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Abstract

Amines are highly ubiquitous in bioactive natural products, pharmaceuticals, and
materials. A close look at the literature data reveals that 82 % of the top 200 small
molecule prescription medicines by global sales in 2022 contain at least an amine moiety
or a nitrogen-containing heterocycle. Therefore, the development of new catalytic
manifolds aimed at promoting de novo C—N bond-forming reactions operating with broad
applicability and practicality would be particularly valuable in both pharmaceutical and

industrial laboratories.

In line with our ongoing interest in Ni-catalyzed cross-coupling reactions, this doctoral
thesis focuses on two main areas: 1) nickel-catalyzed C(sp*)-N bond formation via
functionalization of C(sp®*)—H linkages or olefins via nitrene transfer, and 2) site-selective,

diverse functionalization of C(sp*)-H bonds in aliphatic amines.

The initial study unravels the possibility of conducting a site-selective C(sp*)-H
amidation enabled by nickel-nitrenoid catalysis. The approach is characterized by a
predictable reactivity by selective C-N bond formation at sp® sites adjacent to heteroatoms
via open-shell species, thereby offering a complementary profile to traditional oxidative-

type manner via two-electron transfer processes.

Q Ni]

H 00 )J\. I

) )\ . § @ HN o
"R N-© M r .
Ni-nitrenoid

X=0,NR'
Scheme 1 Ni-catalyzed intermolecular site-selective C(sp*)~H amidation.

The following chapter focuses on stereodivergent N-glycosylation via nickel catalyzed
hydroamidation of glycals. The protocol provides access to either a- or B-N-glycosides

through forging C(sp*)-N glycosidic bonds on kinetic or thermodynamic grounds.

IX
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Scheme 2 Ni-catalyzed stereodivergent N-glycosylation.

On the other hand, we have developed a new platform for enabling remote
functionalization of aliphatic amines via a site-selective bromination event at distal
C(sp®)-H sites enabled by the intermediacy of ammonium salts in acidic media. The
resulting brominated scaffolds serve as a synthetic linchpin that can be easily transformed
to a series of carbon—carbon and carbon—heteroatom bonds, thus offering access to

advanced sp® architectures possessing valuable aliphatic amine moieties.

1 R’
3)-H Rﬁ N
remote C(sp°)—| !
bromination RN N (L)n

H H @ O H H Br advanced amine architectures

| » o
R’Niv)n)\ R"},‘Mn)\ o > via C(sp®)-H functionalization

H™, Br
_ predictable linchoi downstream
R =H, alkyl site-selectivity nenpin applications Rﬁ Rﬁ
N N
R’ n R” n

Scheme 3 Remote functionalization of C(sp*)~H bonds in aliphatic amines.
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Chapter 1. General Introduction
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1.1 Properties of Nickel

Nickel, a first-row transition metal first isolated and classified as an element by Axel
Fredrik Cronstedt in the 1750s,' is one of most abundant first-row transition metals
presenting a ground-state configuration of 3d® 4s2. Compared to heavier metals like
palladium, nickel’s smaller d-orbital splitting enables access to multiple oxidation states
ranging from Ni(0) to Ni(IV) (Scheme 1.1). In addition, nickel's unpaired 3d electrons
allow the implementation of both two- and single-electron transfer (SET) reactions with
exceptional ease, an observation that is in sharp contrast with the canonical two-electron
pathways typically encountered in the other d'° metal series. This redox promiscuity has
recently been leveraged for enabling a wide number of bond-forming reactions.
Moreover, nickel complexes have a strong affinity to unsaturated m-systems such as
alkenes, alkynes, and carbonyls, where electrons from nickel’s filled d orbitals are donated
into the m* anti-bonding orbitals of the ligand.’ Not surprisingly, the unique properties of
nickel have attracted considerable attention, offering new vistas when accessing new

chemical space in synthetic endeavors.*

Electrophile activation

metal Ni Cu Pd X
2e” : "
Ni - Pd - L,—Mn*2
3d%4s?  3d'%4s’ 4410 " TSR
i 137 RX X
atom radius (pm) 124 128 1e Ni —> Ln_,l“nﬂ +R®
electronnegativity 1.91 1.90 2.20
AE of dissociation
HSAB hard soft soft L=PMe; ML, ML,

oxidative reductive reductive = ==

Properties facilitate addition  elimination elimination

Ni -33.5 -42.1
Reduction potential
from M2* to MO -0.25V +0.34 V +0.951 V Pd 14.6 175
Oxidation states B-hydride elimination
Ni® = Ni' = Ni' = Ni' = NiV Ni/\ AG? = 14 kal/mol /\\
H "~H
CUO: Cul E= S Cull = Culll E= S CuIV .
Pa AG=76kallmol N\
P =———— PpPd! =————= PpgV H = Pd\H

Scheme 1.1 General features of Ni for synthetic transformations.
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1.2 Nickel-Catalyzed C-H Functionalization Reactions

The recent years have witnessed considerable advances in the area of transition metal-
catalyzed cross-coupling reactions, offering conceptually new pathways for forging new
carbon-carbon and carbon-heteroatom bond-linkages.’ Indeed, these reactions have been
widely adopted in both academic and industrial settings, as illustrated by the countless
examples found in the literature when implementing exceedingly complex endeavors, for
example in the venerable Pd-catalyzed Heck, Negishi, Suzuki-Miyayra or Buchwald-
Hartwig cross-coupling reactions for forging carbon-carbon or carbon-nitrogen bonds.°
Despite the advances realized, the requirement for prefunctionalized substrates spurred
the development of C—H functionalization reactions where similar transformations can be
effected in the presence of suitable reagents and counterparts by utilizing simple C-H
bonds as nucleophilic handles (Scheme 1.2),” with the potential to be applied in the

context of late-stage functionalization (LSF) of advanced ingredients.®

cross-coupling reactions C-H functionalization

™ ™

e | — " — ©H -+ ve

c—x + Y@

@ atom and step economy
® amounts of waste
@ late-stage functionalization

® need for pre-functionalization
® higer cost
® more waste

Scheme 1.2 Conventional cross-coupling vs C—H functionalization techniques.

Despite the attractiveness in designing C—H functionalization reactions, the inherent
thermodynamic stability of C—H bonds makes them particularly difficult to activate under
mild conditions (Scheme 1.3), particularly in the presence of multiple, yet similar, C—-H

bonds present in a regular small molecule.’

BDEs Electronegativity multiple C-H Challenges :
HaC-$Br 72 keal/mol Br 2.96 H H H W high BDEs
AEN 0.41 B Low bond polarit
vs C 255 ow bond polarity
AEN 0.35 H H H site-selectivity
HsC-$-H 105 kcal/mol H 2.20

Scheme 1.3 Challenges for C—H functionalization.
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Over the past two decades, nickel has gained significant momentum in C-H
functionalization when compared to other d'’ metals due to the flexibility for enabling a
series of C—C or C-heteroatom bonds by one- or two-electron manifolds via inner/outer-
sphere type mechanisms (Scheme 1.4).'° The latter observation is particularly attractive,
not only showing the dual nature that nickel catalysis offer in the context of organic

synthesis, but also as versatile and powerful vehicle for bond-construction.

M C(sp?)-H bonds
— :>— i ' X
Ni 2N H
@ Inner-sphere process k I \>—H @H /©/
E IS Y
| : X =DG, Br, OPiv Y =H, amide

Nicatalvzed C.H M C(sp®-H bonds
i-catalyzed C- C . '
O H functionalization

4:>\H gH O""H

} i X=C,NR,O,S
Outer-sphere process @ X H H
X=0, SR X= NHR

Scheme 1.4 Ni-catalyzed C—H functionalization.
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1.2.1 Chelation-Assisted Ni-Catalyzed Functionalization of C—H Bonds

In 1963, Kleiman and Dubeck found that exposure of azobenzene to
dicyclopentadienyl nickel leads to the formation of a nickelacycle, with azobenzene
utilized as a formal directing group (Scheme 1.5).'' This finding can hardly be
underestimated, as it represents the very first time that an organometallic intermediate was
isolated by means of C—H functionalization. Intriguingly, this result remained dormant,
probably due to the meteoric development of Pd-, Rh- and Ir-catalyzed C-H
functionalization events.'? In 2011, Chatani revisited the seminal discovery from Kleiman
and Dubeck and described a Ni-catalyzed regioselective cycloaddition of aromatic amides
with alkynes." In this reaction, the utilization the 2-pyridinylmethylamine as a chelating
group enabled coordination to nickel center in an N,N-fashion, facilitating the C-H
metalation via a 6-complex-assisted metathesis (c-CAM) mechanism,'* thus setting the

basis for functionalizing the ortho C(sp*)—H bond.

Dubeck, 1963

W e : oy
©:HN + (/EL_I?L @,222

Chatani, 2011
Ni(cod), (10 mol%)
/‘ PPhs (40 mol%) ﬁj i i
ﬁj toluene, 160 °C N'j'\‘j
Scheme 1.5 Initial Ni-mediated C(sp*)-H bond functionalization reactions.

Spurred by the potential implications of the work of Kleiman, Diibeck and Chatani,
the subsequent years witnessed the development of a series of C—H functionalization
reactions assisted by proximal nitrogen-based chelating groups.'® As shown in Scheme
1.6, notable examples include 8-aminoquinoline (AQ),'® (pyridine-2-yl)isopropyl (PIP)
amine, '’ 2-pyridyl, "* 2-pyrimidylamine, "’ purine*® or amides,?' among others. The
incorporation of these chelating groups has allowed a series of C—C and C-heteroatom

bond-forming reactions via concerted metalation deprotonation (CMD) or o-bond
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metathesis utilizing Ni catalysts. In most instances, however, these reactions require high
temperatures and strong bases, thus reinforcing a change in strategy for expanding the

potential applicability of these reactions in organic synthesis.

ar T e G

Chelation-assisted Nickel-catalyzed C(sp?)-H functionalizations Mechan/sm
OMe Me @ >
©iL ©i‘\ &j via Base
CMD Base+H*
@ =Akyl Chatani; Ackermann @ =Aryl  Shi

Aryl  Chatani; Hoover Alkynyl Shi Chatani ' DG

Alkynyl Balaraman )
R : Ni

WN\ N m m - | via

N~ N/> N\fN E\fN XN ; ob%nd'

NH N Aryl metathesis
crr Ol 002, U7 Tar
Alkyl Alkynyl E=CHy N

Ackermann Ackermann @ =Alkyl  Punji Puniji '
Alkynyl (
Alkenyl Me

Scheme 1.6 Chelation-assisted Ni-catalyzed C(sp®)-H functionalization.

From a both conceptual and chemical standpoint, the functionalization of C(sp*)-H
bonds is considerably more challenging than their C(sp®)-H congeners. This is due to the
fact that sp* C—H bonds are less acidic and lack proximal empty low-energy or filled high-
energy orbitals that interact with the d electrons of the transition metal. Additionally, we
should take into consideration site-selectivity principles due to the presence of multiple,
yet similar, sp> C—H bonds, and observation that raises important questions when
promoting site-selective C—H functionalization in simple aliphatic hydrocarbon side-
chains. Spurred by the successful implementation of directing group methodologies in the
sp? C—H series, in 2014 Chatani reported a nickel-catalyzed C(sp®)-H arylation with 8-
aminoquinoline as bidentate chelating group, even in presence of free C(sp?)-H sites

(Scheme 1.7).% A Ni(II)/Ni(IV) catalytic cycle mechanism was proposed, where a
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reversible concerted metalation deprotonation (CMD) event was proposed to drive the

targeted C(sp*)-H functionalization.

Ni(OTf), (10 mol%)

o MesCO,H (20 mol%) 0
Q Na,CO; (2 equiv.) Q
‘%ku + Al 5
DMF, 160 °C A

H
1 equiv. 2 equiv. Q= qulnollne
Selected examples - Mechanism
: o}
0 0 | o Q .
pn, L a Bu L o .>KL N % N
Ph H Bu H : H
: Ph NiX H
Ar Ar E HX% 1X2 HX
72% 50% : \
: 0 0]

Ar = p-MeOCgH, :
: N X N X
o i = Ni—N Ni—N__
' I— = -
. : Ph H
Ph N NG i X
Et H H ! f \\ Base
! Ve

Ar Ar ' reductive proposed
H i CMD
56% 61% ellmlnatlon mechanism \
/r/ Base + HX
O (e} :
NG NG ;
H H ;
Ph™ "H H : N|—N = |—N %
0% 0% ;
PhI

Scheme 1.7 8-Aminoquinoline directed Ni-catalyzed C(sp*)-H arylation.

Driven by the potential of chelation assistance, the recent years have witnessed the

3 alkenylation, ** alkynylation, **

development of a series of C(sp*)-H alkylation,
carbonylation,?® amination®” or thiolation®® events (Scheme 1.8). However, the majority
of these endeavors still rely on the utilization of strongly chelating 8-aminoquinoline
directing groups, harsh conditions. Unfortunately, these reactions showed a rather limited
substrate scope. In addition, a non-negligible number of these protocols occur at terminal
methyl C(sp*)—-H bonds possessing a neighboring quaternary carbon center that prevents

parasitic B-hydride elimination from occurring.
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Chelation-assisted Nickel-catalyzed C(sp®)-H functionalizations

Ge, Maiti Chatani Shi, You, Zhang
Q= qumollne

AIkyI
R = alkyl, aryl TIPS
Zhang, Ge, Lei Ge, Chatani Chang You, Shi, Zhang, Yin
0 0 0 0
-Q .Q .Q
N
X NHTs Y
= Y=O0R, SR

Scheme 1.8 Chelation-assisted Ni-catalyzed C(sp*)-H functionalization.
1.2.2 Undirected Ni-catalyzed Functionalization of C(sp?)-H Bonds

In 2004, Cavell described a Ni-catalyzed C-H alkylation of imidazolium salts with
simple olefins in the absence of directing groups (Scheme 1.9).%’ This protocol is believed
to proceed via oxidative addition of a particularly acidic C(sp*)-H bond to a low-valent
Ni complex in the presence of PPhs as ligand, resulting in a Ni(I)-H species that

undergoes a migratory insertion into the alkene.

Cavell, 2004
X Ln

Me H Ni(cod), (10 mol%) .

\ . R M .

N@( PPh (21 mol%) Me X S A0

N + Z°R >
k/ ~""Me acetone/THF (3:1) @N\/\Me Q\/N\/\Me
X =BF, or Br r.t.or 55 °C via

Scheme 1.9 Ni-catalyzed C(sp*)-H alkylation of imidazolium salts.

In the subsequent years, Hiyama, Itami, Miura or Ackermann, among many others,

3% arylations, *'

showed the implementation of a series of C(sp’)-H alkylations,
alkenylations,*® alkynylations®* and borylations** of acidic C(sp*)~H bonds (Scheme 1.10,

left).* These transformations likely operate via C—H nickelation in the presence of a
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strong base. On the other hand, nickel-catalyzed alkylation and alkenylation of neutral
C(sp*)-H bonds have been proposed to proceed via ligand-to-ligand hydrogen transfer
(Scheme 1.10, right).*® As for other Ni-catalyzed C—H functionalizations, however, the
majority of these transformations require a specific backbone or proceeds at high
temperatures or require harsh reaction conditions.

BN A H S
f % AN S
" ,I: 3*4. <(———-G§>————— R ————-@ED————;» R \\
St~y B A~ =

acidic C(sp?)-H

@ = alkyl, aryl, alkenyl, alkylation

alkynyl, boryl, CF3 alkenylation

C-H nickelation LLHT mechanism
X P, IPr
SO oy e
NI’ N \
O/Y |'_ Ph H > Iigand to ligand
\ hydrogen\transfer
IPr

|i
Iy T 4T

_anickelation—__ A
Base-HX —H
Y

Scheme 1.10 Strategies for undirected Ni-catalyzed C(sp*)-H functionalization.
1.2.3 Ni-Catalyzed C(sp’)-H Functionalization via Hydrogen Atom Transfer

Driven by the redox promiscuity of nickel complexes to populate both two- and one-
electron pathways, it comes as no surprise that nickel catalysis has successfully been
interfaced with open-shell species generated by means of hydrogen-atom transfer (HAT).
As shown in Scheme 1.11, Lei and MacMillan independently described a site-selective
arylation of C(sp*)-H bonds via hydrogen-atom transfer enabled by either di-tert-butyl
peroxide or in the context of a photochemical endeavor.”” These reactions exhibited a
strong preference for promoting the functionalization of C(sp?)-H bonds adjacent to

amino groups.

10
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Catalytic C(sp3)-N Bond-Formation or C(sp3)-H

Lei, 2013 MacMillan, 2014
Ni(acac), PPhs [Ir], NiCl,-glyme
Me-n~ph DTBP, 100 °C Me-Ny dtbbpy, Cs,CO; Mo~
| - >
Ph PhB(OH), Ph a—1 () Ph

Scheme 1.11 Ni-catalyzed functionalization of a-amino C(sp*)-H.

Driven by the mild conditions required for enabling photoredox reactions and the
flexibility exerted by nickel complexes for bond-formation, dual Ni/photoredox
manifolds have offered innovative new grounds for building up complex molecular
architectures. *® Additionally, selective functionalization at §-C(sp®)-H sites can be
promoted by 1,5-hydrogen atom transfer (HAT) processes.?’ In these endeavors, the
utilization of HAT-mediators such as alkoxy radicals,*” amine radical cations,*! amidyl
radicals, ** halogens, * metal oxo species* or triplet carbonyls* can facilitate the
generation of open-shell species (Scheme 1.12). The resulting nucleophilic carbon-
centered radicals can be interfaced by nickel complexes, thus setting the foundation for

enabling a formal C(sp*)-H functionalization in the presence of an appropriate electron

acceptor.
H . Ni
I8 %5 INi] [ ﬂ . I
.“ _— _— ..- .‘
hydrogen radical reductive
atom transfer rebound elimination
hydrogen abstractors C(sp®)-H functionalization
RO RN ** RJKN,RZ X X Alkyl
: _ - alkenyl
Alkoxyl  Amine radical  Amidyl X=NR, O, 8 X=NR, OH allyl
radical cation radical a-C(sp3)-H 5-C(sp*)-H acyl
of heteroatom of heteroatom carboxyl
///I“ | (FJ\\\;2)+ o
X M .
¢’|~\O R1i\R2 T Y ) [:::T/~‘. [:::T).
Halogen Metel-oxo triplet a-C(sp3)-H a-C(sp)-H ) 5
atom species carbonyl! of olefin of arene inert C(sp°)-H

Scheme 1.12 Ni-catalyzed functionalization of C(sp*)-H via HAT
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1.2.4 Ni-Catalyzed C(sp*)-H Functionalization via Nitrene Transfer

Metal-catalyzed C(sp*)-H amination can be enabled via nitrene transfer,*® highly
reactive species due to the exceptional electron deficiency at the nitrogen atom.
Specifically, singlet nitrenes possess two nonbonding electrons that occupy one p orbital
with antiparallel spins, with a remaining empty p orbital that makes singlet nitrenes
particularly electrophilic and not particularly stable (Scheme 1.13). On the contrary, triplet
nitrenes exhibit two nonbonding electrons that occupy separate p orbitals with parallel
spins, giving them a diradical character. This configuration leads to distinct reactivity
patterns compared to singlet nitrenes. For example, singlet nitrenes undergo cycloaddition
reactions, rearrangements and electrophilic substitutions whereas triplet nitrenes normally

are involved in transition-metal catalyzed C—H insertion reactions.*’

singlet triplet
R-N: R-N
R, O R,
®NO ®ND
70 70
p P 1 /
sp iy sp “
ORN “ ORN “

Scheme 1.13 General features of Nitrenes.

In 2001, pioneering work from Hillhouse and co-workers led to isolation of the first
imido nickel complex, featuring a nickel-nitrogen double bond and a three-coordination
with a bulky bidentate phosphine ligand (Scheme 1.14).* The oxidation of arylamido
nickel(I), followed by deprotonation, results in the formation of an imido nickel complex
that facilitates a cycloaddition event with ethylene.*’ Later on, Hillhouse reported two
high valent Ni(III)-imide complexes capable of abstracting hydrogen atoms from ether an

ethereal solvent or the hydrogen donor n-BuSnH. On the other hand, Warren and co-

12
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workers described a high valent nickel(Il)-imide complex—[Mes;NN]Ni=NAd, generated
from the reaction of Ni(I) and an azide in 2005.%° Additional studies in 2011 showed the
viability for enabling stochiometric C(sp’)-H amination of [MesNN]Ni=NAd species
with benzylic C—H precursors via hydrogen atom abstraction (HAA) and radical bound

processes.”!

Hillhouse
A) PFe~
Buu,. ‘P.\\’Bu + 'Bu/,.P/ \P"\[Bu
Bu”N\  Bu Bu™™\ /By H,C=CH, W
\ Nt (1 atm)
[le —_ “ - > Pr iPr
0
iPr pr (2)NaN(SiMes), i, ipr 70°C, 8 days
58%
Hillhouse
tBu/,, / N A\\’Bu / A\ B . -
VP /P‘ Et,O tBU/,.P P.\\ u
Bu \wim Bu ;» Bu” \Ni'/' By R = @or Mes\©/Mes
N or n-BuzSnH rll B(AF),
R B(AF)y RN
Warren H
Co b
Me. -~ Me HN-Ad Me  Mes 1
\l\|l/\N( (200 equiv.) =N =1 %y
Mes” \Ni||| “Mes _ . (\‘ b Ad I} dxz,yz
I Et,0 -'N\N| N —“ A
N 0 Me  Mes N z
Ad 33% - d,,

Scheme 1.14 Imido nickel complexes and their reactivities.

Driven by the potential of nickel-catalyzed nitrene transfer for forging C(sp®)-N
linkages, in 2020 Betley described the utilization of a dipyrrin-supported monovalent
nickel catalyst. This combination enabled an intramolecular C—H amination of aliphatic
azides en route to a variety of pyrrolidines through the cleavage of primary, secondary, or
tertiary C(sp*)—H bonds (Scheme 1.15).* Mechanistic studies suggested the involvement
of a nickel-nitrenoid, which facilitates intramolecular 3-hydrogen atom abstraction via a
six-membered transition state.”> A subsequent radical recombination ultimately delivered

the desired pyrrolidine. However, the requirement for tertiary alkyl azides to prevent facile

13
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B-hydride elimination, along with the use of expensive benzene-ds underscores the

necessity for designing more practical and accessible C(sp*)—H amination protocols.

Betley
H oy (AdF| \Ni H_ _Ph o7 AdF| W H
/\)\ 20 mol% ("“"L)Ni(py) N; 1 mol% (““"L)Ni(py) Me, N Ph
CgDg, 25 °C RR CeDg, r.t.-60 °C
78% _ R=H R=Me 95%
facile B-hydride elimination
selective examples proposed mechanism
CeF H
il e o . o8
g aMe ‘\\ HN e T y
S K Me"
HY N” "Me Ph™ N YMe : \
N = M
Hel H H Me » 7 N N
Me Ad ' Ad _
35% 89%, dr 4.3:1 radical Py nitrene
rebound | formation
py —7 \™ Py + N
OO*MG Mea Ao g / (AFL)Ni(py) \ Y
N “’, Me\\‘ N “,
N Me N Me
88% 82%

isotope labeling experiment ——

D
> _Ph H
yi*j Me, N_ Ph i [
Me"'] _ Me’(_?< H/D rate-determining step
d KIE = 18 \ /
H:D 5.6:94.4
dr 5:1 HAT

Scheme 1.15 Ni-catalyzed intramolecular C(sp*)-H amination of aliphatic azides.

1.2.5 Catalytic Functionalization of C—H bonds via Ni Migration

Although significant advances have been realized in Ni-catalyzed C(sp*)-H
functionalization through chelation assistance or by targeting substrates possessing acidic
C(sp®)-H linkages, the recent years have witnessed the functionalization of unreactive
C(sp®)-H bonds distal from the initial reactive functional group via nickel migration. In
2020, our group disclosed a remote, regioselective C(sp?)-H carboxylation protocol
through 1,4-nickel shift from vinyl to aryl moieties, enabling incorporation of CO; at
C(sp*)-H sites (Scheme 1.16).>* In a later collaboration with Zhu, this 1,4-nickel shift
strategy could be extended beyond CO,, allowing to promote an ipso/ortho-
difunctionalization of aryl bromides with alkyl halides and alkyne congeners.” In 2023,

14
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this approach was further adapted to a nickel-catalyzed 1,4-shift with N,O as coupling

partner, thus facilitating the formation of either carbonyl or phenol derivatives.*®

M Regioselelctive C(sp?)-H functionalization via 1,4-nickel shift

Martin, 2020
) F3C,
Br NiBry-2L (10 mol%) _
CO, (1 bar) A =4 )
=7 MnCr. DMF, 15°C | wd N
H ’ ’ CO,H L
1,4-Ni
migration
| H | Ni
N0 .
Zhu and Martin, 2021 Martin, 2023
AlkyIBr — N,O

h (v (v b
- —_ + —_ —
Br
Alkyl @[ OH
H

Scheme 1.16 Remote C(sp®)-H functionalization via nickel-1,4 migration.

More recently, our group explored the utilization of Ni—Ni species as a new manifold
to enable distal C(sp*)-H arylation of aryl pivalates through nickel translocations at arene
backbones via a 1,2-hydride shift process (Scheme 1.17).”’

B Remote C(sp?)-H functionalization via nickel ring-walking

Martin, 2024 Ni(cod), (2 equiv)

PCy; (6 equiv.)
PhMe, 50 °C
OPiv then Ph
PhMgBr
O H 9 34% Ph

lspo ortho =1:1. 1

‘Ni PhMgBr

'T’CY3 1 2WNi lTC)’3

Ni—0 12N _-Ni—0
| )y =—— kilkp=22——= S )—Bu
\’Tli—o [1,2]-H 'Tli_o

PCy; PCys

Scheme 1.17 Remote C(sp?)-H functionalization via Ni ring-walking.
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The dynamic displacement of a metal throughout an alkyl chain, coined as “chain-
walking”, has undoubtedly unlocked new powerful platforms for functionalizing distal
C(sp*)-H bonds’® through iterative 1,2- or 1,3-hydride shifts along saturated backbones
(Scheme 1.18).%

B Remote C(sp®)-H functionalization via Ni-chain-walking process

M 1,2-hydride shift
ve Ni-H Ni—J \ Ni—[]

- —_— - = i I
—= e = T
H
M 1,3-hydride shift

Me Ni H-Ni Ni-H \

L"\.‘——‘ e T e TN,

Scheme 1.18 Ni-catalyzed remote C(sp*)-H functionalization.

In recent years, a variety of reactions have been accomplished by controlling the
motion at which the nickel catalyst is translocated along the hydrocarbon side chain.®® For
example, as illustrated in Scheme 1.19, site-selective functionalization of C—H bonds
adjacent to arenes, 1 boron atoms, or heteroatoms®> have been implemented, with site-
selectivity dictated by the stability of neighboring groups. On the other hand, the kinetic
preference for terminal primary C(sp*)-H sites could be demonstrated by independent
disclosures from our group and Zhu.®> More recently, significant advances have shown
that chain-walking events can be interrupted to override thermodynamic and steric
considerations by using thioethers, ketimines, or amides as directing groups through five-
or six-membered nickelacycles, thus enabling the functionalization of otherwise

inaccessible, yet unactivated methylene C(sp*)—H bonds.**
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B Advances in Ni-catalyzed site-selelctive C(sp®)-H functionalization via chain-walking process

Ong, Zhu X

Yu
R ‘\V/\\/J\Me
Me or (Y\Me

.S NHBz
[ C(sz), C(sp3) WMG R

T heteroatom @

thermodynamically . directing
W Me driven selectivity .\/H;['l']\ assistant (Y\ Me
[Ni] ZMe ) -==[Ni]

ﬁaur’lgl_u l @ = C(sp?), C(sp®) drivzze;'eclaelé}tlivity Giri, Martin
Y Me ? R! R2
Tw S~ N w
¥=BRz NRz OR ® = C(sp?), C(sp?)
X=NR, O
Zhu, Martin Martin
O~~~ Alkyl e _ -~ _~_COH

Scheme 1.19 Selected examples for C(sp®)-H functionalization via Ni chain-walking.
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1.3 Nickel-Catalyzed Functionalization of Olefins

Olefins are present in a variety of commodity chemicals and bioactive molecules.®®
Not surprisingly, their site-selective functionalization has prompted chemists to come up
with new protocols to be applied at late-stages.® Among these, particularly attractive are
recent catalytic methods that form polyethylene,” Wacker oxidation that convert olefins
into ketones, ®® hydroboration-oxidation reactions give rise to alcohols in an anti-
Markovnikov pattern® or Heck-type reaction that offer the possibility to forge new C—C
bonds under mild conditions.” On the other hand, olefin metathesis facilitates the
formation of new C=C bonds, a reaction that has been rapidly adopted in material science

and drug discovery.”!

T

Polymerization

}

heat
high presure
.\/\. |
Heck reaction
.\/
) )
%
0% %
° >
e}
i)
® N
.\/\OH
Olefin metathesis Hydroboration-oxidation

Scheme 1.20 Advances in catalytic functionalization of olefin feedstocks.
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1.3.1 Ni-Catalyzed Hydrofunctionalization of Olefins

Driven by nickel’s strong affinity to unsaturated systems, its low proclivity to promote
B-hydride elimination, and the ability to engage in both one-electron or two-electron
events, * recent years have witnessed a series of nickel-catalyzed hydrofunctionalization
of olefins as a new manifold to forge carbon-carbon or carbon-heteroatom sp® linkages
from simple olefin building blocks.” A priori, multiple catalytic cycles might be
conceivable, including Ni(I)/Ni(Ill) or Ni(0)/Ni(Il) cycles. As shown in Scheme 1.21, a
Ni(I)/Ni(Ill) regime involves the formation of a nickel-hydride species through o-bond
metathesis or ligand substitution with an appropriate hydride source (left).”* Sequential
nickel-hydride migratory insertion resulted in an alkyl nickel(I) species, facilitating
oxidative addition with an appropriate electrophile to form high valent Ni(Ill)
intermediate. A final reductive elimination results in the targeted hydrofunctionalized
product and recovers back the propagating Ni(I) catalyst. On the other hand, a mechanism
involving a Ni(0)/Ni(II) could be initiated by direct oxidative addition of an acidic R-H
bond with low-valent Ni(0) to yield Ni(II) intermediate,” followed by migratory insertion
into the olefin, and reductive elimination. In some cases, ligand exchange or

transmetalation at Ni(II) intermediate are required to form the targeted products.”

e Ni(/Ni(lll) CyCle --====--=n=xmmmmgemmmmmecemmmaaee Ni(O)/Ni(ll) Cycle -----==----==-----

R3SiX H-[Ni]

3 A

| o X
| L ne
X-INT o N o N H=INi"]-X

e B /wx X W ox e

iy : L
« : eV .)\/[NI”]

................................................................................................................

i R3SiH migratory
! insertion

Scheme 1.21 Strategies for Ni-catalyzed hydrofunctionalization of olefins.

19



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

In 2016, Fu and co-workers disclosed a nickel-catalyzed hydrofunctionalization of
unactivated olefins with alkyl and aryl (pseudo) halides and a silane as hydride source
(Scheme 1.22).”7 Notably, the utilization of a 2,2’-bipyridine ligand was critical for
forging C(sp*)—C(sp?®) and C(sp*)—C(sp?) bonds at terminal positions with exclusive anti-
Markovnikov selectivities. The transformation could even be conducted in the presence
of bis(pinacolato)diborons, aromatic rings, esters, and ethers, which might a priori

interfere with a competing nickel chain-walking.

NiBr-diglyme (10 mol%)
ligand (15 mol%) tBu t-Bu
(EtO),MeSiH (3 equiv)

H _
LR Na,COj (3 equiv.) N =N N7

X=1,Br, OTs DMAc, 30 °C ligand
@ = alkyl, aryl

selected examples

Ar = p- COZE1C6H5 Ar = P- COzEtCGH5
45%, X = OTs 62% 55% 52%
61%, X =1 X=1 X=1 X=1

mechanistic studies

HO standard condition HO X Ph
X\ *  ph /\)W . >(\/\,M\/\/

Me M
Me Me e Me 349
Me
A . 1—Nap/\O/YBr standard condition . £ _O._A-Nap
Me Me
Me
99% ee 37%, racemic product

Scheme 1.22 Ni-catalyzed hydroalkylation of unactivated olefins.

