox-catalyzed DEL
synthesis to incorporate two complementary families of radical precursors, namely aliphatic

bromides'® and a-silylmethylamines."*

In particular, metallaphotoredox catalysis has emerged as a valuable tool for providing
unique and alternative C-C bond disconnections, especially in the context of complex
biomolecular design.'’ Because of the impact of C(sp*)-hybridized centers on the enhancement of
solubility and specificity in druggable molecules, SET processes have found extensive use in the

medicinal chemistry community.'®!

Recently, our group and others have validated
Ni/photoredox dual catalysis in DNA-encoded synthesis using carboxylic acids and 1,4-
dihydropyridines (DHPs) as radical precursors.'®" Although this advancement presented a
milestone in its own right, the scope of these transformations was restricted to a-amino acids,

which generate stabilized a-heterosubstituted radicals.'®' In the case of DHPs, the cross-coupling

was limited to benzylic-, secondary-, or a-alkoxy structural motifs.'®

To address these limitations, we sought to develop three photoredox approaches to
expand chemical space in the DEL platform. In the first, a photoredox/nickel-mediated reductive
coupling on DNA was developed, employing primary- and secondary alkyl bromides as reaction

partners using triethylamine as a mild reductant (Figure 7.1 A). As demonstrated in Chapters 3
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and 4, cross-electrophile couplings furnish several advantages over traditional catalytic cycles.”’
For example, the need for preformed carbon nucleophiles, including harsh organometallic
reagents prepared from the corresponding halides, severely limits functional group compatibility
and renders such anionic alkylation processes unusable in DEL environments.”’ By contrast,
electrophilic reagents such as aliphatic halides have greater abundance and offer excellent
structural complexity, with over 2 million building blocks commercially available. Bypassing the
need for stoichiometric zinc or manganese reductants, we disclose a versatile cross-coupling with

excellent functional group tolerance on DNA.

In two further protocols, a-silylmethylamines have been incorporated as surrogates of
structural motifs embedded within natural products.'>** We have thus engaged several members
of this class of substrates in both Ni/photoredox dual cross-coupling and defluorinative alkylation
processes (Figure 7.1 B and C). Importantly, all of the protocols developed are completed within
minutes and do not require an inert atmosphere, providing an exceedingly low barrier to

practical implementation.

A. Cross-coupling with alkyl bromides

o
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B. Cross-coupling with organosilanes
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Figure 7.1. Envisioned on-DNA photochemical transformations.
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7.2 Results and Discussion

A fundamental challenge facing cross-electrophile couplings is selectivity.* Because of
the labile nature of both electrophilic starting materials toward oxidative addition in the presence
of a nickel catalyst, careful design of reaction parameters must be implemented to synchronize
the nickel and photoredox catalytic cycles (Figure 7.2 A)."* To induce selectivity in substrates
with inherently equal or similar reactivities, excess amounts of one reagent over the other can be
leveraged.?** This strategy is particularly powerful in the context of DEL chemistries, which are
carried out on extremely small scale (~25 nmol)."® To clarify this perspective further, the use of
250 equivalents of radical precursor only equates to 6.25 pumol of starting material. Notably, the
ease of separation of homodimers from DNA-alkylated products further highlights the potential

of implementing cross-electrophile couplings in DEL strategies.

We initiated our studies using a DNA-tagged para-substituted aryl bromide (1) and 4-
bromotetrahydropyran (2) as the model substrates under 20% aqueous conditions (Figure 7.2).
Given the reductive nature of this transformation, a variety of photocatalysts were screened
(Figure 7.2 B). Although product formation was observed in the case of the organic dye 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene  (4CzIPN),>* the iridium-based photoreductant
[Ir(dtbbpy)(ppy)2]PFs (E12 = —0.96 V vs SCE) proved superior.”>?® Of particular note, minimal
product was generated using 10-phenylphenothiazine (PTH). With a drastically higher reduction
potential (E;p = —2.1 V vs SCE) compared to Ir(ppy); (Ei» = —1.7 V vs SCE),” this
photoreductant presumably engages the aryl halide on DNA in protodehalogenation via reductive
fragmentation of the corresponding C—X bond. After assessing a variety of parameters, a loading

of 250 equiv of alkyl bromide, coupled with a 4:1 ratio of the NiBrebpy precomplex-to-
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photocatalyst, was determined to afford the desired product in suitable yield. The addition of

magnesium chloride (MgCl,) was utilized to enhance stabilization of the DNA backbone.*®

DMSO/H,0 (4:1)
Kessil lamp, 45 min

o 50 mol % Ir(ppy)o(dtbpy) 0o
SO Br 2.0 equiv NiBrobpy
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Figure 7.2. Envisioned mechanistic cycle and key optimization studies for on-DNA cross-

coupling with alkyl bromides.

We subsequently evaluated the scope of this reductive coupling (Figure 7.3). A wide
range of primary and secondary alkyl bromides served as competent substrates, including those
with bifunctional handles such as N-Boc-protected amine 3d, unactivated alkene 3i, alkyl
chlorides 3j and 3k, and nitrile 30. Because of the mild base utilized, free alcohols 3l-n,
stemming from a primary alkyl bromide, were effectively coupled in acceptable yields. The scope
of this method was further extended to cyclic systems, including oxetane 3¢, azetidine 3d, and
pyran 3g. To establish robust reactivity, we surveyed these DNA substrates with one primary and
one secondary alkyl bromide (Figure 7.3 B). Aryl bromides and -iodides bearing electron-
withdrawing and electron-donating groups were cross-coupled effectively. Activated heteroaryl

systems (3ab, 3ac, 3ad) reacted in moderate yields because of their reactive nature under
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reducing photoredox conditions. This limitation, however, complements existing SET-mediated
cross-coupling procedures operating under an oxidative fragmentation paradigm.'®'” By contrast,
electron-neutral aryl bromides, not viable under previous reports,*** furnished the desired
alkylated products in moderate yields in this cross-electrophile coupling. A variety of other
structural motifs were accommodated, including aryl fluoride 3ae, styrene 3af, N-Boc-protected
amines (30j and 30k), aldehyde 3al, and free primary amines (3om and 3on). Remarkably, aryl
halide 3ao, containing a morpholine residue, did not suffer diminished reactivity, despite its

structural resemblance to the triethylamine used as a stoichiometric reducing agent in this

reaction.
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Figure 7.3. Scope of on-DNA cross-coupling with alkyl bromides.
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Having explored the utility of alkyl bromides as electrophilic cross-coupling partners on
DNA, we then investigated a-silylmethylamines as radical precursors.'* An ambitious goal of
unbiased DNA-encoded libraries aimed at multiple biological targets is to encompass a large
collection of diverse scaffolds.”® Inspired by the concept of diversity-oriented synthesis (DOS),
first championed by Schreiber in 2000, we pursued the aminomethylation of (hetero)aryl
bromides to yield skeletal diversity prevalent in natural products (Figure 7.4). Indeed, the
aminomethyl subunit serves as a pivotal linker in bioactive molecules as well as leading
pharmaceutical drugs such as Imatinib and Donepezil.'**" Strategies based on DOS attest to their

31

success in the discovery of new therapeutic treatments,” especially in DNA-encoded library

synthesis as described recently by Schreiber et al.*?

We envisioned that single-electron oxidation of electron-rich
aminomethyl(trimethyl)silanes 4 under photoredox conditions would give rise to silyl radical
cations.*** This species would undergo facile desilylation to yield the desired a-aminomethyl
radical, which could then be intercepted by the nickel catalytic cycle to furnish the coupled

product.
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Figure 7.4. Scope of on-DNA cross-coupling with a-silylmethylamines.

We anticipated that nucleophilically assisted desilylation could occur when using water
as a (co)solvent. This added benefit was further leveraged as the free amine handle allows
systematic branching sequences in DEL platforms. Driven by low oxidation potentials in protic
solvents,” unprotected aminomethylsilanes are efficiently oxidized by [Ir{dFCFsppy}(bpy)]PFs.
Notably, diverse aminomethyl(trimethyl)silanes were accessed in a single step from the
corresponding commercially available amines and chlorotrimethylsilane. Importantly, the
reactions require less than 15 min to proceed to completion and are carried out in the absence of

an inert atmosphere.

The bifunctional nature and commercial availability of amino acids make them highly
valued building blocks for library synthesis, and we successfully carried out the
aminomethylation with a variety of electron-deficient and electron-rich halides with an
organosilane stemming from proline to produce synthetically useful levels of product (Figure

7.4). Aryl iodides bearing N-Boc protected amine Sp served as a competent substrate.
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Additionally, aryl iodides bearing a free amine 5n and tertiary amine 5o both reacted with ease.
We have successfully demonstrated the cross-coupling with non-amino acid-derived

organosilanes (Sb and Sc¢).

As an extension to the developed cross-coupling conditions, we examined a
defluorinative aminomethylation protocol. Given the metabolic stability of gem-difluoroalkenes
as carbonyl mimics,** we subjected a-silylmethylamines to radical/polar crossover defluorinative
alkylation processes (Figure 7.5)."*° We propose that a single-electron oxidation of the a-
silylmethylamine radical precursor by the photoexcited state of the photocatalyst furnishes a
nucleophilic primary radical. This species then undergoes addition to the trifluoromethylated
alkene to generate an a-CF3 radical, which is further reduced to the carbanion by the

photocatalyst. Subsequent fluoride elimination occurs to yield 7.'%*

With respect to the scope of this transformation (Figure 7.5), a wide array of amino acid-
based organosilanes proved competent, including leucine 7e, phenylalanine 7f, proline 7h,
methionine 7i, and tryptophan 7k. Remarkably, nitrogen protecting groups were not necessary in
this alkylation platform, providing an additional branching point to be utilized for further building

block incorporation.

298



o) CF4 . o ]
T™MS T N” 25 mol % [I{dFCF bpy)]PF OV 1
MNH i X . "22 [irf 3PPY}2(bPY)IPFe NH ‘ N N,R
_ DMSO/ H,0 P B2
A Kessil lamp, 5 min A
6 4 7

Organosilane Scope

Fo_F
—NHjK@LN/R‘ .E'\N/© ‘%{\ﬁ«[OO T g /©/ J\@Iﬁ -R! 22'\ /C/‘E‘:\ AO
N7 R

7a, 82% 7b, 39% 7c, 30% 7m, 30% 7n, 31%
OBn g
2 /L)\ J\/©/ E'\ " NH o
NN B
% "N” “CO,Me ~u [ g vii NH,
H CO,Me  # CO,Me CO,Me +Bu 02C
7d, 48% 7e, 52% 7, 77% 79,61% 7h, 75% 70, 48% 7p, 52% 79, 71%
_
CO,Me HN H
S 2! ’EZNN 0.0 :
~ H >
: T
o~ A o~ :
& N cove N7 CogMe & N7 cogMe %’o © B0, c coMe
7i, 59% 7j, 36% 7k, 53% 71,61% 7r, 44% 7s, 58% 7t, 44%

Figure 7.5. Scope of on-DNA radical/polar defluorinative aminomethylation.

Numerous other silylmethylamines, derived from commercially available
aminomethylsilane and the corresponding ketones/aldehydes via reductive amination, displayed
adequate reactivity with a variety of substrates, including aniline 7a, glycoside 71, oxetane 7m,
pyridine 70, and amide 7p. Notably, we subjected aminomethyltrimethylsilane to the reaction
conditions and obtained the primary amine 7q without any loss in reactivity. We foresee that the
structural diversity created in these photoredox-mediated processes will be instrumental in

providing unique and alternative bond disconnections in DEL libraries.

Finally, maintaining the integrity of the DNA tag during library synthesis is vital to the
success of ELT as a drug discovery platform because the DNA barcode is the only record
available to decode the synthetic steps used to construct the putative binder following selection.
We verified the integrity of the DNA tag when subjected to the photoredox conditions developed
herein (see the Experimental Section for details). We observed no significant differences in the
ability of our samples treated with standard conditions to undergo ligation, PCR amplification,
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quantification, or sequencing when compared to a no-blue light exposed control sample. These
results suggest that the reported transformations are amenable for DEL synthesis without

compromising the integrity of the DNA.

7.3 Conclusion

In summary, taking advantage of diverse and commercially available alkyl bromides, a
selective cross-electrophile coupling on DNA has been devised. A variety of unactivated primary
and secondary radical precursors are employed with high functional group tolerance. Of further
advantage, photoredox-mediated radical/polar crossover reactions using structurally diverse o-
silylmethylamines were employed to generate novel gem-difluoroalkene scaffolds without the

need for nitrogen protecting groups.

7.4 Experimental

General Consideration

General: All chemical transformations requiring inert atmospheric conditions were carried out
using Schlenk line techniques with a 4- or 5-port dual-bank manifold. For blue light irradiation,
two Kessil PR160-456nm lamps (19VDC 40W Max) were placed 1.5 inches away from PCR
tubes. NMR spectra ('H, "*C, '°F) were obtained at 298 °K. '"H NMR spectra were referenced to
residual CHCl; (8 7.26) in CDCl;. C NMR spectra were referenced to CDCl; (& 77.30).
Reactions were monitored by LCMS, GC/MS, 'H NMR, and/or TLC on silica gel plates (60 A
porosity, 250 um thickness). TLC analysis was performed using hexanes/EtOAc as the eluent and
visualized using ninhydrin, p-anisaldehyde stain, and/or UV light. Flash chromatography was
accomplished using an automated system (CombiFlash®, UV detector, 2 = 254 nm and 280 nm)

with RediSep® R silica gel disposable flash columns (60 A porosity, 40-60 pum) or RediSep R¢
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Gold® silica gel disposable flash columns (60 A porosity, 20—40 um). Accurate mass
measurement analyses were conducted using electron ionization (EI) or electrospray ionization
(ESI). The signals were mass measured against an internal lock mass reference of
perfluorotributylamine (PFTBA) for EI-GCMS and leucine enkephalin for ESI-LCMS. The
utilized software calibrates the instruments and reports measurements by use of neutral atomic
masses. The mass of the electron is not included. IR spectra were recorded on an FT-IR using
either neat oil or solid products. Solvents were purified with drying cartridges through a solvent

delivery system. Melting points (°C) are uncorrected.