In 2017, Martin and co-workers disclosed a nickel catalyzed carboxylation of olefins
with CO; using water as the hydride source, leading to a variety of carboxylic acids
including Ibuprofen (Scheme 1.23).”® The reaction is distinguished by a site-selectivity
pattern that results in anti-Markovnikov selectivity for unactivated olefins or
Markovnikov selectivity for styrenes, respectively. Notably, internal olefins also could be
subjected to this protocol, yielding linear aliphatic acids via nickel chain-walking

processes with equal ease (left).
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CO, (1 bar) CO, (1 bar)
COH NiCly-H,0 (5 mol%) Nil, (10 mol%) H
2 bipyridine (5 mol%) bathocuprine (25 mol%)
A )\/H ) ./\ ) > Alkyl )\/COZH
r Mn, H,O (9 equiv.) Mn, H0 (4 equiv.)
DMA DMF
from styrenes from terminal olefins ——— from internal olefins -
CO,H CO,H (0]
CO.H
M OMe O—co H 2
X PinB CO,H
71% 51% 51% 40% 49%
COH Me CO,H
M Ph N Me._,CO,H (\A/\COZH
e A2 2
OO Ph)\/\,cozH e
i-Bu
85% 55% 51% 20 TON 50%
Ibuprofen from ethylene

Scheme 1.23 Ni-catalyzed hydrocarboxylation of olefins.

In recent years, metal-hydride hydrogen atom transfer (MHAT) reactions have
expanded the range of transformations from simple olefins, providing access to products
with Markovnikov selectivity.” For example, in 2016 Shenvi and co-workers described
that the combination of cobalt and nickel catalysis enables a Markovnikov-selective
hydroaylation of terminal olefins with aryl iodides (Scheme 1.24).*° Mechanistic studies
indicated that the reaction was initiated by a Co-hydride migratory insertion into the
terminal olefin followed by a transmetalation between the Co-alkyl species and a high-
valent nickel intermediate. The resulted Ni-alkyl intermediate undergoes reductive

elimination, ultimately affording the ai-branched product.®'
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NiBr,-dtbbpy (10 mol%)
| Co(SaltBuBY) (15 mol%) @
Ph(iPrO)SiH, (3 equiv
N . (PrO)SiH, (3 equiv)
NFTPB (50 mol%) H
DMPU, 30 °C
selected examples
CF3 CF3
=
e ) reme S, e S
n-CgHqz n-CgHqz A
Me™ X Me OH Cl
Me Me
Me Me
70% 67%, b:l,11:1 71% 60%
2 M
o(SalfBuBu) tBu _ +Bu Me e>—Me
N N () X BFa 0 4
N N. N | Si
pq \N( +2 .
tBu o o tBu B Br Me™ "N° Me H
F
Bu tBu NiBr,-dtbbpy NFTPB Ph(iPrO)SiH,

proposed mechanism

NI .
SN
CN'NI‘Ar .\(Me o
Ar—I \/( LnCo”'
-1/2
Nickel Co-H Hy

N,
CN,Nl Catalytic trans HAT L, Coll—H <—> L,Co

Cycle metalation Cycle ;
& SiH
[LaCoM* -0]
NIIII

Scheme 1.24 Ni-catalyzed Markovnikov hydrocarboxylation of olefins.

1.3.2 Ni-Catalyzed Difunctionalization of Olefins

Difunctionalization of olefins via cross-coupling with more than two fragments can
promote multiple carbon-carbon or carbon-heteroatom bond-formations from simple
precursors.®® Over the last decade, nickel has gained considerable momentum in the
catalytic difunctionalization of alkenes via classic two-electron pathways (Scheme 1.25,
top). In these endeavors, initial oxidative addition of an electrophile or transmetalation of

anucleophile to the nickel catalyst results in organometallic nickel species that undergoes
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migratory insertion with an olefin to afford a metal—alkyl intermediate. On the other hand,
nickel catalysts can mediate the formation of radicals from electrophiles and engage in
radical processes, leading to different regioselectivity in difunctionalization of olefins

compared to that obtained from migratory insertion.**

M two-electron pathway

o NI oS =X Nu .J\/‘
X —————» @—N [ —
oxidative [ | 1 migratory N

addition X insertion
. Ni]
N X [
ov — M o : =5
transmetalation migratory
insertion

B radical pathway

SET [ Ni], EI .l/.
@ X [ XS} - .
radical ./8\/.

addition

Scheme 1.25 Strategies for Ni-catalyzed difunctionalization of olefins.

In 2018, Brown and co-workers disclosed a 1,2-diarylation of styrenes enabled by
nickel catalysis, which featured high chemoselectivity by employing aryl boron reagents
and aryl bromides as counterparts (Scheme 1.26).* The proposed mechanism involves an
oxidative addition of the aryl bromide to Ni(0), and the resulting Ni(Il) intermediate
undergoes a subsequent migratory insertion into the styrene to form a benzyl-Ni complex.
Sequential transmetalation with the aryl boron reagent ultimately facilitates a reductive

elimination event, thus resulting in a formal 1,2—diarylation of styrene.
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NiCly (7.5 mol%) @
B(neop) Br B,pin, (10 mol%) @
‘ ‘/ KOEt(2.3equiv) A
toluene, 80 °C

selected examples

.31. o S ot

OSiMeyt-Bu
46% 54% 58% 67%
Ar! = 4-OMeCgH, >20:1dr >20:1 dr
Ar? = 3 5-MeCgH3 from trans-alkene from trans-alkene

proposed mechanism

I|3r
2_Nill
ArBr Ar2-Ni Ar X
Bypin,  EtOBpin
2KOEt 2KCI Bre

Hll
NiCl, N A Ni-Bpin ﬁ» Ni® )N'\,Arz

A
OFEt EtOBpin r
1 KOEt
A ATkt Ar'B(neop)
2 2 {
Ar Ar’ Ar)\’ Ar’ EtOBpin

KBr
Scheme 1.26 Ni-catalyzed 1,2-diarylation of styrenes.

In 2019, Yin and co-workers discovered that the utilization of an unusual pyridyl
carboxamide ligand enables regioselective 1,1-alkylboration of olefins using B2pin, and
benzyl halides as coupling partners in the presence of a nickel catalyst (Scheme 1.27).*
The reaction was characterized by a broad substrate scope, even when utilizing internal
olefins. Mechanistic studies suggested an initial transmetalation en route to Ni-Bpin
species followed by a migratory insertion with olefin that results in an alkyl nickel
intermediate. Notably, facile f-hydride elimination and a migratory insertion sequence
leads to a 1,1-boryl nickel species. The site-selectivity is probably dictated by m-back
bonding between the nickel and an empty p-orbital of the adjacent boron atom. This was
further evidenced by the exclusive 1,1-difunctionlization of olefins bearing an amide

group, and a 6:1 regioisomeric ratio in alkylboration of allyl benzene.
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Bpin -« ./\ + >
Ar P Dioxane, 30 °C B,pin Dioxane, 30 °C Ar
from styrenes e from unactivated olefins
selected examples
Me
Bpln Bpin
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=z | J/\/Bpm /\/\[ él\ Ar
N N—N|—OH
B /
Me 69% 90% 45% 40%
[N'] Ar = 4-BuCgH, Ar=4-OMeCgH,;  Ar=4-OMeCgH,
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Ni . .
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©/\AJJ hapticity | @ [Ni—Bpin
P“V\(Bpi” 5 [Ni]—X Bpin
vs ./\(
[N 8% AT Ar
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= Eﬁ/7z< ! Bpin A
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O| --[Ni] 62% Ar H-[Ni] [Ni]
r>20:1 ! Bpln_/
e N ¥ chelation o /
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Scheme 1.27 Ni-catalyzed alkylboration of olefins.

In 2018, Nevado described a nickel-catalyzed reductive coupling of olefins, aryl

iodides, and alkyl iodides, resulting in a neat 1,2-difunctionalization that forges C(sp*)-

C(sp?) and C(sp*)-C(sp*) bonds in a formal cross-electrophile endeavor (Scheme 1.28).%

Success is driven by to utilization of tetrakis(dimethylamino)ethylene (TDAE) as organic

reductant, which can promote the reduction from Ni(Il) to Ni(0). The latter species

undergo oxidative addition with the aryl bromide, resulting in the aryl-Ni intermediate. In

parallel, a single-electron reduction of alkyl iodide by Ni(I) results in an alkyl radical that

adds across the double bond to generate a new open-shell intermediate. The latter can be

interfaced with an aryl-Ni intermediate, leading to a high-valent Ni complex that
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facilitates reductive elimination, ultimately affording the dicarbofunctionalized product

while regenerating the propagating Ni(I) species.

/

NiCly-Py, (10 mol%) @
| I dtbbpy (10 mol%)
oOxXx *  Akyl” + >

TDAE (2 equiv.) Alkyl
HF, 25 °C

selected examples

: Me
HO. ! _tBu  PhHN tBu NC™ Y AcO

t-Bu Me
1% 43% 53%, d.r.>20:1 59%
Ar = 4-1‘BUCGH4 Ar = 4-tBUCGH4 Ar = 4-COQMGCGH4

proposed mechanism

TDAE Ni® Ar
tBu £Bu / \
— . il

M N Ar—Ni
N N
Me,,,
dtbbpy Me”D Me I
e — BU ~4--»
+ .)\/IBU
o xx

Nio Ar_NiIII
Me,N  NMe, Nill —— Nt .)\,tBu

TDAE Ar IL_/

MezN NMe2

Scheme 1.28 Ni-catalyzed 1,2-dicarbonylation of unactivated olefins.
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1.4 General Aim of the Thesis

Over the last two decades, nickel catalysis has emerged as a powerful platform for
forging sp’-hybridized architectures via functionalization of C(sp®)-H bonds or by
harnessing the potential of olefins as latent sp’ nucleophiles. Although remarkable
advances have been realized, efficient and reliable construction of sp*-hybridized carbon-
heteroatom linkages still constitutes a challenge in synthetic endeavors. As part of our
group’s interests in nickel-catalyzed cross-couplings, this thesis has the following

objectives:

1. To develop a site-selective intermolecular amidation of C(sp’)-H bonds via
nickel-catalyzed nitrene transfer, offering a new platform for forging C(sp*)-N
bond from ubiquitous C—H linkages under mild conditions.

2. Todevelop anickel catalyzed hydroamidation of glycals, enabling access to either
o- or B-N-glycosides through stereodivergent C(sp®)-N bond-formations.

3. To promote a predictable site-selective remote C(sp’)-H functionalization of
aliphatic amines, providing a new gateway for forging advanced nitrogen-

containing sp® architectures.
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Chapter 2. Nickel-Catalyzed Site-Selective Intermolecular C(sp*)—

H Amidation.

——In collaboration with Hao Wang and Dr. Craig S. Day
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2.1 General Introduction

Amines are ubiquitous structures in natural products, pharmaceuticals and materials,
among others. A close inspection into the literature data reveals that 82% of the top 200
small molecule prescription medicines by 2022 global sales contain at least an amine
moiety or nitrogen-containing heterocycle.' These observations challenged chemists to
design new catalytic protocols for C-N bond-forming reactions.? Thus, a myriad of
elegant protocols has been design towards this goal, including the Jordan-Ullmann-
Goldberg synthesis, Chan-Lam coupling, and Buchwald-Hartwig amination, among
others.> On the other hand, conventional strategies consisting of nucleophilic N-alkylation,
hydroamination, reductive amination are now essential tools in the synthetic chemist’s
repertoire for forging more common C(sp*)-N linkages (Scheme 2.1).* However, these
transformations often require prefunctionalized coupling partners such as alkyl
(pseudo)halides, alkenes, or carbonyls. To this end, the recent years have witnessed direct

functionalization of ubiquitous C(sp*)~H bonds as a new route to rapidly build up C(sp*)—

N architectures,” minimizing the number of synthetic manipulations while offering new
chemical space to be applied in the context of late-stage modification of advanced

ingredients.®

R
Ri o
N-H R,
Ry” X 2 H,
2 b \J\K\ Ry %R“
R3 Rs
N-alkylation hydroamination
Ry
_N
Ry j/\R4
R3
+E1 31
Ry~ Q(\R4 R /N‘H H
5 .
R3‘> + rrl//\R4
H 3
reductive amination C(sp®)-H amination

Scheme 2.1 The state-of-art for preparing C(sp*)-N bonds.
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2.1.1 C(sp*)-H Amination through Oxidative Dehydrogenation

Cross-dehydrogenative coupling reactions have gained considerable momentum for
forging carbon-carbon and carbon-heteroatom bonds from C—H linkages.” For example,
in 2010, Warren and co-workers described a Cu-catalyzed oxidative dehydrogenative
amination of alkanes with amines in the presence of stoichiometric peroxide (Scheme
2.2).* Notably, the protocol was found to be applicable to both benzylic C(sp*)-H and
unactivated secondary C(sp*)-H bonds, resulting in secondary and tertiary amines with
equal ease. Note, however, that a large excess of hydrocarbon was required for the

reaction to occur.

H Me ~ Me
, [Cu] (1 mol%)
© N DTPB (1.2 equw) 5
o S
A neat, 90 °C O:C| Cl
. [Cu]
10 equiv 1 equiv

selected examples

Lo oY ot ot ofo

97% 73% 81% 53% 70%
Scheme 2.2 Cu(I)-catalyzed oxidative C(sp*)~H amination.

In 2017, Soulé and co-workers disclosed that the use of phenanthroline as ligands
enabled an efficient amination across a series of primary, secondary, and tertiary C(sp®)—
H bonds via Cu-catalyzed oxidative C(sp*)-H/N-H coupling approach (Scheme 2.3).
Although 1 equivalent of alkane was used as C(sp®)-H donor, the reaction required harsh
reaction conditions.’ The proposed mechanism involved a hydrogen atom abstraction
(HAA) process from alkane by tert-butoxy radical. The in situ formed carbon-centered
radical was then interfaced with a nitrogen-bound copper intermediate followed by

reductive elimination, thus ultimately resulting in the desired amination product.
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H

, CuBr(Me5S) (5 mol%) .\N’. —
N Ligand (10 mol%) =N
+ H @ [i:j - N N

\i

DTPB (4 equiv) '
tBuOH, 135 °C Ligand

1.0 equiv 3.0 equiv

selected examples proposed mechanism

_ ! p— /\

= N 5 N/ N__ N
Oy Oty Cu Bu0-OtBu
0 ! Br

58% 61% H
; O/ {BuO"
— NC :
: B P
N_ — ! N_7_N
r o) : Cu N. N
M - N___ ' s Cu
.0 € X : N Y
fBu Me" Me : O Q Br OtBu
H N

46% 57%

@Q {BUOH
5 a0 .
2 N\/S\ | K m )
o 00 5 oy’ tBUOH
Me i Cu u
84% 96% = Br b
N

Scheme 2.3 Cu-catalyzed C(sp*)-H amination via oxidative dehydrogenation.

The acid-induced Ritter-type reaction, which involves conversion of carbocations into
the corresponding amides offers a valuable strategy for C-N bond construction. '’
Although most carbocations are typically generated in situ from alcohols, halides, and
other electrophilic alkylating reagents, in 2012 Baran and co-workers disclosed a copper-
catalyzed intermolecular C(sp’)-H amination of unactivated hydrocarbons via
carbocation intermediates (Scheme 2.4).!' Notably, either secondary or tertiary C(sp*)-H
precursors could be used as limiting reagents and oxidized to the corresponding
carbocations in the presence of F-TEDA-PFs. Reaction with acetonitrile results in

nitrilium ion intermediates that generates the aminated products under basic conditions.
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1. CuBr; (25 mol%)

P Me
H Zn(OTf), (50 mol%) N// 2. NaOH (1 equiv) NHAc
> + >
F-TEDA-PFg (2.2 equiv) O/ MeCN:H,0 O/

MeCN, r.t. 80°C

selected examples

PFg H OH NHAc 0
CI\_ e e NHAc : NHAc
I \/\ -F O/ -—NHAc  Me Me ---'-éMe
n___/ Z
PFe g Me
F-TEDA-PFg 51% 16% 42%, 2:1 d.r. 61%

Scheme 2.4 Cu-catalyzed C(sp*)-H amination via ritter reaction.

2.1.2 C(sp3)—H Amination via Metal-catalyzed Nitrene Transfer

Prompted by the pioneering work of Smolinsky,'? Mattingly,'® and Edwards'* on the
utilization of nitrenes capable of reacting with simple C—H bonds and olefins, modern
metal-catalyzed nitrene transfers have emerged as cutting-edge methods to forge C(sp®)—
N linkages. "> In 2018, White and co-workers explored a manganese-catalyzed
intermolecular C(sp®)-H amination via nitrene insertion, exhibiting exclusive site-
selectivity toward benzylic sites (Scheme 2.5).'® The protocol can be applied to late-stage
functionalization of bioactive molecules and natural products with equal ease, with site-
selectivity dictated by steric and electronic differentiation among multiple C—H bonds.
The proposed mechanism involves the formation of an electrophilic metallonitrene
intermediate, which facilitates intermolecular hydrogen-atom transfer with C—H linkages.
The resulting benzylic radicals then interact with a nitrogen-bound manganese complex,

ultimately resulting in the desired products.
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H [Mn"(CIPc)]SbFg NHTces
(10 mol%)
OAc + Phl=NTces > OAc
5A MS, benzene, 40 °C
1.0 equiv 2.0 equiv
selected examples
(0}
H BDE = 85.4 kcal/mol /[(
(0] Me H
Me
H
BDE = 82.6 kcal/mol
NHTces
NHTces 65%, 1.6:1d.r. 44%,

)‘\/©/L —  proposed mechanism ——M8 — M
/Tces q @

Phl=NTces

52%, 17:1 ratio R \/ C\ /Q \

radical nitrene

rebound formation
proposed
\ catalytic \
cycle
/ N Te
HN” es /Tes

NanjN:N Ar/g\R qw\ﬁ
1l

X= SbF6 ‘\
[Mn'!(CIPC)ISbFe \ HAT %

Scheme 2.5 Mn-catalyzed benzylic C(sp®)-H amination via nitrene insertion.

Driven by their high catalytic efficiency and mild reaction conditions, it is not
particularly surprising that enzymatic reactions have offered a complementary approach
to enable C—H functionalization.'” In 2020, Arnold and co-workers'® reported the use of
a P411BPA variant featuring a Ser axial ligand at iron, facilitating C(sp*)-N bond
formation at benzylic and allylic sites with excellent enantioselectivity using readily
available hydroxylamines as amine sources (Scheme 2.6). This biocatalytic protocol was

also demonstrated to operate with high efficiency and >100 turnover number.
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1.0 equiv 1.2 equiv 10 °C, 12h

H
selected examples
NH; 2
M

N
NH
R ) o
TfO~ TfOH
85% 18% 38%
580 TTN, 93% ee 120 TTN, 95% ee 210 TTN, 93% ee

2
R

—— proposed mechanism

NH,
e

NHy NH;
NH . : NH
N<IlI—=N ‘the—/’\{ Me Me /@ :
[\1/F'e\,k\l N/ | \N Me MeO
- Ser
Ser 48%, 3.1:1 r.r. 35%, 2.4:1 r.r. 17%

% 500 TTN, 88% ee 240 TTN 120 TTN
NH,
H NH, - AN Me
5 e NH,
I: A M
llii[/l\R R ./J::::T/A\V/‘\ R [:::]//\\I/‘\ Me/}\\fﬁ\\'/NHz

55%, >20:1 r.r. 50%, 2.1:1 r.r. 51%, >20:1 r.r.
520 TTN, 85% ee 1060 TTN 420 TTN

Scheme 2.6. C(sp*)—H amination enabled by enzymatic nitrene insertion.

Despite the significant advances realized in benzylic and allylic C-N bond formation
via nitrene insertion, the means to promote C(sp*)-H amination beyond activated sites
remains particularly challenging due to higher BDEs associated to less-activated C—H
bonds, the presence of multiple, yet similar C—H bonds within an alkyl side chain and

steric considerations that might hinder the targeted C~-N bond-formation (Scheme 2.7)."

83.2 kcal/mol 85 kcal/mol 98.6 kcal/mol
H H H H
©/ Me MgMH 101.1 keal/mol
Me H
96.5 kcal/mol

Scheme 2.7 BDEs of C(sp*)-H bonds.

In 2021, Chang and co-workers demonstrated that electronic modulation of the ligand

in cobalt catalyst facilitated the amidation toward sterically less hindered secondary
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C(sp®)-H sites in alkanes (Scheme 2.8).° Mechanistic studies revealed that the reaction

may proceed via a radical pathway involving a triplet cobalt nitrenoid intermediate.

H Cp*Co(LX) (5 mol%) NHTroc
NaBArF, (6 mol%)
+  TrocNg >
TCE, 60 °C
2.0 equiv 1.0 equiv 02N cprco(Lx)

selected examples

NHTroc
NHTroc NHTroc NHTroc NHTroc
.)\ Me /‘\'/\ Me /K'/\/ Me O/

60%, 8:1r.r. 48%, 11:3:7 r.r. 65%, 10:3:7 r.r. 68% 79%
NHTroc
|\|/|e NHTroc Me Me NHTroc
Me” A MGM ~/~/ NHroc LbNHTroc E
42%,5:1.3:1:7rr. 16%, 2.1:1 rr. 55%, >19:1 r.r. 54%, >19:1 r.r. 55%, 12:1 r.r.

Scheme 2.8 Co-catalyzed amination of unactivated C(sp*)-H bonds.

Dauban and co-workers in 2021 disclosed the utilization of a Rha(S-tfpttl)s catalyst
possessing a well-defined catalytic pocket in combination with TBPhsNH, as amine
source as a means to enable amination at tertiary C(sp*)—H sites. The reaction occurred
with excellent site-selectivitites, even in the presence of more reactive benzylic and

propargylic sites (Scheme 2.9). !
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H H Rhy(S-tfpttl)4 (1 mol%)
R PhI(OAc), (1.4 equiv) H  NHTBPhs
Ar +  TBPhsNH, R
R t-BuCN, rt. Ar R
1.0 equiv 1.2 equiv
selected examples
E F NHTBPhs
NHTBPhs
F ?_' Me Me MeO,C Me: Me
N ,t-Bu MeO Me
. o I 90%, T:B >25:1 90%, T:B >25:1
0—™0
(e NHTBPhs NHTBPhs
_Rh”_Rh M
| | e Me
Me
ha(S-tfpttI)4
71%, T:B >25:1 55%, T:B >25:1
t'BU\©\ e Me Me Ph q
O’\S/‘NHZ /\)<NHTBPhs O\ 1”1~ NHTBPhs
™S o Me
TBPhsNH; 53%, T:B >25:1 58%

Scheme 2.9. Rh-catalyzed amination of tertiary C(sp*)-H.

In 2023, Meggers and co-workers disclosed a highly stereocontrolled, iron-catalyzed

o-amination of abundant carboxylic acids (Scheme 2.10).>* Notably, the reaction can be

extended to bioactive molecules and drugs, even containing activated C(sp*)-H sites.

Mechanistic studies revealed that the process is initiated by nitrene formation in the

presence of a base, followed by the coordination with carboxylic acid. This facilitates

intramolecular 1,5-HAT of the carboxylic acid-bound iron—nitrenoid species, leading to

the formation of an a-carbon radical. The subsequent radical rebound, which serves as the

enantio-determining step, ultimately yields the chiral amino acid product.
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N NH NH
H
e @/\002
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Scheme 2.10 Fe-catalyzed enantioselective C(sp*)~H amination of carboxylic acids.

2.1.3 Photocatalyzed Intermolecular C(sp’)-N Bond Formation

Over the past decade, photoredox catalysis has emerged as an innovative tool to rapidly
and reliably build up molecular complexity under mild conditions. In particular,
photoredox catalysis has been particularly suited for generating high-energy heteroatom-
centered radicals that can abstract a hydrogen atom from hydrocarbons en route to sp’
carbon-centered radicals (Scheme 2.11). These carbon-centered radicals can then add to

N-based radical acceptors, laying the foundation for a C(sp*)-N bond formation.*®
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N-based
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e 0

I
C.

_X_ + H+
Scheme 2.11 General strategy for photocatalyzed C(sp*)-H amination.

In 2018, Zuo and co-workers demonstrated that photoinduced ligand-to-metal charge
transfer (LMCT) catalysis enables remote 3-C(sp*)-H amination of alcohols by using
azodicarboxylates as N-based radical acceptors (Scheme 2.12).%* Specifically, an
electrophilic alkoxy radical is formed by coordination-LMCT-homolysis with a cerium
salt and alcohol under blue light irradiation. The alkoxy radical undergoes a 1,5-HAT
process, resulting in a d-carbon-center radical, which is subsequently trapped into
electrophilic azodicarboxylate. Single-electron reduction and protonation sequence

ultimately afford amidated product, along with the regeneration of Ce(IV) catalyst.

CeCl3 (1 mol%)
TBACI (5 mol%) BocHN_  .Boc OH

1.0 equiv 3.0 equiv

Y

L
NaHCOj3; (5 mol%) R
MeCN, blue LEDs

selected examples

proposed mechanism

BocHN. _Boc OH BOCHN\N,BOC OH

U UOH BocHN IIB’JC/OH
H
R R

67% Et,OC 77% :
! blue LEDs / 4+ +H*
0. O NHBoc ceVL,
K N‘B ; 3x ‘//// \\\\\ ©
Me oc 0N _N.  .Boc OH
BocHN™  "Boc "OH . 'R \C . / R
7% 67% : . & bn
1 photoinduced LMCT
BocN Boc
BocHN. .Boc _OH Me N-B ! \ 0 N
N Me Me’,‘ oc E H o) HO N’,
; )\OJ %\J Boc
BocN '
OH: R R
' ~~1,5-HAT —
87% 76%, 1.2:1 d.r.

Scheme 2.12 3-C(sp*)—H amination of alcohols enabled by Ce- and photocatalysis.
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In 2022, Noél and coworkers developed a photocatalyzed regioselective C(sp*)-H
amination of aliphatic C(sp®)-H bonds within a flow reactor setup (Scheme 2.13).% The
utilization of decatungstate (TBADT) as the photocatalyst enabled amination at either
allylic and aldehyde C—H sites, or at unactivated secondary and tertiary C(sp*)—H linkages
dictated by BDEs of C—H bonds and polar effects.?® In addition, this platform allowed for
both rapid production (314 mmol/h) and scalability, enabling the synthesis of up to 23.6

grams of the aminated product.

TBADT (0.2 mol%) PrO. O

H iPrO
JN o @ N.
roo N UV LED (365 nm, 144w) g O/ "
f nm, W
OiPr 0% oPr

: . MeCN/0.1 M HCI (7:1), r.t.
10 equiv 1 equiv V=5mL t=5min

selected examples

IC|> ‘| & iPro\(o iPrOYO iPrOYO

W
/0:?'\\3 N-NH o:/\ TN‘NH ©/N‘NH
0= \‘O-\l/\%o\w:o O)\OIPr O)\inr O)\OiPr
0 / 83%, 23.6 g 70% 72%

0 O3 0 314 mmol/h ’ ’
[,O=W=0_\ o)
o=W -0——W=0 iPrO (0] iPrO 0) iPrO

o0-A N

|
. N. N
—~w—70° oa\j NH  NC S N Bn NH
Il ANBug* 2\ Me MOe)\OI.Pr /\‘O\/ //\'\OiPr

0]
70% 66% 47%

Scheme 2.13. Decatungstate-catalyzed C(sp*)-H amination.
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2.2 General Aim of the Project

Metal-catalyzed nitrene transfer has emerged as an effective strategy for forging
C(sp*)-N bond at benzylic, allylic, or sterically less-encumbered C(sp’)-H linkages.
However, the development of a new catalytic scenario for site-selective amidation of
C(sp*)—H sites adjacent to heteroatoms remains largely unexplored. This chapter aims at
exploring the integration of nickel catalysts into nitrene transfer to achieve site-selective
sp® C—H amidation, with regioselectivity arising from the intrinsic properties of both the

C—H bonds and the nickel nitrenoids generated in situ.

‘N X
= Ni
)H\ HN ¥ [ “]
"/ 2 f > s
XR @ )\ XR? L PR
site-selective C(sp®)—H amidation Ni-nitrenoid

Scheme 2.13 Nickel-catalyzed site-selective C(sp*)—H amidation.
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2.3 Optimization of the Reaction Conditions

Our investigation began by evaluating the C(sp®)-H amidation of tetrahydrofuran
(THF, 1a) utilizing phenyl dioxazolone (2a) as the nitrene precursor. The choice of the
latter was not arbitrary given the ease at which these precursors are made from ubiquitous
carboxylic acids. As shown in Table 2.1, the reaction was conducted with 10 mol%
Ni(ClO4)2-6H,0 as the precatalyst, 15 mol% bathocuproine as the ligand, and HBpin as
the reductant at room temperature. After 12 hours, the desired N,0-acetal product (3a)
was obtained in 75% yield (entry 1). Control experiments confirmed that the presence of
nickel, the ligand, and the reductant were essential for the success of this transformation

(entries 2-4).

Table 2.1 Control experiments for Ni-catalyzed C(sp*)-H amidation.

H 0 Ni(ClO),"6H,0(10 mol%) o B o Ph Ph
U . o4 LT(15mol%) g ¥ ave
s O HBpin (2 equiv) Ph W
Ph™ N 1,12 h Mé Me
1a 2a 3a L1
Entry Deviation from standard conditions 3a (%)
1 none 75
2 No Ni(ClOs),'6H,0 0
3 No L1 0
4 No HBpin 0

Conditions: * 2a (0.1 mmol), Ni(ClOs)2:6H20 (10 mol%), L1 (15 mol%), HBpin (2.0 equiv.), in
THF (1 mL) at r.t. for 24 h. ® GC yield with dodecane as internal standard.
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Next, we investigated the impact of various nickel precatalysts on the reaction outcome
(Table 2.2). Notably, only Ni(ClO4),-6H>0 and Ni(OTf), facilitated the formation of 3a,
whereas other Ni(II) and Ni(0) sources showed no reactivity. We hypothesize that nickel
sources with non-coordinating counteranions such as ClOs~ and OTf may facilitate

reduction of nickel by HBpin due to the formation of strong B—O bonds.

Table 2.2 Screening of Ni catalysts.”

oL pf MRV e ML
Ph/L\N’O HBPLE (2 equiv) Ph LN /Me

1a 2a 3a L1

Entry Ni catalyst 3a (%)

1 Ni(C104)>-6H20 75

2 Ni(OTf) 20

3 Ni(acac): 0

4 Nil, 0

5 NiCl 0

6 Ni(OAc):-4H:0 0

7 NiBr.-DME 0

8 Ni(cod)2 0

9 Ni(cod)s + NaClO4 0

Conditions: “ 2a (0.1 mmol), nickel catalyst (10 mol%), L1 (15 mol%), HBpin (2.0 equiv.), in THF
(1 mL) at r.t. for 24 h. ® GC yield with dodecane as internal standard.
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As expected, the nature of the ligand was critical for the reaction’s success (Table 2.3).
The use of phenanthroline ligand L1, which features a methyl group at C2 and a phenyl
group at C4, provided the best results (entry 1). Notably, trace amounts of 3a were
observed in the absence of the methyl groups adjacent to nitrogen atom in phenanthroline
backbone (entry 2). On the other hand, removal of the phenyl substituents at C4 led to a
diminished yield of 3a (entry 3). The use of more flexible bipyridine L7 and pyridine-
oxazoline ligand L8 had a deleterious effect on reactivity (entries 7-8). In addition, 3a

was not detected when employing L.10 as ligand.

Table 2.3. Screening of ligands.*

o Ni(ClO4),-6H,0(10 mol%) “ o

H ; 0

0 Ligand (15 mol?

g . O-‘/( igand (15 mol%) _ g \l&
PNe HBpin (2 equiv) Ph

Ph N rt, 12 h
1a 2a 3a
Entry ligand 3a (%)’ Rs Rq EFEZ:'\HAGI’RRS;R“;?I’_IZJ
— 1=R2=H, Rg=h4=FN,
1 L1 77 4 \ 8 p R1=R2=Me, R3=R4=H, L3
=\ N R1=Me, R2=H, R3=R4=Ph, L4
2 LZ trace R»] R2 R1=R2=Me, R3=R4=OMG, L5
3 L3 33 R1=R2=Me, R3=R4=C|, L6
Ph Ph
4 L4 71 N a ?1
N\ —
5 L5 0 =N N4 Ve N NNy
Me L7 Me L8
6 L6 0
7 L7 32
8 L8 >7 PhyP PPh,
9 L9 63
L10
10 L10 0

Conditions: “ 2a (0.1 mmol), Ni(ClO4)2:6H20 (10 mol%), ligand (15 mol%), HBpin (2.0 equiv.),
in THF (1 mL) at r.t. for 24 h. ® GC yield with dodecane as internal standard.
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Table 2.4 highlights the impact of different reductants on the reaction outcome. The
replacement of HBpin with organosiloxanes, such as (EtO);SiH and TMDSO, led to no
formation of the desired product (entries 2-3), whereas the use of phenylsilane resulted in
3a with an excellent 93% yield (entry 5). In contrast, other metal-based reductants, such

as manganese and zinc, were ineffective in promoting the transformation (entries 6-7).

Table 2.4. Screening of reductants.*

o Ni(ClO4),-6H,0(10 mol%) H o Ph Ph
oM o L1 (15mol%) <O/\r N )=
+
g P e Reductant (2 equiv) Ph =N \N %
Ph N rt, 12 h Me L1 Me
1a 2a 3a
Entry Reductants 3a (%)
| HBpin 75
2 (EtO);SiH 0
3 TMDSO 0
4 Ph;SiH; 0
5 PhSiH3 93
6 Mn 0
7 Zn 0
8 B2Pin2 0

Conditions: * 2a (0.1 mmol), Ni(ClO4)2:6H20 (10 mol%), L1 (15 mol%), reductant (2.0 equiv.),
in THF (1 mL) at r.t. for 24 h. ® GC yield with dodecane as internal standard.

52



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

Aiming at extending the impact that this technique might have, we next focused our
attention on utilizing solvents lacking hydrogen atoms amenable for parasitic HAT (Table
2.5). Notably, the utilization of hindered pivalonitrile (f(BuCN), which lacks activated C—
H bonds, gave a promising yield of 34% when 5 equivalents of THF were used as the C—
H precursor (entry 5). Additionally, benzamide arising from reduction of dioxazolone was

observed as byproduct.

Table 2.5 Screening of solvents.”

Ni(ClO4),-6H,0(10 mol%) H Ph Ph

oM O,/<o L1 (15 mol%) &NYO )~ =

+
g PNe HBpin (2 equiv) Ph =N N4

Ph N solvent, rt, 12 h Me Me
1a 2a 3a L1
Entry Solvents 3a (%)

1 PhCF; 12

2 benzene 13

3 DCE 0

4 MeCN trace

5 PhCN 3

6 BuCN 34

Conditions: ¢ 2a (0.1 mmol), 5 equiv. of THF, Ni(ClO4)2:2L1 (10 mol%), HBpin (2.0 equiv.), in
solvent (1 mL) at r.t. for 24 h. » GC yield with dodecane as internal standard.
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As shown in Table 2.6, the utilization of 15 mol% PhSiH; in pivalonitrile as solvent

significantly increased the reaction outcome, resulting in a 82% isolated yield of 3a.

Table 2.6 Screening of amounts of PhSiH3.”

o Ni(ClO4),-2L1 (10 mol%) H o Ph Ph
oH oA PhSiH5 (x mol%) <Oj N =
+ -
{j P e) {BUCN (0.40 M) Ph =N NA4
Ph™ N r, 12 h Me Me
1a 2a 3a L1
Entry Conditions 3a (%)’

1 PhSiH; (50 mol%) 60

2 PhSiH3 (25 mol%) 73

3 PhSiH; (15 mol%) 82¢

4 PhSiH3 (15 mol%) & THF (5 equiv) 73

Conditions: ¢ 2a (0.4 mmol), 10 equiv. of THF, Ni(ClO4)2-2L1 (10 mol%), PhSiH3 (x mol%) in
BuCN (1 mL) at r.t. for 24 h. ® GC yield with dodecane as internal standard.. ¢ isolated yield.

2.4 Substrate Scope
2.4.1 Scope of C(sp*)-H Precursors

With optimized conditions in hand (Table 2.6, entry 3), we turned our attention to
exploring the generality of the C(sp*)—H amidation across a range of structurally diverse
C(sp*)—H precursors. As shown in Scheme 2.14, a variety of cyclic ethers can be subjected
to the conditions with similar ease, resulting in the targeted products 3a-3g in good yields.
Interestingly, the use of 2-Me THF resulted in 3b as the predominant regioisomer (3.4:1
ratio), suggesting that steric effects largely dictate our C(sp’)-H amidation process.
Nevertheless, it is worth noting that C-N bond formation can be implemented at tertiary
C(sp*)-H centers, as observed in 3f, albeit in lower yields. Of particular interest, (—)—
Ambroxide could be employed in this C-H amidation, thus offering a rapid and efficient

means to access novel scaffolds that could be valuable for the fragrance industry (3g).”’
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No reactivity was observed for cyclohexane, probably due to the lack of feasible

interaction with nickel catalyst and/or the high BDEs of the targeted C(sp’)-H bonds.

0
0 Ni(ClOg),-2L1 (10 mol%) Ph Ph
H O~ PhSiH; (15 mol%) HN/U\RZ —
")\ + R2*< o) > e & N/
OR' N- tBUCN (0.4 M), rt OR! =N N
1 R? = Ph (2a) e, B
R? = Me (2b)
C(sp®)-H amidation in cyclic ethers
o Me., o NHBz o
L)—NHBZ E)_NHBZ ©:(/o O>—NHAC
3a, 82% 3b, 56% 3d, 48%
dr: 1:1, rr:3.4:1
0. _NHAc Me,, o) NHBz
Y e O
Me
3e, 36% 3f,21% 3e’, 0%
dr: 2:1

Scheme 2.14 Scope of C(sp*)—H precursors in cyclic ethers and cyclohexane. Conditions:
1 (4 mmol), 2 (0.40 mmol), Ni(ClO4),-2L1 (10 mol%), PhSiH; (15 mol%), BuCN (1 mL),

see experimental section for details.

Encouraged by these results, we next investigated the potential of our amidation
protocol across C—H precursors other than simple ethers. Gratifyingly, as indicated in
Scheme 2.15, a diverse array of N-protected amines was successfully subjected to this
protocol with higher efficiency, enabling access to a series of aminal architectures 3h-3x.
A variety of pyrrolidine derivatives possessing Boc, Bac, Bz, Cbz, and phenyl groups
could all be accommodated with similar ease, resulting 3h-31 in good yields. Notably,
amidation of cyclopropyl-fused pyrrolidine afforded 3q as the major diastereomer (11:1
d.r.); under the limits of detection, no relative radical ring-opening products were found
in the crude reaction mixtures. The utilization of N-methylpyrrolidine (NMP) led to
exclusive C(sp*)—H amidation at the endocyclic secondary position (3r). Interestingly, the
formation of 3u clearly demonstrated that amidation was preferentially occurring at the

C—H sites adjacent to the nitrogen atom in morpholine backbones, as confirmed by X-ray
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crystallography. It is worth noting that acyclic amines could also be subjected to this
reaction to produce 3v-x. While a 1.4:1 regioselectivity was observed for 3v, exclusive
amidation at the primary C—H site was observed in 3w. In the case of 3y, free NH groups

did not impede productive C-N bond formation at the proximal C(sp*)-H position.

o)
0 Ni(CIOg)z-2L1 (10 mol%) Ph Ph
H O~¢ PhSiH5 (15 mol%) HNJLR2 —
")\ + R2Q > i, & N
NRR' N-©O {BUCN (0.4 M), rt NRR' =N NX4
1 R? = Ph (2a) Me 10 Me
R? = Me (2b)
C(sp®)-H amidation in amines
Boc
3h, 82% (R = Boc) . /&
& 3i, 74% (R = Bac) ﬁi\IJH\NHBZ Me—"\~~NHAC
N~ “NHAC  3j,52% (R = Cbz) !
) 3k, 79% (R = Bz) 3m, 37% (n=1) Boc
31, 57% (R = p-CF3CgH,) 3n,79% (n=2) 3p, 58%
30, 72% (n = 3) ar 141
HZA;“ LN L
\P~NHEzZ o) N NHBz MeO,C' N NHAc Negoc
éOC Me Boc NHAc
3q, 58% 3r, 65% 3s, 63% 3t, 91%
dr: 10:1 dr: 4:1
o NHBz Me NHAc
Me. M H.
[ l © NJ\/ © Me/kNANHAc NJ\/\Me
N~ ~NHAc ! ) !
! Boc Boc Boc
Boc
3u, 70% 3v, 55% 3w, 43% 3x, 37%
m1.4:1

Scheme 2.15 Scope of C(sp*)—H precursors in protected amines. Conditions: 1 (0.8 mmol),
2 (0.40 mmol), Ni(ClOs)2-2L1 (10 mol%), PhSiH; (15 mol%), BuCN (1 mL), see

experimental section for details.

2.4.2 Scope of Dioxazolones

Next, we assessed the suitability of various dioxazolones to perform the C-H
amidation. As shown in Scheme 2.16, a range of alkyl-substituted dioxazolones were
successfully subjected to the optimized conditions, resulting in the corresponding C(sp*)—

H amidation products 4a-k in moderate to high yields. Notably, no intramolecular C(sp®)—
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H amidation was detected in dioxazolones bearing pendant C(sp*)-H linkages on the alkyl
chain, leading to exclusive formation of 4a, 4¢, and 4k. Although the presence of benzylic
C(sp*)-H sites might interfere with efficient C(sp*)-H amidation through competitive
hydrogen atom transfer, this was not the case and 4b, 4i, and 4j were obtained as the sole
products. In addition, the successful collection of 4i, 4j and 4k highlights the potential
impact of this C(sp*)-H amidation strategy, particularly in the preparation of advanced

synthetic intermediates and for late-stage molecular diversification.?®

0 Ni(CIOg),-2L1 (10 mol%) Ph Ph
o)
PhSiH; (15 mol%)

&H + Alkyl—( iHs (15 mol%) & )X\Alkyl )=

X N-© fBUCN (0.4 M), rt =N N4
1a (X = 0) 2 Boc Mé Me
1h (X = NBoc) L1
alkyl-substituted dioxazolones

(e (o () L
Ph
EHK/M(} " NH»\Q Sy

4a, 84% 4b, 72% 4c, 75% 4d, 89%
0} 0} o} )
O~y O~ O~ SO (e
N N N F N Me
N"H NH N"H NOOH O Me
Boc Boc Boc F
4e, 59% 4f, 54% 49, 69%
F
3 (-
A5 ST Y
(0] Boc
N
N H Me
Bo R
4i, 47% dr 1:1 4j, 46%0 4k, 39% H
from Flurbiprofen from Isoxepac from Lithocholic acid

Scheme 2.16 Scope of alkyl dioxazolones. Conditions: 1h (0.8 mmol), 2 (0.40 mmol),
Ni(ClO4)2-2L1 (10 mol%), PhSiH3 (15 mol%), tBuCN (1 mL). [a] THF were used instead

of tBuCN. See experimental section for details.

As shown in Scheme 2.17, similar results were found with aryl dioxazolones

possessing either electron-donating or electron-withdrawing substituents, affording the
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targeted products (41-4t) in good yields and exquisite selectivities. In addition,
heterocycles (4u), methoxy (4q) and functional groups, such as halides (4n, 4p), nitriles

(40), could all be well-accommodated under the optimized conditions.

o Ni(CIOgy2L1 (10 moi%) S)L Ph Ph
PhSiH; (15 mol% & =
Q\H + Aryl—<\O\l// s ‘) > N N Aryl 7N N/
| N’O tBuCN (0.4 M), rt ) H -\ N
Boc Boc Me Me
1h 2 4 L1

aryl-substituted dioxazolones

41, 72% (R= H)
4m, 77% (R= p-CF3)

(0] (0] (0]
=~ 4n, 77% (R= p-Cl)
Q‘H»\@R 40 74% (R=p-CN) QNO QN»\@
! 4p, 84% (R= o-F) rH | H o)
Boc 4q, 68% (R= p-OMe) Boc Boc
4r, 67% (R= p-tBu) 4s, 69% 4t, 58%
Scheme 2.17 Scope of aryl dioxazolones. Conditions: 1h (2.0 mmol), 2 (0.40 mmol),
Ni(ClO4)2-2L1 (10 mol%), PhSiH; (15 mol%), tBuCN (1 mL). See experimental section

for details.

2.4.2 Scope of Difunctionalization of Ethers

Given the inherent synthetic potential of N,O-acetals for subsequent functionalization
via the intermediacy of iminium ions,”” we wondered whether we could utilize readily
available acyclic ether feedstocks as unorthodox bifunctional linchpins via sequential
C(sp*)-H amidation / C(sp*)-O(alkyl) functionalization en route to valuable alkyl amine
scaffolds. As shown in Scheme 2.18, 3aa-3ac were easily within reach from diethyl ether
by telescoping the formation of N,0-acetal I and subsequent reaction with amine source
(3aa), Et;SiH (3ab) or an appropriate vinyl ether (3ac). Similarly, the utilization of DME
with 2a resulted in an exhaustive amination event en route to 3ad. Although in modest
yields, these results should be interpreted against the challenge that is addressed, not only
offering new knowledge in retrosynthetic analysis but also new chemical space when

accessing valuable nitrogen-containing compounds from simple alkyl ether feedstocks.
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j'\ NHBz Y NHBz
~ _—
o — o -
cther sp3 C-H | sp® C-0
idati cleavage
feedstock amidation N,O-acetal J alkyl amine
from diethyl ether from DME
BzHN___NHBz H.__NHBz o NHBz NHBz
Y Y Yr BzHN
Me Me Ph  Me OMe
3aa, 33% 3ab, 31% 3ac, 30% 3ad, 24%
(with Et3SiH) (with silyl enol ether)

Scheme 2.18 Scope of difunctionalization of ethers.

2.5 Mechanistic Studies
2.5.1 Intercepting Radical Intermediates with Methyl Acrylate

To gain insight into the possible reaction pathway of this amidation process, a set of
preliminary mechanistic experiments were conducted. As shown in Scheme 2.19, a
crossover experiment of 1a in the presence of both 2a and methyl acrylate led to the
formation of 3a in a diminished 31% yield, along with the corresponding alkyl radical
adduct 5a in 16% yield. This observation indicates the involvement of open-shell alkyl

radical species during this transformation.

Ni(ClO4)»-2L1 (10 mol%)
H PhSiH; (20 mol%)

<>j Co 2a (1.0 equiv) 0 CO,Me o)
+ A HVle H
s 02 M, rt, 24 h B+ m Lg

1a 1.5 equiv 31% 5a16% via

Scheme 2.19 Radical intercept experiment.
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2.5.2 Intermolecular Kinetic Isotope Effect

To further investigate the C—H cleavage step, intermolecular kinetic isotope effect
experiments were conducted using THF and THF-ds respectively, yielding a ku/kp value
of 3.8. This kinetic isotope effect suggests that sp> C—H cleavage may be involved in the

rate-determining step of the reaction.™

0 .
Ni(CIO4),-2L1 (10 mol%)
UH/D /8’(0 PhSiHs (20 mol%) &NHBZ
+ o >
Ph N t-BuCN, r.t.
1a or 1a-dg 2a Kuy/Kp=3.8 3a or 3a-d;

Graph S1. Initial rates of THF and THF-ds.

Kryr and Krye g

30%
0 ®THF @ THF-d8
25% y=0,178x-0,1676 °
R? =0,9951
< 20% ’ R
L . ) y = 0,0464x - 0,0482
o . R? = 0,9947
© 10% o ® o - °
5% ... o o LAl
0%
0,5 1 1,5 2 2,5 3 3,5 4
time/h
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2.5.3 Stochiometric Organometallic Reactions

Next, we turned our attention to monitor the reaction of Ni(ClO4),-2L1 and PhSiH3
via EPR spectroscopy, providing compelling evidence for the involvement of Ni(I)
intermediates (Scheme 2.20, top). This was supported by the observation of an otherwise
identical EPR signal for NiClO4-2L.1, which can be synthesized by oxidizing Ni(cod)»
with AgClO.4.*' Upon addition of 2a, the lack of an EPR signal (Scheme 2.20, top left) is
consistent with consumption of NiClO4-2L1 species rapidly. Although the reactive and
transient nature of the intermediates precluded their isolation in a pure, analyzable form,
a stoichiometric reaction of NiClO4-2L1 with 2a and 1a afforded the expected product 3a
in 37% yield (Scheme 2.20, bottom), suggesting that Ni(I) might play a critical role as a

key intermediate in the reaction.

%O ©
Ph—\
n 1 N’O
2000 30 4000 2000 3000 4000
— Ni(ll) + PhSiH; Field Strength (G)
— Ni(l) NiCIO4-2L1
Field Strength (G)
H O H
<Oj/ . Ph_<o\( NiClO,-2L1 (1 equiv) &N\(O
\
N-©O rt, 12 h Ph
1a 2a 3a, 37%

Scheme 2.20 Stochiometric organometallic reactions.
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2.5.4 Proposed Mechanism

With all this information in hand, our transformation might follow the mechanistic
rationale depicted in Figure 2.1. Initial single electron reduction of pre-catalyst
Ni(ClO4)2-2L1 by PhSiHj; results in Ni(I) species I, followed by reaction with dioxazolone
that ultimately generates an electrophilic Ni—nitrenoid species (II). This Ni-nitrenoid
selectively abstracts a hydrogen atom from the C—H nucleophile, affording an open-shell
carbon-centered radical IV and Ni(Il) species III. The carbon-centered radical can be
intercepted by Ni(II) species III, resulting in Ni(Ill) intermediate V. Subsequent reductive
elimination of V ultimately delivers the amidated product and regenerates Ni(I), thus

closing the catalytic cycle.

C o

SET
ji. l reduction
HN L/,,,_Nil O o)
%XR / C L/ N\ 0
\ N,
% | (

reductive nitrene
elimination formation
X proposed \ 0,
catalytic Lo
cycle “Nill=N
CL"/"“Nl"'—NH CL/ i
L

Vv
\O ‘X'R /
v
radical HAT ~  H
rebond ’///// O

™~
C ::;Ni“-N?\_.

H
n

XR

Figure 2.1 Proposed mechanism.
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2.6 Conclusion

In this chapter, we have disclosed a nickel-catalyzed, intermolecular C(sp*)-H
amidation protocol to access a series of N, O-acetals and N, N-aminals. This catalytic
scenario is based on the intermediacy of nickel-nitrenoid species that are capable of
functionalizing C(sp®)-H bonds adjacent to heteroatoms. The reaction is characterized by
its mild conditions, and broad scope, accommodating a wide range of C—H precursors,
including ethers and N-protected amines, and by utilizing alkyl/aryl dioxazolones as
nitrene precursors. Moreover, the difunctionalization of acyclic ethers also offers an

opportunity to improve upon existing nonactivated C(sp*)-O functionalization scenarios.
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2.7 Experimental Section
2.7.1 General Considerations

Reagents. Commercially available materials were used as received without further
purification. Ni(ClO4)2-6H20 (99% purity) was purchased from Strem. Bathocuproine (99%
purity) was purchased from Acros. Anhydrous tetrahydrofuran (THF, 99.5% purity) was
purchased from Acros. Anhydrous pivalonitrile (--BuCN, 98% purity) was purchased
from Aldrich, which was dealt with freeze-pump-thaw degassing before using.
Pinacolborane (HBpin, 97% purity) was purchased from Acros and Phenylsilane (PhSiH3,
97% purity) was purchased from TCI.

Analytical methods. 'H and '>*C NMR and "°F spectra were recorded on Bruker 300 MHz,
Bruker 400 MHz and Bruker 500 MHz at 20 °C. All '"H NMR spectra are reported in parts
per million (ppm) downfield of TMS and were calibrated using the residual solvent peak
of CHCl; (7.26 ppm), unless otherwise indicated. All *C NMR spectra are reported in
ppm relative to TMS, were calibrated using the signal of residual CHCl; (77.16 ppm).
Coupling constants, J are reported in Hertz. Gas chromatographic analyses were
performed on Hewlett-Packard 6890 gas chromatography instrument with FID detector.
Melting points were measured using open glass capillaries in a Biichi B540 apparatus.
Infrared spectra (FT-IR) measurements were carried out on a Bruker Optics FT-IR Alpha
spectrometer equipped with a DTGS detector, KBr beamsplitter at 4 cm™ resolution using
a one bounce ATR accessory with diamond windows. High-resolution mass spectra were
recorded on a Waters LCT Premier spectrometer or in a MicroTOF Focus, Bruker
Daltonics spectrometer. UV/Vis absorption spectra were recorded using a Agilent
Technologies Cary 300 UV/Vis spectrophotometer and UV-1800PC spectrophotometer
in quartz cuvettes with a path length of 1.0 cm. Bulk electrolysis was conducted on a
PARSTAT 2273 potentiometer using a 3-electrode cell configuration at room temperature,
The same electrodes were used as for CV experiments, namely a glassy carbon working
electrode, platinum flag counter electrode and Ag/AgCl (KCI sat.) reference electrode.
Flash chromatography was performed with EM Science silica gel 60 (230-400 mesh).
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Thin layer chromatography was used to monitor reaction progress and analysed fractions
from column chromatography. To this purpose TLC Silica gel 60 F2s4 aluminium sheets
from Merck were used and visualization was achieved using UV irradiation and/or
staining with Potassium Permanganate or Phosphomolybdic acid solution. The yields
reported refer to isolated yields and represent an average of at least two independent runs.
The procedures described in this section are representative. Thus, the yields may differ

slightly from those given in the tables of the manuscript.
2.7.2 Synthesis of Catalysts and Substrates

Synthesis of Ni(ClO4),:2L1. In a round- bottom flask, Ni(ClOs4),-6H>O (5.0 mmol, 1.0
equiv.) was dissolved in 20 mL anhydrous MeOH. Bathocuproine (10.0 mmol, 2.0 equiv.)
was added in one batch. Then the reaction mixture was stirred at 55 °C for 3 h. After
cooling to r.t., the resulting mixture was filtered, obtained green solid was washed once

by cold methanol and dried under vacuum at 50 °C overnight. Yield: 65%.

Me._~_Ph 2C10,
Ph - Me |
| /N/,, /N\
'“Nw
7N NN
Ph Me | _
Me Ph

"H NMR (500 MHz, CDCl;, paramagnetic) & 60.52 (s, 1H), 26.09 (s, 1H), 8.34 (s, 2H),
8.08 (t,J="7.3 Hz, 1H), 7.21 (s, 2H), -8.44 (br. s, 3H) ppm.

Synthesis of Nitrene Precursors Dioxazolones. 3-methyl-1,4,2-dioxazol-5-one, 3-
pentyl-1,4,2-dioxazol-5-one, 3-phenethyl-1,4,2-dioxazol-5-one, 3-(4-chlorobutyl)-1,4,2-
dioxazol-5-one, 3-(but-3-en-1-yl)-1,4,2-dioxazol-5-one, 3-cyclopentyl-1,4,2-dioxazol-5-
3-(bicyclo[2.2.1]heptan-2-yl)-
3-((11-0x0-6,11-

one, 3-(4,4-difluorocyclohexyl)-1,4,2-dioxazol-5-one,

1,4,2-dioxazol-5-one, 3-(tert-butyl)-1,4,2-dioxazol-5-one,

dihydrodibenzo[b,e]oxepin-2-yl)methyl)-1,4,2-dioxazol-5-one, 3-phenyl-1,4,2-dioxazol-
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5-one, 3-(4-(trifluoromethyl)phenyl)-1,4,2-dioxazol-5-one, 3-(4-chlorophenyl)-1,4,2-
dioxazol-5-one,  3-(4-cyanophenyl)-1,4,2-dioxazol-5-one,  3-(2-fluorophenyl)-1,4,2-
dioxazol-5-one, 3-(4-methoxyphenyl)-1,4,2-dioxazol-5-one, 3-(4-(tert-butyl)phenyl)-
1,4,2-dioxazol-5-one, 3-(naphthalen-2-yl)-1,4,2-dioxazol-5-one, 3-(furan-3-yl)-1,4,2-

dioxazol-5-one were prepared following the literature procedure.*?

3-((adamantan-1-yl)methyl)-1,4,2-dioxazol-5-one (2c¢). To an oven-dried 100 mL
round-bottom flask was charged with 1,1'-carbonyldiimidazole (CDI, 1.9 g, 1.2 equiv)
and THF (40 mL) under argon atmosphere. To this suspension was added 1-
adamantaneacetic acid (1.9 g, 10 mmol), and the resulting mixture was stirred for 2 h at
room temperature. Then hydroxylamine hydrochloride (NH,OH*HCI, 1.4 g, 2.0 equiv)
was quickly added, and allowed to stir for another 14 h. After completion, the mixture
was diluted with 5% KHSOs (aq.) and extracted with EtOAc (2 times). The combined
organic layers were dried over anhydrous Na,SOs, filtered, and concentrated under
reduced pressure. To a stirred solution of hydroxamic acid (950 mg, 1.0 equiv) in
dichloromethane (0.1 M) was added 1,1’-carbonyldiimidazole (900 mg, 1.2 equiv) in one
portion at room temperature. After stirring for 1 h, the reaction mixture was quenched
with 1 N HCl(aq), extracted with dichloromethane (3 times), and dried over anhydrous
Na,S0Os. The mixture was concentrated under reduced pressure and filtered through a pad
of silica with an eluent (EtOAc/n-hexane, 5:1). The filtrate was concentrated under
reduced pressure to afford the title compound (942 mg, 40%, two steps) as a white solid.
"H NMR (400 MHz, CDCl;) § 2.37 (s, 2H), 2.02 (br. m, 3H), 1.75 (br. m, 1H), 1.72 (br.
m, 2H), 1.65 (br. m, 2H), 1.60 (br. m, 7H). *C NMR (101 MHz, CDCl;) § 165.13, 154.43,
42.24,38.93, 36.44, 33.30, 28.49. IR (neat): 2905, 2887, 2850, 1883, 1871, 1860, 1814,
1645, 1630, 1446, 1408, 1380, 1360, 1344, 1274, 1224, 1153, 985, 762, 708 cm ™. HRMS
(APCI) calcd. for (C13HisNOs) [M+H]": 236.1281, found 236.1279.
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3-(1-(4-methoxyphenyl)cyclopropyl)-1,4,2-dioxazol-5-one (2d). To an oven-dried 100
mL round-bottom flask was charged with 1,1'-carbonyldiimidazole (CDI, 1.9 g, 1.2 equiv)
and THF (20 mL) under argon atmosphere. To this suspension was added 1-(4-
methoxyphenyl)cyclopropanecarboxylic acid (1.9 g, 10 mmol), and the resulting mixture
was stirred for 2 h at room temperature. Then hydroxylamine hydrochloride (NH-OH<HCI,
1.4 g, 2.0 equiv) was quickly added, and allowed to stir for another 14 h. After completion,
the mixture was diluted with 5% KHSO4(aq) and extracted with EtOAc (2 times). The
combined organic layers were dried over anhydrous Na>SQs, filtered, and concentrated
under reduced pressure. To a stirred solution of hydroxamic acid (870 mg, 1.0 equiv) in
dichloromethane (0.1 M) was added 1,1'-carbonyldiimidazole (816 mg, 1.2 equiv) in one
portion at room temperature. After stirring for 1 h, the reaction mixture was quenched
with 1 N HCl(aq), extracted with dichloromethane (3 times), and dried over anhydrous
Na,S0Os. The mixture was concentrated under reduced pressure and filtered through a pad
of silica with an eluent (EtOAc/n-hexane, 5:1). The filtrate was concentrated under
reduced pressure to afford the title compound (652 mg, 28%, two steps) as a white solid.
'"H NMR (400 MHz, CDCl3) § 7.40 — 7.32 (m, 2H), 6.95 — 6.87 (m, 2H), 3.81 (s, 3H),
1.66 — 1.59 (m, 2H), 1.50 — 1.40 (m, 2H). *C NMR (101 MHz, CDCl;) § 169.54, 159.86,
154.25, 131.55, 127.22, 114.36, 55.43, 21.18, 15.09. IR (neat): 2928, 2862, 1858, 1825
1635, 1447, 1365, 1337, 1149, 1035, 982, 763 cm'. HRMS (APCI) calcd. for
(C12H12NO4) [M+H]™: 234.0761, found 234.0759.

O

3-(1-(2-fluoro-[1,1'-biphenyl]-4-yl)ethyl)-1,4,2-dioxazol-5-one (2¢). To an oven-dried
100 mL round-bottom flask was charged with 1,1’-carbonyldiimidazole (CDI, 1.9 g, 1.2
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equiv) and THF (20 mL) under argon atmosphere. To this suspension was added
Flurbiprofen (2.4 g, 10 mmol), and the resulting mixture was stirred for 2 h at room
temperature. Then hydroxylamine hydrochloride (NH,OH*HCI, 1.4 g, 2.0 equiv) was
quickly added, and allowed to stir for another 14 h. After completion, the mixture was
diluted with 5% KHSO4 (aq.) and extracted with EtOAc (2 times). The combined organic
layers were dried over anhydrous Na,SQs, filtered, and concentrated under reduced
pressure. To a stirred solution of hydroxamic acid (1.3 g, 1.0 equiv) in dichloromethane
(0.1 M) was added 1,1'-carbonyldiimidazole (1.0 g, 1.2 equiv) in one portion at room
temperature. After stirring for 1 h, the reaction mixture was quenched with 1 N HCl(aq),
extracted with dichloromethane (3 times), and dried over anhydrous Na,SO4. The mixture
was concentrated under reduced pressure and filtered through a pad of silica with an eluent
(EtOAc/n-hexane, 5:1). The filtrate was concentrated under reduced pressure to afford the
title compound (714 mg, 25%, two steps) as a white solid. '"H NMR (500 MHz, CDCl;)
6 7.57 (m, 2H), 7.53 — 7.47 (m, 3H), 7.45 — 7.40 (m, 1H), 7.22 — 7.13 (m, 2H), 4.14 (q, J
=7.2 Hz, 1H), 1.75 (d, J = 7.3 Hz, 3H). ®C NMR (126 MHz, CDCl;) § 168.01, 160.98,
159.00, 154.00, 138.02, 137.96, 135.02, 131.71, 131.67, 129.54, 129.43, 129.08, 129.05,
128.69, 128.17, 123.55, 123.52, 115.50, 115.31, 36.68, 36.66, 17.20. ’F NMR (376 MHz,
CDCl3) 6-116.18,-116.21,-116.23. IR (neat): 1872, 1831, 1620, 1485, 1422, 1378, 1257,
1235, 1212, 1147, 1133, 1067, 984, 934, 915, 887, 830, 761, 723, 700, 658, 572 cm .
HRMS calcd. for (C16H12FNNaOs) [M+Na]": 308.0693, found 308.0638.

3-((R)-3-((3R,5R,8R,9S5,108,13R,14S,17R)-3-hydroxy-10,13-

dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-yl)butyl)-1,4,2-dioxazol-
5-one (2f). To an oven-dried 100 mL round-bottom flask was charged with 1,1'-
carbonyldiimidazole (CDI, 1.9 g, 1.2 equiv) and THF(20 mL) under argon atmosphere.
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To this suspension was added Lithocholic acid (3.8 g, 10 mmol), and the resulting mixture
was stirred for 5 h at 0 °C. Then hydroxylamine hydrochloride (NH,OH*HCI, 1.4 g, 2.0
equiv) was quickly added, and allowed to stir for another 14 h. After completion, the
mixture was diluted with 5% KHSOs (aq.) and extracted with EtOAc (2 times). The
combined organic layers were dried over anhydrous Na>SOs, filtered, and concentrated
under reduced pressure. The residue was purified by flash column chromatography to give
the hydroxamic acid. To a stirred solution of hydroxamic acid (1.2 g, 1.0 equiv) in
dichloromethane (0.1 M) was added 1,1'-carbonyldiimidazole (576 mg, 1.2 equiv) in one
portion at 0 °C. After stirring for 3 h, the reaction mixture was quenched with 1 N HCl(aq),
extracted with dichloromethane (3 times), and dried over anhydrous Na,SO4. The mixture
was concentrated in vacuo. The residue was purified by flash column chromatography to
give the title compound as a white solid (350 mg, 8.4%, two steps) as a white solid. 'H
NMR (500 MHz, CDCl3) & 3.63 (m, 1H), 2.66 (m, 1H), 2.53 (m, 1H), 1.95 (m, 1H), 1.89
—1.70 (m, 5H), 1.68 — 1.04 (m, 22H), 0.97 (d, J= 6.3 Hz, 3H), 0.92 (s, 3H), 0.65 (s, 3H).
BC NMR (126 MHz, CDCl;) § 167.32, 154.38, 71.97, 56.60, 55.78, 42.96, 42.19, 40.54,
40.28, 36.57, 35.96, 35.46, 35.34, 34.70, 30.75, 30.67, 28.35, 27.29, 26.52, 24.29, 23.49,
21.95, 20.94, 18.25, 12.20. IR (neat): 2928, 2862, 1858, 1825, 1635, 1447, 1365, 1337,
1149, 1035, 982, 763 cm™'. HRMS calcd. for (C2sH3yNNaOs) [M+Na]': 440.2771, found
440.2771.