Chemicals: Deuterated NMR solvents were purchased and stored over 4A molecular sieves.
EtOAc, hexanes, MeOH, DMF, and Et,O were obtained from commercial suppliers and used as
purchased. EtsN was purchased from commercial suppliers and used without further purification.
CH,Cl, and THF were purchased and dried via a solvent delivery system. Preformed nickel
complexes®® and photocatalysts [Ir{dFCFsppy}2(bpy)]PFs,’” [Ir(ppy)2(dtbpy)]PFs,*” and 4CzIPN*
were prepared in-house by the procedures outlined in the references cited. The organic
photocatalyst, 10-phenylphenothiazine (PTH), was purchased from commercial suppliers.
(Aminomethyl)trimethylsilane and (chloromethyl)trimethylsilane were commercial samples.
DNA-tagged substrates and trifluoromethyl alkene-substituted benzoic acids, used in the
preparation of select on-DNA substrates, were prepared as outlined in a previous publication.'® A
protocol for the synthesis of on-DNA substrates is outlined here. Alkyl bromides were purchased
from commercial suppliers. The synthesis of a-silylmethylamines was performed is outlined here.
All other reagents were purchased commercially and used as received. Photoredox-catalyzed
reactions were performed using PCR 8-strip tubes (Ref. Fisher 781320) with PCR strips of 8 caps
(Ref. Fisher 781340). DMSO was purchased and used as received. HyPure™ molecular biology

grade water was purchased and used as received without further manipulation.
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Analysis of “on-DNA” reactions: Analysis of on-DNA reactions was performed by LC/MS.
After reaction completion, an aliquot of the reaction mixture was diluted with H,O to
approximately 0.05 mM. At this point, a 5 pL of the LC/MS sample was injected onto a reverse-
phase chromatography column (Halo ES-C18, 3.4 um particle size, 2.1x30 mm) and eluted (10-
90% B over 4 min at 0.5 mL/min flow rate; solvent A: 0.75% v/v/ HFIP / 0.038% TEA / 5 uM
EDTA in H,O; solvent B: 0.75% HFIP, 0.038% TEA, 5 uM EDTA in 90/10 MeOH/deionized
H,0) with monitoring at UV 260 nm. Effluent was analyzed on a Bruker microTOF in negative
ion mode. For the functionalized headpiece samples (the on-DNA aryl bromides/iodides), %
conversion was determined based on reported peak intensities following deconvolution (between
3,000-10,000 Da) of the DNA charge states using the Bruker Compass DataAnalysis software
version 4.2 (build 383.1). An intensity of 5% of the maximum peak intensity observed for a given
spectra was set as the reporting threshold. The maximum intensity peak for each distribution of
peaks was manually selected as the representative peak for reporting. % Conversion was then
calculated by dividing the peak intensity of the product peak by the sum of the reported peaks for
that spectra. For the photoredox scope reactions, % conversion was determined using Intact
Mass™ by Protein Metrics Inc. (version v3.3-421 x 64). Data was scanned between 1.9-3.0 min
and deconvoluted between 4,000-6,000 Da, with a mass tolerance window of 2 Da. A 5% of base
peak threshold was set for reporting. Na, K, NH4, and HFIP adducts were included in the product

percentage.

Materials for “on-DNA” synthesis: DNA headpiece HP-NH(5’-
/5Phos/GAGTCA/iSp9/iUniAmM/iSp9/TGACTCCC-3’) was obtained from Biosearch
Technologies, Novato, CA. The spacer-elongated AOP-Headpiece (Figure 7.6) was prepared via
HATU coupling following the general procedure described later in this Experimental Section

with 5 equiv each of Fmoc-15-amino-4,7,10,13-tetraoxapentadecanoic acid (Fmoc-AOP), i-
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ProNEt, and HATU. The lyophilized product of this reaction was then deprotected by exposure to
a 10% piperidine in H>O solution. After the reaction was deemed complete by LC/MS analysis,
the reaction was precipitated following the EtOH protocol outlined below and is typically pure

enough to be used without further purification.
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Figure 7.6. Sequence and structure of the AOP-Headpiece (molecular weight = 5184.5220).

General Procedures

Preparation of on-DNA substrates (General Procedure 1, GPI)

A) HATU premix protocol for acylation of DNA headpieces. Cool the individual HATU (200
mM in DMA, 40 equiv), i-Pro,NEt (200 mM in DMA, 40 equiv), and carboxylic acid (200
mM in DMA, 40 equiv) solns at 4 °C for 5 min. Once chilled, the acid, i-Pr,NEt, and HATU
solns were added sequentially to a centrifuge tube, vortexed briefly, and allowed to react at 4
°C for 20 min. The oligomer soln (1 mM in 250 mM pH 9.4 sodium borate buffer) was then
added, and the mixture was vortexed. The reaction was allowed to proceed at rt and
monitored by LC/MS. Upon completion, the reaction was worked up following the “EtOH

Precipitation Protocol.”

B) EtOH precipitation protocol. Transfer the reaction mixture to a centrifuge tube where it fills

at most 1/4 of the total volume. A volume of 5 M aq NaCl equal to 1/10 of the reaction
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volume was then added followed by cold (-20 °C) EtOH equal to 2.5 reaction volumes. The
resulting mixture was then left to stand in a —80 °C freezer for at least 1 h. The chilled
mixture was then centrifuged for 30 min at 4 °C at 3,300 rpm. The supernatant was then
decanted and allowed to dry under reduced pressure. The resulting pellet is redissolved in
HO to give a theoretical concentration of 2 mM. Purity was assessed by LCMS, and optical
density was obtained via NanoDrop. For long term storage, solutions were frozen in liquid
nitrogen and lyophilized to dryness to give a white solid. If impure, HPLC purification of on-
DNA samples was performed: gradient of 95% A (50 mM TEAA, pH = 7.5)/5% B (1% H.O
in CH;CN) to 60% A/40% B, through a Gemini C18 (5 um, 110 A, 30x100 mm), with UV

visualization at 260 nm.

Synthesis of a-silylmethylamines (General Procedure 2, GP2): To a 100 mL round bottom flask
equipped with a stir bar was added chloromethyltrimethylsilane (1.5 mL, 11 mmol, 2.2 equiv),
the corresponding amine (5 mmol, 1.0 equiv), Na,CO; (1.2 g, 11 mmol, 2.2 equiv), and Nal (1.7
g, 11 mmol, 2.2 equiv) in DMF (0.1 M). The mixture was placed under an argon atmosphere and
heated to 90 °C overnight. Upon completion, the reaction mixture was cooled to rt and diluted
with deionized H,O (50 mL). The soln was transferred to a separatory funnel and EtOAc (75 mL)
was added. The layers were separated, and the aqueous phase was extracted with EtOAc (2% 50
mL). The combined organic layers were washed with deionized H>O (2 x100 mL) and brine (150
mL). The soln was dried (MgSOs), filtered, and reduced under vacuum. The crude reaction was

purified using an automated system in hexanes/EtOAc (0 to 50 %) as eluent.

Synthesis of a-silylmethylamines (General Procedure 3, GP3)

A. Step 1. To a 100 mL round bottom flask equipped with a stir bar was added

aminomethyltrimethylsilane (1.1 mL, 10 mmol, 1.0 equiv), the corresponding aldehyde or
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ketone (10 mmol, 1.0 equiv), and 4A molecular sieves (4.0 g) in Et20 (30 mL, 0.33 M). The
reaction mixture was stirred at rt overnight. Upon completion, the soln was filtered, and the
solvent was removed under reduced pressure affording the corresponding imine, which was

used without further purification.

B. Step 2. To a 100 mL round bottom flask equipped with a stir bar was added the
corresponding imine in MeOH (50 mL, 0.2 M). The soln was then cooled to 0 °C and stirred
for 10 min at this temperature. After this time, NaBH4 (0.76 g, 20 mmol, 2 equiv) was added
to the flask portion wise over 5 min. The reaction mixture was stirred at 0 °C for an additional
10 min, then warmed to rt overnight. The reaction mixture was quenched with H,O (30 mL)
and Na,COs (0.756 g) then transferred to a separatory funnel. At this point, CH>Cl, (100 ml)
was added, and the layers were separated. The aqueous layer was extracted with CH,Cl, (2 x
50 mL). The combined organic layers were dried (MgSQs), filtered, and taken to dryness.
The crude reaction mixture was purified using an automated system with hexanes/EtOAc (0

to 50%) as eluent.

On-DNA cross-coupling with alkyl bromides (General Procedure 4, GP4): To a 0.2 mL PCR
Eppendorf tube was added Ir[(dtbpy)(ppy)2]PFs (5 uL of a 2.5 nmol/uL soln in DMSO, 12.5
nmol, 0.50 equiv), preformed NiBr:ebpy (5 uL of a 10 nmol/puL. soln in DMSO, 50 nmol, 2.0
equiv), MgCl, (5 uL of a 1250 nmol/uL soln in deionized H>O, 6.25 umol, 250 equiv), alkyl
bromide (10 uL of a 625 nmol/uL soln in DMSO, 6.25 pmol, 250 equiv), EtzN (1 uL neat, 287
equiv), and aryl halide (5 pL of a 5 nmol/uL soln in deionized H,O, 25 nmol, 1.0 equiv). The
PCR tube was then capped, vortexed, and irradiated for 45 min with Kessil PR160-456nm lamps
(19 V DC 40 W Max) at a distance of 1.5 inches. The reaction was then diluted with H,O (optima

LC/MS grade or HyPure™ molecular biology grade water) and analyzed by LC/MS.
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On-DNA cross-coupling with a-silylmethylamines (General Procedure 5, GP5): To a 0.2 mL
PCR Eppendorf tube was added [Ir{dFCF3ppy}2(bpy)]PFs (5 uL of a 1.5 nmol/uL soln in DMSO,
7.5 nmol, 0.30 equiv), preformed NiBr.dOMe<bpy (5 pL of a 6 nmol/uL soln in DMSO, 30 nmol,
1.2 equiv), a-silylmethylamine (10 pL of a 250 nmol/uL soln in DMSO, 2.50 pumol, 100 equiv),
10 uL DMSO, and aryl halide (5 pL of a 5 nmol/pL soln in deionized H»O, 25 nmol, 1.0 equiv).
The PCR tube was then capped, vortexed, and irradiated for 15 min with Kessil PR160-456 nm
lamps (19 V DC 40 W Max) at a distance of 1.5 inches. The reaction was then diluted with H.O

(optima LC/MS grade or HyPure™ molecular biology grade water) and analyzed by LC/MS.

On-DNA defluorinative aminomethylation with a-silylmethylamines (General Procedure 6, GP6):
To a 0.2 mL PCR Eppendorf tube was added [Ir{dFCFsppy}.(bpy)]PFs (5 uL of a 1.25 nmol/uL
soln in DMSO, 6.25 nmol, 0.25 equiv), a-silylmethylamine (2 pL of a 125 nmol/uL soln in
DMSO, 1.25 pmol, 10 equiv), 50 pL DMSO, and trifluoromethyl alkene (5 pL of a 5 nmol/uL
soln in deionized H»>O, 25 nmol, 1.0 equiv). The PCR tube was then capped, vortexed, and
irradiated for 5 min with Kessil PR160-456 nm lamps (19 V DC 40 W Max) at a distance of 1.5
inches. The reaction was then diluted with HO (optima LC/MS grade or HyPure™ molecular

biology grade water) and analyzed by LC/MS.

On-DNA reaction workflow: All photoredox reactions were performed with Kessil PR160-456
nm lamps (19 V DC 40 W Max). The lamps were placed 1.5 inches away from PCR Eppendorf

tube. A typical reaction setup is shown below.
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Figure 7.7. Reactions were set up on the benchtop under air. Reagents were added as stock

solutions to 0.2 mL PCR tubes.

-

Figure 7.8. The PCR tubes were vortexed then irradiated with Kessil PR160-456 nm lamps (19

VDC 40 W Max) for the time designated for each experiment.

Figure 7.9. Upon completion, reactions were diluted with Optima grade H>O and analyzed.
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Figure 7.10. C1-C4 tag elongation.

Top strand: 5’- /5SPhos/A AAT CGA TGT GTT CCG CAA GAA GCC TGG TAA GCG GAG

AAA GGTCGTT-3

Bottom strand: 5’-/5Phos/C GAC CTT TCT CCG CTT ACC AGG CTT CTT GCG GAA CAC

ATCGATTIGG-¥

The top and bottom strands (purchased from IDT as lyophilized powders) of a control 4-
cycle tag were annealed by combining 300 nmol of each strand (2 mM in H,0), heating to 95 °C
for 5 min, then cooling to rt. The annealed tag solution (1.2 equiv) was then added to the p-
bromobenzamide headpiece (see AOP-headpiece described earlier for the DNA sequence of the
starting material; 1 equiv, 250 nmol, 125 pL H,O, 2 mM), followed by 2 mL of H,O, 100 puL 10x
T4 ligation buffer, and 10 pL T4 DNA ligase purchased from Syngene. The ligation solution was
vortexed and let sit at rt overnight. The ligation was pushed with additional annealed control tag
(150 nmol, 1 mM in H»O) and ligase (5 pL). The reaction was again capped, vortexed, and left to
react at rt overnight. The ligation was pushed a second time with additional annealed control tag
(150 nmol, 1 mM in H>O), T4 ligation buffer (25uL), and ligase (2.5uL). The reaction was again
capped, vortexed, and left to react in a cold room for ~3 d. The ligation was precipitated for 1 h at
-80 °C following addition of 300 uL of 5 M NaCl (aq) and 12 mL of cold EtOH. The precipitated
solution was then centrifuged at 3,300 rpm at 4 °C for 1 h, and the solvent was decanted to afford
the DNA pellet, which was dried on a lyophilizer for 2 h. The crude pellet was resuspended in 1

mL H»O and purified by HPLC (column: Gemini C18, 5 um, 21.2x100 mm; gradient: 10 to 90%
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B in 30 min, 20 mL/min; UV at 260 nm; solvent A: 50 mM TEAA, pH 7.5; solvent B: 1% H»O in
MeCN) to afford the desired product. The lyophilized product was analyzed by optical density
using a composite extinction coefficient of 1023700 L/(mol-cm) to determine isolated yield

(194.6 nmol, 77.8%). LC/MS calcd: 34439.8, found: 34441.1.

Compound Spectrum List Report

Analysis Info Acquisition Date  7/2/2010 4:12:40 PM
Analysis Name  X:\Chem MS Data\uTCOF\Data_2019\July 2019\tof-070218\AJC-NG8288-20-postHPLC_12_01_12589.d
Method 1200col2_10to80in4.m Operator gsk

Sample Name AJC-NB8382-20-postHPLC Instrument micrOTOF 213750.0019¢
Comment

Acquisition Parameter

Source Type ESI lon Polarity Negative Set Nebulizer 3.58Bar
Focus Active Set Dry Heater 220°C
Scan Begn 510 miz Set Capillary 2500 V Set Dry Gas 11.0 Vmin
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Figure 7.11. LCMS compound spectrum report for DNA elongated headpiece.

Exemplar reactions on elongated HP

A total of six alkylation reactions were run on the elongated p-bromobenzamide
headpiece with 4-bromotetrahydropyran using standard conditions, unless otherwise noted in the
table below. Following reaction, samples were subjected to standard EtOH precipitation and then
lyophilization of the pellet. The crude pellets were then diluted with 100 pL milliQ H>O, and the
concentration of the stock solution was determined using optical density as determined on a

Thermo NanoDrop 2000. Three measurements were obtained, and the average A260 used to
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determine concentration. Similar recoveries were obtained across all samples (see relative

recovery column below) indicating that there is no substantial impact of the chemistry on sample

recovery.
Sample Deviations nmol Absolute Recovery relative
name recovered | recovery (%) to 70-6 (%)
70-1 | Standardalkylation 1 ¢ 36.8 90.2
conditions
70-2 No Ni 4.9 39.2 96.1
70-3 No photocatalyst 4.6 36.8 90.2
70-4 No triethylamine 4.8 38.4 94.1
70-5 No MgCl, 4.5 36.0 88.2
No light
70-6 (~ no chemistry 5.1 40.8 N/A
control)

Closing primer ligation on reacted material

Top strand: 5°-/5Phos/ACG ATG CCC GGT CTA CNN NNN NNN NNN NCT GAT GGC GCG

AGG GAG GC-¥

Bottom strand: 5°-GTA GAC CGG GCA TCG TAA-3’

To each of the six exemplar reaction samples (2 nmol aliquot, 0.04 mM in H,O) was
added the closing primer (5 nmol, 1 mM in H>O), 10X ligation buffer (10 uL), T4 DNA ligase (2
pL, 10 mg/mL), and H,O (33 pL) for a final reaction volume of 100 pL. Ligations were allowed
to proceed overnight at rt. Samples were analyzed by gel electrophoresis and all were determined

to have gone to sufficient completion.
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Before Closing

Before Closing

gPCR

5’ 565 Cla Primer: 5°-TGA CTC CCA AAT CGA TGT G -3’

3’ 454 Short Primer: 5°-GCC TCC CTC GCG CCA -3°

Quantitative PCR was performed on a Roche LightCycler 480 II PCR system with SYBR
Green I as the detection dye. A bulk master mix solution was prepared by combining 1 mL of
SYBR green, 60 puL of 10 uM PCR primer 565 Cla, 60 pL of 10 uM PCR primer 454 short, and

680 puL of H>O. To 2 pL of sample was then added 18 uL. of master mix. Samples were subjected

to qPCR:
Stage Temperature/time | Number of cycles
UNG 50 °C /2 min 1
HotStart 95 °C/5 min 1
Amplification | 95 °C/ 15 sec 40
55°C /30 sec
72 °C /30 sec
Melt 95°C/ 1 sec 1
70 °C/ 1 sec
Cool 45 °C /30 sec

Samples were then analyzed using the 2™ derivative maximum standard protocol on the

instrument to determine how many molecules were present per uL. sample. Samples achieved
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acceptable consistency across conditions in comparison to the no-light control sample (70-6),
suggesting that the conditions developed are not impacting the amount of amplifiable DNA

present in a significant way.

Sample name | Molecules/pL sample
70-1 2.59E+13
70-2 2.10E+13
70-3 3.97E+13
70-4 3.10E+13
70-5 7.27E+12
70-6 3.76E+13

PCR amplification

Samples were subjected to 11 cycles of PCR amplification using the Roche FastStart Taq

Polymerase dNTPack and Illumina P5 and P7 primers. The standard Taq-PCRamp program is as

follows:

1. 95 °C for 10 min

2. 95 °C for 30 sec

3. 59 °C for 30 sec

4. 72 °C for 30 sec

5. Repeat STEP 2-4, 10 times
6. 72 °C for 7 min

7. 4 °C hold

8. End
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After PCR, samples were purified using Beckman Coulter AMPure beads, then

quantified on an Agilent Bioanalyzer following the standard manufacturer’s protocol.

PCR amplified | | PCR amplified |

< DNA | ; <—DNA

/'

s

No template CTR
(PCR primers only)

No template CTR
(PCR primers only)

Iclilemistry Amp cycles | [Bioanalyzer] (nM)
01 1 48.75

02 T 1115

70-3 11 13.3

04 T 17.75

70-5 3 2>

70-6 11 39.5

Based on the bioanalyzer results following the PCR amplification and purification
described above, an aliquot of each sample, representing approximately 1E8 molecules, were
prepared for sequencing following the manufacturer’s standard protocol with an Illumina MiSeq
v3 kit, then submitted for sequencing on an Illumina MiSeq. Samples were subjected to 111
cycles for Read 1 and 9 cycles for index runs. % Sequences without mutations was determined
based on a comparison of the desired sequence against the top 19 other sequences identified. The
% mutation for the standard alkylation conditions in comparison to the no light control sample is

consistent (suggesting that the mutations observed are inherent to the purchased tags and the
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general processes employed in this Experimental Section, rather than chemistry specific). The
rate of mutation is also aligned to what we have observed for previous photoredox reactions (J.
Am. Chem. Soc. 2019, 141, 3723-3732), making us confident in the ability of this chemistry to be
used in a library synthesis. It is interesting to note that the No MgCl, sample showed ~2x the
amount of mutated sequences when compared to the no light control and the standard alkylation
conditions, perhaps suggesting that the MgCl, is serving a protective role for the DNA - a

phenomenon that has been observed previously (Bioconjugate Chem. 2017, 28, 1625-1629).

Sample name Chemistry summary % Mutated sequences
70-1 Standard fdl'kylatlon 401 %
conditions
70-2 No Ni 6.80 %
70-3 No photocatalyst 5.29 %
70-4 No triethylamine 5.18 %
70-5 No MgCl, 9.80 %
No light o
70-6 (~ no chemistry control) 3:06%

Characterization Data

v%
Ot-Bu
(@]

tert-Butyl ((Trimethylsilyl)methyl)-L-prolinate, 4a (5 mmol scale, 1.16 g, 90%) was prepared
following GP2. The product was isolated as a pale-yellow oil. 'H NMR (500 MHz, CDCls) §
3.18 = 3.01 (m, 1H), 2.94 (dd, J = 8.7, 5.7 Hz, 1H), 2.45 — 2.22 (m, 2H), 2.11 — 1.94 (m, 1H),
1.93 - 1.82 (m, 3H), 1.76 — 1.69 (m, 1H), 1.46 (s, 9H), 0.06 (s, 9H). *C NMR (126 MHz, CDCls)

8 173.7, 80.5, 70.7, 56.3, 45.9, 29.2, 28.5, 23.7, -1.1. FT-IR (cm™', neat, ATR): 2956, 2776, 1724,
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1479, 1457, 1418, 1391, 1367, 1295, 1248, 1210, 1119, 1032, 763, 692. HRMS (ESI) calcd for

C13H2sNO,Si [M+H]": 258.1889, found: 258.1914.

™S N :
H

N-((Trimethylsilyl)methyl)aniline, 4¢ (5 mmol scale, 0.3 g, 34%) was prepared following GP2.
The product was isolated as a pale-yellow oil. '"H NMR (500 MHz, CDCls) § 7.23 (td, J = 7.2,
1.4 Hz, 2H), 6.91 — 6.30 (m, 3H), 3.51 (s, 1H), 2.54 (s, 2H), 0.18 (s, 9H).*C NMR (126 MHz,
CDCl3) § 150.8, 129.4, 117.2, 112.7, 33.8, -2.4. FT-IR (cm, neat, ATR): 2954, 2896, 2800,
1732, 1676, 1443, 1314, 1282, 1203, 1176, 1153, 992. HRMS (ESI) calcd for CioHisNSi

[M+H]": 180.1209, found: 180.1196.

(0]
TMS/\H/\EOK

(8)-1-(2,2-Dimethyl-1,3-dioxolan-4-yl)-V-((trimethylsilyl)methyl)methanamine, 4’b (10
mmol scale, 1.04 g, 48%) was prepared following GP3. The product was isolated as a pale-
yellow oil. "H NMR (500 MHz, CDCl3) § 4.34 — 4.14 (m, 1H), 4.00 (dd, J = 7.9, 6.3 Hz, 2H),
3.65 (t, J= 7.4 Hz, 1H), 2.70 (t, J = 6.1 Hz, 2H), 2.19 — 1.91 (m, 2H), 1.38 (s, 3H), 1.32 (s, 3H),
0.01 (s, 9H)."*C NMR (126 MHz, CDCl3) § 109.2, 75.4, 67.8, 57.2, 40.8, 27.2, 25.8, -2.3. FT-IR
(cm™', neat, ATR): 2986, 2953, 2890, 1734, 1456, 1379, 1370, 1248, 1213, 1156, 1112, 1076,

1054, 970, 766, 697. HRMS (ESI) calcd for C1oH24NO,Si [M+H]": 218.1576, found: 218.1570.
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N-(4-Chlorophenyl)-3-(((trimethylsilyl)methyl)amino)butanamide, 4’c (10 mmol scale, 1.43
g, 48%) was prepared following GP3. The product was isolated as a pale-yellow oil. '"H NMR
(500 MHz, CDCl;) 6 11.0 (s, 1H), 7.47 (d, J = 8.8 Hz, 2H), 7.25 (d, J = 9.3 Hz, 2H), 3.00 (td, J =
6.7,3.2 Hz, 1H), 2.64 (dd, J = 16.5, 3.2 Hz, 1H), 2.27 (dd, /= 16.5, 6.9 Hz, 1H), 2.20 — 1.76 (m,
2H), 1.21 (d, J= 6.5 Hz, 3H), 0.88 (d, J= 6.7 Hz, 1H), 0.11 (s, 9H)."*C NMR (126 MHz, CDCl;)
8 170.6, 137.5, 129.1, 128.6, 121.3, 54.2, 41.0, 36.5, 20.1, -2.3. FT-IR (cm', neat, ATR): 2956,
1665, 1601, 157, 1491, 1468, 1400, 1369, 1338, 1307, 1249, 1093, 835, 811, 772, 757, 743.

HRMS (ESI) calcd for C14H24N>0SiCl [M+H]": 299.1346, found: 299.1337.

Methyl ((Trimethylsilyl)methyl)glycinate, 4’d (5 mmol scale, 0.75 g, 86%) was prepared
following GP2. The product was isolated as a pale-yellow oil. 'H NMR (500 MHz, CDCl;) §
3.67 (s, 3H), 3.35 (s, 2H), 2.01 (s, 2H), 1.41 (s, 1H), 0.01 (s, 9H). *C NMR (126 MHz, CDCl3) §
173.2, 54.9, 51.7, 40.4, -2.5. FT-IR (cm', neat, ATR): 3346, 2954, 2900, 2790, 1436, 1347,
1170, 1138, 1052, 986, 941, 767. HRMS (ESI) caled for C7HsNO»Si [M+H]": 176.1107, found:

176.1102.

OMe
™S >

Iz

Methyl ((Trimethylsilyl)methyl)-L-leucinate, 4’e (5 mmol scale, 0.39 g, 34%) was prepared

following GP2. The product was isolated as a pale-yellow oil. "H NMR (500 MHz, CDCls) &
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3.69 (d, J= 1.0 Hz, 3H), 3.19 (t, J= 7.3 Hz, 1H), 1.98 (d, /= 13.2 Hz, 1H), 1.92 — 1.80 (m, 1H),
1.78 — 1.61 (m, 1H), 1.48 — 1.37 (m, 2H), 1.14 (s, 1H), 0.89 (dd, J = 15.7, 6.6 Hz, 6H), 0.01 (s,
9H). 3C NMR (126 MHz, CDCL) § 176.9, 64.1, 51.6, 42.7, 38.5, 25.3, 22.9, 22.7, -2.45. FT-IR
(cm™, neat, ATR): 2954, 2871, 1468, 1434, 1368, 1336, 1309, 1248, 1192, 1166, 1146, 1015,

980, 761. HRMS (ES+) calcd for C11H26NO,Si [M+H]": 232.1733, found: 232.1694.