2.7.3 Synthesis of Product

General procedure for the optimization of the sp* C—H amidation of THF with 2a.
An oven-dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4)-6H,0 (3.7 mg, 10 mol%), bathocuproine (L.1) (5.4 mg, 15 mol%), 2a (0.1
mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous THF (1.0 mL) was
added, and the mixture was stirred at r.t. for 5 minutes under Ar flow before adding HBpin
(29.0uL, 2.0 equiv). The tube was sealed under Ar atmosphere and stirred at rt. for 12 h.

The reaction mixture was then quenched with air and diluted with EtOAc. Dodecane
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(internal standard, 22.5 pL, 0.1 mmol) was added to the mixture for analyzing yields by
GC.

Ni-catalyzed intermolecular site-selective C(sp’)-H amidation

0
Q—NHBZ

N-(tetrahydrofuran-2-yl)benzamide (3a) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%), 2a
(0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding tetrahydrofuran (325 pL, 4.0 mmol) and PhSiH3 (7.4 uL, 15 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(63 mg, 82% yield). M.P. 136 °C. "H NMR (400 MHz, CDCl;) & 7.81 — 7.71 (m, 2H),
7.52 —7.43 (m, 1H), 7.44 — 7.34 (m, 2H), 6.60 (br. m, 1H), 5.89 (m, 1H), 3.98 (m, 1H),
3.83 (m, 1H), 2.26 (ddt, J = 12.9, 8.5, 6.6 Hz, 1H), 2.05 — 1.94 (m, 2H), 1.92 — 1.83 (m,
1H). ®*C NMR (126 MHz, CDCl3) § 167.35, 134.30, 131.81, 128.64, 127.18, 81.98, 67.81,
32.41, 24.81. IR (neat): 3309, 3058, 2971, 2883, 1641, 1578, 1528, 1488, 1448, 1313,
1293, 1262, 1192, 1059, 1040, 1025, 984, 911, 878, 715, 693, 645, 550 cm'. HRMS
calcd. for (C11H13NNaO,) [M+Na]": 214.0838, found 214.0831.

O O Me
UNHBZ : Q<NHBZ

3a 3ab

Me

rr. 3.4:1

N-(5-methyltetrahydrofuran-2-yl)benzamide (3b) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%), 2a
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(0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before

adding 2-methyltetrahydrofuran (400 uL, 4.0 mmol) and PhSiHs (9.9 pL, 20 mol%)

sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title
compound (35 mg, 43% yield, d.r. 1:1., white solid) and 3ba (10 mg, 13% yield, colorless
oil), r.r. (3b:3ba) 3.4:1. N-(S5-methyltetrahydrofuran-2-yl)benzamide (3b). M.P. 70 °C.
'"H NMR (400 MHz, CDCl3) § 7.75 (dt, J= 8.3, 1.1 Hz, 4H), 7.52 — 7.43 (m, 2H), 7.43 —
7.31 (m, 4H), 6.73 (d, J=7.4 Hz, 1H), 6.65 — 6.50 (m, 1H), 5.95 (dt, J=7.9, 5.8 Hz, 1H),
5.83 (m, 1H), 4.29 —4.16 (m, 1H), 4.14 — 3.99 (m, 1H), 2.37 (m, 1H), 2.24 (m, 1H), 2.13
—1.99 (m, 2H), 1.96 — 1.80 (m, 2H), 1.63 — 1.48 (m, 2H), 1.29 (d, /= 6.1 Hz, 3H), 1.23
(d, J = 6.1 Hz, 3H). *C NMR (126 MHz, CDCL) § 167.37, 167.06, 134.39, 134.29,
131.77,131.72, 128.62, 128.59, 127.18, 127.16, 81.95, 81.72, 75.73, 75.12,32.95, 32.85,
32.63, 31.92, 21.75, 21.15. IR (neat): 3317, 2966, 2872, 1738, 1645, 1537, 1488, 1368,
1285, 1076, 1000, 876, 802, 714, 688, 655 cm'. HRMS calcd. for (Ci2HisNNaO,)
[M+Na]": 228.0995, found 228.1004.

N-(2-methyltetrahydrofuran-2-yl)benzamide (3ba). 'H NMR (400 MHz, CDCl;) §
7.78 = 7.71 (m, 2H), 7.56 — 7.45 (m, 1H), 7.46 — 7.36 (m, 2H), 6.30 (s, 1H), 4.10 — 4.00
(m, 1H), 4.01 — 3.89 (m, 1H), 2.86 —2.72 (m, 1H), 2.18 — 1.90 (m, 3H), 1.72 (s, 3H). BC
NMR (101 MHz, CDCl;) & 166.24, 135.06, 131.57, 128.67, 126.94, 93.85, 68.72, 36.81,
25.95, 25.54. IR (neat): 3315, 3062, 2987, 2934, 2873, 1644, 1604, 1536, 1489, 1368,
1313, 1285, 1274, 1214, 1133, 1076, 999, 987, 876, 862, 802, 688, 655 cm'. HRMS
caled. for (C12HisNNaO,) [M+Na]': 228.0995, found 228.0996

NHBz

o)
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N-(1,3-dihydroisobenzofuran-1-yl)benzamide (3¢) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%), 2a
(0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding Phthalan (324 pL, 4.0 mmol) and PhSiH3 (9.9 pL, 20 mol%) sequentially. The
tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture was
quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue was
purified by flash column chromatography to give the title compound as a white solid (73
mg, 77% yield). M.P. 147 °C."H NMR (500 MHz, CDCl;) § 7.83 — 7.75 (m, 2H), 7.55 —
7.46 (m, 1H), 7.45 - 7.32 (m, 5H), 7.30 - 7.25 (m, 1H), 7.19 - 7.11 (m, 1H), 6.84 (d, J =
9.4 Hz, 1H), 5.19 (dd, J = 12.5, 2.6 Hz, 1H), 5.07 (d, J = 12.5 Hz, 1H). *C NMR (126
MHz, CDCls) ¢ 167.48, 140.00, 137.84, 133.91, 132.03, 129.29, 128.66, 128.12, 127.34,
122.73,121.39, 85.02, 72.16. IR (neat): 3319, 2866, 1642, 1512, 1484, 1361, 1273, 1250,
1012, 912, 753, 696, 661 cm™'. HRMS calcd. for (Ci1sH13NNaO,) [M+Na]": 262.0851,

found 262.0838
(0]
@E >—NHAc
(0]

N-(benzo[d][1,3]dioxol-2-yl)acetamide (3d) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture
was stirred at r.t. for 5 minutes under Ar flow before adding 1,3-benzodioxole (488 mg,
4.0 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH3 (9.9 pL, 20 mol%) sequentially. The
tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture was
quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue was
purified by flash column chromatography to give the title compound as a colorless oil (34

mg, 48% yield). "H NMR (500 MHz, CDCls) & 7.50 (d, J = 8.6 Hz, 1H), 6.85 (m, 4H),
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6.67 (s, 1H), 2.05 (s, 3H). *C NMR (126 MHz, CDCl3) & 169.91, 145.70, 122.17, 108.94,
105.55, 23.60. IR (neat): 3275, 1739, 1680, 1601, 1511, 1469, 1370, 1187, 1096, 745
em'. HRMS calcd. for (CoHoNNaO3) [M+Na]': 202.0475, found 202.0473

O._NHAc

J

N-(tetrahydro-2H-pyran-2-yl)acetamide (3e) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs);-2Bathocuproine (39 mg, 10 mol%) The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture

was stirred at r.t. for 5 minutes under Ar flow before adding tetrahydropyran (391 uL, 4.0

mmol), 2b (0.4 mmol, 1.0 equiv). and PhSiH3 (9.9 uL, 20 mol%) sequentially. The tube
was sealed under Ar atmosphere and stirred at r.t. for 26 h. The reaction mixture was
quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue was
purified by flash column chromatography to give the title compound as a colorless oil (21
mg, 36% yield). "H NMR (500 MHz, CDCl;) § 6.13 — 5.96 (m, 1H), 5.09 (m, 1H), 3.98
—3.92 (m, 1H), 3.67 — 3.53 (m, 1H), 1.99 (s, 3H), 1.88 (m, 1H), 1.77 (dq, J = 12.8, 3.3
Hz, 1H), 1.64 — 1.47 (m, 3H), 1.36 (m, 1H). *C NMR (101 MHz, CDCl3) § 169.77, 77.82,
67.50, 31.62, 25.15, 23.54, 22.96. IR (neat): 3293, 2940, 2853, 1663, 1540, 1440, 1367,
1207, 1078, 1034 cm™. HRMS calcd. for (C;Hi3NNaO,) [M+Na]": 166.0838, found
166.0843.

Me H
""_—Eo)\.\Me6 Me';lio).\.\l\/fe
NHBz NHBz
3f 3fa
d.r. 2:1

N-((2R,55)-2,5-dimethyltetrahydrofuran-2-yl)benzamide (3f) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg,

10 mol%), 2a (0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line
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where it was evacuated and backfilled with Ar at least three times. Then anhydrous
pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for 5 minutes under

Ar flow before adding 2,5-dimethyltetrahydrofuran (480 pL, 5.0 mmol) and PhSiH; (7.4

uL, 15 mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at r.t.
for 24 h. The reaction mixture was quenched with air and diluted with EtOAc, then
concentrated in vacuo. The residue was purified by flash column chromatography to give
the title compound as a white solid (18 mg, 21% yield, d.r. 2:1, 3f:3fa). M.P. 95 °C. 'H
NMR (400 MHz, CDCl3) 6 7.73 (m, 2H), 7.52 — 7.45 (m, 1H), 7.45 — 7.37 (m, 2H), 6.37
(s, 0.58H), 6.28 (s, 0.33H), 4.42 — 4.29 (m, 0.61H), 4.21 (m, 0.37H), 2.87 (m, 0.35H),
2.78 —2.65 (m, 0.63H), 2.20 — 1.88 (m, 2H), 1.70 (d, 3H), 1.65 — 1.54 (m, 1H), 1.34 (d, J
= 6.1 Hz, 1.1H), 1.26 (d, J = 6.1 Hz, 2.1H). ®C NMR (101 MHz, CDCI3) § 166.34,
165.69, 135.06, 135.04, 131.53, 128.66, 128.63, 126.92, 126.90, 93.98, 93.83, 76.84,
76.29,37.47,37.13,33.24,32.97,26.93, 26.20, 22.30, 21.43. IR (neat): 3364, 2969, 1656,
1617, 1577, 1376,1299, 1211, 728, 626 cm™'. HRMS calcd. for (C13H17,NNaO,) [M+Na]":
242.1151, found 242.1159. The relative stereochemistry of 3f and 3fa were corroborated
by NOESY experiments (as indicated on the compound structure). NOE was observed
between Ci-H and C¢-H for 3fa, NOE was not observed between C;-H and Cs-H for 3f.

) NHAc
."2
O
Me
M H
Me Me °

N-((3aR,5a8,9aS,9bR)-3a,6,6,9a-tetramethyldodecahydronaphtho[2,1-b]furan-2-

yDacetamide (3g) An oven-dried 20 mL reaction tube containing a stir bar was charged
with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%) and (-)-Ambroxide (946 mg, 4.0
mmol). The reaction tube was connected to a vacuum line where it was evacuated and
backfilled with Ar at least three times. Then anhydrous pivalonitrile (2.0 mL) was added
and the mixture was stirred at r.t. for 5 minutes under Ar flow before adding 2b (0.4 mmol,

1.0 equiv) and PhSiH; (9.9 pL, 20 mol%) sequentially. The tube was sealed under Ar
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atmosphere and stirred at r.t. for 24 h. The reaction mixture was quenched with air and
diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash column
chromatography to give the title compound as a white solid (85 mg, 73% yield, d.r. 5:4).
M.P. 162 °C. '"H NMR (400 MHz, CDCl3) § 6.21 (d, J = 8.5 Hz, 0.58H), 6.14 (d, J= 8.7
Hz, 0.40H), 5.76 (td, /= 8.0, 1.4 Hz, 0.57H), 5.73 — 5.64 (m, 0.42H), 2.17 — 2.04 (m, 1H),
1.95 (m, 4H), 1.73 (m, 1H), 1.69 — 1.57 (m, 1H), 1.57 — 1.36 (m, 6H), 1.35 — 1.08 (m, 4H),
0.97 (m, 3H), 0.90 — 0.75 (m, 9H). *C NMR (101 MHz, CDCl;) § 170.14, 169.41, 82.09,
81.21, 80.05, 79.22, 60.39, 58.83, 57.50, 56.96, 42.49, 42.40, 40.11, 40.02, 39.90, 39.89,
36.19, 36.17, 33.62, 33.52, 33.17, 33.14, 30.82, 30.44, 24.24, 23.56, 23.52, 22.03, 21.15,
21.13, 20.66, 20.59, 18.39, 15.49, 15.04. IR (neat): 3282, 2939, 1654, 1546, 1444, 1376,
1280, 1154, 1033, 998, 975, 941 cm'. HRMS calcd. for (CisH3;1NNaO,) [M+Na]":
316.2247, found 316.2253. The relative stereochemistry of 3g (major one, as indicated on
the compound structure) were corroborated by NOESY experiments. NOE was observed
between C,-H and C;-H for major product, NOE was observed between N-H and Cs-H

for minor product.

o/go
Me/|\Me

Me

tert-butyl 2-acetamidopyrrolidine-1-carboxylate (3h) An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%).
The reaction tube was connected to a vacuum line where it was evacuated and backfilled
with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the
mixture was stirred at r.t. for 5 minutes under Ar flow before adding fert-butyl pyrrolidine-

1-carboxylate (140 uL, 0.8 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH3 (9.9 pL, 20 mol%)

sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 10 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in

vacuo. The residue was purified by flash column chromatography to give the title
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compound as a white solid (75 mg, 82% yield). M.P. 113 °C. '"H NMR (400 MHz, CDCls)
0591 (d, J= 6.7 Hz, 1H), 5.62 (s, 1H), 3.43 (dt, /= 10.6, 5.4 Hz, 1H), 3.25 (q, J= 8.7
Hz, 1H), 1.93 (m, 7H), 1.42 (s, 9H). *C NMR (101 MHz, CDCl5) § 168.98, 154.21, 80.18,
64.06, 46.00, 33.88, 28.49, 23.39, 22.49. IR (neat): 3253, 2976, 1649, 1541, 1387, 1162,
1109 cm™. HRMS calcd. for (C11H20N>NaOs) [M+Na]*: 251.1366, found 251.1368.

O\NHAC

N

A

HN™ ~O

M Me
€ Me

2-acetamido—N-(fer-butyl)pyrrolidine-1-carboxamide (3i) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg,
10 mol%), N-(tert-butyl)pyrrolidine-1-carboxamide (153 mg, 0.8 mmol). The reaction
tube was connected to a vacuum line where it was evacuated and backfilled with Ar at
least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture was
stirred at r.t. for 5 minutes under Ar flow before adding 2b (0.4 mmol, 1.0 equiv) and
PhSiH3 (9.9 pL, 20 mol%) sequentially. The tube was sealed under Ar atmosphere and
stirred at r.t. for 10 h. The reaction mixture was quenched with air and diluted with EtOAc,
then concentrated in vacuo. The residue was purified by flash column chromatography to
give the title compound as a white solid (67 mg, 74% yield). M.P. 159 °C. '"H NMR (500
MHz, CDCl3) 6 6.99 (d, J=9.4 Hz, 1H), 6.31 (s, 1H), 5.56 (m, 1H), 3.50 —3.38 (m, 1H),
3.34 (m, 1H), 2.15 (m, 1H), 1.98 (s, 3H), 1.91 — 1.76 (m, 3H), 1.30 (s, 9H). *C NMR
(126 MHz, CDCls) 6 171.26, 156.28, 62.15, 50.74, 45.87, 33.82, 29.44, 23.19, 22.60. IR
(neat): 3277, 3065, 2970, 1738, 1671, 1627, 1576, 1365, 1218 cm™'. HRMS calcd. for
(C11H21N3Na0,) [M+Na]": 250.1526, found 250.1536.

76



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

4 3 o) 8
5 QﬁN»?CH3 .
1 H
o

15 11
16 13

14
17 19

18

benzyl 2-acetamidopyrrolidine-1-carboxylate (3j) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture
was stirred at r.t. for 5 minutes under Ar flow before adding benzyl pyrrolidine-1-
carboxylate (164 mg, 0.8 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH3 (9.9 pL, 20 mol%)
sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (54 mg, 52% yield, 1.5:1 mixture of rotamers, A:B). M.P.
82 °C. "TH NMR (500 MHz, CDCls) § 7.23 (m, 5H), 6.23 (br. s, 0.56H, N-H, A), 6.14 (br.
s, 0.35H, N-H, B), 5.73 (s, 0.54H, C»>-H, A), 5.56 (br. s, 0.37H, C>-H, B), 5.31 — 4.96 (m,
2H), 3.49 (s, 1H), 3.32 (t, J = 8.9 Hz, 1H), 2.12 — 1.75 (m, 7H). *C NMR (126 MHz,
CDCls) 6 169.67 (C5, B), 169.15 (C7, A), 154.59 (Cyo), 136.53, 128.52, 128.09, 127.93,
66.95 (Ci3), 65.53 (C,, B), 64.03 (C,, A), 46.51(Cs), 33.87 (Cs, A), 32.60 (Cs, B), 23.22
((C9), (C4, B)), 22.27 (C4, A). IR (neat): 3244, 3062, 2971,2990, 1695, 1637, 1551, 1407,
1359, 1338, 1284, 1189,1117, 995, 772, 733, 696 cm ™. HRMS calcd. for (C1sHisN2NaOs)
[M+Na]": 285.1210, found 285.1221.
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N-(1-benzoylpyrrolidin-2-yl)acetamide (3k) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture
was stirred at r.t. for 5 minutes under Ar flow before adding phenyl(pyrrolidin-1-
yl)methanone (140 mg, 0.8 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH; (9.9 pL, 20
mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h.
The reaction mixture was quenched with air and diluted with EtOAc, then concentrated
in vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (73 mg, 79% yield, 1:1 mixture of rotamers, A:B). M.P. 156 °C.
'"H NMR (400 MHz, CDCl3) § 7.65 — 7.28 (m, 5H), 7.11 (s, 0.46H, N-H, A) 6.81 (s,
0.44H, N-H, B), 5.56 (s, 1H), 3.89 — 3.25 (m, 2H), 2.21 (m, 1H), 2.05 — 1.82 (m, 4H),
1.69 (m, 2H). ®C NMR (126 MHz, CDCl3) § 170.46 (C7, A), 168.62 (C7, B), 136.42 (Cy),
130.36, 128.42, 127.41, 126.53, 66.05 (Cz, B), 65.57 (C», A), 50.33 (Cs, A), 46.26 (Cs, B),
34.17 (G5, B), 30.74 (Cs, A), 24.85 (Cs, A), 23.58 (Cs, B), 22.72 (Cs4, B), 21.38 (C4, A).
IR (neat): 3294, 2971, 2886, 1738, 1673, 1611, 1524, 1425, 1372, 1275, 1191, 785, 740,
701, 635, 600, 577 cm™'. HRMS calcd. for (Ci3HisN2O2) [M-H]: 231.1139, found
231.1137.

<—>\NHAC

N

CF;

N-(1-(4-(trifluoromethyl)phenyl)pyrrolidin-2-yl)acetamide (31) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg,
10 mol%), 1-(4-(trifluoromethyl)phenyl)pyrrolidine (430 mg, 2.0 mmol). The reaction
tube was connected to a vacuum line where it was evacuated and backfilled with Ar at
least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture was

stirred at r.t. for 5 minutes under Ar flow before adding 2b (0.4 mmol, 1.0 equiv) and
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PhSiH3 (9.9 pL, 20 mol%) sequentially. The tube was sealed under Ar atmosphere and
stirred at r.t. for 24 h. The reaction mixture was quenched with air and diluted with EtOAc,
then concentrated in vacuo. The residue was purified by flash column chromatography to
give the title compound as a white solid (62 mg, 57% yield). M.P. 175 °C. '"H NMR (500
MHz, CDCl3) 6 7.45 (d, J= 8.4 Hz, 1H), 6.68 (d, /= 8.3 Hz, 1H), 5.71 (m, 2H), 3.52 (m,
1H), 3.21 (m, 1H), 2.23 — 1.99 (m, 4H), 1.97 (s, 3H). *C NMR (126 MHz, CDCl;) &
169.62, 147.95, 126.74 (q, J= 3.7 Hz), 125.08 (q, J=270.3 Hz), 119.22 (q, /= 32.5 Hz),
112.16, 65.58, 47.84, 34.19, 23.50, 22.83. ’F NMR (282 MHz, CDCl;) § -61.06. IR
(neat): 3237, 3049, 2980, 2866, 1631, 1614, 1550, 1525, 1371, 1320, 1286, 1203, 1156,
1101, 1068, 982, 837, 810, 759, 600 cm™'. HRMS calcd. for (C13H14F3N>O) [M-H]:
271.1064, found 271.1058.

(L

N NHBz

éOC
tert-butyl 2-benzamidopiperidine-1-carboxylate (3m) An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%),
2a (0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding fert-butyl piperidine-1-carboxylate (370 mg, 2.0 mmol) and PhSiH3 (9.9 uL, 20
mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h.
The reaction mixture was quenched with air and diluted with EtOAc, then concentrated
in vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (45 mg, 37% yield). M.P. 122 °C. '"H NMR (500 MHz, CDCls)
6 7.77—1.70 (m, 2H), 7.53 — 7.46 (m, 1H), 7.45 — 7.37 (m, 2H), 6.68 (s, 1H), 6.30 - 6.17
(m, 1H), 3.96 (d, J=13.8 Hz, 1H), 2.96 (t,J = 12.5 Hz, 1H), 1.99 — 1.90 (m, 1H), 1.81 —
1.65 (m, 3H), 1.63 — 1.48 (m, 2H), 1.46 (s, 9H). *C NMR (126 MHz, CDCl;) § 166.43,
154.87, 134.79, 131.66, 128.72, 127.00, 80.57, 58.94, 40.45, 29.78, 28.43, 24.90, 19.35.
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IR (neat): 3309, 2932, 1636, 1522, 1487, 1365, 1313, 1262, 1159, 1029, 998, 867, 722,
692 cm ™. HRMS calcd. for (C17H24N>NaOs) [M+Na]": 327.1679, found 327.1685.
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tert-butyl 2-benzamidoazepane-1-carboxylate (3n) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%), 2a
(0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding tert-butyl azepane-1-carboxylate (398 mg, 2.0 mmol) and PhSiH; (9.9 pL, 20
mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h.
The reaction mixture was quenched with air and diluted with EtOAc, then concentrated
in vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (100 mg, 79% yield, 5:4 mixture of rotamers, A:B). M.P.
124 °C. "H NMR (500 MHz, CDCl3) § 7.83 — 7.67 (m, 2H), 7.61 (d, J = 8.4 Hz, 0.63H,
N-H, A), 7.46 (t, J = 7.4 Hz, 1H), 7.39 (t, J = 7.5 Hz, 2H), 6.58 (br. s, 0.41H, N-H, B),
5.84 (br. s, 0.41H, C;-H, B), 5.47 (br. s, 0.55H, C»-H, A), 3.69 (m, 1H), 3.20 (m, 1H),
2.36 — 2.09 (m, 1H), 1.45 (m, 16H). ®C NMR (126 MHz, CDCl;) § 166.46 (Ci, A),
166.26 (Ci1, B), 155.84 (Cg, A), 155.22 (Cg, B), 134.71 (Ci2, B), 134.53 (Ci2, A), 131.55
(Cis), 128.65 (Ci4, B), 128.55 (Cia, A), 127.23 (Ci4, A), 126.95 (Ci3, B), 80.49 (Co, B),
79.97 (Co, A), 65.33 (Ca, A), 63.82 (Cy, B), 47.45 (C7, A), 43.77 (C5, B), 34.25 (Cs, B),
32.38 (Cs, A), 29.74 (Cs, A), 29.51 (Cs, B), 28.53 (C10), 28.38 (C4, B), 26.27 (C4, A),
25.17 (Cs, A), 24.61 (Cs, B). IR (neat): 3310, 2978, 2930, 2862, 1688, 1643, 1536, 1490,
1402, 1365, 1343, 1315, 1286, 1162, 1072, 984, 883, 695, 666 cm™'. HRMS calcd. for
(C1sH26N2NaO;3) [M+Na]": 341.1836, found 341.1840.
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tert-butyl 2-benzamidoazocane-1-carboxylate (30) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%), 2a
(0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding tert-butyl azocane-1-carboxylate (426 mg, 2.0 mmol) and PhSiH; (9.9 pL, 20
mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 20 h
at r.t., the reaction mixture was quenched with air and diluted with EtOAc, then
concentrated in vacuo. The residue was purified by flash column chromatography to give
the title compound as a white solid (95 mg, 72% yield, 2:1 mixture of rotamers, A:B).
M.P. 118 °C. '"H NMR (400 MHz, CDCl;) & 7.81 — 7.70 (m, 2H), 7.67 (d, J = 7.6 Hz,
0.61H, N-H, A), 7.52 — 7.42 (m, 1H), 7.39 (td, J = 8.1, 1.6 Hz, 2H), 6.93 (d, /= 7.9 Hz,
0.3H, N-H, B), 5.66 (br. s, 0.32H, C»>-H, B), 5.49 (m, 0.67H, C;-H, A), 3.81 (m, 1H), 3.17
(m, 0.31H, Cs-Hb, B), 3.07 (m, 0.69H, Cz-Hb, A), 2.42 —2.29 (m, 0.66H, Cs-Ha, B), 2.06
(m, 0.49H, Cs-Ha, B), 1.85 — 1.38 (m, 18H). *C NMR (101 MHz, CDCl3) § 166.43 (C12,
A), 166.12 (Cy2, B), 155.26 (Co, A), 154.74 (Co, B), 134.39 (Ci3, A+B), 131.72 (Ci6, B),
131.57 (Cis, A), 128.72 (C14, B), 128.55 (Cu4, A), 127.21 (Ci5, A), 126.86 (Ci5, B), 80.42
(Cro, B), 79.88 (Ci0, A), 64.41 (Cz, A), 62.55 (Ca, B), 49.52 (Cs, A+B), 33.14 (Cs, B),
32.17 (Cs, A), 28.79 (C11, B), 28.55 (C11, A), 26.96 (C7, B), 26.87 (C7, A), 26.67 (Ca, A),
26.56 (C4, B), 26.12 (Cs, A+B), 24.32 (Cs, A), 24.01 (Cs, B). IR (neat): 3329, 2971, 2933,
2856, 1678, 1638, 1540, 1466, 1407, 1366, 1345, 1318, 1287, 1216, 1154, 1133, 1033,
1017, 953, 723, 692, 656, 586 cm™'. HRMS calcd. for (CioH2sNoNaOs) [M+Na]':
355.1992, found 355.1993.
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tert-butyl 2-acetamido-5-methylpyrrolidine-1-carboxylate (3p) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg,
10 mol%). The reaction tube was connected to a vacuum line where it was evacuated and
backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added
and the mixture was stirred at r.t. for 5 minutes under Ar flow before adding fer#-butyl 2-
methylpyrrolidine -1-carboxylate (148 mg, 0.8 mmol), 2b (0.4 mmol, 1.0 equiv) and
PhSiH3 (9.9 pL, 20 mol%) sequentially. The tube was sealed under Ar atmosphere and
stirred at r.t. for 5 h. The reaction mixture was quenched with air and diluted with EtOAc,
then concentrated in vacuo. The residue was purified by flash column chromatography to
give the title compound as a colorless oil (56 mg, 58% yield, 1:1 d.r. (A:B, 1:1), 1:1
mixture of rotamers (A1:A2 and B1:B2)). '"H NMR (500 MHz, CDCl3) § 6.14 — 5.83 (m,
1H), 5.70 —5.45 (m, 1H), 4.01 — 3.84 (m, 0.47H), 3.80 —3.69 (m, 0.51H), 2.24 (s, 0.54H),
2.00 (m, 2H), 1.92 (s, 1.5H), 1.90 (s, 1.5H),1.78 (d, J=11.6 Hz, 0.47H), 1.59 — 1.48 (m,
1H), 1.41 (s, 9H), 1.26 (d, J= 6.2 Hz, 1.5H), 1.10 (d, J = 6.3 Hz, 1.5H). *C NMR (101
MHz, CDCl3) & 169.28, 168.72, 154.47, 153.36, 80.09, 79.94, 66.20, 64.94, 63.80, 54.23,
54.03, 53.41, 52.90, 31.89, 31.33, 30.16, 29.97, 29.15, 28.49, 28.45, 23.39, 23.23, 21.82,
19.99, 19.16. IR (neat): 3295, 2973, 1655, 1541, 1366, 1167, 1134, 910, 729 cm™.
HRMS calcd. for (C12H22N2NaOs) [M+Na]': 265.1523, found 265.1531.

tert-butyl (15,25,5R)-2-benzamido-3-azabicyclo[3.1.0]hexane-3-carboxylate (3q) An

oven-dried 20 mL reaction tube containing a stir bar was charged with
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Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%), 2a (0.4 mmol, 1.0 equiv). The reaction
tube was connected to a vacuum line where it was evacuated and backfilled with Ar at
least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture was
stirred at r.t. for 5 minutes under Ar flow before adding fert-butyl (1R,5S)-3-
azabicyclo[3.1.0]hexane-3-carboxylate (366 mg, 2.0 mmol) and PhSiH; (9.9 pL, 20 mol%)
sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (70 mg, 58% yield, 10:1 d.r. (A:B, 10:1), 3:1 mixture of
rotamers (A1:A2 3:1), 5:3 mixture of rotamers for B (B1:B2, 5:3)).” M.P. 153 °C. 'H
NMR (300 MHz, CDCl3) 8 7.85 —7.79 (m, 0.25H, B), 7.79 — 7.69 (m, 1.70H, A), 7.57 —
7.34 (m, 3H), 6.65 (br, s, 0.19H, N-H, A2), 6.44 (d, J= 8.2 Hz, 0.6H, N-H, A1), 5.92 (d,
J=8.2Hz, 0.6H, C;-H, A1), 5.63 (s, 0.2H, C,-H, A2), 5.42 (s, 0.05H, C,-H, B1), 5.32 (s,
0.03H, C»-H, B2), 3.68 —3.48 (m, 1.83H, C4-H, A), 3.39 (m, 0.11H, Cs4-H, B) 1.75 - 1.51
(m, 2H), 1.39 (m, 9H), 0.76 (td, J= 7.9, 5.4 Hz, 0.85H, Cs-Hb, A), 0.66 (m, 0.14H, Ce-
Hb, B), 0.33 — 0.15 (m, 0.79H, Cs-Ha, A), 0.12 (m, 0.11H, Cs-Ha, B). *C NMR (126
MHz, CDCl3) 6 167.18 (Cio, A2), 166.53 (Cio, Al), 154.38 (C7, A1+A2), 134.63 (Cu,
Al1+A2), 131.64 (Cus, A1+A2), 128.68 (Ci3, Al), 128.51 (Ci3, A2), 127.18 (C12, A2),
127.01 (Ci2, Al), 80.56 (Csg, Al), 80.26 (Cg, A2), 67.19 (Ca, A2), 65.82 (Ca, Al), 48.73
(Cs, A2),47.40 (Cy, Al), 28.47 (Co, A2), 28.45 (Co, A1), 22.26 (Cy, A1), 21.37 (C1, A2),
15.99 (Cs, A2), 14.57 (Cs, A1), 8.76 (C2, A1+A2). IR (neat): 3388, 3289, 2987, 2887,
1653, 1528, 1397, 1366, 1319, 1276, 1167, 1126, 905, 818, 779, 693 cm™'. HRMS calcd.
for (C17H22N2NaO3) [M+Na]'™: 325.1523, found 325.1524. The relative stereochemistry
of the major diastereomer A of the title compound was corroborated by NOESY
experiments (as indicated on the compound structure). NOE was observed between Ce-

Ha and C,-H.