OMe
™S

Iz

Methyl ((Trimethylsilyl)methyl)-L-phenylalaninate, 4’f (5 mmol scale, 0.89 g, 67%) was
prepared following GP2. The product was isolated as a pale-yellow oil. '"H NMR (500 MHz,
CDCl) 6 8.01 — 6.63 (m, 5H), 3.63 (s, 3H), 3.44 (t, /= 7.0 Hz, 1H), 3.02 — 2.68 (m, 2H), 2.04 (d,
J =13.1 Hz, 1H), 1.92 (d, J = 13.2 Hz, 1H), 1.38 (s, 1H), 0.01 (s, 9H). *C NMR (126 MHz,
CDCls) § 175.4, 137.9, 129.4, 128.6, 126.9, 67.09, 5.69, 39.6, 38.5, -2.5. FT-IR (cm', neat,
ATR): 2952, 1496, 1455, 1434, 1349, 1248, 1216, 1193, 1167, 1126, 1080, 984, 748. HRMS

(EST) calced for Ci4H24NO,Si [M+H]™: 266.1576, found: 266.1565.

OBn

TMS

Iz

Methyl (S5)-3-(4-(Benzyloxy)phenyl)-2-(((trimethylsilyl)methyl)amino)propanoate, 4’g (5
mmol scale, 0.87 g, 59%) was prepared following GP2. The product was isolated as a foam. "H
NMR (500 MHz, CDCl3) 6 7.50 — 7.31 (m, 5H), 7.10 (d, J = 8.3 Hz, 2H), 6.89 (d, J = 8.5 Hz,
2H), 5.04 (s, 2H), 3.64 (s, 3H), 3.44 (s, 1H), 2.93 (s, 2H), 2.05 (d, J = 13.1 Hz, 1H), 1.96 (d, J =

13.5 Hz, 1H), 1.58 (s, 1H), 0.02 (s, 9H). *C NMR (126 MHz, CDCl3) § 175.5, 157.8, 137.4,
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130.4, 130.2, 128.8, 128.2, 127.7, 115.0, 70.3, 67.2, 51.7, 38.7, 38.5, -2.4. FT-IR (cm', neat,
ATR): 2950, 1733, 1511, 1433, 1386, 1297, 1204, 1190, 1177, 1159, 1126, 1016, 812, 751, 741.

HRMS (ESI) caled for C,1H30NO;Si [M+H]"™: 372.1995, found: 372.2009.

S/
oM
TMS/\N/q/ e
H
o}

Methyl ((Trimethylsilyl)methyl)-L-methioninate, 4’i (5 mmol scale, 0.67 g, 54%) was prepared
following GP2. The product was isolated as a pale-yellow oil. 'H NMR (500 MHz, CDCls) §
3.68 (d, J=1.3 Hz, 3H), 3.43 — 3.19 (m, 1H), 2.74 — 2.35 (m, 2H), 2.05 (d, J = 1.4 Hz, 3H), 1.98
(dd, J=13.1, 1.2 Hz, 1H), 1.91 — 1.82 (m, 2H), 1.81 — 1.70 (m, 1H), 1.22 (s, 1H), -0.01 (d, J =
1.4 Hz, 9H). ®C NMR (126 MHz, CDCl3) § 175.9, 64.1, 51.8, 38.3, 32.6, 30.9, 15.7, -2.5. FT-IR
(cm™, neat, ATR): 2952, 2917, 2852, 2789, 1434, 1345, 1298, 1277, 1247, 1192, 1168, 1125,

987, 761. HRMS (ESI) calcd for C1oH24NO,SiS [M+H]": 250.1297, found: 250.1291.

NH

T™S

Iz

Methyl ((Trimethylsilyl)methyl)-L-tryptophanate, 4’k (5 mmol scale, 1.00 g, 66%) was
prepared following GP2. The product was isolated as a foam. "H NMR (500 MHz, CDCls) & 8.25
(s, IH), 7.64 (d, J = 7.8 Hz, 1H), 7.33 (dd, J = 8.3, 1.2 Hz, 1H), 7.19 (ddd, J = 8.2, 7.1, 1.2 Hz,
1H), 7.12 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H), 7.02 (t, J = 2.3 Hz, 1H), 3.63 (s, 3H), 3.57 (tt, J = 6.7,
1.9 Hz, 1H), 3.30 — 2.59 (m, 2H), 2.10 (dt, J = 13.3, 1.8 Hz, 1H), 1.97 (dt, J = 13.3, 1.5 Hz, 1H),

1.5 (s, 1H), 0.01 (s, 9H). *C NMR (126 MHz, CDCl;) § 175.8, 136.4, 127.8, 123.0, 122.2, 119.6,
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119.1, 111.8, 111.4, 66.4, 51.8, 38.6, 29.12, -2.4. FT-IR (cm, neat, ATR): 3100, 1744, 1457,
1434, 1351, 1281, 1255, 1232, 1210, 1198, 1172, 1113, 1103, 789, 759. HRMS (ESI) calcd for

Ci6H2sN>0,Si [M+H]" 305.1685, found: 305.1685.

1-((3aR,5R,5a5,8a8,8bR)-2,2,7,7-Tetramethyltetrahydro-5SH-bis([1,3]dioxolo)[4,5-b:4',5'-

d]pyran-5-yl)-N-((trimethylsilyl)methyl)methanamine, 4’1 (10 mmol scale, 2.07 g, 60%) was
prepared following GP3. The product was isolated as a foam. "H NMR (500 MHz, CDCls) § 5.51
(t,J=4.2 Hz, 1H), 4.57 (dd, J= 7.8, 2.5 Hz, 1H), 4.28 (dt, /= 5.3, 2.6 Hz, 1H), 4.14 (dq, J= 5.6,
3.0, 2.6 Hz, 1H), 4.06 — 3.80 (m, 1H), 2.90 (ddd, J=12.5, 9.0, 3.3 Hz, 1H), 2.71 (dt,J=13.0, 3.4
Hz, 1H), 2.12 (dt, J = 16.5, 3.1 Hz, 2H), 1.99 (dd, J = 13.6, 2.8 Hz, 1H), 1.51 (d, J = 3.4 Hz, 3H),
1.43 (d, J = 2.8 Hz, 3H), 1.31 (t, J = 2.7 Hz, 6H), 0.02 (d, J = 2.6 Hz, 9H). *C NMR (126 MHz,
CDCl) 6 109.4, 108.7, 96.7, 72.4, 71.2, 71.0, 66.1, 53.9, 40.0, 26.4, 26.3, 25.2, 24.6, -2.3. FT-IR
(cm™', neat, ATR): 3000, 1383, 1372, 1173, 1143, 959, 919, 900, 806, 771, 731. HRMS (ESI)

calcd for C16H32NOsSi [M+H]": 346.2050, found: 346.2038.
0
TMS/\H/C/

N-((Trimethylsilyl)methyl)oxetan-3-amine, 4’m (10 mmol scale, 1.01 g, 58%) was prepared
following GP3. The product was isolated as a pale-yellow oil. 'H NMR (500 MHz, CDCls) §
4.82 (t,J= 6.7 Hz, 2H), 4.42 (t, J = 6.2 Hz, 2H), 4.19 — 3.75 (m, 1H), 1.98 (d, J = 1.1 Hz, 2H),
1.44 —0.86 (br s, 1H), 0.06 (d, J= 1.2 Hz, 9H). *C NMR (126 MHz, CDCl3) § 79.6, 57.0, 36.9, -

2.4. FT-IR (cm', neat, ATR): 3312, 2952, 2868, 2771, 1748, 1680, 1467, 1423, 1368, 1312,
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1247, 1160, 1065, 1033, 973, 759. HRMS (ESI) calcd for C7H;sNOSi [M+H]": 160.1158, found:

160.1142.

1-(1-Methyl-1H-pyrrol-2-yl)-N-((trimethylsilyl)methyl)methanamine, 4’n (10 mmol scale,
1.45 g, 74%) was prepared following GP3. The product was isolated as a pale-yellow oil. 'H
NMR (500 MHz, CDClL;) 8 6.61 (q, J = 2.2 Hz, 1H), 6.28 — 5.75 (m, 2H), 3.75 (s, 2H), 3.68 (s,
3H), 2.12 (s, 2H), 0.93 (s, 1H), 0.07 (d, J = 1.9 Hz, 9H). *C NMR (126 MHz, CDCl;) § 131.8,
122.5, 108.0, 106.5, 50.3, 40.0, 33.9, -2.4. FT-IR (cm ', neat, ATR): 2953, 2895, 2774, 1497,
1448, 1413, 1345, 1700, 1246, 1187, 1156, 1087, 1073, 750. HRMS (ESI) calcd for CioH21N2Si

[M+H]": 197.1474, found: 197.1464.
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Chapter 8. Photoredox-Mediated Hydroalkylation and Hydroarylation of
Functionalized Olefins for DNA-Encoded Library Synthesis™"

8.1 Introduction

DNA-encoded library (DEL) technology'??® (Chapter 1.3) features a novel interrogation
format for the discovery of therapeutic candidates* in the pharmaceutical industry. The
integration of aliphatic bromides and a-silylmethylamines in Ni/photoredox dual cross-coupling
and radical/polar crossover manifolds provided access to diverse chemical space in DEL
platforms. To be successful, on-DNA chemistries are required to incorporate building blocks
(BBs) bearing multifunctional handles for further diversification under mild, dilute, and aqueous
conditions.® In light of these considerations, the development of reliable transformations that
operate through novel reactivity modes and employ commodity chemicals would expedite
progress in this field. Moving forward, we sought to develop site-selective hydroalkylation and
hydroarylation protocols of functionalized olefins to expand access to structural scaffolds with a

high density of pendant functional groups in DELs.

As part of a program centered on the development of catalytic tools to yield novel
structural scaffolds, we recently reported the synthesis of gem-difluoroalkenes,”® carbonyl mimics
that display in vivo resistance toward metabolic processes,’ through photoinduced radical/polar
crossover defluorinative alkylation.”*'° As a complementary approach to build chemical
diversity, we became interested in pushing the limits of photochemical paradigms to access

benzylic trifluoromethylated compounds, bioactive structural motifs in medicinal settings (Figure

o Reproduced in part with permission from S. O. Badir, A. Lipp, M. Krumb, M. J. Cabrera-Afonso, L. M.
Kammer, V. E. Wu, M. Huang, A. Csakai, L. A. Marcaurelle, G. A. Molander, Chem. Sci. 2021, under
revisions. This article will be licensed under a Creative Commons Attribution NonCommercial 3.0
Unported License.
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8.1)."" Specifically, fluorine incorporation is a powerful strategy invoked by the pharmaceutical
and agrochemical industries to alter a molecule’s chemical, physical, and biological properties,
such as its pK,, dipole moment, and molecular conformation.'*"* As a consequence of these
factors, fluorinated scaffolds are prevalent in more than 25% of marketed drugs.''® As an
important representative, the trifluoromethyl (—CF3) group renders increased metabolic stability,
lipophilicity, and binding selectivity when embedded in therapeutic candidates.'"'* Typically, the
trifluoromethyl group can be installed through nucleophilic, electrophilic, or radical routes.'
Although these strategies undoubtedly expand chemical space, these protocols remain elusive in
the context of late-stage functionalization and the incorporation of sensitive functional groups in

complex environments under DEL-like conditions.

Benzylic CF3-containing medicinal compounds & bioisosters
CN  N=\ CF3

,\" N — bioisosters — w
~
—Me o N
—eu M
insecticide —cl PAF antagonist CN
Cl
Cl
CF.
Cl cl 8
FsC —CF3
= NH
improved bioavailability
—

Efavirenz o)
antiretroviral medicine ERa agonist

Figure 8.1. The trifluoromethyl group in medicinal chemistry.

An underexplored opportunity to achieve Csp® trifluoromethylation is the direct
hydroalkylation of trifluoromethyl-substituted olefins (Figure 8.2). Specifically, the
carbofunctionalization of these electrophilic unsaturated systems occurs readily at room
temperature with exquisite functional group compatibility,'® thus rendering the incorporation of
pharmaceutically relevant cores and complex alkyl fragments feasible in a library setting.

However, given the established propensity of trifluoromethyl-substituted alkenes to undergo
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intramolecular ElcB-type fluoride elimination in metal-catalyzed cross-couplings that proceed

through the intermediacy of o-CFs-metal species,’’ via the nucleophilic addition of

1819 or in the presence of traditional photoredox catalysts irrespective of

organometallic reagents
the nature of the radical precursor (Figure 8.2),'®'°*?° hydrofunctionalization?' efforts remain
challenging. In particular, the hydroalkylation of trifluoromethyl-substituted alkenes using
unactivated alkyl counterparts presents a formidable, yet potentially powerful scenario to access

unprecedented benzylic trifluoromethylated building blocks rapidly from commodity radical

progenitors with a high content of C(sp®) carbons.

B-Fluoride elimination predominates in CF;-alkene alkylation
RP—
~(pc

F F
FaG less ex| CF
plored 3
L (| 57
hydroalkylation
well-precedented
N~ — ™

Radical Precursor (RP)

T T = (het)aryl
=alkyl —BFgK  —COH = H (hetary
IF’I’zNH® | 1 J(J)\ Zl*:i_i?!:::::?’l’
e =R H L I S E LS
,,,,,,,, ,o,,@,,(,),,,,,,,,,,,,,,,,,,,, ‘,,,,,I,-',,,,,,,,!",“'l’,,J‘ :NaSO,CF;, i

Nucleophile (Nu) Transition-Metal (TM)

RLi, RMgX, LiNR,, oL [Pd], [Cu], [Ni], [Fe], [Rh]
LiAlH,, PhMe,SILi - Ao

Figure 8.2. Carbofunctionalization strategies of trifluoromethyl-substituted alkenes.

To address this challenge and unlock access to benzylic trifluoromethylated motifs from
commodity chemicals in DEL synthesis, we report a decarboxylative-based, radical-mediated
hydroalkylation of DNA-tagged trifluoromethyl-substituted alkenes enabled by the merger of
electron donor-acceptor (EDA) complex photoactivation” and hydrogen atom transfer (HAT,
Figure 8.3). Under blue light irradiation, a commercially available electron donor, Hantzsch

ester (HE, diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate), functions as a strong
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photoreductant to induce C(sp®) radical generation from commercially available carboxylic acid
derivatives.* As part of its dual role, HE subsequently serves as a suitable hydrogen atom donor,
impeding the formation of anionic intermediates upon radical addition as well as circumventing
the necessity for alkylmetal complexes, species intrinsically primed to undergo B-F elimination in
reactions with trifluoromethyl-substituted alkenes.'’*?%*2%2% In this vein, the utility of this EDA
paradigm is partially driven by its ability to deliver complex, trifluoromethyl-substituted,
hydrofunctionalized products with high C(sp®) carbon counts selectively under mild and open-air

conditions.

Hydrocarbofunctionalization of Olefins

o
R
Photoredox = Spg radical/polar crossover
Catalysis
anionic side reactivity
e - WA o

R H radical addition followed

radical alkene L. R \)\ by HAT termination
precursor feedstock HAT R no anionic intermediate

Photoinduced Hydroalkylation of Trifluoromethylated Alkenes

exogenous photocatalyst Previous work

(0] M J\@_( radical/polar crossover
HN ’—O> reduction/elimination yields
Y gem-difluoroalkenes
7\
+

R —LG
This study
FsC MN R radical hydroalkylation
DNA-tagged | selective synthesis of
CF3-alkene electron donor-acceptor Y H CF3 benzylic CF; moieties
(EDA) complex activation
******** vig --m-cmmmmmeemmmemmmmmm oo HAT Rttt

>— R 5-10 min
N*O reaction time
EDA complexO

H H
N radical addition to -,
QNH CF3 -alkene Et0,C CO.Et
E0,C7 : Me o o l.. ]
Me N Me
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carboxylic acid feedstock catalyst- & additive-free open-to-air diverse functional groups

Photoinduced Hydroarylation of Functionalized Olefins
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Photoredox radical hydroarylation
selective synthesis of

Catalysis alkylarenes
H
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unactivated DNA-tagged C(sp?)-C(sp?) bond open-to-air
alkene aryl halide formation 5 min reaction time

Figure 8.3. Photoredox-mediated hydrocarbofunctionalization of olefins on DNA and design
consideration.
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As a complement to the hydroalkylation protocol, a radical-mediated intermolecular
hydroarylation of electronically unbiased olefins was developed (Figure 8.3).%° Because alkenes
are plentiful and versatile commodity feedstocks, readily available from petrochemical and
renewable resources, they are ideal precursors for C—C bond formation in DELSs, and the strategy
developed is based on photoinduced reductive activation of DNA-conjugated (hetero)aryl halides
to deliver reactive (het)aryl radical species that can be harnessed in useful synthetic operations

followed by hydrogen atom termination.*
8.2 Results and Discussion

Recently, synthetic processes driven by EDA complex photochemistry have gained
considerable traction, including protocols resulting in borylation, sulfonylation, and
thioetherification.”**” To harness the synthetic potential of EDA complex photoactivation toward
DEL platforms, we examined the feasibility of the proposed decarboxylative hydroalkylation
using on-DNA trifluoromethyl-substituted alkene 1A and unactivated primary redox-active ester
(RAE) 2a as model substrates (Figure 8.4). Under blue Kessil irradiation (Amax = 456 nm),
efficient conversion to the desired benzylic trifluoromethyl-substituted product 3a was observed
using 50 equivalents of the radical precursor under ambient reaction conditions within minutes of

17¢,28 or

illumination. In contrast to radical-mediated alkylation promoted by metal reductants
external photoredox catalysts,” this open-to-air EDA paradigm provides an exceedingly low

barrier to practical implementation in high-throughput settings and circumvents side reactivity

stemming from singlet oxygen generation through triplet-energy transfer.?’

To examine the influence of the dihydropyridine (DHP) backbone on the efficacy of this
photochemical manifold, the reaction was conducted with four different DHP derivatives to gain

a deeper understanding of their dual reactivity profile in EDA complex photoactivation and HAT
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catalysis (Figure 8.4). The C4-substituted DHP (HE A, entry 7) thus exhibited no reactivity under
the reaction conditions, whereas cyano substitution at C3 and C5 of the DHP (HE B, entry 8) led

to diminished product formation.

(0]
RAE 2a (50 equiv) HN
Hantzsch ester (50 equiv)
8:1 DMSO/H,0 (0.6 mM) O R
blue Kessil, rt, 5 min 3a
F3C
Entry Deviation from std conditions 3a (% Conv)al

1 none 84
2 RAE (25 equiv), HE (25 equiv) 65
3 RAE (10 equiv), HE (10 equiv) 55
4 0.5 mM 84
5 0.4 mM 80
6 0.3mM 77
7 HEA 0
8 HEB 20
9 HEC 0

10 no HE traces

" no light traces

(0]
0 Et0,C COLE
S [ON
M i T
\ o Me N Me
H
2a, unactivated primary alkyl feedstock Hantzsch ester (HE)
Me Me

EtO,C CO,Et CN
8 II
Me N Me
H

Figure 8.4. Optimization studies. Reaction conditions: RAE 2a (50 equiv, 1.25 umol), HE (50
equiv, 1.25 pmol), on-DNA trifluoromethyl-substituted alkene 1A (1.0 equiv, 25 nmol), 8:1
DMSO/H,O (0.6 mM), 5 min irradiation with blue Kessil lamps (Amax = 456 nm, 40 W).

[@lConversion to 3a as determined by LC/MS analysis.

As expected, 4,4’-dimethyl HE C (entry 9) failed to promote the reaction, presumably

because of competitive back electron transfer (BET)*® that restores the ground-state EDA
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complex from its radical ion pair in the absence of a probable photooxidative aromatization event.
Notably, commercially available and bench-stable HE*® displayed optimal performance (84%
yield, entry 1), accommodating aqueous media and high dilution factors (0.3-0.6 mM), with only
trace amounts of the corresponding gem-difluoroalkene detected. Using UV/vis absorption
studies, a bathochromic shift of the reaction mixture in 8:1 DMSO/H»0 (0.6 mM) was observed,
with a wavelength band tailing to 500 nm (see the Experimental Section). This is indicative of the
formation of a new molecular aggregate between the electron-deficient aliphatic RAEs and the
electron-rich HE. Using Job’s method®! of continuous variation, we determined a molar donor-
acceptor ratio of 1:1 for the colored EDA complex (see the Experimental Section). Further
spectrophotometric analysis at 450 nm revealed an association constant (Kgpa) of 1.2 M of HE
with 1-methylcyclohexane-N-hydroxyphthalimide ester using the Benesi-Hildebrand method,*
highlighting a plausible association event of charge-transfer complexes prior to SET events.
Finally, control experiments validated the necessity of all reaction parameters for effective

C(sp®)-C(sp®) bond formation.

Next, we examined the scope of redox-active carboxylate derivatives using on-DNA
trifluoromethylated alkene 1A (Figure 8.5). In general, a broad palette of primary aliphatic
systems that lack any radical stabilizing factors exhibited excellent reactivity. The method further
benefits from broad functional group tolerance, facilitating the introduction of bifunctional
handles including ketones (3a, 3f, 3q), aryl halides (3¢, 3e, 3n), a terminal alkyne (3d), esters (3j,
30), substituted alkenes (3k, 31, 3m, 30), free alcohols (30, 3p), as well as medicinally-relevant
heteroaromatic scaffolds (3a, 3n). In addition, Boc- and Fmoc-protected amines served as
competent substrates. This is crucial in DEL settings, where library members should ideally bear
multifunctional BBs that allow subsequent derivatization. The scope was further extended to the

modification of biologically active molecules displaying a high density of pendant functional
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groups, including the herbicide 2,4-dichlorophenylacetic acid (3e), long-chain fatty acids (3k—

3m), the anti-inflammatory agent indomethacin (3n), mycophenolic acid (30), as well as various

steroids (3p, 3q).
Alkylation of CF;-Alkenes on DNA
o O O a
M Hantzsch ester (50 equiv) DI 3a-3zh
OOy . N-G N O
DMSO/H,0 (8:1) R
& o blue Kessil, rt, 5-10 min C(sp®)-hybridized center ~ CF3
DNA-HP (1A, 1.0 equiv) 3 2a-zh (50 equiv)

Primary RAEs

S [CZ s N o o é'b .
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" NHBoo OBn o from elaidicacid  Me
NHBoc Me _
3i, 86% 3j, 67% 3k, 50% 31, 83% 3m, 61%
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c Me OH o HO,
Me HH H
— A g
N o “1OH °©
MeO . H R/Ie
MeO ¢} Me o o)
3n, 56%, from indomethacin 30, 82%, from mycophenolic acid 3p, 97%, from cholic acid 3q, 84%, from dehydrocholic acid

Secondary RAEs

NHBoc NHBoc o o
o] F R Me
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ig\ NBoc 7 Q
Me " Yo
e
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BocHN
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Figure 8.5. On-DNA photoinduced decarboxylative alkylation: Evaluation of aliphatic carboxylic

acid derivatives.

In particular, this method provides a clear advantage in terms of scope over previously
reported on-DNA photoinduced decarboxylative alkylation protocols, which are largely limited to

7,33

a-heteroatom-stabilized radicals. or exclusively restricted to secondary and tertiary

radicals.*** More specifically, complementary decarboxylative methods employing zinc
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nanopowder as a reductant under strictly deoxygenated conditions fail to incorporate primary
systems on DNA,*® presumably because of the higher reduction potentials associated with the
radical precursor. Most importantly, these methods largely proceed through anionic
intermediates, where in the case of the trifluoromethyl-substituted olefins, there is a predominant

propensity for intramolecular E1cB-type fluoride elimination'¢*'%2

to afford the corresponding
gem-difluoroalkenes via radical/polar crossover pathways'® (rather than trifluoromethyl-

substituted alkanes).

In a similar manner, secondary and tertiary radical architectures are harnessed effectively
to afford functionalized synthetic frameworks (Figure 8.5), including scaffolds derived from
proteinogenic and non-proteinogenic amino acids (3u—3y), a glycoside (3z), and lipid lowering
agent gemfibrozil (3za). The reaction conditions proved general for both acyclic and cyclic
carboxylate derivatives, including bridged bicyclics (3zf — 3zh), as well as strained ring systems,
such as cyclobutanes (3s, 3t) and a cyclopropane (3zc). Notably, trifluoromethyl-substituted
bicyclo[1.1.1]pentane (BCP) product 3zg was obtained in good yield. These BCP derivatives
serve as bioisosteres for arenes, internal alkynes, and tert-butyl groups in medicinal chemistry

settings.*®

With respect to the scope of trifluoromethyl-substituted alkenes, a diverse array of DNA
headpieces (DNA-HPs) led to the desired benzylic trifluoromethyl-substituted products without
compromising yields (Figure 8.6). In general, both electron-withdrawing and electron-donating
groups are well tolerated under the developed conditions. Substitution at the para-, meta-, and
ortho-positions of the HPs’ aryl moieties was explored, whereby efficient decarboxylative

photocoupling took place. Furthermore, comparable reactivity was observed for unactivated
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primary, secondary, tertiary, as well as stabilized benzylic-, a-oxy-, and a-amino radical species,

further underscoring the versatility of this photochemical EDA paradigm.

Alkylation of CF3-Alk on DNA
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Figure 8.6. On-DNA photoinduced decarboxylative alkylation: Evaluation of trifluoromethyl-

substituted alkenes.

The commercial availability and structural diversity of carboxylic acids render them
particularly attractive for use as multifunctional BBs in DEL libraries. To validate the modularity
of this approach further, we developed a telescoped, one-pot photoinduced decarboxylative
alkylation protocol through in situ formation of aliphatic RAEs with hexafluorophosphate N-
hydroxyphthalimide tetramethyluronium (HITU),”® a bench-stable solid that can be readily

prepared on kilogram scale (Figure 8.7).
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One-Pot Procedure for Alkylation of CF;-Alkenes on DNA

(o}
DNA-HP (1A, 1.0 equiv) MN

0 HITU (75 equiv) Hantzsch ester (50 equiv) H O

6 OH B
DIPEA (75 equiv) DMSO/H,0 (8:1) C(sp®)-hybridized center CF,
carboxylic acid DMSO, 1t, 3 h blue Kessil, rt, 10 min
(9, 50 equiv)
Acid Scope
S\fo &_ N )\W
N
(0]
P r
o
3f, 45% 3zi, 46% 3zj, 42% 3zk, 44%

from citronellic acid from dehydroabietic acid

P’$_\ S | SN
o o ) _
/© N

a Boc NHBoc

321, 40% 3zm, 60% 3zn, 61% 320 40%
Workflow

Figure 8.7. On-DNA photoinduced decarboxylative alkylation: In situ activation of RAEs with

hexafluorophosphate N-hydroxyphthalimide tetramethyluronium (HITU).