OE\NHBZ

N

Me
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N-(1-methyl-5-oxopyrrolidin-2-yl)benzamide (3r) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%), 2a
(0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding 1-methylpyrrolidin-2-one (193 uL, 2.0 mmol) and PhSiH3 (9.9 pL, 20 mol%)
sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 5 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (57 mg, 65% yield). M.P. 133 °C. '"H NMR (500 MHz, CDCls)
0 7.98 —7.88 (m, 2H), 7.79 (d, J=9.1 Hz, 1H), 7.52 — 7.46 (m, 1H), 7.41 (dd,/=8.4,7.0
Hz, 2H), 5.86 (dt, J=8.7,4.2 Hz, 1H), 2.78 (s, 3H), 2.47 (dq, J = 13.8, 7.0 Hz, 2H), 2.32
(dq, J=15.7, 7.9 Hz, 1H), 1.95 (td, J = 12.3, 8.0 Hz, 1H). ®C NMR (126 MHz, CDCl5)
0 167.57, 133.42, 132.06, 128.62, 127.44, 66.20, 29.39, 27.44, 25.84. IR (neat): 3289,
1682, 1653, 1530, 1491, 1401, 1364, 1283, 1179, 1113, 1080, 993, 701, 664 cm ™. HRMS
calcd. for (C12H14N,NaO,) [M+Na]": 241.0947, found 241.0950.
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1-(tert-butyl) 2-methyl (25,55)-5-acetamidopyrrolidine-1,2-dicarboxylate (3s) An
oven-dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4).-2Bathocuproine (39 mg, 10 mol%). The reaction tube was connected to a
vacuum line where it was evacuated and backfilled with Ar at least three times. Then
anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for 5
minutes under Ar flow before adding 1-(tert-butyl) 2-methyl (S)-pyrrolidine-1,2-
dicarboxylate (183 mg, 0.8 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH3 (12.4 pL, 25

mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h.
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The reaction mixture was quenched with air and diluted with EtOAc, then concentrated
in vacuo. The residue was purified by flash column chromatography to give amidated
product (72 mg, 63% yield, 4:1 d.r. (3s:3sa, 4:1)).® 3s: 5:4 mixture of rotamers, A1:A2.
Colorless oil."H NMR (500 MHz, CDCls) & 5.99 (br. s, 0.46H, N-H, A2), 5.84 (br. s,
0.47H, N-H, A1), 5.81 (t,J = 6.4 Hz, 0.53H, Cs-H, A2), 5.62 (t,J= 6.2 Hz, 0.53H, Cs-H,
Al),4.37 (d, J= 8.0 Hz, 0.44H, C>-H, A2), 4.32 (d, J= 8.9 Hz, 0.57H, C»-H, Al), 3.71
(s, 3H), 2.46 — 2.11 (m, 2H), 2.09 — 1.93 (m, 4H), 1.87 (m, 1H), 1.43 (s, 4H, Ci>-H, A2),
1.39 (s, SH, C12-H, A1). ®*C NMR (126 MHz, CDCl3) § 173.18 (Cs, A1), 172.62 (Cs, A2),
169.93 (Cs, A2), 168.91 (Cs, Al), 153.84 (C12, Al), 153.52 (C12, A2), 81.23 (C11, A2),
81.16 (Ci1, Al), 66.05 (Cs, A2), 64.63 (Cs, A2), 60.06 (C2, Al), 59.16 (C,, A2), 52.38 (Co,
A2), 52.22 (Co, Al), 32.06 (Cs, A2), 30.65 (Cs, Al), 28.42 (C12, A2), 28.28 (C12, Al),
28.11 (Cy, A1), 27.12 (Cy, A2), 23.57 (Cs, Al), 23.37 (Cs, A2). IR (neat): 3284, 2978,
1745, 1702, 1650, 1541, 1365, 1201, 1160, 1094 cm™'. HRMS calcd. for (C13H22N>0s)
[M+Na]": 309.1421, found 309.1425.

The relative stereochemistry of the major diastereomer 3s was corroborated by NOESY
experiments (as indicated on the compound structure). NOE was observed between C,-

Ha and N-H.

1-(tert-butyl) 2-methyl (25,5R)-5-acetamidopyrrolidine-1,2-dicarboxylate. (3sa) 5:3
mixture of rotamers, B1:B2. '"H NMR (500 MHz, CDCl3) ¢ 6.45 (s, 0.48H, N-H, B1),
6.24 (s, 0.28H, N-H, B2), 5.82 (t, /= 6.9 Hz, 0.56H, Cs-H, B1), 5.76 (br. s, 0.34H, Cs-H,
B2),4.38 (t,J=7.0 Hz, 0.54H, C»-H, B1), 4.26 (t, /= 8.2 Hz, 0.34H, Cs-H, B2), 3.78 (s,
3H), 2.38 - 2.02 (m, 2H), 2.01 — 1.75 (m, 5H), 1.43 (s, 5.53H, Ci»-H, B1), 1.42 — 1.39 (s,
3.13H, C1»-H, B2). *C NMR (126 MHz, CDCl;) § 175.49, 169.07, 153.31, 81.27, 65.59
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(Cs, B2), 64.69 (Cs, B1), 59.52 (Ca, B2), 58.92 (C», B1), 52.76 (Co, B1), 52.55 (Co, B2),
33.11 (Cs, B1), 32.42 (Cs, B2), 28.43, 28.30, 27.67, 23.44. IR (neat): 3356, 2977, 1700,
1520, 1438, 1365, 1306, 1203, 1162, 1124 cm™. HRMS calcd. for (C13HxN,NaOs)
[M+Na]": 309.1421, found 309.1423.

N.
Boc

NHAc

tert-butyl 1-acetamido-3,4-dihydroisoquinoline-2(1H)-carboxylate (3t) An oven-
dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4).-2Bathocuproine (39 mg, 10 mol%). The reaction tube was connected to a
vacuum line where it was evacuated and backfilled with Ar at least three times. Then
anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for 5
minutes under Ar flow before adding tert-butyl 3,4-dihydroisoquinoline-2(1H)-
carboxylate (187 mg, 0.8 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH; (9.9 uL, 20 mol%)
sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 2 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (105 mg, 91% yield). M.P. 161 °C. '"H NMR (500 MHz,
CDCl3) 6 7.32 - 7.26 (m, 1H), 7.21 — 7.14 (m, 2H), 7.11 — 7.04 (m, 1H), 6.92 (d, /= 8.6
Hz, 1H), 6.70 (d, J = 8.6 Hz, 1H), 4.17 (s, 1H), 3.13 (s, 1H), 2.86 (m, 1H), 2.66 (dt, J =
16.2, 3.2 Hz, 1H), 1.90 (s, 3H), 1.44 (s, 9H). ®C NMR (101 MHz, CDCl;) & 168.74,
154.29,134.89, 134.74, 128.67, 128.07, 127.83, 126.76, 80.77, 58.45,37.58, 28.63, 28.37,
23.32. IR (meat): 3243, 2975, 2925, 1709, 1691, 1650, 1542, 1414, 1366, 1334, 1234,
1154, 1119, 1063, 1043, 931, 891, 772, 742 cm™'. HRMS calcd. for (CisH2N2NaOs)
[M+Na]": 313.1523, found 313.1534.

NHAc

()
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tert-butyl 3-acetamidomorpholine-4-carboxylate (3u) An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%),
tert-butyl morpholine-4-carboxylate (150 mg, 0.8 mmol). The reaction tube was
connected to a vacuum line where it was evacuated and backfilled with Ar at least three
times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t.
for 5 minutes under Ar flow before adding 2b (0.4 mmol, 1.0 equiv) and PhSiH; (9.9 uL,
20 mol%) sequentially sequentially. The tube was sealed under Ar atmosphere and stirred
at r.t. for 24 h. The reaction mixture was quenched with air and diluted with EtOAc, then
concentrated in vacuo. The residue was purified by flash column chromatography to give
the title compound as a white solid (68 mg, 70% yield). M.P. 113 °C. "H NMR (500 MHz,
CDCls) 6 6.46 (d, J = 8.5 Hz, 1H), 5.94 (dt, /= 8.5, 1.8 Hz, 1H), 3.89 (dd, J=11.5, 3.8
Hz, 1H), 3.83 —3.70 (m, 2H), 3.61 (dd, J=11.7, 2.4 Hz, 1H), 3.52 (m, 1H), 3.12 (m, 1H),
1.98 (s, 3H), 1.46 (s, 9H). *C NMR (126 MHz, CDCl;) § 169.16, 154.01, 80.66, 70.21,
66.64, 56.61, 39.07, 28.02, 22.83. IR (neat): 3261, 2973, 2862, 1704, 1653, 1543, 1397,
1365, 1299, 1267, 1227, 1160, 1117, 1101, 1078, 1012, 862, 746, 648 cm™'. HRMS calcd.
for (C11H20N>NaOs) [M+Na]": 267.1315, found 267.1318.

NHBz
Me. Me M
l}l)\/ BZHN/\I}I/\/ e
Boc Boc
3v 3va

r.r. 1.4:1

tert-butyl (1-benzamidopropyl)(methyl)carbamate (3v). An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%),
2a (0.4 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding tert-butyl methyl(propyl)carbamate (346 mg, 2.0 mmol) and PhSiH3 (9.9 pL, 20
mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 36 h.

The reaction mixture was quenched with air and diluted with EtOAc, then concentrated
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in vacuo. The residue was purified by flash column chromatography to give 3v (37 mg,
32% yield) and 3va (27 mg, 23% yield), r.r. 1.4:1. 3v, white solid. M.P. 109 °C. "H NMR
(500 MHz, CDCl3) 6 7.77 (dt, J = 7.2, 1.3 Hz, 2H), 7.60 — 7.46 (m, 1H), 7.46 — 7.34 (m,
2H), 5.31 (s, 1H), 2.95 (s, 3H), 2.19 — 1.78 (m, 2H), 1.47 (s, 9H), 0.95 (t, /= 7.4 Hz, 3H).
BC NMR (126 MHz, CDCls) & 166.72, 155.49, 134.38, 131.76, 128.70, 127.14, 80.28,
67.63, 29.81, 28.60, 26.43, 10.43. IR (neat): 3346, 2972, 2937, 1688, 1639, 1520, 1489,
1461, 1445, 1397, 1362, 1335, 1314, 1285, 1166, 1138, 1109, 1081, 931, 887, 764, 730,
698, 629 cm™'. HRMS calcd. for (C16H24N2NaOs) [M+Na]": 315.1679, found 315.1688.

tert-butyl (benzamidomethyl)(propyl)carbamate (3va). White solid. M.P. 93 °C. 'H
NMR (500 MHz, CDCl3) 6 7.77 (d, J = 7.6 Hz, 2H), 7.51 (t, J= 7.3 Hz, 1H), 7.43 (t, J =
7.6 Hz, 2H), 7.15 (s, 1H), 4.87 (d, J = 6.4 Hz, 2H), 3.32 (t, /= 7.3 Hz, 2H), 1.59 (q, ] =
7.3 Hz, 2H), 1.47 (s, 9H), 0.88 (t,J= 7.4 Hz, 3H). “C NMR (126 MHz, CDCl5) § 167.56,
156.77, 134.24, 131.88, 128.75, 127.20, 80.32, 52.74, 49.95, 28.54, 22.50, 11.37. IR
(neat): 3663, 2970, 2927, 1694, 1650, 1542, 1416, 1366, 1286, 1244, 1142, 1090, 1058,
1028, 876, 771, 706 cm™'. HRMS calcd. for (C16H24N2NaOs) [M+Na]": 315.1679, found
315.1684.

Me

PN

AcHN™ N""Me
Boc

tert-butyl (acetamidomethyl)(isopropyl)carbamate (3w) An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%).
The reaction tube was connected to a vacuum line where it was evacuated and backfilled
with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the
mixture was stirred at r.t. for 5 minutes under Ar flow before adding terz-butyl
isopropyl(methyl)carbamate (346 mg, 2.0 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH3
(14.9 pL, 30 mol%) sequentially. The tube was sealed under Ar atmosphere and stirred at
r.t. for 36 h. The reaction mixture was quenched with air and diluted with EtOAc, then

concentrated in vacuo. The residue was purified by flash column chromatography to give
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the title compound as a colorless oil (40 mg, 43% yield). "H NMR (400 MHz, CDCl;) §
6.52 (s, 1H), 4.62 (d, /= 6.2 Hz, 2H), 4.07 (s, 1H), 1.94 (s, 3H), 1.47 (s, 9H), 1.14 (d, J =
6.8 Hz, 6H). ®C NMR (101 MHz, CDCl5) & 169.33, 156.67, 80.43, 48.08, 28.61, 23.55,
20.98. IR (neat): 3309, 2973, 1655, 1541, 1452, 1407, 1366, 1348, 1253, 1167, 1135,
1083 cm™'. HRMS calcd. for (C11H2»N>NaOs) [M+Na]*: 253.1523, found 253.1532.

NHAc

_H
Me N

Boc

tert-butyl (1-acetamidobutyl)carbamate (3x) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture
was stirred at r.t. for 5 minutes under Ar flow before adding tert-butyl butylcarbamate
(693 mg, 4.0 mmol), 2b (0.4 mmol, 1.0 equiv) and PhSiH; (15.9 pL, 30 mol%)
sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 3 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title
compound as a colorless oil (34 mg, 37% yield). "H NMR (400 MHz, CD,Cl) § 6.45 (s,
1H), 5.48 (s, 1H), 5.09 (m, 1H), 1.91 (s, 3H), 1.82 — 1.64 (m, 2H), 1.41 (s, 9H), 1.34 (dt,
J=8.3,7.1 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H). *C NMR (101 MHz, CD-Cl,) § 170.07,
155.52, 80.03, 58.87, 37.03, 28.63, 23.66, 19.46, 13.93. IR (neat): 3296, 2968, 2933,
1660, 1510, 1366, 1250, 1171, 1049, 1019 cm™'. HRMS calcd. for (CiiH22N2NaOs)
[M+Na]": 253.1523, found 253.1531.

<iTNHBz

N-(tetrahydrothiophen-2-yl)benzamide (3y) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%). The

reaction tube was connected to a vacuum line where it was evacuated and backfilled with
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Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture
was stirred at r.t. for 5 minutes under Ar flow before adding Tetrahydrothiophene (4.0
mmol), 2a (0.4 mmol, 1.0 equiv) and PhSiH; (15.9 pL, 30 mol%) sequentially. The tube
was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture was
quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue was
purified by flash column chromatography to give the title compound as a colorless oil (23
mg, 27% yield). "H NMR (400 MHz, CDCls) § 7.77 — 7.74 (m, 2H), 7.50 (ddt, J = 8.3,
6.5, 1.4 Hz, 1H), 7.43 (ddt, J = 8.3, 6.6, 1.3 Hz, 2H), 6.33 (s, 1H), 5.77 (dt, J=17.9, 4.6
Hz, 1H), 3.14 — 3.04 (m, 1H), 2.91 — 2.80 (m, 1H), 2.24 — 2.10 (m, 3H), 2.04 — 1.95 (m,
1H). ®*C NMR (101 MHz, CDCl3) § 166.60, 134.19, 131.83, 128.73, 127.09, 58.71, 38.74,
32.84,29.08. HRMS calcd. for (C11H13NNaOS) [M+Na]": 230.0610, found 230.0607.

O\ 3

N)X\/j

L Y
Boc €

tert-butyl 2-hexanamidopyrrolidine-1-carboxylate (4a) An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%).
The reaction tube was connected to a vacuum line where it was evacuated and backfilled
with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the
mixture was stirred at r.t. for 5 minutes under Ar flow before adding fert-butyl pyrrolidine-
1-carboxylate (140 uL, 0.8 mmol, 2.0 equiv), 3-pentyl-1,4,2-dioxazol-5-one (63 mg, 0.4
mmol, 1.0 equiv) and PhSiH3 (9.9 pL, 20 mol%) sequentially. The tube was sealed under
Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture was quenched with air and
diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash column
chromatography to give the title compound as a white solid (95 mg, 84% yield). M.P.
116 °C. "H NMR (500 MHz, CDCl3) § 5.96 (s, 1H), 5.60 (s, 1H), 3.39 (m, 1H), 3.28 —
3.15 (m, 1H), 2.07 (t, J= 7.6 Hz, 2H), 2.04 — 1.93 (m, 1H), 1.89 — 1.77 (m, 3H), 1.55 (p,
J=17.5Hz, 2H), 1.38 (s, 9H), 1.31 — 1.18 (m, 4H), 0.82 (t, J = 6.8 Hz, 3H). “C NMR
(126 MHz, CDCl3) 6 171.91, 154.11, 80.03, 63.93, 45.96, 36.75, 33.92, 31.44, 28.43,
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25.45,22.41,22.32, 13.92. IR (neat): 3261, 2961, 2930, 2880, 1695, 1645, 1544, 1386,
1159, 1130, 1110 cm™'. HRMS calcd. for (C1sHsN>NaOs) [M+Na]": 307.1992, found
307.2005.

O
(—LN»\/\©
NoH
Boc

tert-butyl 2-(3-phenylpropanamido)pyrrolidine-1-carboxylate (4b) An oven-dried 20
mL reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39
mg, 10 mol%). The reaction tube was connected to a vacuum line where it was evacuated
and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was
added and the mixture was stirred at r.t. for 5 minutes under Ar flow before adding tert-

butyl pyrrolidine-1-carboxylate (140 uL, 0.8 mmol, 2.0 equiv), 3-phenethyl-1,4,2-

dioxazol-5-one (76 mg, 0.4 mmol, 1.0 equiv) and PhSiH3 (9.9 pL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(92 mg,72% yield). M.P. 129 °C. 'TH NMR (400 MHz, CDCl;) § 7.30 — 7.21 (m, 2H),
7.22 —7.06 (m, 3H), 5.78 (d, J= 6.9 Hz, 1H), 5.69 — 5.43 (m, 1H), 3.37 (m, 1H), 3.28 —
3.14 (m, 1H), 3.00 — 2.86 (m, 2H), 2.53 — 2.31 (m, 2H), 2.04 — 1.63 (m, 4H), 1.41 (s, 9H).
BC NMR (101 MHz, CDCls) & 170.82, 154.12, 140.89, 128.56, 128.40, 126.27, 80.14,
64.02,45.96,38.41, 33.80, 31.73, 28.48, 22.35. IR (neat): 3287, 2969, 1693, 1642, 1535,
1394, 1365, 1229, 1159, 1110, 695 cm ™. HRMS calcd. for (C1sH2N2NaOs) [M+Na]:
341.1836, found 341.1831.

Boc
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tert-butyl 2-(5-chloropentanamido)pyrrolidine-1-carboxylate (4c) An oven-dried 20
mL reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39
mg, 10 mol%). The reaction tube was connected to a vacuum line where it was evacuated
and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was
added and the mixture was stirred at r.t. for 5 minutes under Ar flow before adding tert-
butyl pyrrolidine-1-carboxylate (140 uL, 0.8 mmol, 2.0 equiv), 3-(4-chlorobutyl)-1,4,2-
dioxazol-5-one (71 mg, 0.4 mmol, 1.0 equiv) and PhSiH3 (9.9 pL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(91 mg, 75% yield). M.P. 115 °C. "H NMR (500 MHz, CDCls) § 5.88 (d, ] = 6.7 Hz, 1H),
5.70 = 5.39 (m, 1H), 3.51 (t, /= 6.1 Hz, 2H), 3.42 (dt, /= 10.7, 5.4 Hz, 1H), 3.24 (q, J =
8.9 Hz, 1H), 2.15 (t, J = 6.9 Hz, 2H), 2.09 — 1.97 (m, 1H), 1.94 — 1.70 (m, 7H), 1.41 (s,
9H). C NMR (126 MHz, CDCl;) § 171.08, 154.15, 80.20, 64.09, 46.06, 44.66, 35.73,
33.96, 31.98, 28.50, 22.98, 22.42. IR (neat): 3258, 2979, 2883, 1649, 1645, 1543, 1457,
1385, 1235, 1158, 1127 cm™'. HRMS calcd. for (C1sH2sCIN2NaOs) [M+Na]": 327.1446,

found 327.1457.
O L
"
Boc

tert-butyl 2-(2-((adamantan-1-yl)acetamido)pyrrolidine-1-carboxylate (4d) An oven-
dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4)2-2Bathocuproine (39 mg, 10 mol%), 3-((adamantan-1-yl)methyl)-1,4,2-
dioxazol-5-one (94 mg, 0.4 mmol, 1.0 equiv). The reaction tube was connected to a
vacuum line where it was evacuated and backfilled with Ar at least three times. Then
anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for 5

minutes under Ar flow before adding fert-butyl pyrrolidine-1-carboxylate (140 uL, 0.8
mmol, 2.0 equiv) and PhSiH3 (9.9 pL, 20 mol%) sequentially. The tube was sealed under
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Ar atmosphere and stirred at r.t. for 2 h. The reaction mixture was quenched with air and
diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash column
chromatography to give the title compound as a white solid (129 mg, 89% yield). M.P.
168 °C. "H NMR (400 MHz, CDCl3) § 5.78 — 5.65 (m, 1H), 5.57 (s, 1H), 3.41 (dt, J =
10.5, 5.3 Hz, 1H), 3.31 — 3.15 (m, 1H), 2.05 — 1.76 (m, 9H), 1.73 — 1.51 (m, 12H), 1.40
(s, 9H). ®*C NMR (101 MHz, CDCl3) § 169.77, 154.07, 80.15, 64.31, 51.78, 46.09, 42.60,
36.78,33.93, 32.82, 28.65, 28.46, 22.28. IR (neat): 3293, 2974, 2906, 2847, 1697, 1633,
1531, 1450, 1395, 1364, 1244, 1164, 1147 cm™'. HRMS calcd. for (C21H3sN2NaOs)
[M+Na]": 385.2462, found 385.2450.

(@]
@N»\Q
NoH
Boc

tert-butyl 2-(cyclopentanecarboxamido)pyrrolidine-1-carboxylate (4e) An oven-dried
20 mL reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39
mg, 10 mol%). The reaction tube was connected to a vacuum line where it was evacuated
and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was
added and the mixture was stirred at r.t. for 5 minutes under Ar flow before adding tert-
butyl pyrrolidine-1-carboxylate (140 pL, 0.8 mmol, 2.0 equiv), 3-cyclopentyl-1,4,2-
dioxazol-5-one (62 mg, 0.4 mmol, 1.0 equiv) and PhSiH3 (9.9 pL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(67 mg, 59% yield). M.P. 171 °C. "H NMR (500 MHz, CDCl5) § 5.81 (d, /= 6.7 Hz, 1H),
5.59 (s, 1H), 3.41 (dt, J=10.6, 5.4 Hz, 1H), 3.22 (dt, /= 10.4, 8.1 Hz, 1H), 2.43 (p, J =
8.0 Hz, 1H), 2.11 —1.61 (m, 10H), 1.59 — 1.46 (m, 2H), 1.38 (s, 9H). *C NMR (126 MHz,
CDCls) 6 174.85, 154.13, 80.05, 63.98, 46.01, 45.78, 33.98, 30.65, 30.12, 28.46, 25.97,
25.94,22.42. IR (neat): 3268, 2961, 2873, 1696, 1642, 1546, 1386, 1364, 1234, 1198,
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1158, 1127, 1106 cm™'. HRMS calcd. for (C1sHN2NaOs) [M+Na]": 305.1836, found
305.1838.

tert-butyl 2-(bicyclo[2.2.1]heptane-2-carboxamido)pyrrolidine-1-carboxylate (4f)
An oven-dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4).-2Bathocuproine (39 mg, 10 mol%). The reaction tube was connected to a
vacuum line where it was evacuated and backfilled with Ar at least three times. Then
anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for 5
minutes under Ar flow before adding fert-butyl pyrrolidine-1-carboxylate (140 uL, 0.8
mmol, 2.0 equiv), 3-(bicyclo[2.2.1]heptan-2-yl)-1,4,2-dioxazol-5-one (72 mg, 0.4 mmol,
1.0 equiv) and PhSiH; (15.9 pL, 30 mol%) sequentially. The tube was sealed under Ar
atmosphere and stirred at r.t. for 24 h. The reaction mixture was quenched with air and
diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash column
chromatography to give the title compound as a white solid (67 mg, 54% yield). M.P.
153 °C. "H NMR (500 MHz, CDCls) § 5.68 (s, 1H), 5.56 (s, 1H), 3.43 (td, J = 9.0, 5.1
Hz, 1H), 3.23 (dt, J=10.5, 8.4 Hz, 1H), 2.58 — 2.48 (m, 1H), 2.35 (m, 1H), 2.20 (s, 1H),
2.06 — 1.91 (m, 2H), 1.84 (s, 2H), 1.66 — 1.52 (m, 2H), 1.51 — 1.20 (m, 15H). ®C NMR
(126 MHz, CDCl3) 6 172.88, 154.18, 154.14, 80.22, 64.69, 47.19, 47.09, 46.16, 40.99,
40.60, 40.50, 37.06, 33.95, 31.24, 29.22, 28.47, 24.59, 24.31, 22.25. IR (neat): 3305,
2958, 2873, 1692, 1639, 1522, 1386, 1364, 1200, 1158, 1124, 1104 cm™'. HRMS calcd.
for (C17H2sN>NaO3) [M+Na]": 331.1992, found 331.1986.
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tert-butyl 2-(4,4-difluorocyclohexane-1-carboxamido)pyrrolidine-1-carboxylate (4g)
An oven-dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4).-2Bathocuproine (39 mg, 10 mol%). The reaction tube was connected to a
vacuum line where it was evacuated and backfilled with Ar at least three times. Then
anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for 5
minutes under Ar flow before adding fert-butyl pyrrolidine-1-carboxylate (140 uL, 0.8
mmol, 2.0 equiv), 3-(4,4-difluorocyclohexyl)-1,4,2-dioxazol-5-one (82 mg, 0.4 mmol, 1.0
equiv) and PhSiH; (9.9 pL, 20 mol%) sequentially. The tube was sealed under Ar
atmosphere and stirred at r.t. for 24 h. The reaction mixture was quenched with air and
diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash column
chromatography to give the title compound as a white solid (92 mg, 69% yield). M.P.
163 °C. "H NMR (400 MHz, CD>Cl,) § 5.80 (d, J= 6.8 Hz, 1H), 5.57 (s, 1H), 3.48 —3.37
(m, 1H), 3.23 (dt, J = 10.5, 8.0 Hz, 1H), 2.21 — 2.07 (m, 3H), 2.03 (m, 1H), 1.93 — 1.84
(m, 4H), 1.82 — 1.64 (m, 5H), 1.41 (s, 9H). *C NMR (101 MHz, CD,Cl,) § 173.02, 154.44,
123.54 (t, J = 240.8 Hz), 80.29, 64.56, 46.65, 43.10, 34.39, 33.55, 33.50, 33.30, 33.26,
33.24, 33.06, 33.01, 28.71, 26.38, 26.29, 22.94. ’F NMR (282 MHz, CDCl;) § -92.70, -
93.54, -100.30, -101.14. IR (neat): 3263, 2973, 2871, 1697, 1640, 1547, 1387, 1370,
1224, 1159, 1107 cm™'. HRMS calcd. for (Ci6H27F2N2O3) [M+H]™: 333.1984, found
333.1982.

? Me
Boc
tert-butyl 2-pivalamidopyrrolidine-1-carboxylate (4h) An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%).
The reaction tube was connected to a vacuum line where it was evacuated and backfilled
with Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the
mixture was stirred at r.t. for 5 minutes under Ar flow before adding fert-butyl pyrrolidine-

1-carboxylate (140 uL, 0.8 mmol, 2.0 equiv), 3-(¢ert-butyl)-1,4,2-dioxazol-5-one (57 mg,
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0.4 mmol, 1.0 equiv) and PhSiH; (9.9 pL, 20 mol%) sequentially. The tube was sealed
under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture was quenched with
air and diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash
column chromatography to give the title compound as a white solid (65 mg, 60% yield).
M.P. 168 °C. "H NMR (500 MHz, CDCl5) § 5.70 (s, 1H), 5.50 (s, 1H), 3.43 (dt, J=10.8,
5.3 Hz, 1H), 3.22 (dt, J=10.4, 8.1 Hz, 1H), 2.11 — 1.96 (m, 1H), 1.82 (s, 3H), 1.38 (s,
9H), 1.12 (s, 9H). *C NMR (126 MHz, CDCls) & 177.20, 154.12, 80.09, 64.60, 46.20,
38.59, 33.91, 28.44, 27.55, 22.42. IR (neat): 3313, 2971, 2874, 1698, 1631, 1525, 1385,
1364, 1196, 1159, 1125, 1105 cm™'. HRMS calcd. for (CisH26N2NaOs) [M+Na]':
293.1836, found 293.1826.

tert-butyl 2-(2-(2-fluoro-[1,1'-biphenyl]-4-yl)propanamido)pyrrolidine-1-
carboxylate (4i). An oven-dried 20 mL reaction tube containing a stir bar was charged
with Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%), 3-(1-(2-fluoro-[1,1'-biphenyl]-4-
yl)ethyl)-1,4,2-dioxazol-5-one (114 mg, 0.4 mmol, 1.0 equiv). The reaction tube was
connected to a vacuum line where it was evacuated and backfilled with Ar at least three
times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t.

for 5 minutes under Ar flow before adding fert-butyl pyrrolidine-1-carboxylate (140 uL,
0.8 mmol, 2.0 equiv) and PhSiH; (9.9 pL, 20 mol%) sequentially. The tube was sealed

under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture was quenched with
air and diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash
column chromatography to give amidated product with 1:1 d.r. 4g: 37 mg, 23% yield.
colorless oil. '"H NMR (500 MHz, CDCl3) 6 7.53 (dt, J=8.1, 1.4 Hz, 2H), 7.46 — 7.40 (m,
2H), 7.40 — 7.33 (m, 2H), 7.19 — 7.05 (m, 2H), 5.69 (s, 1H), 5.60 (s, 1H), 3.55 (q, J= 7.1
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Hz, 1H), 3.42 (m, 1H), 3.25 (m, 1H), 2.03 (m, 1H), 1.89 — 1.72 (m, 3H), 1.53 (d, /=7.2
Hz, 3H), 1.43 (s, 9H). *C NMR (126 MHz, CDCl3) § 172.34, 160.87, 158.89, 154.18,
142.60 135.49, 131.13, 129.03, 129.01, 128.58, 127.83, 123.64, 123.61, 115.44, 115.25,
80.33, 64.57, 46.75, 46.18, 33.81, 28.50, 22.52, 18.71. YF NMR (376 MHz, CDCl5) & -
117.18,-117.47. IR (neat): 3236,2977,2932,2891, 1701, 1638, 1550, 1482, 1388, 1375,
1384, 1220, 1166, 1109, 1068, 971, 911, 864, 764, 726, 696 cm™'. HRMS calcd. for
(C24H20FN2NaOs) [M+Na]": 435.2054, found 435.2061. 4ga: 40 mg, 24% yield. colorless
oil. "H NMR (500 MHz, CDCl3) & 7.54 — 7.47 (m, 2H), 7.46 — 7.40 (m, 2H), 7.40 — 7.32
(m, 2H), 7.20 — 7.08 (m, 2H), 5.75 (s, 1H), 5.57 (s, 1H), 3.49 (d, /= 6.4 Hz, 1H), 3.45 —
3.37 (m, 1H), 3.23 (dt, J=10.4, 8.2 Hz, 1H), 2.11 — 2.01 (m, 1H), 2.00 — 1.77 (m, 3H),
1.52 (d, J = 7.1 Hz, 3H), 1.27 (s, 9H). *C NMR (126 MHz, CDCls) & 172.10, 160.86,
158.88, 154.07, 142.92, 142.86, 135.50, 131.14, 131.11, 128.99, 128.97, 128.58, 127.83,
123.75, 115.46, 115.27, 80.30, 64.65, 46.72, 46.15, 33.97, 28.26, 22.38, 18.57. ’F NMR
(376 MHz, CDCl3) 6 -117.29. IR (neat): 3256,2979,2932,2868, 1697, 1638, 1546, 1483,
1386, 1365, 1229, 1159, 1126, 1106, 968, 950, 914, 855, 764, 694 cm™'. HRMS calcd.
for (C24H20FN2NaOs) [M+Na]™: 435.2054, found 435.2056.

0]
O
O»NH
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O
2-(11-0x0-6,11-dihydrodibenzo[b,e]oxepin-2-yl)-N-(tetrahydrofuran-2-
yDacetamide (4j) An oven-dried 20 mL reaction tube containing a stir bar was charged
with  Ni(ClOs),2Bathocuproine (20 mg, 10 mol%), 3-((11-0x0-6,11-
dihydrodibenzo[b,e]oxepin-2-yl)methyl)-1,4,2-dioxazol-5-one (62 mg, 0.2 mmol, 1.0
equiv). The reaction tube was connected to a vacuum line where it was evacuated and
backfilled with Ar at least three times. Anhydrous THF (1.0 mL) was added, and the
mixture was stirred at r.t. for 5 minutes under Ar flow before adding PhSiH; (5.0 puL, 20

mol%). The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction

mixture was quenched with air and diluted with EtOAc, then concentrated in vacuo. The
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residue was purified by flash column chromatography to give the title compound as a
white solid (31 mg, 46% yield). M.P. 143 °C. '"H NMR (400 MHz, CDCls) § 8.06 (d, J =
2.4 Hz, 1H), 7.87 (dd, J=7.7, 1.4 Hz, 1H), 7.56 (td, /= 7.4, 1.4 Hz, 1H), 7.50 — 7.41 (m,
2H), 7.36 (dd, J= 7.5, 1.3 Hz, 1H), 7.03 (d, J = 8.4 Hz, 1H), 5.99 (d, J = 8.0 Hz, 1H),
5.68 (m, 1H), 5.18 (s, 2H), 3.86 (dt, J = 8.5, 6.7 Hz, 1H), 3.75 (dt, J = 8.4, 6.9 Hz, 1H),
3.54 (s, 2H), 2.14 (m, 1H), 1.95 — 1.84 (m, 2H), 1.66 (m, 1H). ®C NMR (101 MHz,
CDCl:) 6 190.97,170.57,160.70, 140.47, 136.53, 135.64, 132.99, 132.51, 129.59, 129.42,
128.51, 127.98, 125.35, 121.62, 81.46, 73.75, 67.64, 42.81, 32.13, 24.69. IR (neat): 3280,
2921,2872, 1650, 1610, 1537, 1484, 1408, 1298 1238, 1205, 1120, 1045, 1014, 899, 828,
760, 721, 643 cm™'. HRMS calcd. for (C20H20NO4) [M+H]": 338.1387, found 338.1385.

tert-butyl 2-((R)-4-((3R,5R,8R,9S,10S,13R,14S,17R)-3-hydroxy-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-
yl)pentanamido)pyrrolidine-1-carboxylate (4k) An oven-dried 20 mL reaction tube
containing a stir bar was charged with Ni(ClOs4), 2Bathocuproine (20 mg, 10 mol%), 3-
((R)-3-((3R,5R,8R,95,108,13R,14S5,17R)-3-hydroxy-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenanthren-17-yl)butyl)-1,4,2-dioxazol-5-one (83 mg, 0.2 mmol, 1.0
equiv). The reaction tube was connected to a vacuum line where it was evacuated and
backfilled with Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and
the mixture was stirred at r.t. for 5 minutes under Ar flow before adding fert-butyl

pyrrolidine- 1-carboxylate (70 pL, 0.4 mmol, 2.0 equiv) and PhSiHs (5.0 pL, 20 mol%)

sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title

compound as a colorless oil (42 mg, 39% yield, d.r. 1:1). '"H NMR (400 MHz, CDCl;) &

98



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

5.60 (s, 2H), 3.61 (tt, J = 11.0, 4.7 Hz, 1H), 3.46 (dt, J = 10.4, 5.3 Hz, 1H), 3.34 — 3.20
(m, 1H), 2.26 — 2.13 (m, 1H), 2.09 — 1.61 (m, 13H), 1.60 — 1.19 (m, 23H), 1.19 — 0.98 (m,
5H), 0.97 — 0.87 (m, 4H), 0.82 (d, J = 6.3 Hz, 2H), 0.64 (d, J = 6.3 Hz, 3H). 3C NMR
(101 MHz, CDCls) § 176.04, 154.27, 80.26, 71.96, 64.32, 56.69, 56.64, 56.17, 56.13,
55.84, 55.76, 46.07, 42.90, 42.24, 40.64, 40.59, 40.34, 40.24, 36.59, 35.99, 35.59, 35.49,
34.91, 34.88, 34.71, 33.77, 31.17, 31.12, 30.68, 28.59, 28.56, 28.38, 28.20, 27.34, 26.56,
24.34, 24.23, 23.49, 22.80, 20.97, 20.94, 18.64, 18.60, 18.53, 18.50, 12.37, 12.19. IR
(neat): 3305, 2935, 1635, 1580, 1522, 1487, 1365, 1314, 1264, 1158, 1029, 998, 692 cm™
' HRMS calcd. for (C33HssNaNaOs) [M+Na]": 567.4132, found 567.4134.

o)
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tert-butyl 2-benzamidopyrrolidine-1-carboxylate (41) An oven-dried 20 mL reaction
tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg, 10 mol%),
3-phenyl-1,4,2-dioxazol-5-one (65 mg, 0.4 mmol, 1.0 equiv). The reaction tube was
connected to a vacuum line where it was evacuated and backfilled with Ar at least three
times. Anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for
5 minutes under Ar flow before adding tert-butyl pyrrolidine-1-carboxylate (350 puL, 2.0
mmol, 5.0 equiv) and PhSiH3 (9.9 pL, 20 mol%) sequentially. The tube was sealed under
Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture was quenched with air and
diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash column
chromatography to give the title compound as a white solid (84 mg, 72% yield). M.P.
163 °C. '"H NMR (300 MHz, CDCl3) § 7.73 (dt, J = 8.2, 1.2 Hz, 2H), 7.44 (m, 3H), 6.31
(br.s, 1H), 5.82 (br. s, 1H), 3.53 (dt,J=10.7, 5.4 Hz, 1H), 3.33 (dt, /=10.5, 8.1 Hz, 1H),
2.38 — 1.75 (m, 4H), 1.40 (s, 9H). *C NMR (101 MHz, CDCl5) § 166.58, 154.31, 134.62,
131.65, 128.70, 127.01, 80.41, 64.86, 46.27, 34.07, 28.52, 22.68. IR (neat): 3309, 2980,
2886, 1691, 1635, 1529, 1490, 1396, 1364, 1243, 1161, 972, 915, 690, 658 cm . HRMS
calcd. for (C16H22N,NaO;3) [M+Na]": 313.1523, found 313.1524.
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tert-butyl 2-(4-(trifluoromethyl)benzamido)pyrrolidine-1-carboxylate (4m) An oven-
dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4).-2Bathocuproine (39 mg, 10 mol%), 3-(4-(trifluoromethyl)phenyl)-1,4,2-
dioxazol-5-one (92 mg, 0.4 mmol, 1.0 equiv). The reaction tube was connected to a
vacuum line where it was evacuated and backfilled with Ar at least three times. Anhydrous
pivalonitrile (1.0 mL) was added and the mixture was stirred at r.t. for 5 minutes under
Ar flow before adding fert-butyl pyrrolidine-1-carboxylate (350 pL, 2.0 mmol, 5.0 equiv)
and PhSiH; (9.9 pL, 20 mol%) sequentially. The tube was sealed under Ar atmosphere
and stirred at r.t. for 24 h. The reaction mixture was quenched with air and diluted with
EtOAc, then concentrated in vacuo. The residue was purified by flash column
chromatography to give the title compound as a white solid (110 mg, 77% yield). M.P.
186 °C. "H NMR (400 MHz, CDCl3) § 7.82 (d, J = 7.9 Hz, 2H), 7.63 (d, J = 7.9 Hz, 2H),
6.63 (d, /= 6.6 Hz, 1H), 5.93 — 5.57 (m, 1H), 3.50 (dt, /= 10.8, 5.4 Hz, 1H), 3.31 (dt, J
=10.5, 8.0 Hz, 1H), 2.25 — 1.85 (m, 4H), 1.39 (s, 9H). *C NMR (126 MHz, CDCl;) &
165.27, 154.20, 137.83, 133.50, 133.24 (q, J =32.9 Hz), 132.98, 132.72, 127.57, 126.93,
125.50, 124.77 (q, J =272.5), 122.60, 120.43, 80.32, 65.86 (C2, Rotamer B), 65.72 (C2,
Rotamer A), 46.79 (C5, Rotamer B), 46.14 (C5, Rotamer A), 33.92 (C3, Rotamer B),
32.71 (C3, Rotamer A), 28.41, 23.15 (C4, Rotamer B), 22.50 (C4, Rotamer A). ’F NMR
(282 MHz, CDCl3) 6 -62.96. IR (neat): 3297, 2980, 1694, 1637, 1541, 1385, 1362, 1324,
1166, 1128, 1108, 1066, 1016, 966, 911, 862, 774, 699 cm'. HRMS calcd. for
(C17H21F3N2NaOs) [M+Na]'™: 381.1396, found 381.1399.
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tert-butyl 2-(4-chlorobenzamido)pyrrolidine-1-carboxylate (4n) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg,
10 mol%), 3-(4-chlorophenyl)-1,4,2-dioxazol-5-one (79 mg, 0.4 mmol, 1.0 equiv). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and the mixture was
stirred at r.t. for 5 minutes under Ar flow before adding tert-butyl pyrrolidine-1-
carboxylate (350 pL, 2.0 mmol, 5.0 equiv) and PhSiH3 (9.9 uL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(100 mg, 77% yield, 2.3:1 mixture of rotamers, A:B). M.P. 149 °C. '"H NMR (400 MHz,
CDCls) 6 7.64 (d, J= 8.1 Hz, 2H), 7.31 (d, /= 8.9 Hz, 2H), 6.66 (d, /= 7.3 Hz, 1H), 5.80
(br. m, 0.68 H, C>-H, A), 5.66 (br. m, 0.29 H, C;-H, B), 3.46 (m, 1H), 3.27 (dt, /= 10.4,
7.6 Hz, 1H), 2.18 — 1.79 (m, 4H), 1.36 (s, 9H). *C NMR (101 MHz, CDCl;) § 165.45,
154.19, 137.68, 132.89, 128.75, 128.50, 80.27, 64.69, 46.14, 33.94, 28.44, 22.55. IR
(neat): 3260, 2979, 2900, 1688, 1633, 1594, 1543, 1486, 1383, 1360, 1284, 1164,
1107,1088, 1014, 966, 911, 844, 777, 673 cm™'. HRMS calcd. for (CisH21CIN2NaOs)
[M+Na]": 347.1133, found 347.1135.
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tert-butyl 2-(4-cyanobenzamido)pyrrolidine-1-carboxylate (40) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg,
10 mol%), 3-(4-cyanophenyl)-1,4,2-dioxazol-5-one (75 mg, 0.4 mmol, 1.0 equiv). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and the mixture was

stirred at r.t. for 5 minutes under Ar flow before adding tert-butyl pyrrolidine-1-
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carboxylate (350 pL, 2.0 mmol, 5.0 equiv) and PhSiH3 (9.9 uL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(93 mg, 74% yield, 2:1 mixture of rotamers, A:B). M.P. 170 °C. '"H NMR (500 MHz,
CDCls) 6 7.83 (d, J= 8.7 Hz, 2H), 7.74 — 7.56 (m, 2H), 6.85 (br. m, 1H, N-H, A+B), 5.83
(br. m, 0.62 H, C>-H, A), 5.65 (br. m, 0.33 H, C»-H, B), 3.47 (m, 1H), 3.29 (dt, /= 10.4,
7.9 Hz, 1H), 2.21 — 1.82 (m, 4H), 1.35 (s, 9H). *C NMR (126 MHz, CDCl;) § 167.51
(C6, B), 164.61 (C6, A), 154.12, 138.43 (C7, A), 137.42 (C7, B), 132.41, 128.22 (C8, B),
127.83 (C8, A), 118.05, 115.32 (C10, B), 114.91 (C10, A), 80.37, 65.98 (C2, B), 64.81
(C2, A),46.16 (C5, A), 33.90 (C3, A), 32.69 (C3, B), 28.43,23.17 (C4, B), 22.51(C4, A).
IR (neat): 3363, 2975, 2887, 2228, 1700, 1636, 1531, 1494, 1385, 1364, 1242, 1163,
1104, 917, 876, 766 cm™'. HRMS calcd. for (C17H21N3NaOs) [M+Na]": 338.1475, found
338.1478.

tert-butyl 2-(2-fluorobenzamido)pyrrolidine-1-carboxylate (4p) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClOs),-2Bathocuproine (39 mg,
10 mol%), 3-(2-fluorophenyl)-1,4,2-dioxazol-5-one (72 mg, 0.4 mmol, 1.0 equiv). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and the mixture was
stirred at r.t. for 5 minutes under Ar flow before adding tert-butyl pyrrolidine-1-
carboxylate (350 pL, 2.0 mmol, 5.0 equiv) and PhSiH3 (9.9 uL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid

(103 mg, 84% yield). M.P. 95 °C. "H NMR (400 MHz, CDCl3) § 7.9 (td, J = 7.9, 1.9

102



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

Hz, 1H), 7.41 (q, J = 4.7 Hz, 1H), 7.20 (t, J = 7.6 Hz, 1H), 7.13 — 6.98 (m, 1H), 6.79 (br.
m., 1H), 5.79 (br. m., 1H), 3.50 (dt, J = 10.7, 5.4 Hz, 1H), 3.37 — 3.21 (m, 1H), 2.24 —
1.97 (m, 2H), 1.89 (dq, J = 8.2, 3.7 Hz, 2H), 1.37 (s, 9H). 3C NMR (101 MHz, CDCl;)
5 162.15, 160.51 (d, J=247.2 Hz), 154.07, 133.29 (d, /= 9.2 Hz), 131.90, 124.82, 121.19
(d, J = 11.6 Hz), 116.00 (d, J = 24.6 Hz), 80.25, 64.76, 46.14, 33.88, 28.37, 22.50. “F
NMR (282 MHz, CDCl3) & -112.74, -112.76, -112.77, -112.79, -112.80, -113.62, -114.10.
IR (neat): 3390, 3295, 3191, 2979, 2875, 1684, 1634, 1614, 1530, 1485, 1454, 1391,
1364, 1244, 1217, 1156, 1118, 968, 920, 837, 761, 619, 538 cm ™. HRMS calcd. for
(C16H21FN2NaOs) [M+Na]": 331.1428, found 331.1432.

4 3 15
[z by
5 N N9 13
6 1 H 1 OMe i
O/&O 12
7
Me/,\Me8
Me

tert-butyl 2-(4-methoxybenzamido)pyrrolidine-1-carboxylate (4q) An oven-dried 20
mL reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39
mg, 10 mol%), 3-(4-methoxyphenyl)-1,4,2-dioxazol-5-one (77 mg, 0.4 mmol, 1.0 equiv).
The reaction tube was connected to a vacuum line where it was evacuated and backfilled
with Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and the mixture
was stirred at r.t. for 5 minutes under Ar flow before adding fert-butyl pyrrolidine-1-
carboxylate (350 pL, 2.0 mmol, 5.0 equiv) and PhSiH3 (9.9 uL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 24 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(87 mg, 68% yield, 10:1 mixture of rotamers, A:B). M.P. 128 °C. "H NMR (400 MHz,
CDCls) 6 7.81 — 7.73 (m, 0.12H, Ci1,15-H, B), 7.74 — 7.64 (m, 1.9H, Ci1,5-H, A), 6.99 —
6.74 (m, 2H), 6.42 (d, J = 6.3 Hz, 1H), 5.80 (br. m, 0.79H, A), 5.67 (br. m, 0.11H, B),
3.80 (s, 3H), 3.49 (m, 1H), 3.29 (dt, J = 10.5, 8.0 Hz, 1H), 2.27 — 1.85 (m, 4H), 1.48 —
1.28 (s, 9H). *C NMR (101 MHz, CDCls) § 168.99 (Cs, B), 166.09 (Cs, A), 162.53 (C13,
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B), 162.21 (Ci3, A+B), 154.28 (Co, A+B), 129.45 (Ci1.15, B), 128.82 (Ci115, A), 126.82
(Cio, A), 125.74 (Cio, B), 113.74 (C12.14, B), 113.73 (Cin14, A), 81.77 (C7, B), 80.19 (Cs,
A), 65.92 (Ca, B), 64.71 (Ca, A), 55.45 (Ci, B), 55.42 (C16, A), 46.17 (Cs, A), 45.97 (Cs,
B), 34.03 (Cs, A), 32.78 (Cs, B), 28.51 (Cs, B), 28.44 (Cs, A), 22.76 (Cs, B), 22.57 (Ca,
A). IR (neat): 3323, 2982, 2873, 1738, 1687, 1630, 1607, 1577, 1538, 1504, 1405, 1359,
1286, 1258, 1242, 1161, 1112, 1204, 915, 845, 769, 659, 634, 608 cm™'. HRMS calcd.
for (C17H24N,NaOy) [M+Na]": 343.1628, found 343.1630.

2
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tert-butyl 2-(4-(tert-butyl)benzamido)pyrrolidine-1-carboxylate (4r) An oven-dried
20 mL reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39
mg, 10 mol%), 3-(4-(tert-butyl)phenyl)-1,4,2-dioxazol-5-one (88 mg, 0.4 mmol, 1.0
equiv). The reaction tube was connected to a vacuum line where it was evacuated and
backfilled with Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and
the mixture was stirred at r.t. for 5 minutes under Ar flow before adding fert-butyl
pyrrolidine- 1-carboxylate (350 pL, 2.0 mmol, 5.0 equiv) and PhSiH; (9.9 pL, 20 mol%)
sequentially. The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h. The
reaction mixture was quenched with air and diluted with EtOAc, then concentrated in
vacuo. The residue was purified by flash column chromatography to give the title
compound as a white solid (93 mg, 67% yield). M.P. 110 °C. '"H NMR (400 MHz, CDCls)
6 7.72 -17.61 (m, 2H), 7.43 (d, J = 8.1 Hz, 2H), 6.25 (br. m, 1H), 5.83 (br. m, 1H), 3.54
(dt, J=10.7, 5.4 Hz, 1H), 3.33 (dt, J = 10.5, 8.1 Hz, 1H), 2.24 — 1.81 (m, 4H), 1.41 (s,
9H), 1.32 (s, 9H). *C NMR (101 MHz, CDCls) § 166.52, 154.19, 134.58, 131.46, 128.53,
126.98, 80.18, 64.65, 46.11, 33.95, 32.94, 28.42, 28.05, 22.55. IR (neat): 3329, 2962,
2876, 1692, 1626, 1531, 1499, 1397, 1364, 1279, 1243, 1155, 1145, 1104, 969, 917, 853,
774, 756, 645, 630 cm™'. HRMS calcd. for (C20H3oN2NaOs) [M+Na]": 369.2149, found
369.2154.
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tert-butyl 2-(2—-Naphthamido)pyrrolidine-1-carboxylate (4s) An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39 mg,
10 mol%), 3-(naphthalen-2-yl)-1,4,2-dioxazol-5-one (85 mg, 0.4 mmol, 1.0 equiv). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and the mixture was
stirred at r.t. for 5 minutes under Ar flow before adding tert-butyl pyrrolidine-1-
carboxylate (350 pL, 2.0 mmol, 5.0 equiv) and PhSiH3 (9.9 uL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(94 mg, 69% yield). M.P. 142 °C. '"H NMR (400 MHz, CDCls) § 8.23 (s, 1H), 7.94 —
7.71 (m, 4H), 7.50 (qt, J = 6.9, 3.6 Hz, 2H), 6.74 (d, J = 6.7 Hz, 1H), 5.90 (br. m, 1H),
3.55 (m, 1H), 3.31 (m, 1H), 2.24 — 1.83 (m, 4H), 1.40 (s, 9H). *C NMR (101 MHz,
CDCls) 8 169.51 (rotamer), 166.61, 154.29, 134.76, 132.61, 131.79, 128.90, 128.45,
127.75, 127.65, 127.44, 126.74, 123.71, 80.27, 64.78, 46.19, 34.02, 28.47, 22.61. IR
(neat): 3304, 2980, 2883, 1689, 1625, 1532, 1503, 1396, 1356, 1296, 1240, 1159, 1112,
916, 860, 822, 775, 669 cm™'. HRMS calcd. for (CaoH2aN2NaOs) [M+Na]": 363.1679,
found 363.1681.

4 3 0
2
L2~y
’}‘1 H (0]
Boc

tert-butyl 2-(furan-3-carboxamido)pyrrolidine-1-carboxylate (4t) An oven-dried 20
mL reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (39
mg, 10 mol%), 3-(furan-3-yl)-1,4,2-dioxazol-5-one (61 mg, 0.4 mmol, 1.0 equiv). The

reaction tube was connected to a vacuum line where it was evacuated and backfilled with
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Ar at least three times. Anhydrous pivalonitrile (1.0 mL) was added and the mixture was
stirred at r.t. for 5 minutes under Ar flow before adding tert-butyl pyrrolidine-1-
carboxylate (350 pL, 2.0 mmol, 5.0 equiv) and PhSiH; (9.9 pL, 20 mol%) sequentially.
The tube was sealed under Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture
was quenched with air and diluted with EtOAc, then concentrated in vacuo. The residue
was purified by flash column chromatography to give the title compound as a white solid
(64 mg, 58% yield, 3.5:1 mixture of rotamers, A:B). M.P. 179 °C. "TH NMR (500 MHz,
CDClL) 6 7.92 (s, 1H), 7.39 (s, 1H), 6.62 (s, 1H), 6.30 (d, J = 6.8 Hz, 1H), 5.80 (br. m,
0.70 H, C>-H, A), 5.64 (br. m, 0.22 H, C;-H, B), 3.52 — 3.43 (m, 1H), 3.29 (dt, J = 10.5,
8.0 Hz, 1H), 2.13 (br. m, 2H), 2.01 — 1.83 (m, 2H), 1.39 (s, 9H). *C NMR (126 MHz,
CDCls) & 161.59, 154.33, 144.91, 143.81, 122.64, 108.46, 80.41, 64.21, 46.15, 34.01,
28.48, 22.57. IR (neat): 3311, 3129, 2983, 2880, 1680, 1632, 1567, 1533, 1403, 1387,
1364, 1245, 1187, 1152, 1121, 1011, 907, 876, 830, 758, 662 cm'. HRMS calcd. for
(C14H20N;NaO4) [M+Na]": 303.1315, found 303.1323.

Difunctionalization of Acyclic Ethers via C-O Bond Cleavage

N,N'-(ethane-1,1-diyl)dibenzamide (3aa) from diethyl ether. An oven-dried 20 mL
reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (20 mg,
10 mol%), 3-phenyl-1,4,2-dioxazol-5-one 2a (32 mg, 0.2 mmol, 1.0 equiv). The reaction
tube was connected to a vacuum line where it was evacuated and backfilled with Ar at
least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture was
stirred at r.t. for 5 minutes under Ar flow before adding degassed diethyl ether (415 pL,
4.0 mmol, 20.0 equiv) and PhSiH3 (25 pL, 1.0 equiv) sequentially. The tube was sealed

under Ar atmosphere and stirred at r.t. for 12 h. The reaction mixture was quenched with
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air and diluted with EtOAc, then concentrated in vacuo. The residue was purified by flash
column chromatography to give the title compound as a white solid (18 mg, 33% yield).
M.P. 212 °C."H NMR (400 MHz, CDCls) & 7.81 — 7.76 (m, 4H), 7.67 (d, J=7.5 Hz,
2H), 7.57 — 7.46 (m, 2H), 7.45 — 7.37 (m, 4H), 5.74 (td, J=7.3, 6.5 Hz, 1H), 1.81 (d, J =
6.8 Hz, 3H). *C NMR (101 MHz, CDCl;) & 167.74, 134.09, 131.98, 128.73, 127.26,
55.82, 20.59. IR (neat): 3225, 2984, 1645, 1602, 1557, 1515, 1481, 1366, 1346, 1287,
1124, 1081, 712 696, 603 cm™'. HRMS calcd. for (C16H17N202) [M+H]": 269.1285, found
269.1286.
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©)LN/\M6
H

N-ethylbenzamide (3ab) from diethyl ether. An oven-dried 20 mL reaction tube

containing a stir bar was charged with Ni(ClOs4), 2Bathocuproine (20 mg, 10 mol%), 3-
phenyl-1,4,2-dioxazol-5-one 2a (32 mg, 0.2 mmol, 1.0 equiv). The reaction tube was
connected to a vacuum line where it was evacuated and backfilled with Ar at least three
times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture was stirred atr.t.
for 5 minutes under Ar flow before adding degassed diethyl ether (415 pL, 4.0 mmol, 20.0
equiv) and PhSiH; (25 pL, 1.0 equiv) sequentially. The tube was sealed under Ar
atmosphere and stirred at r.t. for 24 h. Then Et;SiH (64 pL, 0.4 mmol, 2.0 equiv) and
methanesulfonic acid (20 pL, 0.3 mmol, 1.5 equiv) was added and reaction was stirred at
r.t. for another 12 h. Then, the reaction mixture was diluted with aq. NaHCO3 and EtOAc,
and the aqueous layer was extracted with three portions of EtOAc. The combined organic
layers were dried over Na2S04, filtered, and concentrated. The residue was purified by
flash column chromatography to give the title compound as a white solid (9 mg, 31%
yield). M.P. 70 °C. "H NMR (300 MHz, CDCl3) § 7.86 — 7.70 (m, 2H), 7.49 — 7.38 (m,
1H), 7.34 (m, 2H), 6.81 (s, 1H), 3.42 (qd, J = 7.2, 5.6 Hz, 2H), 1.18 (t, /= 7.3 Hz, 3H).
3C NMR (75 MHz, CDCl3) § 167.63, 134.79, 131.20, 128.40, 126.95, 34.91, 14.83. IR
(neat): 3316, 2979, 2936, 1633, 1602, 1578, 1544, 1487, 1432, 1359, 1309, 1286, 1145,
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1088, 866, 692, 674, 657, 615 cm™'. HRMS calcd. for (CoH12NO) [M+H]": 150.0913,
found 150.0914.

N-(4-0x0-4-phenylbutan-2-yl)benzamide (3ac) from diethyl ether. An oven-dried 20

mL reaction tube containing a stir bar was charged with Ni(ClO4),-2Bathocuproine (20
mg, 10 mol%), 3-phenyl-1,4,2-dioxazol-5-one 2a (32 mg, 0.2 mmol, 1.0 equiv). The
reaction tube was connected to a vacuum line where it was evacuated and backfilled with
Ar at least three times. Then anhydrous pivalonitrile (1.0 mL) was added and the mixture
was stirred at r.t. for 5 minutes under Ar flow before adding degassed diethyl ether (415
uL, 4.0 mmol, 20.0 equiv) and PhSiH; (4.9 pL, 20 mol%) sequentially. The tube was
sealed under Ar atmosphere and stirred at r.t. for 2 h and then 1-Phenyl-1-
trimethylsiloxyethylene (80 pL, 0.4 mmol, 2.0 equiv) was added. After stirring for another
22 h, the reaction mixture was quenched with air and diluted with EtOAc, then
concentrated in vacuo. The residue was purified by flash column chromatography to give
the title compound as a white solid (16 mg, 30% yield). M.P. 165 °C. '"H NMR (300 MHz,
CDCl;) 6 8.04 — 7.94 (m, 2H), 7.83 — 7.74 (m, 2H), 7.63 — 7.55 (m, 1H), 7.53 — 7.38 (m,
5H), 7.05 (d, J= 8.4 Hz, 1H), 4.77 — 4.62 (m, 1H), 3.48 (dd, /= 16.8, 4.2 Hz, 1H), 3.20
(dd,J=16.8,5.9 Hz, 1H), 1.41 (d, J= 6.9 Hz, 3H). *C NMR (101 MHz, CDCl;) § 199.84,
166.82, 137.06, 134.74, 133.68, 131.56, 128.89, 128.68, 128.29, 127.06, 43.36, 43.10,
20.23. IR (neat): 3311, 2977, 1685, 1635, 1602, 1578, 1545, 1492, 1448, 1405, 1367,
1347, 1293, 1220, 1164, 1100, 1068, 1000, 759, 689, 653 cm™'. HRMS calcd. for
(C17H17NNaO») [M+Na]": 290.1151, found 290.1153.
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N,N'-(2-methoxyethane-1,1-diyl)dibenzamide (3ad) from ethylene glycol dimethyl

ether. An oven-dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4).-2Bathocuproine (20 mg, 10 mol%), 3-phenyl-1,4,2-dioxazol-5-one 2a (32 mg,
0.2 mmol, 1.0 equiv). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous pivalonitrile (1.0
mL) was added and the mixture was stirred at r.t. for 5 minutes under Ar flow before
adding anhydrous ethylene glycol dimethyl ether (416 pL, 4.0 mmol, 20.0 equiv) and
PhSiH3 (25 pL, 1.0 equiv) sequentially. The tube was sealed under Ar atmosphere and
stirred at r.t. for 24 h. The reaction mixture was quenched with air and diluted with EtOAc,
then concentrated in vacuo. The residue was purified by flash column chromatography to
give the title compound as a white solid (14 mg, 24% yield). M.P. 185 °C. '"H NMR (400
MHz, CDCl;) 6 7.83 — 7.77 (m, 4H), 7.54 — 7.48 (m, 2H), 7.43 (m, 4H), 7.34 (d, J=7.6
Hz, 2H), 5.99 (tt, J = 7.7, 5.2 Hz, 1H), 3.87 (d, J = 5.2 Hz, 2H), 3.43 (s, 3H). ®C NMR
(101 MHz, CDCls) 6 167.51, 133.81, 132.10, 128.76, 127.33, 72.82, 59.40, 57.76. IR
(neat): 3247,2927, 1648, 1303, 1558, 1515, 1486, 1366, 1334, 1292, 1142, 1129, 1091,
1078, 713, 692, 666 cm™'. HRMS calcd. for (C17HisN2NaOs) [M+Na]": 321.1210, found
321.1211.

2.7.4 Preliminary mechanistic studies
Intercepting radical intermediates with methyl acrylate

An oven-dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4)2-2Bathocuproine (19 mg, 10 mol%), 2a (0.2 mmol, 1.0 equiv). The reaction

tube was connected to a vacuum line where it was evacuated and backfilled with Ar at
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least three times. Then anhydrous THF (1.0 mL) was added, and the mixture was stirred
at r.t. for 5 minutes under Ar flow before adding PhSiH3 (4.9 pL, 20 mol%) and methyl
acrylate 17 puL, 0.3 mmol) sequentially. The tube was sealed under Ar atmosphere and
stirred at r.t. for 24 h. The reaction mixture was quenched with air and diluted with EtOAc,
then concentrated in vacuo. The residue was purified by flash column chromatography to

give 3a (12 mg, 31% yield) and Sa (5 mg, 16% yield).

Methyl 3-(tetrahydrofuran-2-yl)propanoate 5a. White solid. '"H NMR (400 MHz,
CDCl;) 6 3.88 — 3.78 (m, 2H), 3.76 — 3.69 (m, 1H), 3.67 (s, 3H), 2.52 — 2.32 (m, 2H),
1.99 (m, 1H), 1.93 — 1.78 (m, 4H), 1.47 (m, 1H). *C NMR (101 MHz, CDCl;) § 174.23,
78.30, 67.86, 51.71, 31.33, 31.08, 30.86, 25.84. Data consistent with those previously
reported.