This reagent features great versatility in reaction scope, accommodating a wide array of
functional groups including ketone (3f), carbamate (3zi), aryl chloride (3zl), and Boc-protected
amines (3zn, 3zo). Using 24-well plates, microdosing of the carboxylic acid, DIPEA, and HITU
in DMSO is accomplished under air, followed by 3 h of activation time. The in situ formed RAEs
can then be treated directly with a solution of HE and the corresponding DNA headpiece,
reaching synthetically useful yields after 10 min of illumination (Figure 8.7, Workflow). Notably,
this HITU-mediated alkylation performs equally well using unactivated- and a-heteroatom-
stabilized radical progenitors, presenting a direct route toward C—C bond formation through

oxidative quenching modes, an underexplored challenge in DEL-based environments.*

335



As an extension of the hydroalkylation chemistry, an on-DNA multicomponent reaction
(MCR) was developed. In recent years, MCRs®” have emerged as a powerful tool to furnish novel
structural scaffolds with inherent molecular complexity from abundant feedstocks. Through
sequential bond formation, MCRs enable the sampling of uncharted chemical space to accelerate
drug discovery efforts.’” An underexplored realm in DEL synthesis is the development of olefin
dicarbofunctionalization reactions.*® Specifically, alkenes serve as versatile BBs that possess
functional group-rich handles for derivatization. However, in addition to chemo- and regio-
selectivity concerns associated with DEL reactions that rely on high loadings of reagents, these
processes are further complicated by the generation of undesired two-component coupling
products. Keeping these considerations in mind and taking advantage of the electronically distinct
nature of  trifluoromethyl-substituted alkenes, a polarity-reversing radical
cascade/trifluoromethylation of olefins has been developed through EDA complex

22a

photoactivation between HE and Umemoto's reagent, a commercially available

trifluoromethylating agent (Figure 8.8).

In particular, this open-to-air charge-transfer paradigm harnesses electrophilic
trifluoromethyl radicals for subsequent addition to electron-neutral or electron-rich alkenes,
abundant yet currently underexplored partners in photoinduced DEL synthesis.**** The resulting
nucleophilic, open-shell radical intermediates may then engage in chemoselective coupling with
on-DNA trifluoromethyl-substituted alkenes. As part of its dual role, the HE also functions as a
hydrogen atom donor to furnish bis-trifluoromethylated products of significance in medicinal
settings.'" Remarkably, the scope of the olefin partner proved general, tolerating diverse
functional groups including a free alcohol (10a) and unprotected glycoside 10d. In this vein, we
anticipate this mode of catalysis will help inform the design and implementation of unique

synthetic disconnections toward complex, bioactive targets in DELs.
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Multicomponent Reaction on DNA
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Figure 8.8. On-DNA multicomponent trifluoromethylation promoted by photoactive EDA

complex activation.

Having developed suitable conditions for the hydroalkylation of unsaturated DEL
platforms, attention was turned toward hydroarylation transformations. Recently, research efforts

have validated Ni/photoredox dual manifolds in DEL platforms using carboxylic acids,”***¢ 1 4-

dihydropyridines (DHPs),” a-silylmethylamines,® and alkyl bromides®*’
ydropy y

as radical precursors.
Given our long-standing interest in the design of complex (hetero)aryl scaffolds with high C(sp°)
carbon counts,*” we sought to expand reactivity in DEL synthesis through intermolecular radical-
mediated hydroarylation of functionalized olefins to generate alkylarenes (Figure 8.9). To
develop a complementary approach toward C(sp*)-C(sp?) bond formation, we reasoned that
single-electron reduction of DNA-bound, halogenated aryl subunits®® would grant access to
reactive (het)aryl radical species in a regioselective fashion. Subsequent addition to alkenes
followed by hydrogen atom termination would deliver unprecedented structures from commodity

chemicals. Inspired by pioneering work by Beckwith*' and related, precedented milestones,”® we

hypothesized that photoinduced electron transfer from highly reducing transition-metal-based
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complexes would enable this strategy under mild reaction conditions. However, because of the
high redox potentials associated with aryl halides and the propensity of aryl radicals to undergo
reduction through rapid HAT,*** the adaptation of this mechanistic proposal in DEL environments
posed challenges. Importantly, aryl radicals have been shown to induce DNA strand damage,**
underscoring the requirement for a regulated generation of these high-energy intermediates and
the necessity for well-orchestrated addition reactions. To achieve chemo- and regio-selectivity,
the following criteria was considered: (i) the rate of (het)aryl radical addition to unsaturated
systems must be competitive with C—X bond reduction stemming from undesired HAT pathways.
(i1) The rate of hydrogen atom abstraction by the resulting alkyl radical must be competitive with
its addition to another equivalent of the alkene. (iii) The rate of single-electron reduction of the
aryl halide should take place preferentially over that of the alkyl radical intermediate.
Specifically, the choices of both photocatalyst and hydrogen atom donor influences product
distributions. We determined that 300 equiv of the olefinic substrate and a 1:200 photocatalyst-to-
HAT reagent ratio was optimal for reactivity. Toward this end, the combination of fac-Ir(ppy)s
and HE enabled the construction of alkylated arenes under air within minutes of blue light
irradiation. Control experiments demonstrated that all reaction components are necessary for aryl

radical generation.

With optimized conditions established, we surveyed DNA-tagged (het)aryl halides with
norbornene as the alkyl source (Figure 8.9). Aryl iodide 12A bearing a chloride substituent
afforded the desired product with the electrophilic cross-coupling handle intact, delivering
linchpins for further functionalization. Electron-neutral iodobenzene 12B as well as derivatives
bearing electron-donating groups (12C) or electron-withdrawing groups (12G) served as

excellent substrates. Further extension to less activated aryl bromides was also possible (12D).
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Notably, electrophilic pyridyl radicals were employed as coupling partners, giving rise to

functionalized heteroaromatics (18a, 18j—18n).

Alkylation of Aryl Halides on DNA
R2
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Figure 8.9. Employing alkene BBs for C(sp®)-C(sp?) bond formation in DEL synthesis:

Evaluation of olefins and aryl halides.

Finally, in addition to the strained bicyclic norbornene, a broad array of functionalized
alkenes was examined (Figure 8.9). In general, unactivated alkenes bearing unprotected alcohols
(14b, 14c¢, 18j), an ester (18k), a heteroaromatic core (14h), ketones (14i, 18l), and an epoxide
(18n) were all accommodated. In addition, this photochemical paradigm was extended to the
modification of activated styrene derivatives (14e, 14g) in synthetically useful yields. Even
benzylic trifluoromethylated product 14g could be used as a substrate to afford product with
complete retention of the bromide handle, presumably because of the high loading of alkene
precursor compared to the photoredox catalyst, precluding an overreduction event of the halide.
From the standpoint of DEL synthesis, which benefits from minimal reagent input (e.g., 25 nmol

of HP per transformation), such equivalencies can be leveraged to achieve selectivity and unique
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reactivity trends that are otherwise untenable in traditional small molecule synthesis. In
particular, these halogenated alkenes can further grow DEL libraries through transition-metal-

catalyzed cross-coupling efforts.

DNA Compatibility with EDA Complex Photoactivation. Because the integrity of the
DNA barcode is essential to a successful protein target selection, mock ligations and qPCR
amplifications were performed to evaluate the ability of the RAE hydroalkylation conditions to be
used in an actual library production. A representative headpiece bearing a 4-cycle tag was
subjected to the standard hydroalkylation conditions. This same headpiece was also subjected to
control reactions where either Hantzsch ester or light was omitted. All of the headpieces were
ligated to satisfactory completion, and further, were analyzed via qPCR. There was no significant
difference in qPCR amplification across the various experiments, suggesting full DNA integrity
(see the Experimental Section). These findings further underscore the utility of EDA paradigms

as a general blueprint toward selective on-DNA alkylation under open-to-air conditions.

DNA Compatibility with Aryl Radical Intermediates. Mindful of well-established
precedent of DNA strand damage in the presence of reactive aryl radical species,” the
hydroarylation conditions were studied to evaluate the resulting DNA integrity. Again, a
headpiece bearing a 4-cycle tag was reacted using the standard conditions. The same headpiece
was subjected to control reactions where either Hantzsch ester, photocatalyst, or light was
omitted. All of the headpieces were ligated to satisfactory completion, and further, were analyzed
via qPCR. There was no significant difference in qPCR amplification across the various
experiments, suggesting full DNA integrity (see the Experimental Section). These results

emphasize the mild nature of the developed photoredox paradigm, whereby the formation of

340



reactive aryl radical intermediates in a regulated fashion facilitates productive on-DNA

alkylation.
8.3 Conclusion

In summary, this study demonstrates the first proof-of-concept for the implementation of
charge-transfer complex activation as an enabling technology to introduce diverse C(sp’)-
hybridized architectures from commodity chemicals in DEL platforms (including unactivated
primary, secondary, tertiary, as well as stabilized benzylic, a-alkoxy, and a-amino systems).
Specifically, this EDA paradigm was utilized to achieve the selective decarboxylative-based
hydroalkylation of trifluoromethyl-substituted alkenes through radical/ HAT crossover to access
complex benzylic trifluoromethylated scaffolds, unlocking a complementary reactivity outcome
to established carbodefluorinative protocols mediated by an external photoredox catalyst.
Furthermore, a general intermolecular hydroarylation protocol of electronically unbiased olefins
through selective C—X bond activation in DNA-tagged aryl halides is reported. Remarkably, this
photochemical paradigm delivers reactive (hetero)aryl radical species in a regulated fashion
without compromising the DNA integrity. Notably, these open-to-air processes are
chemoselective, operate under mild and dilute reaction conditions, and are completed within
minutes, rendering them suitable for late-stage functionalization and high-throughput settings in
the pharmaceutical industry. We anticipate these findings will expedite drug discovery research

and provoke further development in radical-mediated DEL synthesis.

341



8.4 Experimental

General Consideration

General: All chemical transformations requiring inert atmospheric conditions were carried out
using Schlenk line techniques with a 4- or 5-port dual-bank manifold. For blue light irradiation,
two Kessil PR160-456 nm lamps (19 V DC 40W Max) were placed 1.5 inches away from PCR
tubes. Reactions conducted in 24-well screening plates were irradiated using blue LED lights and
performed at the Penn/Merck Center for High Throughput Experimentation at the University of
Pennsylvania (plate reactors contained glass reaction vials). NMR spectra ('H, "*C, '°F) were
obtained at 298 °K. "H NMR spectra were referenced to residual, CHCl; (5 7.26) in CDCls. "*C
NMR spectra were referenced to CDCl; (8 77.30). In the case of diastereomeric mixtures, crude
NMR was recorded to determine the ratio. Reactions were monitored by LC/MS, GC/MS, 'H
NMR, and/or TLC on silica gel plates (60 A porosity, 250 um thickness). TLC analysis was
performed using hexanes/EtOAc as the eluent and visualized using ninhydrin, p-anisaldehyde
stain, and/or UV light. Flash chromatography was accomplished using an automated system
(CombiFlash®, UV detector, A = 254 nm and 280 nm) with RediSep® Ry silica gel disposable flash
columns (60 A porosity, 40-60 pm) or RediSep Rr Gold® silica gel disposable flash columns (60
A porosity, 2040 pm). Accurate mass measurement analyses were conducted using electron
ionization (EI) or electrospray ionization (ESI). The signals were mass measured against an
internal lock mass reference of perfluorotributylamine (PFTBA) for EI-GC/MS and leucine
enkephalin for ESI-LC/MS. The utilized software calibrates the instruments and reports
measurements by use of neutral atomic masses. The mass of the electron is not included. IR
spectra were recorded on an FT-IR using either neat oil or solid products. Solvents were purified

with drying cartridges through a solvent delivery system. Melting points (°C) are uncorrected.
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UV/vis absorption spectra for the quantum yield reaction were recorded on a Perkin-Elmer
Lambda 365 UV/vis spectrophotometer. Quartz fluorometric cells (1 cm optical path length,

Starna) were used in all optical experiments.

Chemicals: Deuterated NMR solvents were purchased and stored over 4A molecular sieves.
EtOAc, hexanes, MeOH, Et,0, and toluene were obtained from commercial suppliers and used as
purchased. CH,Cl, and THF were purchased and dried via a solvent delivery system. Anhydrous
MeCN was obtained from commercial sources and stored over molecular sieves. HITU was
prepared in-house according to the literature.”® DIPEA was purchased from commercial suppliers
and used without further purification. Trifluoromethyl alkene-substituted benzoic acids, used in
the preparation of select on-DNA substrates, were prepared according to the literature.”*
Carboxylic acids and alkenes were purchased from commercial suppliers. Redox-active esters
were prepared according to the literature.** The synthesis of all new redox-active esters is
reported here. Umemoto’s reagent [5-(trifluoromethyl)dibenzothiophenium
trifluoromethanesulfonate], Hantzsch ester, and Ir(ppy); were purchased from commercial
suppliers and used without further manipulation. All other reagents were purchased commercially
and used as received. Photoredox-catalyzed reactions were performed using PCR 8-strip tubes
(Ref. Fisher 781320) with PCR strips of 8 caps (Ref. Fisher 781340). DMSO was purchased and
used as received. HyPure™ Molecular Biology Grade Water was purchased and used as received

without further manipulation.