Intermolecular kinetic isotope effect.

An oven-dried 20 mL reaction tube containing a stir bar was charged with
Ni(ClO4),-2Bathocuproine (39 mg, 10 mol%), 2a (0.4 mmol, 1.0 equiv). The reaction
tube was taken into a nitrogen-filled glove box. Then anhydrous pivalonitrile (1.0 mL)
was added and the mixture was stirred at r.t. for 5 minutes before adding THF (325 pL,
4.0 mmol) or THF-d§ (325 pL, 4.0 mmol), dodecane (internal standard, 45 pL, 0.2 mmol)
and PhSiH; (9.9 puL, 20 mol%). The tube was sealed and stirred at r.t. Aliquots were taken
from the reaction mixture at the indicated time points, and were then quenched with air,

diluted with EtOAc, and analyzed by GC. KIE: ku/kp=0.1780/0.0646 = 3.8
Stochiometric organometallic reactions
Reaction between [(L1):Ni"][C104]; and PhSiH;

In the glovebox, [(L1):Ni"][ClO4]> (14.6 mg, 0.015 mmol) was added to a 4 mL vial and
dissolved in 1 mL. MeCN-d; with a stir bar. To the stirred solution, PhSiH3 (3.2 mg, 0.03
mmol, 2 equiv.) was added. This solution was then stirred for 30 minutes and an aliquot

was taken for EPR analysis which identified the formation of paramagnetic species
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(Figure 2.2, below) with line shape and g values (g(x) = 2.07876, g(y) = 2.12142, g(z) =
2.36243) matching Ni(I) perchlorate complex [(L1):Ni'][ClO4]. The remaining solution
was transferred to a J-young NMR tube and analyzed by paramagnetic '"H NMR (Figure
2.4, below t;) which revealed paramagnetic 'H NMR signals consistent with the formation
of [(L1)2Ni'][ClOs] and remaining Ni(II). To determine if reduction to Ni(0) species or
free ligand was liberated had occurred, the solution was brought back into the glovebox,
the solvent was removed, redissolved in C¢Ds and analyzed by 'H NMR. Analysis of the
'H NMR spectra (Figure 2.4, top, tna) shows no formation of Ni(0) complexes such as
(L1):Ni or the liberation of L1 and is consistent with the reaction between
[(L1):Ni"][ClO4]> and PhSiH; forming [(L1):Ni'][C104]. Conclusion: [(L1):Ni"][ClOx]
is reduced to [(L1),Ni'][C1O4] by PhSiH;.

PhSiH; (2 equiv)

[(L1)2Ni"][CIO4]; [(L1NICIO, ]+ [(L1),NI"][CIO4]

MeCN-d3, r.t., 30 min

-  experimental
= simulated

- .

r T T
2000 2500 3000 3500 4000

Field Strength (G)

Figure 2.2 X-band EPR spectra (MeCN, 77 K) of the reaction between [(L1):Ni"][C104]>
and PhSiHs. g(z) =2.36243, g(y) = 2.12142, g(x) = 2.07876.
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EPR Spectra of Synthesized Complexes

- experimental
= Simulated

r T T g ~
2000 2500 3000 ( 3500 4000

i

Field Strength (G)

Figure 2.3 X-band EPR spectra (THF, 77 K) of [(L1):Ni'][ClOs]. g(z) = 2.36059, g(y) =
2.1198, g(x) =2.09323.
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H NMR 400 MHz
(CeDe):

tinar = + PhSiHg

——716-C6D6

T T T T T
15 M0 105 100 95

1H NMR 400 MHz
(MeCN-d,):

—33.52

Reference: [(Bc),Ni'[[CIO,]

t, = + PhSiH,

ty = [(Bc)Ni"[[CIO,],

—12.40

1 04 CD2CN

Figure 2.4 'H spectra (MeCN-ds/CsDs, 400 MHz) of

o
1 (opm)

the reaction between

[(L1):Ni"][C104], and PhSiHs. [(L1),Ni"][C1O4]> (green), [(L1):Ni'][ClO4] (blue).
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Analyzing resting state species by paramagnetic '"H NMR, EPR and UV-VIS

The standard reaction of 1a with 2a was setup and reacted for 3 hours at which point it
was brought into the glovebox and an aliquot was added to an EPR tube, diluted in MeCN
and analyzed by EPR. The lack of an EPR signal (Figure 2.5) is consistent with no Ni(I)
species as resting state intermediates in catalysis. The remaining solvent of the reaction
mixture was then removed. The reaction mixture was redissolved in MeCN-d; and
transferred to a J-young NMR tube and analyzed by paramagnetic '"H NMR (Figure 2.6,
middle, catalytic reaction mixture). By paramagnetic 'H NMR, Ni(Il) complex
[(L1):Ni"][ClO4]» is the resting state nickel species in catalysis. In a separate experiment,
the UV-VIS of the standard reaction was measured and displayed an absorption peak (lmax
= 585 nm, Figure 2.7, blue trace) that overlaid nearly identically to [(L1)2Ni"][C104]2 (Inax
= 585 nm, Figure 2.7, red trace). Conclusion: [(L1):Ni"][ClO4], is the primary resting

state species in catalysis.

R e U o O PN

2000 2500 3000 3500 4000
Field Strength (G)

Figure 2.5 X-band EPR spectra (MeCN, 77 K) of the catalytic reaction.
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"H NMR 400 MHz
(MeCN-dy):

Reference: [(Bc),Ni'|[CIO,] J\,_/L

—1.94 CD3CN

—33.52
—12.40

494 cOACM

58.67
25.67

Catalytic reaction mixture

58.77
58.64

<

Reference = [(Bc),Ni"|[CIO,], j\

T T T T T T T T T T T T T T T T T T l
% 80 70 60 50 40 30 20 10 o 10 20 -30 -40 50 -60 70 -80 -90 -1
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Figure 2.6 'H spectra (MeCN-ds, 400 MHz) of the catalytic reaction. [(L1)Ni"][ClO4]>
(green), [(L1):Ni'][ClO4] (blue).

—— Catalytic reaction

Abs

— [(Bc):Ni"J[CIO4],

585.0

e BN,

T T T
600 800 1000
Wavelength (nm)

Figure 2.7 UV-VIS spectra (MeCN) of the catalytic reaction. [(L1):Ni"][ClO4]> (red

trace), catalytic reaction mixture (blue trace).
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Stochiometric [(L.1)Ni'][C1O4] and nitrene precursor 2a.

In the glovebox, [(L1):Ni'][ClO4] (8.8 mg, 0.01 mmol) was added to a 4 mL vial and
dissolved in 0.5 mL THF with a stir bar. To the sirred solution, 3-phenyl-1,4,2-dioxazol-
5-one 2a (1.6 mg, 0.01 mmol, 1.0 equiv) was added. The reaction was stirred at r.t. for 12

h. Then the reaction mixture was quenched with air, diluted with EtOAc and analyzed by

GC, which gave the 3a with 37% yield.

In the glovebox, [(L1):Ni'][ClO4] (8.8 mg, 0.01 mmol) was added to a 4 mL vial and
dissolved in 1 mL MeCN-d; with a stir bar. To the sirred solution, 3-phenyl-1,4,2-
dioxazol-5-one 2a (2.0 mg, 0.01 mmol, 1.1 equiv) was added in which a rapid colour
change to orange was observed. This solution was then stirred for 30 minutes and an
aliquot was taken for EPR analysis which identified full conversion of Ni(I), and no EPR
active species (Figure 2.8, below), consistent with the formation of Ni(Il) or Ni(IIl)
complexes. The remaining solution was transferred to a J-young NMR tube and analyzed
by paramagnetic 'H NMR (Figure 2.9, below t;) which displayed a complex mixture of
paramagnetic products. Multiple attempts to isolate and characterized the resulting
complexes were unsuccessful. Conclusion: [(L1),Ni'][ClO4] reacts readily with 3-
phenyl-1,4,2-dioxazol-5-one 2a to form a mixture of Ni(II) and/or Ni(Ill) complexes. We
hypothesize that an intermediate Ni(III) nitrene complex is generated which rapidly reacts
at the high concentrations of synthesis to a complex mixture of Ni(II) and/or Ni(III)

products.

2a

[(L1)2Nif[CIOy] (1.1 equiv)

complex mixture of products
MeCN-d3, r.t., 30 min

PANS NPonp I

2000 2500 3000 3500 4000
Field Strength (G)

Figure 2.8 X-band EPR spectra (MeCN, 77 K) of the catalytic reaction.
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H NMR 400 MHz
(MeCN-dy):

CD3CN

=)
N
o

—33.52

Reference: [(Bc),Ni'|[CIO,]

t,: [(Bc)NI[CIO,]
+ nitrene precursor

o
1 (ppm)

Figure 2.9 'H spectra (MeCN-ds, 400 MHz) of the reaction between [(L1),Ni'][C104] and
3-phenyl-1,4,2-dioxazol-5-one. [(L1):Ni'][C104] (blue).
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Cyclic voltammetry experiments

0.00005 -

-0.00005 +

-0.0001

-0.00015 +

Current (A)

-0.0002 -

-0.00025

-0.0003

-0.00035

25 2 15 A 05 0
Potential (V vs SCE)

Figure 2.10 Cyclic voltammogram of 3-phenyl-1,4,2-dioxazol-5-one 2a.
Voltammograms were taken using a glassy carbon working electrode in a 0.1 M
["BusN][PFs] supporting electrolyte MeCN solution with a 100 mV/s scan rate and 0.01
M of sample referenced to Fc (+0.38 V vs SCE). Scans were started at the open-circuit
potential and scanned in the anode direction first. E, value for 3-phenyl-1,4,2-dioxazol-5-

one radical anion reduction = -1.98 V vs SCE.
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Figure 2.11 Cyclic voltammogram of [(L1),Ni"][ClO4]>. Voltammograms were taken
using a glassy carbon working electrode in a 0.1 M ["BusN][PF¢] supporting electrolyte
MeCN solution with a 100 mV/s scan rate and 0.01 M of sample referenced to Fc (+0.38
V vs SCE). Scans were started at the open-circuit potential and scanned in the anode
direction first. Redox potential value for [(L1),Ni"][ClO4], are E°(Ni(II/I)) = -0.38 V vs
SCE and E°(Ni(1/0)) = -1.06 V vs SCE.
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Figure 2.12 Cyclic voltammogram of [(L1).Ni"][ClO4], with 3-phenyl-1,4,2-dioxazol-5-
one 2a added (1:1 mol ratio). Voltammograms were taken using a glassy carbon working
electrode in a 0.1 M ["BusN][PFs] supporting electrolyte MeCN solution with a 100 mV/s
scan rate and 0.01 M of sample referenced to Fc (+0.38 V vs SCE). Scans were started at
the open-circuit potential and scanned in the anode direction first. The previously
reversible reduction of Ni(II/I) for [(L1):Ni"][ClO4], is now irreversible, which is
consistent with the electrochemically generated Ni(I) species [(L1):Ni'][ClOx] reacting
rapidly with 3-phenyl-1,4,2-dioxazol-5-one 2a to form Ni(Il) or Ni(IIl) compounds.
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2.7.5 X-ray Diffraction

X-ray diffraction of Ni(ClO4),;-2L.1 (Ni-1)

Figure 2.13 ORTEP diagram of Ni-1, CCDC: 2194347

Table 2.7 Crystal data and structure refinement for Ni-1.

Empirical formula C56H50.40CI2N4Ni0O11.20
Formula weight 1088.21
Temperature/K 100(2)

Wavelength 0.71073 A
Crystal system triclinic
Space group P-1
a/A 11.0288(2)
b/A 14.3085(3)
c/A 16.7284(3)
o/° 75.870(2)
/e 85.509(2)
v/° 85.669
Volume/A* 2547.76(9)
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Table 2.7 Crystal data and structure refinement for Ni-1.

Z 2
PeacMg/em’ 1.419
wmm'' 0.553
F(000) 1132
Crystal size/mm’ 0.40 x 0.25 x 0.10
Theta range for data collection/° 3.326 t0 29.856
Index ranges -15<=h<=15,-19<=k<=19,-23<=]<=23
Reflections collected 61974
Independent reflections 13316[R(int) = 0.0501]
Completeness to theta =29.856° 90.8%
Absorption correction Multi-scan
Max. and min. transmission 1.00 and 0.80
Refinement method Full-matrix least-squares on F*
Data/restraints/parameters 13316/ 102/ 774
Goodness-of-fit on F* 0.954
Final R indexes [[>=2c (I)] R1=0.0396, wR2 =0.1077
Final R indexes [all data] R1=0.0514, wR2 =0.1149
Largest diff. peak/hole / e A~ 0.753 and -0.570

Table 2.8 Bond Lengths for Ni-1.

Atom  Atom Length/A Atom  Atom Length/A
Nil N2 2.0477(13) cs1 C46 1.403(2)
Nil N4 2.0666(13) cs1 H51 0.9500
Nil N3 2.0721(13) c1 N4 1335(2)
Nil o1 2.0743(12) cl ClI3 1.497(2)
C2 C3 1.374(2) N2 C27 1.337(2)
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Atom  Atom Length/A Atom  Atom Length/A
C2 C1 1.404(2) N2 C31 1.3722(19)
C2 H2 0.9500 N3 Cl12 1.338(2)
C3 C4 1.425(2) N3 C9 1.3701(19)
C3 Cl4 1.484(2) N4 Cs 1.3705(18)
C4 C5 1.404(2) C5 C9 1.439(2)
C4 Cé6 1.430(2) C8 C9 1.404(2)
Cé6 C7 1.356(2) C8 C10 1.427(2)
Cé6 H6 0.9500 C10 C20 1.487(2)
ol HIW 0.8494 cl2 €26 1.497(2)
Ol H2W 0.9079 C13 HI3A 0.9800
N1 C38 1.333(2) C13 HI13B 0.9800
N1 C35 1.3609(19) C13 HI13C 0.9800
Cc7 C8 1.428(2) C26 H26A 0.9800
Cc7 H7 0.9500 C26 H26B 0.9800
Cll1 C10 1.369(2) C26 H26C 0.9800
Cl1 C12 1.409(2) C27 C39 1.496(2)
Cll1 HI11 0.9500 C29 C30 1.424(2)
C15 Cleé 1.390(3) C29 C40 1.480(2)
C15 Cl4 1.397(2) C30 C31 1.404(2)
C15 HI15 0.9500 C31 C3s 1.437(2)
Cle6 C17 1.380(4) C34 C3s 1.406(2)
Cle6 Hl16 0.9500 C34 C36 1.428(2)
C17 C18 1.382(3) C36 C46 1.485(2)
C17 H17 0.9500 C38 C52 1.497(2)

C18 C19 1.392(3) C39 H39A 0.9800
C18 HI18 0.9500 C39 H39B 0.9800
C19 Cl4 1.392(2) C39 H39C 0.9800
C19 HI19 0.9500 C52 H52A 0.9800
C21 C22 1.387(3) C52 H52B 0.9800
C21 C20 1.389(3) C52 H52C 0.9800
C21 H21 0.9500 Ol1A Cl1A 1.4078(14)
C22 C23 1.390(3) Ol1A CliB 1.520(3)
C22 H22 0.9500 Cl1A 0O3A 1.4253(18)

C23 C24 1.375(3) Cl1A 02A 1.437(2)
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Atom  Atom Length/A Atom  Atom Length/A
C23 H23 0.9500 Cl1A O4A 1.4610(18)
C24 C25 1.391(2) Cl1B 02B 1.361(12)
C24 H24 0.9500 CliB O3B 1.374(8)
C25 C20 1.395(2) CliB 0O4B 1.527(15)
C25 H25 0.9500 o2w H3W 1.0235
C28 C29 1.383(2) o2w H4W 0.9424
28 C27 1.404(2) CRA  06A  14113(15)
C28 H28 0.9500 CI2A O7A 1.4136(16)
C32 C33 1.355(2) CI2A O8A 1.4314(18)
C32 C30 1.432(2) CI2A O5A 1.4524(14)
C32 H32 0.9500 CIS C2S 1.480(8)
C33 C34 1.426(2) CIS HISA 0.9800
C33 H33 0.9500 CIS HISB 0.9800
C37 C36 1.380(2) CIS HISC 0.9800
37 38 1.407(2) 28 028 1.210(5)
C37 H37 0.9500 C28 O1S 1.352(6)
cal 42 1.386(3) C3s OIS 1.454(6)
Cal  C40 1.397(2) s C4s 1.499(7)
C41 H41 0.9500 C3S H3SA 0.9900
C42 C43 1.387(3) C3S H3SB 0.9900
C42 H42 0.9500 C4S H4SA 0.9800
C43 C44 1.385(3) C4S H4SB 0.9800
C43 H43 0.9500 C4S H4SC 0.9800
C44 C45 1.391(2) C18' C28' 1.481(7)
C44 H44 0.9500 C18' HISD 0.9800
C45 C40 1.397(2) C18' HISE 0.9800
C45 H45 0.9500 C18' HISF 0.9800
c41 48 1.390(2) s 08 1.210(4)
C41  C46 1.397(2) s oIS 1.352(6)
C47 H47 0.9500 C38' o1s' 1.456(6)
C48 C49 1.388(3) C38' C45' 1.497(8)
C48 H48 0.9500 C38' H3SC 0.9900
C49 C50 1.379(3) C38' H3SD 0.9900

C49 H49 0.9500 C4s' H4SD 0.9800
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Atom  Atom Length/A Atom  Atom Length/A
C50 Csl1 1.391(3) C48' H4SE 0.9800
C50 HS50 0.9500 C48' H4SF 0.9800

Table 2.9 Bond Angles for Ni-1.

Atom Atom Atom Angle/’ Atom Atom Atom Angle/
N1 Nil N2 81.43(5) Cl11 C10 C20 120.20(14)
N1 Nil N4 160.58(5) C8 C10 C20 121.91(14)
N2 Nil N4 117.76(5) N3 C12 Cl1 121.03(14)
N1 Nil N3 98.87(5) N3 C12 C26 119.76(14)
N2 Nil N3 103.28(5) Cl11 C12 C26 119.20(14)
N4 Nil N3 80.38(5) Cl C13 HI13A 109.5
N1 Nil 01 82.79(5) Cl C13 H13B 109.5
N2 Nil 01 99.27(5) H13A  C13 H13B 109.5
N4 Nil 01 90.63(5) Cl C13 H13C 109.5
N3 Nil 01 157.39(5) HI3A  C13 H13C 109.5
C3 C2 C1 121.72(14) HI13B C13 H13C 109.5
C3 C2 H2 119.1 C19 Cl4 C15 119.33(16)
Cl1 C2 H2 119.1 C19 Cl4 C3 121.74(15)
C2 C3 C4 117.61(14)  C15 Cl4 C3 118.91(15)

C2 C3 Cl4 119.70(14) C21 C20 C25 119.55(15)
C4 C3 C14 122.69(13) C21 C20 C10 121.16(15)

Cs C4 C3 117.66(13) C25 C20 C10 119.27(16)
Cs C4 Ceé 118.73(14) C12 C26 H26A 109.5
C3 C4 Coé 123.61(14) C12 C26 H26B 109.5
Cc7 C6 C4 121.33(14) H26A C26 H26B 109.5
Cc7 Co H6 119.3 C12 C26 H26C 109.5
C4 C6 Hé6 119.3 H26A C26 H26C 109.5
Nil 01 HIW 123.9 H26B C26 H26C 109.5
Nil 01 H2W 121.5 N2 C27 C28 121.25(14)
HIW 01 H2W 100.6 N2 C27 C39 118.95(14)

C38 N1 C35 119.08(13) C28 C27 C39 119.80(15)
C38 N1 Nil 127.77(11) C28 C29 C30 117.26(14)

125



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

Atom Atom Atom Angle/’ Atom Atom Atom Angle/
C35 N1 Nil 112.36(10)  C28 C29 C40 120.07(14)
Co Cc7 C8 121.08(14)  C30 C29 C40 122.66(13)
Co Cc7 H7 119.5 C31 C30 C29 117.92(13)
C8 Cc7 H7 119.5 C31 C30 C32 118.51(14)
C10 Cl1 C12 121.65(14)  C29 C30 C32 123.56(14)
C10 Cl1 H11 119.2 N2 C31 C30 123.37(14)
C12 Cl1 H11 119.2 N2 C31 C35 116.95(13)
Cle C15 Cl4 119.92(19)  C30 C31 C35 119.65(13)
Cleé C15 H15 120.0 C35 C34 C33 118.06(14)
Cl4 C15 H15 120.0 C35 C34 C36 117.63(14)
C17 Cleé C15 120.3(2) C33 C34 C36 124.29(14)
C17 Cleé H16 119.9 N1 C35 C34 123.03(14)
C15 Cleé H16 119.9 N1 C35 C31 116.46(13)
Cleé C17 C18 120.28(18)  C34 C35 C31 120.51(13)
Cleé C17 H17 119.9 C37 C36 C34 117.59(14)
C18 C17 H17 119.9 C37 C36 C46 120.70(14)
C17 C18 C19 119.89(19)  C34 C36 C46 121.71(14)
C17 C18 H18 120.1 N1 C38 C37 121.11(14)
C19 C18 H18 120.1 N1 C38 Cs2 117.70(15)
C18 C19 Cl4 120.29(18)  C37 C38 Cs2 121.18(15)
C18 C19 H19 119.9 C27 C39 H39A 109.5
Cl4 C19 H19 119.9 C27 C39 H39B 109.5
C22 C21 C20 120.48(18) H39A  C39 H39B 109.5
C22 C21 H21 119.8 C27 C39 H39C 109.5
C20 C21 H21 119.8 H39A  C39 H39C 109.5
C21 C22 C23 119.56(19) H39B C39 H39C 109.5
C21 C22 H22 120.2 C45 C40 C41 119.21(15)
C23 C22 H22 120.2 C45 C40 C29 121.50(14)
C24 C23 C22 120.32(17)  C41 C40 C29 119.20(14)
C24 C23 H23 119.8 C47 C46 Csl 118.87(16)
C22 C23 H23 119.8 C47 C46 C36 120.39(15)
C23 C24 C25 120.39(18)  Cs1 C46 C36 120.73(15)
C23 C24 H24 119.8 C38 Cs52 H52A 109.5

C25 C24 H24 119.8 C38 C52 H52B 109.5
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Atom Atom Atom Angle/’ Atom Atom Atom Angle/
C24 C25 C20 119.68(18) HS52A  C52 H52B 109.5
C24 C25 H25 120.2 C38 Cs52 H52C 109.5
C20 C25 H25 120.2 H52A  C52 H52C 109.5
C29 C28 C27 121.88(15) H52B Cs52 H52C 109.5
C29 C28 H28 119.1 OlA Cll1A O3A 109.57(11)
C27 C28 H28 119.1 OlA Cll1A 02A 109.97(13)
C33 C32 C30 121.35(14) O3A  CllA 02A 110.92(14)
C33 C32 H32 119.3 OlA Cll1A O4A 108.28(10)
C30 C32 H32 119.3 O3A Cll1A O4A 109.41(13)
C32 C33 C34 121.64(14) 02A  Cl1A O4A 108.64(13)
C32 C33 H33 119.2 02B Cl1B O3B 115.8(8)
C34 C33 H33 119.2 02B CliB Ol1A 119.3(6)
C36 C37 C38 121.36(15) O3B CliB Ol1A 114.5(4)
C36 C37 H37 119.3 02B Cl1B O4B 101.3(10)
C38 C37 H37 119.3 O3B Cl1B 0O4B 100.6(8)
C42 C41 C40 120.12(16)  Ol1A Cl1B 0O4B 100.5(6)
C42 C41 H41 119.9 H3W  O2W H4W 110.7
C40 C41 H41 119.9 O6A  CI2A O7A 110.91(13)
C41 C42 C43 120.37(17)  O6A  CI2A O8A 109.12(11)
C41 C42 H42 119.8 O7A  CI2A O8A 111.02(14)
C43 C42 H42 119.8 O6A  CI2A O5A 109.64(10)
C44 C43 C42 119.95(16) O7A  CI2A O5A 107.94(10)
C44 C43 H43 120.0 O8A  CI2A O5A 108.15(10)
C42 C43 H43 120.0 C28 C1S HI1SA 109.5
C43 C44 C45 120.05(16)  C2S C1S H1SB 109.5
C43 C44 H44 120.0 HISA  CI1S H1SB 109.5
C45 C44 H44 120.0 C28 C1S H1SC 109.5
C44 C45 C40 120.25(16) HISA  CIS H1SC 109.5
C44 C45 H45 119.9 H1SB C1S H1SC 109.5
C40 C45 H45 119.9 028 C28 0O18 124.1(5)
C48 C47 C46 120.49(17) 028 C28 C18 126.5(6)
C48 C47 H47 119.8 018 C28 C18 108.9(5)
C46 C47 H47 119.8 018 C3S C48S 112.0(4)
C49 C48 C47 120.13(18)  O1S C38 H3SA 109.2
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Atom Atom Atom Angle/’ Atom Atom Atom Angle/
C49 C48 HA48 119.9 C48 C38 H3SA 109.2
C47 C48 HA48 119.9 018 C3S H3SB 109.2
C50 C49 C48 119.84(17)  C4S C38 H3SB 109.2
C50 C49 HA49 120.1 H3SA  C3S H3SB 107.9
C48 C49 HA49 120.1 C38 C4S H4SA 109.5
C49 Cs50 Cs1 120.70(18)  C3S C4S H4SB 109.5
C49 Cs50 H50 119.7 H4SA  C4S H4SB 109.5
Cs1 Cs50 H50 119.7 C38 C4S H4SC 109.5
C50 Csl C46 119.97(18) H4SA  C4S H4SC 109.5
C50 Csl HS51 120.0 H4SB C4S H4SC 109.5
C46 Csl HS51 120.0 C28 O18S C38 116.3(4)
N4 Cl1 C2 121.41(14)  C28 C1s' H1SD 109.5
N4 Cl C13 120.26(13)  C28' C18' HI1SE 109.5

C2 Cl1 C13 118.32(14) HISD CI1S HI1SE 109.5
C27 N2 C31 118.29(13)  C28' C18' H1SF 109.5
C27 N2 Nil 129.96(10) HISD  CI1IS H1SF 109.5
C31 N2 Nil 111.75(10) HISE  CI1S H1SF 109.5
C12 N3 C9 118.19(13)  0O28' C28' o188 123.2(4)
C12 N3 Nil 131.77(11)  O28' ca2s' C1s' 124.6(4)
C9 N3 Nil 108.77(10)  O1S8' ca2s' C1s' 112.2(4)
Cl1 N4 C5 118.12(13)  O18 C38' C48s' 109.7(6)
Cl1 N4 Nil 130.72(10)  O1S8' C38' H3SC 109.7
C5 N4 Nil 109.23(10)  C4S8' C38' H3SC 109.7
N4 C5 C4 123.40(14)  O18 C38' H3SD 109.7
N4 Cs C9 116.76(13)  C4S' C38' H3SD 109.7
C4 Cs C9 119.82(13) H3SC  C38' H3SD 108.2
C9 C8 C10 117.42(14)  C3S8' C48' H4SD 109.5
C9 C8 C7 118.92(14)  C3S' C48' H4SE 109.5
C10 C8 C7 123.54(14) H4SD  C4S' H4SE 109.5
N3 C9 C8 123.33(14)  C3S' C48' H4SF 109.5
N3 C9 Cs 116.67(13) H4SD  C4S' H4SF 109.5
C8 C9 Cs 119.93(13) HA4SE  C4S8' H4SF 109.5

Cl1 C10 C8 117.83(14)  C28' 018 C38' 115.5(4)
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Table 2.10 Torsion Angles for Ni-1.
A B C D Angle/® A B C D Angle/®

C1 C2 C3 C4 -1.5(2) C24 C25 C20 cC21 1.4(3)
C1 C2 C3 Cl4 178.08(15) C24 C25 C20 C10 -179.80(15)
C2 C3 C4 Cs 0.3(2) Cl1 C10 C20 C21 122.57(19)

Cl4 C3 C4 Cs - c8 C10 C20 cC21 -60.2(2)
C2 C3 C4 C6 17991(15) Cl11 C10 C20 C25 -56.2(2)
Cl4 C3 C4 Co 0.3(2) C8 Cl10 C20 C25 121.01(18)

Cs C4 Coé Cc7 -4.1(2) C31 N2 C27 C28 0.5(2)
C3 C4 Coé C7 176.33(15) Nil N2 C27 C28 -179.94(11)
C4 Cé Cc7 C8 0.6(2) C31 N2 C27 C39 -179.90(14)
Cl4 Ci1s Cl6 C17 0.3(4) Nil N2 C27 C39 -0.3(2)
Cls Cl6 C17 C18 -1.2(4) C29 (C28 C27 N2 0.0(2)
Cl6 C17 C18 CI19 0.9(3) C29 C28 C27 C39 -179.64(15)
C17 Ci18 C19 Cl4 0.3(3) C27 C28 C29 (30 -1.2(2)
C20 C21 C22 C23 -0.8(3) C27 C28 C29 C40 178.61(14)
C21 C22 C23 C24 1.1(3) C28 (C29 C30 C31 1.9(2)
c22 C23 C24  C25 -0.1(3) C40 C29 C30 C31 -177.92(13)
Cc23 C24 C25 C20 -1.1(3) C28 C29 C30 C32 -177.26(14)
C30 C32 C33 C34 1.6(2) C40 C29 C30 C32 3.0(2)
C40 C41 C42 C43 2.1(3) C33 (C32 C30 C31 0.6(2)
C41 C42 C43 C44 -0.7(3) C33 (C32 C30 C29 179.67(14)
C42 (43 C44  C45 -1.3(3) C27 N2 C(C31 C30 0.3(2)
C43  C44 C45 C40 1.9(2) Nil N2 C31 C30 -179.34(11)
C46  C47 C48 C49 0.0(3) C27 N2 (C31 C35 -177.55(13)
C47  C48 C49 C50 -1.03) Nil N2 C31 C35 2.80(16)
Cc48  C49 Cs50 G5l 0.9(3) C29 (C30 C31 N2 -1.5(2)
Cc49  C50 Csl C46 0.1(3) C32 C30 C31 N2  177.66(13)
C3 C2 C1 N4 0.5(2) C29 (C30 C31 C35 176.30(13)
C3 C2 C1 CI13 180.00(15) C32 C30 C31 C35 -4.5(2)
C2 Cl N4 Cs 1.8(2) C32 (C33 C34 C35 0.4(2)
C13 C1 N4 Cs - C32 (C33 C34 C36 178.43(14)
C2 C1 N4 Nil - C38 NI (C35 C34 -0.4(2)
C13 C1 N4 Nil 19.9(2) Nil N1 C35 C34 170.21(11)
Cl N4 Cs C4 -3.1(2) C38 NI (C35 C31 178.85(13)
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Table 2.10 Torsion Angles for Ni-1.
A B C D Angle/® A B C D Angle/®

Nil N4 C5 C4 162.83(12) Nil N1 C35 C31 -10.57(16)
Cl N4 Cs C9 175.21(14) C33 (C34 (C35 NI 174.75(14)

Nil N4 Cs C9 -18.88(16) C36 (C34 (C35 NI -3.4(2)
C3 C4 Cs N4 2.0(2) C33 (C34 C35 (31 -4.4(2)
Co C4 Cs N4 - C36 C34 C35 C31 177.40(13)
C3 C4 Cs c9 - N2 C31 C35 NI 5.28(19)
Co C4 Cs c9 4.2(2) C30 C31 C35 N1 -172.67(13)
Co Cc7 C8 c9 2.6(2) N2 C31 C35 C34 -175.48(13)
Co Cc7 C8 C10 - C30 C31 C35 C34 6.6(2)
C12 N3 Cc9 C8 7.6(2) C38 (C37 C36 C34 -3.7(2)
Nil N3 c9 C8 - C38 C37 C36 C46 176.79(15)
C12 N3 Cc9 Cs - C35 C(C34 C36 C37 5.2(2)

Nil N3 c9 C5  21.81(17) C33 (C34 C36 C37 -172.79(15)
C10 C8 Cc9 N3 -3.3(2) C35 C34 C36 C46 -175.21(14)
Cc7 C8 c9 N3 - C33 (C34 C36 C46 6.8(2)
C10 C8 c9 C5 173.75(14) C35 NI (C38 C(C37 2.2(2)
Cc7 C8 c9 Cs -2.4(2) Nil N1 C38 C37 -166.75(12)
N4 Cs Cc9 N3 -2.1(2) C35 NI C38 C52 -179.15(14)
C4 Cs c9 N3 176.25(14) Nil NI C38 C52 11.9(2)
N4 Cs Cc9 C8 - C36 (C37 C38 NI -0.1(2)
C4 Cs Cc9 C8 -1.0(2) C36 C37 C38 C52 -178.72(16)
Cl12 Cl1 C10 C8 6.0(2) C44 C45 C40 C41 -0.5(2)
Cl12 Cl1 Cilo  C20 - C44 C45 C40 C29 176.08(14)
c9 C8 Cl0 C11 -3.5(2) C42 C41 C40 C45 -1.5(2)
Cc7 C8 C10 Cl11 172.45(16) C42 C41 C40 C29 -178.15(15)
c9 C8 C10 C20 179.21(15) C28 C29 C40 C45 -123.95(16)
Cc7 C8 C10 C20 -4.8(2) C30 C29 C40 C45 55.8(2)
c9 N3 C12 Cl11 -5.0(2) C28 C29 C40 C41 52.6(2)
Nil N3 C12 CI1 160.54(13) C30 C29 C40 C41 -127.60(16)
c9 N3 C12 C26 17532(16) C48 C47 C46 Csl 1.1(2)
Nil N3 Cl12 C26  -19.13) C48 C47 C46 C36 179.40(15)
C10 Ci1 C12 N3 -1.8(3) C50 C51 C46 C47 -1.1(2)
C10 Ci1 C12 C26 177.89(17) C50 C51 C46 C36 -179.44(15)
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Table 2.10 Torsion Angles for Ni-1.