Analysis of “on-DNA” reactions: Analysis of on-DNA reactions was performed by LC/MS.
Upon reaction completion, an aliquot of the reaction mixture was diluted with H>O to
approximately 0.05-0.13 mM. At this point, 5 or 8 pL aliquots of the LC/MS sample was injected

onto reverse-phase chromatography columns (for analysis performed at GSK: Clarity 2.6um
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Oligo-MS 100A 2.1x50mm; for analysis performed at UPenn: Cortecs T3 2.7 um, 2.1x30 mm,
Waters) and eluted (10-90% B over 4 min at 0.5 mL/min flow rate; solvent A: 0.75% v/v/ HFIP /
0.038% TEA /5 uM EDTA in H,O; solvent B: 0.75% HFIP, 0.038% TEA, 5 uM EDTA in 90/10
MeOH/deionized H,O) with monitoring at UV 254 nm (UPenn) and no UV monitoring (GSK).
Effluent was analyzed on a Waters SQ Detector 2 ACQUITY UPLC System in negative ion
mode (UPenn) or a Thermo Exactive Plus LC-esiMS with a Vanquish uHPLC (GSK). For the
functionalized headpiece samples (the on-DNA aryl halides/alkenes), % conversion was
determined based on reported peak intensities following deconvolution (between 3,000-10,000
Da) of the DNA charge states using Intact Mass™ by Protein Metrics Inc. (version 3.7-32x64).
For the photoredox scope reactions, % conversion was determined using Intact Mass™ by Protein
Metrics Inc. (version 3.7-32x64) (GSK) or using MassLynx at UPenn. Data was scanned between
0.3-2.2 min and deconvoluted between 4,000-6,000 Da, with a mass tolerance window of 2 Da,
with 5% of base peak threshold was set for reporting (GSK). Alternativly, data was scanned
between 1.0-3.0 min and deconvoluted between 3,000-8,000 Da, with a mass tolerance window
of 1 Da, with 10% of base peak threshold was set for reporting (UPenn). Na, K, NH4, and HFIP
adducts were included in the product percentage. Detailed parameters can be found later in the

Supporting Information.

Materials for “on-DNA” synthesis: DNA headpiece HP-NH,(5’-
/5Phos/GAGTCA/iSp9/iUniAmM/iSp9/TGACTCCC-3’) was obtained from Biosearch
Technologies, Novato, CA. The spacer-elongated AOP-Headpiece (Figure 8.10) was prepared via
HATU coupling following the general procedure described later in this document with 5 equiv
each of Fmoc-15-amino-4,7,10,13-tetraoxapentadecanoic acid (Fmoc-AOP), i-Pr,NEt, and
HATU. The lyophilized product of this reaction was then deprotected by exposure to a 10%

piperidine in H,O solution. After the reaction was deemed complete by LC/MS analysis, the
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reaction was precipitated following the EtOH protocol and is typically pure enough to be used

without further purification.
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Figure 8.10. Sequence and structure of the AOP-Headpiece (molecular weight = 5184.5220).

General Procedures

Preparation of on-DNA substrates (General Procedure 1, GPI)

)

D)

HATU premix protocol for acylation of DNA headpieces. The HATU (200 mM in DMA,
40.0 equiv), i-ProNEt (200 mM in DMA, 40.0 equiv), and the corresponding carboxylic acid
(200 mM in DMA, 40.0 equiv) solns were individually cooled at 4 °C for 5 min. Once
chilled, the acid, i-ProNEt, and HATU solns were added sequentially to a centrifuge tube,
vortexed briefly, and allowed to react at 4 °C for 20 min. The oligomer soln (1 mM in 250
mM pH 9.4 sodium borate buffer) was then added, and the mixture was vortexed. The
reaction was allowed to proceed at rt and monitored by LC/MS. Upon completion, the

reaction was worked up following the EtOH precipitation protocol below.

EtOH precipitation protocol. The reaction mixture was transferred to a centrifuge tube
where it filled at most 1/4 of the total volume. A volume of 5 M aq NaCl equal to 1/10 of the
reaction volume was then added, followed by cold (=20 °C) EtOH equal to 2.5 reaction

volumes. The resulting mixture was then left to stand in a —80 °C freezer for at least 1 h or
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overnight. The chilled mixture was then centrifuged for 30 min at 4 °C at 3,300 rpm. The
supernatant was then decanted and allowed to dry under reduced pressure. The resulting
pellet was re-dissolved in H>O to give a theoretical concentration of 2 or 5 mM. Purity was
assessed by LC/MS, and optical density was obtained via NanoDrop. For long term storage,
solutions were frozen in liquid nitrogen and lyophilized to dryness to give a white solid. If
purity was less than 90% by LC/MS, HPLC purification was performed: gradient of 95% A
(50 mM TEAA, pH =7.5) / 5% B (1% H,O in CH3CN) to 60% A / 40% B, through a Gemini

C18 (5 pm, 110 A, 30x100 mm), with UV visualization at 260 nm.

Synthesis of redox-active esters (General Procedure 2, GP2): To a round-bottom flask equipped
with a stir bar was added the corresponding carboxylic acid (if solid) (1.0 equiv), N-
hydroxyphthalimide (1.0 equiv), and DMAP (0.1 equiv). The flask was then charged with CH,Cl,
(0.1 — 0.2 M). At this point, carboxylic acid (1.0 equiv) was added via syringe (if liquid). DCC
(1.1 equiv) was added, and the reaction was allowed to stir at rt until full consumption of the
starting material as determined by TLC. The mixture was then filtered over Celite and rinsed with
additional CH,Cl,. The solvent was removed under reduced pressure, and the crude material was
purified via flash chromatography. Nofe: some redox-active esters are prone to hydrolysis on

silica gel during column chromatography and therefore should be purified as quickly as possible.

On-DNA photoinduced decarboxylative alkylation using isolated redox-active esters (General
Procedure 3, GP3): To a PCR Eppendorf tube was added Hantzsch ester (10 pL of a 125
nmol/uL soln in DMSO, 1250 nmol, 50 equiv), redox-active ester (30 pL of a 41.67 nmol/uL
soln in DMSQO, 1250 nmol, 50 equiv), and DNA-tethered alkene (5 puL of a 5 nmol/uL soln in
H,0, 25 nmol, 1.0 equiv). The PCR tube was then capped, vortexed, and irradiated for 5 min with

Kessil PR160 lamps at a distance of 1.5 inches. An aliquot of the reaction (20 pL) was then
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diluted with H>O (150 pL) and analyzed by LC/MS. If necessary, a small amount of DMSO (~ 20

pL) was added during the workup to facilitate solubility.

On-DNA photoinduced decarboxylative alkylation using redox-active esters synthesized in situ

from carboxylic acids (General Procedure 4, GP4)

A) Step 1. To a 24-well plate containing glass reaction vials equipped with Teflon-coated

B)

magnetic stir bars was added carboxylic acid (60 pL of a 125 nmol/uL soln in DMSO, 7.5
pmol, 1 equiv), DIPEA (60 pL of a 187.5 nmol/puL soln in DMSO, 11.3 umol, 1.5 equiv),
and HITU (60 pL of a 187.5 nmol/uL soln in DMSO, 11.3 pmol, 75 equiv) in this order. The

plate was sealed and the mixture was stirred for 3 h.

Step 2. To a 24-well plate containing glass reaction vials was added Hantzsch ester (30 uL of
a 41.7 nmol/pL soln in DMSO, 1250 nmol, 50 equiv), redox-active ester soln from a premix
plate (see step 1) (30 uL of a 41.7 nmol/uL soln in DMSO, 1250 nmol, 50 equiv), and DNA-
tethered alkene (5 pL of a 5 nmol/uL soln in H,O, 25 nmol, 1.0 equiv). The plate was then
irradiated for 10 min with blue LEDs as shown in the “Reaction Workflow” section below.
An aliquot of the reaction (20 puL) was then diluted with H»O (150 pL) and analyzed by
LC/MS. If necessary, a small amount of DMSO (~ 20 pL) was added during the workup to

facilitate solubility.

On-DNA photoinduced trifluoromethylation of alkenes (General Procedure 5, GP5): To a PCR

Eppendorf tube was added Hantzsch ester (10 pL of a 125 nmol/uL soln in DMSO, 1250 nmol,

50 equiv), Umemoto’s reagent (5 uL of a 125 nmol/puL soln in DMSO, 625 nmol, 25 equiv),

alkene (10 pL of a 750 nmol/uL soln in DMSO, 7500 nmol, 300 equiv), and DNA-tethered

alkene (5 pL of a 5 nmol/uL soln in H,O, 25 nmol, 1.0 equiv). The PCR tube was then capped,

347



vortexed, and irradiated for 5 min with Kessil PR160 lamps at a distance of 1.5 inches. An aliquot
of the reaction (20 puL) was then diluted with H,O (100 uL) and analyzed by LC/MS. If
necessary, a small amount of DMSO (~ 20 uL) was added during the workup to facilitate

solubility.

On-DNA photoinduced trifluoromethylation of alkenes (General Procedure 6, GP6): To a PCR
Eppendorf tube was added Hantzsch ester (10 uLL of a 125 nmol/uL soln in DMSO, 1250 nmol,
50 equiv), Ir(ppy)s (5 uL of a 1.25 nmol/uL soln in DMSQO, 6.25 nmol, 0.25 equiv), alkene (5 pL
of a 1500 nmol/uL soln in DMSO, 7500 nmol, 300 equiv), and DNA-tethered halide (5 uL of a 5
nmol/uL soln in H>O, 25 nmol, 1.0 equiv). The PCR tube was then capped, vortexed, and
irradiated for 5 min with Kessil PR160 lamps at a distance of 1.5 inches. An aliquot of the
reaction (20 pL) was then diluted with H,O (150 pL) and analyzed by LC/MS. If necessary, a

small amount of DMSO (~ 20 uL) was added during the workup to facilitate solubility.

On-DNA reaction workflow: All photoredox reactions were performed with Kessil PR160-456
nm lamps (19 V DC 40 W Max). The lamps were placed 1.5 inches away from PCR Eppendorf

tube. A typical reaction setup is shown below.

Figure 8.11. Reactions were set up under air in PCR tubes or screening plates containing glass

vials equipped with Teflon-coated magnetic stir bars. Each reagent was added as a stock solution.
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Figure 8.12. Reaction vessels were vortexed then placed 1.5 inches away from Kessil PR160
lamps (4 = 456 nm, 19 V DC 40 W Max) for the time designated for each experiment.

Alternatively, reactions were irradiated using blue LEDs in 24-well screening plates.

Figure 8.13. Reactions were diluted with water and % conversion was determined using LC/MS

analysis.

Mechanistic Investigation

UVvis studies:

UV/vis absorption spectra were measured in a 1| cm quartz cuvette using a Genesys 150
UV/vis spectrophotometer from Thermo Scientific. Absorption spectra of individual reaction
components and mixtures thereof were recorded. A bathochromic shift was observed for a
mixture of alkyl RAE and HE in DMSO/H>O (ratio 8:1, 0.028 M, reflecting the actual loading of
these reagents, Figure 8.14). This indicates the formation of an electron donor-acceptor (EDA)

complex (Figure 8.14, A & B, blue bands).
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To underscore the formation of EDA complexes between RAEs with HE, we further
recorded the corresponding UV/vis absorption spectra using the more electron deficient
tetrachloro N-hydroxyphthalimide ester derivative (Figure 8.14, C & D). As expected, this
species functions as a potent electron acceptor, and a more significant bathochromic shift was

detected in this case (see C & D).

A) UV/vis Studies B) UV/vis Studies
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Figure 8.14. UV/vis absorption spectra of individual reaction components and a combination
thereof (A-D). DMSO/H,O (8:1) and with a concentration of: 0.028 M HE, and 0.028 M
RAE/RAE-CL. The stoichiometry and concentration of sample "mixture" reflects the reaction
conditions. The stoichiometry and concentration of sample "mixture-Cl" reflects the reaction
conditions, and instead of RAE, RAE-Cl was used. RAE = -cyclohexylmethyl-N-
hydroxyphthalimide-ester, RAE-CI1 = cyclohexylmethyl-N-hydroxy-3,4,5,6-tetra-

chlorophthalimide-ester.

350



Job’s method experiment:

The stoichiometry of the EDA complex was determined using Job’s method with varying
ratios of cyclohexylmethyl-NV-hydroxyphthalimide-ester and HE in DMSO/H,O (ratio 8:1, 0.056
mM) at 456 nm. The absorbance was plotted against the molar fraction of HE. Maximum
absorbance was detected at 50% molar fraction of HE, indicating a 1:1 stoichiometry of the EDA

complex.

Job Plot at 456 nm
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Figure 8.15. Job plot of the EDA complex [0.056 mM total concentration in DMSO/H>O (8:1)]
between Hantzsch ester HE and cyclohexylmethyl-N-hydroxyphthalimide-ester recorded at 456

nm.

Determination of association constant (kepa):

The association constant for the EDA complex formed between cyclohexylmethyl-N-
hydroxyphthalimide-ester and HE was determined by UV/vis measurements in DMSO/H,0 (8:1)
employing the Benesi-Hildebrand method. The absorption of a constant concentration of RAE

(0.02 M) and an increasing concentration of HE (0.02-0.07 M) was recorded at 450 nm. The
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absorption spectra shown in Figure 8.16 were recorded in a 1 c¢cm path quartz cuvette. To
determine the kepa, the reciprocal concentration of HE was plotted against the reciprocal
absorbance (A) of the EDA complex at 450 nm. A straight line was obtained, and by dividing the

intercept through the slope: kepa = 1.20 M for RAE/HE (Figure 8.17).

25 ——HE 0.02 M
5 ——HE+RAE 0.02M
HE+RAE 0.03M
2 1.5 HE+RAE 0.05 M
= ——HE+RAE 0.06 M
= 1
2 HE+RAE 0.07 M
<
0.5
0
420 430 440 450 460 470
wavelength (nm)

Figure 8.16. UV/vis spectra of cyclohexylmethyl-N-hydroxyphthalimide ester [0.02 M in
DMSO/H;0 (8:1)] in combination with increasing concentrations of HE (0.02 M up to 0.07 M in

DMSO/H:0).
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Figure 8.17. Benesi-Hildebrand plot for the EDA complex generated in DMSO/H,0O (8:1) upon

association of cyclohexylmethyl-N-hydroxyphthalimide-ester with HE.

gPCR., PCR. and Sequencing

4-Cycle tag synthesis (CF3 styrene)

The top and bottom strands (purchased from IDT as lyophilized powders) of a control 4-
cycle tag were annealed by combining 300 nmol of each strand (2 mM in H,0), heating to 95 °C
for 5 min, then cooling to rt. The annealed tag solution (1.2 equiv) was then added to the
trifluorostyrene headpiece (250 pL, 2 mM in H,O), followed by 100 uL 10x T4 ligation buffer, 2
mL of H,O, and 10 pL T4 DNA ligase purchased from Syngene. The ligation solution was
vortexed and let sit at rt overnight then in a cold room for ~3 days. The ligation was pushed with
additional annealed rc tag only (150 nmol, 2 mM in H»0), followed by 10x T4 ligation buffer (25
puL), and ligase (2.5 pL). The reaction was again capped, vortexed, and left to react at rt
overnight. The ligation was precipitated for 30 min at -80 °C following addition of 300 pL of 5 M

NaCl (aq) and 12 mL of cold EtOH. The precipitated solution was then centrifuged at 3,300 rpm
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at 4 °C for 30 min, and the solvent was decanted to afford the DNA pellet, which was dried on a
lyophilizer overnight. The crude pellet was resuspended in 260 pL of H,O and purified by HPLC
(column: Gemini C18, 5um, 21.2x100 mm; gradient: 5 to 90%B in 25 min, 22 mL/min; UV at
260 nm; solvent A: 50 mM TEAA, pH 7.5; solvent B: 1% H,O in MeCN) to afford the desired
product. The lyophilized product was analyzed by optical density using a composite extinction
coefficient of 1023700 L/(mol-cm) to determine isolated yield (45 nmol, 18%). LCMS calcd:

34,455, found: 34,454.

4-Cycle tag synthesis (aryl iodide)

The top and bottom strands (purchased from IDT as lyophilized powders) of a control 4-
cycle tag were annealed by combining 1.2 umol of each strand (2 mM in H»0), heating to 95 °C
for 5 min, then cooling to rt. The annealed tag soln (1.2 equiv) was then added to the 4-chloro-3-
iodobenzoic acid headpiece (500 pL, 2 mM in H20), followed by 400 uL. 10x T4 ligation buffer,
8 mL of H,O, and 40 uL T4 DNA ligase purchased from Syngene. The ligation soln was vortexed
and let sit at rt overnight. The ligation was precipitated for 30 min at -80 °C following addition of
0.8 mL of 5 M NaCl (aq) and 20 mL of cold EtOH. The precipitated soln was then centrifuged at
3,300 rpm at 4 °C for 30 min, and the solvent was decanted to afford the DNA pellet, which was
dried on a lyophilizer for 30 min. The crude pellet was resuspended in 8 mL of H,O and split into
two 30,000 molecular weight cut off spin filters. The spin filters were put on the centrifuge for 15
min (20 °C, 3500 rpm), and the filtrate was collected. The original reaction flask was washed
with 4 mL of H,O and again split into the two-spin filter and put on the centrifuge for 15 min (20
°C, 3500 rpm). The filtrate was then collected and the wash process was repeated 2 more times.
Once complete, the product was collected and lyophilized overnight. The resulting white pellet

was dissolved in 500 uL. of H,O, and a QC was taken showing 36% starting material and 47%
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desired product (this was not seen on the pTOF QC that was taken before). The ligation was
pushed with additional annealed control tag (300 nmol, 1 mM in H20) followed by 200 pL 10x
T4 ligation buffer, 4 mL of H,O, and 20 pL. T4 DNA ligase purchased from Syngene. The
reaction was again capped, vortexed, and left to react at rt overnight. The ligation was
precipitated for 30 min at -80 °C following addition of 0.8 mL of 5 M NaCl (aq) and 20 mL of
cold EtOH. The precipitated soln was then centrifuged at 3,300 rpm at 4 °C for 30 min, and the
solvent was decanted to afford the DNA pellet, which was dried on a lyophilizer for 30 min. The
crude pellet was resuspended in 8 mL of H,O and spit into two 30,000 molecular weight cut off
spin filters. The spin filters were put on the centrifuge for 15 mins (20 °C, 3500 rpm), and the
filtrate was collected. The original reaction flask was washed with 4 mL of H,O and again split
into the two-spin filter and put on the centrifuge for 15 min (20 °C, 3500 rpm). The filtrate was
then collected, and the wash process was repeated 2 more times. Once complete, the product was
collected and lyophilized overnight. The lyophilized product was analyzed by optical density
using a composite extinction coefficient of 1023700 L/(mol-cm) to determine isolated yield (715

nmol, 71.5%). LCMS calcd: 34,521, found: 34,521

Closing primer ligation on reacted material

Top Strand: 5°-/5Phos/ACG ATG CCC GGT CTA CNN NNN NNN NNN NCT GAT GGC

GCG AGG GAG GC-¥

Bottom Strand: 5°’-GTA GAC CGG GCA TCG TAA-3’

To each of the six exemplar reaction samples (2 nmol aliquot, 0.04 mM in H,O) was
added the closing primer (5 nmol, 1 mM in H,O), 10x ligation buffer (10 uL), T4 DNA ligase (2

pL, 10 mg/mL), and H>O (33 pL) for a final reaction volume of 100 pL. Ligations were allowed
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to proceed overnight at rt. Samples were analyzed by gel electrophoresis and all were determined

to have gone to sufficient completion.

closed *

100bp 100bp *

f

before closing | before closing

100bp

before closing

Figure 8.18. Gel electrophoresis of closing primer ligation on reacted material.
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qPCR

gFor: 5°-GCT ACC TCT GAC TCC CAA ATC GAT GT -3°

qRev: 5°-ATA TTA GCC TCC CTC GCG CCATCA -3°

Quantitative PCR was performed on a Roche LightCycler 480 II PCR system with SYBR
Green [ as the detection dye. A bulk master mix solution was prepared by combining 1 mL of
SYBR green, 60 uL of 10 uM PCR primer 565 Cla, 60 pL of 10 uM PCR primer 454 short, and
680 uL of H,O. To 2 pL of sample was then added 18 pL. of master mix. Samples were subjected

to qPCR:

Stage Temperature/Time Number of Cycles

HotStart 95°C /5 min 1

95°C /10 sec
Amplification 55°C/ 15 sec 40

72°C /15 sec

95°C /1 sec
Melt 70°C /1 sec 1
95°C
Cool 45°C /30 sec 0

Figure 8.18. Quantitative PCR analysis.

Samples were then analyzed using the 2nd derivative maximum standard protocol on the
instrument to determine how many molecules were present per uL sample. Samples achieved

acceptable consistency across conditions in comparison to the no-light control sample ELT 684
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and ELT 686, suggesting that the conditions developed are not impacting the amount of

amplifiable DNA present in a significant way.

Sample Name Deviations Molecules / pL sample
No deviation from standard con 5
ELT_681 1.04 x 10
dition
ELT 682 No Hantzsch ester 1.01x 107
ELT 683 No PC 8.48 x 10"
ELT_684 No light 121x 107
ELT_685 No Hantzsch ester 1.80 x 10
ELT_686 No light 1.51x 10"
No deviation from standard con "
ELT 687 1.35x 10
dition

Characterization Data

1,3-Dioxoisoindolin-2-yl 4-Oxo0-4-(thiophen-2-yl)butanoate, 2a (20 mmol scale, 4.61 g, 70%)
was prepared following GP2. The product was obtained as a brown solid. mp = 115 - 117 °C. 'H
NMR (400 MHz, CDCl3) 6 7.90 — 7.81 (m, 2H), 7.81 — 7.73 (m, 3H), 7.64 (d, J = 4.9 Hz, 1H),
7.12 (t, J = 4.4 Hz, 1H), 3.39 (t, J = 7.0 Hz, 2H), 3.12 (t, J = 7.0 Hz, 2H). *C NMR (101 MHz,
CDClL) 6 1894, 169.2, 161.8 (2C), 143.1, 134.9 (2C), 134.2, 132.4, 128.9 (2C), 128.3, 124.0
(2C), 33.6, 25.4. FT-IR (cm, neat, ATR): 1816, 1787, 1741, 1666, 1518, 1467, 1415, 1356,

1250, 1219, 1186. HRMS (ESI) calcd for CisH12NOsS [M+H]": 330.0436, found: 330.0452.
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(9H-Fluoren-9-yl)methyl 4-(2-((1,3-Dioxoisoindolin-2-yl)oxy)-2-oxoethyl)piperidine-1-
carboxylate, 2g (2.7 mmol scale, 896 mg, 65%) was prepared following GP2. The product was
obtained as a white solid. mp = 57 — 59 °C. "H NMR (400 MHz, CDCl;) § 7.93 — 7.86 (m, 2H),
7.83 —7.79 (m, 2H), 7.77 (d, J = 7.5 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.4 Hz, 2H),
7.33 (td, J = 7.4, 1.3 Hz, 2H), 4.45 (bs, 2H), 4.25 (t, J = 6.6 Hz, 1H), 4.12 (q, J = 7.1 Hz, 1H),
2.83 (bs, 2H), 2.59 (bs, 2H), 2.15 — 2.04 (m, 1H), 2.04 (s, 1H), 1.86 (d, J = 13.4 Hz, 2H), 1.57 (d,
J =115 Hz, 1H), 1.26 (t, J = 7.1 Hz, 1H). *C NMR (101 MHz, CDCl;) 6 168.4, 162.1, 155.3,
144.2, 141.5, 135.0 (3C), 129.0, 127.8 (3C), 127.2 (3C), 125.1, 124.2 (3C), 120.1 (3C), 67.3,
47.6, 44.0 (2C), 37.9, 33.4, 31.6 (2C). FT-IR (cm', neat, ATR): 2939, 1814, 1787, 1743, 1697,
1450, 1365, 1281, 1244, 1215, 1186, 1133, 1065. HRMS (ESI) calcd for C3yH26BrN>OsNa

[M+Na]™: 533.1689, found: 533.1682.

1,3-Dioxoisoindolin-2-yl (tert-Butoxycarbonyl)-L-tryptophanate, 2x (20 mmol scale, 4.5 g,
50%) was prepared following GP2. The product was obtained as a yellow solid. mp = 176 — 178
°C. "H NMR (400 MHz, CDCl3) 6 10.92 (s, 1H), 8.00 — 7.89 (m, 4H), 7.67 (d, J = 7.9 Hz, 1H),
7.55 (d, J=17.8 Hz, 1H), 7.34 (d, J= 7.8 Hz, 1H), 7.31 — 7.22 (m, 1H), 7.07 (t, J = 7.6 Hz, 1H),
6.99 (t, J = 7.4 Hz, 1H), 4.66 — 4.41 (m, 1H), 3.30 — 3.08 (m, 2H), 1.32 (s, 9H). *C NMR (101
MHz, DMSO-ds) 6 169.4, 161.7, 155.3, 136.2, 135.6 (2C), 128.2 (2C), 126.9, 124.3, 124.1 (2C),

359



121.1, 118.6, 118.0, 111.6, 108.8, 78.9, 53.2, 28.1 (3C), 27.6, 26.9. FT-IR (cm', neat, ATR):
3400, 2950, 1732, 1702, 1506, 1366, 1329, 1239, 1152, 1102, 1051, 976, 942, 880. HRMS (ESI)

calced for C24H23N3NaOg [M+Na]™: 472.1485, found: 472.1480.

O O
O-N
NHBoc
Br o

1,3-Dioxoisoindolin-2-yl ($)-3-(4-Bromophenyl)-2-((fert-butoxycarbonyl)amino)propanoate,
2y (2.9 mmol scale, 922 mg, 65%) was prepared following GP2. The product was obtained as a
white solid. mp = 142 — 144 °C. "H NMR (400 MHz, CDCls) 6 7.94 — 7.87 (m, 2H), 7.84 — 7.78
(m, 2H), 7.47 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H), 5.07 — 4.90 (m, 1H), 3.37 - 3.11 (m,
2H), 4.80 (br s, 1 H), 1.44 (s, 9H). *C NMR (101 MHz, CDCl3) 6 168.6, 161.6 (2C), 154.7,
135.1 (4C), 132.0, 131.7, 128.9 (2C), 124.3 (4C), 80.9, 52.6, 37.9, 28.4 (3C). FT-IR (cm’, neat,
ATR): 3400, 2950, 1817, 1789, 1743, 1715, 1490, 1468, 1392, 1367, 1251, 1185, 1162. HRMS

(EST) caled for C22H2BrN2Og [M+H]"™: 511.0481, found: 511.0474.

o o
PG

1,3-Dioxoisoindolin-2-yl (3aR,5aR,8a8,8bR)-2,2,7,7-Tetramethyltetrahydro-5H-
bis([1,3]dioxolo)[4,5-b:4',5'-d|pyran-5-carboxylate, 2z (20 mmol scale, 6.0 g, 72%) was
prepared following GP2. The product was obtained as a white solid. mp = 176 — 178 °C. 'H
NMR (500 MHz, CDCl3) ¢ 7.92 — 7.87 (m, 2H), 7.82 — 7.76 (m, 2H), 5.70 (d, J = 5.0 Hz, 1H),
4.83 (d, J=2.3 Hz, 1H), 4.73 (qd, J= 7.5, 2.5 Hz, 2H), 4.45 (dd, J= 5.1, 2.7 Hz, 1H), 1.57 (d, J

= 32.9 Hz, 6H), 1.39 (d, J = 22.3 Hz, 6H). *C NMR (101 MHz, CDCls) 6 164.9 (2C), 161.4,
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134.9 (2C), 129.0, 128.9, 124.1 (2C), 111.0, 109.6, 96.6, 72.0, 70.9, 70.3, 68.4, 26.2, 26.0, 25.1,
24.9. FT-IR (cm™, neat, ATR): 2989, 2933, 1833, 1792, 1624, 1374, 1256, 1213, 1186, 1071.

HRMS (ESI) caled for C20H2iNOgNa [M+Na]™: 442.1114, found: 442.1118.
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