A B C D Angle/® A B C D Angle/®
C18 C19 Cl4 Ci15 -1.2(3) C37 (C36 C46 C47 -131.73(16)
C18 C19 Cl4 C3 - C34 (C36 C46 C47 48.7(2)

Cl6 CI5 Cl4 C19 0.9(3) C37 C36 C46 Csl 46.6(2)
Cl6 CI5 Cl14 C3 179.23(19) C34 C36 C46 C51 -132.97(16)
C2 C3 Cl4 C19 12296(18) 028 C2S OIS (C3S -1.7(11)
C4 C3 Cl4 C19 -57.5(2) CIS C2S8 OlS C3S  -174.2(8)
C2 C3 Cl4 C15 -554(2) C4S C3S O1S C28 -82.5(7)
C4 C3 Cl4 C15 124.20(18) 028" C28' O1S' C3§ -3.2(8)
c22 C21 Cc20 C25 -0.53) CIS' C2§8' O1S' C38' 178.9(6)
c22 C21 C20 C10 - C4S' C3S8' O1S' C28' 145.1(8)

X-ray diffraction of 3u

Figure 2.14 ORTEP diagram of 3u, CCDC: 2194348

Table 2.11 Crystal data and structure refinement for 3u.

Empirical formula C11H20N204
Formula weight 24429
Temperature/K 100(2)
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Table 2.11 Crystal data and structure refinement for 3u.

Wavelength 0.71073 A
Crystal system orthorhombic
Space group Pbca
a/A 8.9426(2)
b/A 9.4420(3)
c/A 30.9968(11)
o/° 90
B/° 90
y/° 90
Volume/A? 2617.26(14)
Z 8
PealcMg/cm’ 1.240 Mg/m3
Absorption coefficient /mm’ 0.094 mm-1
F(000) 1056
Crystal size/mm’ 0.300 x 0.300 x 0.300 mm3

Theta range for data collection/°
Index ranges
Reflections collected

Independent reflections

2.628 to 32.931°.

-12<=h<=13,-14<=k<=13,-46<=1<=46

33893
4761[R(int) = 0.0223]

Completeness to theta =29.856° 97.0%
Absorption correction Multi-scan
Max. and min. transmission 1.00 and 0.86

Refinement method
Data/restraints/parameters

Goodness-of-fit on F?

Full-matrix least-squares on F2
4761/ 245/ 263
1.025
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Table 2.11 Crystal data and structure refinement for 3u.

Final R indexes [[>=2c (I)] R1=0.0419, wR2=0.1148
Final R indexes [all data] R1=10.0491, wR2 =0.1195
Largest diff. peak/hole / e A~ 0.379 and -0.240 e.A-3

Table 2.12 Bond Lengths for 3u.

Atom  Atom Length/A Atom  Atom Length/A
o1 C4 1.4170(12) NI' 3 13479
(0] Cl 1.4274(14) NI Cs' 1.4196
02 C5 1.2107(11) NI c2 1.4649
03 C5 1.3461(11) C1' Cc2' 1.3935
03 Cé6 1.4777(10) C1' or 1.6776
04 C10 1.2318(11) cr H1'A 0.9700
N1 C5 1.3734(11) cr H1'B 0.9700
N1 C3 1.4572(12) c2' H2'C 0.9700
NI 2 1.4626(12) 2 H2D 0.9700
N2 C10 1.3481(11) C3' Cc4' 1.3857
N2 @3 1.4560(11) 3 N2 14910
N2 H2 0.8600 C3' H3' 0.9800
Cl C2 1.5111(14) o2 C5' 1.0660
Cl H1A 0.9700 03' C5' 1.4469
Cl HI1B 0.9700 03' Co' 1.4711
C8 Cé6 1.5143(15) Co' co' 1.4703
C8 H8A 0.9600 Co' Cc7 1.5675
C8 HS8B 0.9600 Co' C8' 1.6340
C8 H8C 0.9600 cT H7'A 0.9600
C9 Cé6 1.5190(14) cT H7B 0.9600
C9 HOA 0.9600 cT H7'C 0.9600
C9 H9B 0.9600 C8' HS8'A 0.9600

C9 HOC 0.9600 Cg' H8'B 0.9600
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Atom  Atom Length/A Atom  Atom Length/A
C10 Cl1 1.5099(13) C8' H8'C 0.9600
Cl1 H11A 0.9600 o1’ Cc4' 1.6855
Cl1 H11B 0.9600 c4' H4'A 0.9700
Cl1 H11C 0.9600 c4' H4'B 0.9700

C2 H2A 0.9700 Co' H9'A 0.9600
C2 H2B 0.9700 Co' H9'B 0.9600
C3 C4 1.5329(12) Co' H9'C 0.9600
C3 H3 0.9800 04' C10' 1.4533
C4 H4A 0.9700 C10' C11' 1.1508
C4 H4B 0.9700 c1o0' N2' 1.4424
Co6 C7 1.5090(15) C1r H11D 0.9600
C7 H7A 0.9600 C1r HI1E 0.9600
C7 H7B 0.9600 C1r HI11F 0.9600
C7 H7C 0.9600 N2' H2' 0.8600

Table 2.13 Bond Angles for 3u.

Atom Atom Atom Angle/ Atom Atom Atom Angle/*
C4 01 Cl 110.39(8) c3' NI' cs' 121.3
Cs 03 Coé 120.44(7) c3' NI' c2 108.6
Cs N1 C3 124.43(7) Cs' NI' c2 129.0
Cs N1 C2 118.26(7) c2 cr o1 120.9
C3 N1 C2 114.77(7) c2 cr HI'A 107.1
C10 N2 C3 122.69(7) or cr HI'A 107.1
C10 N2 H2 118.7 c2 cr HI'B 107.1
C3 N2 H2 118.7 or cr HI'B 107.1
0Ol C1 C2 110.72(8)  HI'A cr HI'B 106.8

01 Cl HIA 109.5 C1' c2' N1' 115.2
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Atom Atom Atom Angle/® Atom Atom Atom Angle/
C2 C1 HIA 109.5 cr c2 H2'C 108.5
01 C1 HIB 109.5 N1' c2 H2'C 108.5
C2 C1 HIB 109.5 cr c2 H2'D 108.5

HIA C1 HIB 108.1 NI' c2 H2'D 108.5
Cé C8 H8A 109.5 H2'C c2 H2'D 107.5
Cé C8 H8B 109.5 N1' c3' c4 128.1

H8A C8 H8B 109.5 N1' c3' N2' 113.0
Cé C8 H8C 109.5 c4' c3' N2' 104.4

H8A C8 H8C 109.5 N1' c3' H3' 102.7

H&B C8 H8C 109.5 c4' c3' H3' 102.7
Cé C9 H9A 109.5 N2' c3' H3' 102.7
Cé C9 H9B 109.5 Ccs' 03’ Ceo' 117.3

H9A C9 H9B 109.5 02' Cs' NI 127.5
Cé C9 HOC 109.5 02' Cs' 03’ 127.0

H9A C9 HOC 109.5 N1' Cs' 03’ 105.5

H9B C9 HOC 109.5 c9' Ceo' 03’ 107.7
04 C10 N2 122.50(9) c9' Ceo' c7 114.5
04 C10 Cl1 121.87(8) 03’ Ceo' c7 100.6
N2 C10 Cl1 115.63(8) c9' Ceo' cs' 114.6
C10 Cll HI11A 109.5 03’ Ceo' cs' 108.5
C10 Cll HI1IB 109.5 c7 Ceo' csg' 109.9

HI1A Cl1 HI11B 109.5 Ceo' c7 HT7'A 109.5
C10 Cll HI1IC 109.5 Ceo' c7 H7'B 109.5

HI1A CI1 HI1IC 109.5 H7'A c7 H7'B 109.5

HI11B Cl11 HI11C 109.5 Ceo' cT H7'C 109.5
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Atom Atom Atom Angle/® Atom Atom Atom Angle/
N1 C2 Cl 108.69(8)  HT'A c7 H7'C 109.5
N1 C2 H2A 110.0 H7'B c7 H7'C 109.5
Cl C2 H2A 110.0 Ceo' Cs' H8'A 109.5
N1 C2 H2B 110.0 Ceo' Cs' H&'B 109.5
Cl C2 H2B 110.0 H8'A Cs' H&'B 109.5

H2A C2 H2B 108.3 Ceo' Cs' H8'C 109.5
N2 C3 NI 112.14(7) H8'A Cs' H8'C 109.5
N2 C3 C4 110.07(7)  H&B Cs' H8'C 109.5
N1 C3 C4 108.05(7) cr or' c4' 103.4
N2 C3 H3 108.8 c3' c4' o1 108.2
N1 C3 H3 108.8 c3' c4 H4'A 110.1
C4 C3 H3 108.8 or' c4 H4'A 110.1
01 C4 C3 111.25(7) c3 c4 H4'B 110.1
01 C4  H4A 109.4 or c4 H4'B 110.1
C3 C4  H4A 109.4 H4'A c4 H4'B 108.4
01 C4 H4B 109.4 Ceo' co' H9'A 109.5
C3 C4 H4B 109.4 Ceo' co' H9'B 109.5

H4A C4 H4B 108.0 H9'A co' H9'B 109.5
02 Cs 03 125.99(8) Ceo' co' H9'C 109.5
02 Cs N1 123.27(9) H9'A co' H9'C 109.5
03 Cs N1 110.71(7) H9B co' H9'C 109.5
03 C6 C7 110.23(8) cirr  Ccuo N2' 124.9
03 C6 C8 110.67(8) cirr  Ccuo o4' 127.1
C7 C6 C8 111.87(10) N2' clo o4' 99.8

O3 Cé6 C9 102.41(7) c1or cir H11D 109.5
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Atom Atom Atom Angle/® Atom Atom Atom Angle/
C7 C6 C9 111.62(10) C10" C11' HI1E 109.5
C8 C6 C9 109.66(9) HI11D CI1I' HI1E 109.5
Coé C7 H7A 109.5 cior cC1r H1IF 109.5
Cé C7 H7B 109.5 H11D CI1' HI1F 109.5

H7A C7 H7B 109.5 HI1E C11 HI1F 109.5
Cé C7 H7C 109.5 clo N2' c3' 129.9

H7A C7 H7C 109.5 clo N2' H2' 115.0
H7B C7 H7C 109.5 c3' N2' H2' 115.0

Table 2.14 Torsion Angles for 3u.

A B C D Angle/® A B C D Angle/*
C4 01 Cl C2  61.83(11) o1 Cr' C2' NI -43.8
C3 N2 C10 04  -5.34(15) c3' NI' C2r CIl 46.2
C3 N2 C10 C11 174.28(8) cs NI' C2' CI -146.2
Cs N1 C2 Cl -14346(8) C5' NI' C3' C4 131.3
C3 N1 C2 Cl  53.77(10) c2' NI' C3' C4 -60.1
01 Cl C2 Nl -56.24(11) C5' NI' C3' N2 -96.3
Cl0 N2 C3 N1 118.28(9) C2" NI' C3' N2 72.4
C10 N2 C3 C4 -121.41(9) C3' NI' C5' 02 -10.1
C5 NI C3 N2 -92.81(10) C2' NI' C5 O2 -176.3
C2 N1 C3 N2 68.75(9) c3' NI' C5 O3 170.8
Cs N1 C3 C4  145.71(8) c2' NI' C5 O3 4.7
C2 N1 C3 C4 -52.73(10) C6' O3 C5' 02 -6.7

Cl 01 C4 C3 -61.38(11) C6' 03" C5' NI 172.4
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Table 2.14 Torsion Angles for 3u.

or C(sp3)-H

A B C D Angle/ A B C D Angle/*
N2 C3 C4 Ol -67.45(10) C5' 03" C6' C9 -60.9
N1 C3 C4 01  55.30(10) ¢St 03 Cco CT 178.9
Coé 03 Cs 02 -1.83(14) cs' 03 Coe C¥ 63.6
Coé 03 Cs NI 179.95(7) c2 C1' o1’ c4 37.0
C3 N1 Cs 02 168.60(9) NI' (C3' C4 Ol 56.8
C2 N1 Cs 02  7.63(13) N2 C3' C4' ol -78.7
C3 N1 Cs 03 -13.12(12) C1' O1' Cc4' C3' -35.5
C2 N1 Cs 03 -174.098) Cl11' C10" N2' C3' 162.7
Cs O3 Coé C7  64.98(12) 04" C10" N2' C3 12.5
Cs O3 Coé C8 -59.30(11) NI1' C3'" N2' Cl10 86.1
Cs O3 Coé c9 -176.12(9) C4 C3' N2' Cl0 -130.8
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X-ray diffraction of 3v

Figure 2.15 ORTEP diagram of 3v, CCDC: 2193358

Table 2.15 Crystal data and structure refinement for 3v.

Empirical formula C16H24N203
Formula weight 292.37
Temperature/K 100(2)

Wavelength 0.71073 A
Crystal system monoclinic
Space group P21/c
a/A 14.0708(2)
b/A 9.46970(10)
c/A 12.4275(2)
o/° 90
/e 104.819(2)
v/° 90
Volume/A* 1600.84(4)
z 4
PealcMg/cm® 1.213Mg/m3
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Table 2.15 Crystal data and structure refinement for 3v.

Absorption coefficient /mm’ 0.084 mm-1
F(000) 632
Crystal size/mm’® 0.300 x 0.300 x 0.300 mm’

Theta range for data collection/°
Index ranges
Reflections collected

Independent reflections

3.391 to 30.712°

-18<=h<=20,-13<=k<=13,-17<=I<=16

34087
4722[R(int) = 0.0225]

Completeness to theta =30.712° 94.9%
Absorption correction Multi-scan
Max. and min. transmission 1.00 and 0.92

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]

Final R indexes [all data]

Full-matrix least-squares on F*
4722/ 0/ 195
1.045
R1=0.0364, wR2 =0.1026
R1=0.0412, wR2 =0.1055

Largest diff. peak/hole / e A~ 0.451 and -0.259

Table 2.16 Bond Lengths for 3V.

Atom Atom Length/A Atom  Atom Length/A
Ol Cl 1.2364(10) C2 C7 1.3987(11)
02 C12 1.2177(10) C3 C4 1.3923(12)
03 C12 1.3524(10) C4 C5 1.3911(12)
03 C13 1.4705(10) C5 C6 1.3930(12)
N1 Cl 1.3524(10) C6 C7 1.3894(12)
N1 C8 1.4574(10) C8 Cc9 1.5247(11)
N2 C12 1.3577(10) Cc9 C10 1.5219(14)
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Atom Atom Length/A Atom  Atom Length/A
N2 Cl1 1.4611(11) C13 Cl4 1.5195(13)
N2 C8 1.4654(10) C13 C15 1.5205(12)
Cl C2 1.4964(11) C13 Cl6 1.5219(12)
C2 C3 1.3960(11)

Table 2.17 Bond Angles for 3v.

Atom Atom Atom Angle/° Atom Atom Atom Angle/’
C12 03 C13 120.08(6) Co Cc7 C2 120.02(8)
Cl N1 C8 121.67(7) N1 C8 N2 110.21(7)
C12 N2 Cl1 122.12(7) N1 C8 C9 110.72(6)
C12 N2 C8 118.42(7) N2 C8 C9 113.13(7)
Cl1 N2 C8 119.44(7) C10 C9 C8 111.14(7)
01 C1 N1 122.81(7) 02 C12 03 125.06(7)
0] Cl C2 120.60(7) 02 C12 N2 124.76(8)
N1 C1 C2 116.58(7) 03 C12 N2 110.18(7)
C3 C2 Cc7 119.88(7) 03 C13 Cl4 108.85(7)
C3 C2 Cl 122.70(7) 03 C13 C15 102.23(7)
Cc7 C2 Cl 117.41(7) Cl4 C13 C15 111.19(8)
C4 C3 C2 119.95(7) 03 C13 Cl6 111.73(7)
Cs C4 C3 119.91(8) Cl4 C13 Cl6 112.74(7)
C4 Cs Co 120.35(8) C15 C13 Cl6 109.63(8)

C7 c6  C5 119.88(8)

Table 2.18 Torsion Angles for 3v.
A B C D Angle/’ A B C D Angle/*

C8 N1 Cl 01 -2.37(12) Cl2 N2 (C8 NI 122.75(8)
C8 N1 Cl C2  176.63(7) Cl1 N2 (C8 NI -59.15(10)
0O1 Cl C2 C3 -148.05(8) Cl2 N2 C8 (9 -112.70(8)
N1 Cl C2 C3  3293(11) Cl1 N2 C8 (9 65.40(10)
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Table 2.18 Torsion Angles for 3v.
A B C D Angle/° A B C D Angle/*

01 C1 C2 C7  30.87(11) N1 c8 C9 Cl10 -61.27(9)
N1 Cl C2 C7  -148.15(7) N2 C8 C9 Cl10 174.46(7)
Cc7 C2 C3 C4 0.22(12) CI3 03 Ci12 02 11.43(12)
Cl C2 C3 C4  179.12(7) C13 03 Cl12 N2 -168.70(7)
C2 C3 C4 Cs 0.60(13) Cl1 N2 Cl12 02 -172.85(9)
C3 C4 Cs C6e -091(14) C8 N2 Cl12 02 5.20(12)
C4 Cs Co Cc7 0.39(14) Cl1 N2 Ci12 O3 7.28(11)
(O8] Co Cc7 C2 0.44(13) C8 N2 Cl12 O3 -174.67(7)
C3 C2 Cc7 Co  -0.74(12) Cl12 03 C13 Cl4 62.00(9)
Cl C2 Cc7 c6e -179.70(7) Cl12 03 Cl13 CI15 179.69(7)
Cl N1 C8 N2 -109.66(8) Cl12 O3 CI3 Cl6 -63.16(10)
Cl N1 C8 Co9  124.41(8)
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2.7.6 Representative set of NMR Spectra

For all the spectra, see the SI of Angew. Chem. Int. Ed. 2022, 61, €202212983.
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Chapter 3. Ni-Catalyzed Stereodivergent N-Glycosylation of
Glycals.
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3.1 General Introduction

N-glycosides, compounds that contain a sugar-type backbone and a N-containing

aglycon, are privileged structures in a wide variety of biologically-relevant compounds

such as DNA or RNA, among others (Scheme 3.1)." For example, N-linked glycoproteins

can be found on cell’s surface and are known to improve the protein stability and solubility,

contributing significatively to cell signaling.” On the other hand, a number of FDA

approved antibodies such as Etanercept, Infliximab and Rituximab contain N-

glycosylated therapeutic proteins in their structures. Moreover, a number of advanced

ingredients have exhibited high inhibition against protein kinases or aldose reductases

such as staurosporine or AKR1B1, among others.’ The importance of the N-glycosisides

is illustrated by the observation that mutations in eighteen genes involved in N-

glycosylation result in a variety of diseases, most of which involve the nervous system.*

Nucleosides

Natural product

O NH
D 2pts
M ‘.
eO, o
N
MeHN o

Staurosporine

-0 |
PO NS
N-Glycosides

N-linked glycoproteins

Inhititor of
aldose reductase

OH
OH OH
HO&&“
Ho OH
OH o

AKR1B1

Scheme 3.1 Biologically active molecules containing N-glycosides.
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3.1.1 Lewis Acid-Catalyzed N-Glycosylation

In 2005, Takahashi reported the stereoselective N-glycosylation of glycosyl donors
with primary amides catalyzed by TMSOT{® by utilizing N-phenyltrifluoroimidates as
leaving groups (Scheme 3.2). Interestingly, the presence of 2-O-benzoyl group resulted in
exclusive 1,2-trans-stereoselectivity. However, a significant erosion in a:p ratio was
observed with benzyl protecting groups in the D-galactose backbone, thus suggesting that

neighboring assistance might play a decisive role in stereoselectivity.

(@) o, H
PO\—\/O OYCFs . TMSOTf (20 mol%) _ PO‘—\/O N\[(.
NPh HzN CH3NO, 0°Ctort. 0
1.5 equiv 1.0 equiv
selected examples
OBn
BnO
BnO OBn BnO OBn OAIlVI 0
H H Y BnO
O N M O N n OAllyl
BnO \n/ e BnO o) BnO HN
OBz o OBz O  NHCbz MO
O  NHCbz
98% 98% 68%
only B only B a:B 77:23
OBn
OBn OBn OBz
H OAllyl H OAllyl  BnO 0
BnO O N BnO O N BnO OAllyl
BnO 0B (6] BnO (6] HN
Z 0 NHCbz TrocHN 5 NHCbz 0
O NHCbz
99% 68% 91%
only B only B only a

Scheme 3.2 TMSOT{-catalyzed N-glycosylation

In 2018, Takemoto and co-workers demonstrated the utilization of 2-iodoazolium salt
LA-1 as a soft and mild Lewis acid to facilitate the N-glycosylation with exclusive -
selectivity.® Not only pyranose, but also furanose derivatives could be employed as
substates with equal ease. The proposed mechanism involves a Lewis acid catalyzed
functionalization of the anomeric C-O bond, forming an oxocarbenium ion that can be
stabilized by an adjacent carbonyl group. Subsequently, nucleophilic addition of the

amide from less sterically hindered face results in the 1,2-trans N-glycosidic bond.
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LA o o1
O |Iii H
PO N®
O - 0,
AcOO o + )K. LA-1 (10 mol%) Nj(. O S—1
YO® HN MS 4A AcO O N
CH,Clj, r.t. Ar
1.5 equiv NH 1.0 equiv 2¥i2, f
Ar= p-CF3Ph
selected examples
OBn OBn O  NHCbz
OAllyl BzO ~ 0
Bnoé& ¥ M BnO o K o
BnO OAc © BnO OAc A OAllyl
O NHCbz o}
BzO OBz
82% 96%, Ar= p-OAcPh 80%
only B only B only B

proposed mechanism

o} H NJ\‘
PO% LAt PO 3 PO\\/O j _, ros=2 HT(.
o _col, g

\[[\]I/H Me’&O \( °

oxocarbenium ion dioxo/en/um /on

Scheme 3.3 2-lodoazolium salt-catalyzed -N-glycosylation.

1,2-unsaturated pyranoses or furanoses, coined as glycals, have been employed as
readily available building blocks for the synthesis of natural products and the generation
of novel structural features in diversity-oriented synthesis (DOS).” For instance, in 2019
Takemoto described the direct addition of glycals to amides en route to 2-deoxyglycosides
under mild conditions and exclusive B-stereoselectivity for the D-galactal series (Scheme
3.4).® However, lower P-selectivities were observed in N-glycosylation of glucal

derivatives with alkyl amides.
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0] A (10 mol%)

LA oot
H

o H N®
Pozfv/o + - e PO‘\“’ Nwr" ilm sf—C
= H,N AWMS N

toluene, 30 °C o O
1.2 equiv 1.0 equiv

Ar

Ar= p-CF3Ph

selected examples
iPr

Bno OBN Bno ©OBn OfBu Bno OB"
HN o H
o] H N
snoS—=M
(0]

tBu

OBn

T

NHCbz
79% 70% 53%
only B only B only B
OTIPS OTIPS OTIPS
Allyl
lPr SI~O lPr SI\O O y iPr, .
lPr—IS|\O 0
O0....0
‘P NHCbz Si
Pr* ipy
68% 61% 51%
only B B:a=27:1 B:a=3.7:1

Scheme 3.4 Lewis acid-catalyzed N-glycosylation of glycals.

In 2013, Herzon and co-workers disclosed the utilization of azides as amine sources
for forging PB-N-glycosidic bonds by utilizing dimethylphenylphosphine as mediator
(Scheme 3.5).° This approach allowed for the coupling of azides with a variety of
protected and unprotected sugars without the need for preactivation at the anomeric
position. The proposed mechanism involves a sequence consisting of Staudinger

reduction and an aza-Wittig reaction, resulting in the formation of phosphine oxide

byproducts.
p-TSA (5 mol%)
(0] P(Me),Ph (1.0 equiv) o H
PO N3 2 _ po=—O N
oH A THF, 55 °C - ®
1.5 equiv 1.0 equiv ’

selected examples

Me
MeoN
Alfyl&/NHB“ Fyl&/NHPh HO&NHB” é&

90% 83% 82% 72%
B:a>15:1 B:a>15:1 B:a>15:1 B:a>15:1

Scheme 3.5 N-glycosylation with azides as nitrogen sources.
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3.1.2 Metal-Catalyzed N-Glycosylation

In 2023, Hotha’s group reported a gold-catalyzed N-glycosylation of
ethynylcyclohexyl glycosyl carbonate (Scheme 3.6).'° This method allowed for the
coupling of this glycosyl donor with various of N-based nucleophiles, including
asparagine, as well as N-heterocycles such as purine, pyrimidine, and quinoline-2-one,
affording the corresponding glycosides and nucleosides. Notably, the presence of a

neighboring 2-O-carbonyl group was found to be essential for achieving high

stereoselectivities.
[Au]
[Au] (10 mol%) OAr
0 o) AgOTf ArO-P-AuClI
PO (10 mol%) !
‘N’\«O/Z(O + H,N\. po_N/O N\. OAr
MS 4A Ar= 2,4-di-BuPh
N\ CH,Cl, rt.

selected examples

OBn OBn

OBn
BnO H BnO B0 o H ‘ZS
BN % o X )OL BZO/EB%/ T BN JOJ\
" B0 jo( BIO“N o) No N §
64% 75% 68% 72%
0
OBn
0Bz )\ (Bock HyC NH OAllyl
BnO 0 BnO OBn N \N | Y
BnO o </ | ) BnO N/&O s o
~
HN\H/E BnO%OBZN N 0 NHCbz
0] BnO OBz
73% 68% 93%

Scheme 3.6 Gold-catalyzed N-glycosylation.

In 2024, Chen and Koh reported the first N-glycosylation enabled by combination of
copper and photo dual catalysis (Scheme 3.7). The authors developed novel glycosyl
sulfones as glycosyl donors, which could be readily reduced to glycosyl radicals by the
photocatalyst Ir(II) via single electron transfer event.'' The formed glycosyl radical is then
captured by Cu(ll), followed by reductive elimination of the Cu(Ill) intermediate,
resulting in the formation of N-glycosides and Cu(I). The propagating N-bound Cu(II)

could be regenerated upon coordination of Cu(I) with an appropriate N-nucleophilic entity
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and single-electron oxidation by photoexcited Ir(Il1)*. This approach could be applied not
only to the N-glycosylation of furanoses but also to pyranoses, whereas significant
erosions in o:[3 ratio were observed in the latter. Importantly, nucleophiles like amides do

not work due to their lower nucleophilicity.

po=~—~0 © [Ir(dtbbpy)ppy2]PFg(1 mol%)

=\, 1.0 , Cu(MeCN),PFg (10 mol%) o
dtbbpy (15 mol% =~
S Ve a2 ° PO @
S BTMG (2.0 equiv)
blue LEDs, CH,Cl, ‘
30°C, 24 h
1.0 equiv 1.5 equiv
selected examples
Cl
OAc N= Qe o H OBn c OAc c
\_/ BnO O N AcO O N
O><O >< OBn
Me” Me Me” Me
85%, B <5% 83%, a: 50:50 83%, a:3 42:58

proposed mechanism

0 o ; Ir(ih LCu'-N PO_"\\CUML
PO & SET '
F g0 -+ / oo
S)§N SET

Scheme 3.7 Dual Cu/photoredox catalyzed N-glycosylation of glycosyl sulfones.

The Hu group demonstrated a dehydroxylative radical N-glycosylation protocol
enabled by copper- and photocatalysis, yielding furanoses with 1,2-trans selectivity and
a-selectivity for pyranoses (Scheme 3.8). In this approach, glycosyl radical precursors are

formed via B-scission of hydroxyl groups bound to N-heterocyclic carbene (NHC).'? The
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reaction also exhibits a broad substrate scope, but it is worth noting that stoichiometric #-
BuOOH is needed to oxidize PC™ and Cu(l).

4CzIPN (5 mol%)
Cu(MeCN)4PFg

(10 mol%) NHC
, dtbbpy (15 mol%) o Bp
-0 TMG (1.0 equi ~ .
PO . N (1.0 equiv) . PO ‘,\\N’ §_‘N Bu
ONHC ~ H '@  ¢BLOOH (2.0 equiv) 0
MeCN, r.t.,, 4 h ‘ Bu

12 W blue LEDs
selected examp/es

OMe

Meo%

MeO BnO
C BnO

Cl

85%, a 62%, a 66%, a 83%, a:3 38:62

proposed mechanism

Ph
-0 Ph. N Bu
PO L (BN Bu PO‘—\/‘_O% + 0= :©/
ok :E;/ A TR
u

(0]

Bu ’ o

) - PO
H+)/' PC LCu'-N culll

o SET ® N
POE=— /// ‘r 1'
ONHC
[O]
PC*

(0]
N ke o 0 o
LCu'—N‘ LCu' ﬁ
¥,<’
H-N + base

Scheme 3.8 Dehydroxylative N-glycosylation enabled by photo- and Cu-catalysis.

During the preparation of the manuscript emanating from the results of this chapter,
Yin and Li reported a stereoselective N-glycosylation of glycals enabled by nickel
catalysis using dioxazolones as nitrogen precursors (Scheme 3.9)."* This approach yielded
a series of 2-deoxy-N-glycosides with exclusive a-selectivities. However, the authors did

not explore the preparation of B-N-glycosides in a high selectivity manner.
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NiBrosDME (5 mol%)
Ligand (5 mol%)
Nal (30 mol%)

poD/o + 0-° (MeO)3SiH (4 equiv) PO \/ﬁ ¢ :L
—= . \:N/O +-BUOH (3 equiv) HNYQ N NN
1,4-dioxane:THF (4:1) o Ph

1.0 equiv 2.0 equiv 20°C, 24 h

selected examples

OBn OBn Bno OB Bno OTIPS
BnO O BnO O O O
BnO BnO BnO BnO
HN\H/Ar HN HN\H/Ph HN\n/Ar
O )
82%, a only 67%, a only 80%, a only 47%, a only
Ar = 4-F-CGH4

Scheme 3.9 Ni-catalyzed a-N-glycosylation of glycals.
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3.2 General Aim of the Project

A series of disclosures have shown that the presence of neighboring groups can be an
elegant vehicle for preparing 1,2-trans-N-glycosides from pre-functionalized glycals via
the intermediacy of dioxolenium ions. Alternatively, Cu-catalyzed N-glycosylation can be
achieved by the coupling of N-nucleophiles with in situ generated open-shell species,
giving access to N-glycosides with variable selectivities. At the outset of our
investigations, the design of a de novo catalytic N-glycosylation with improved flexibility
and generality, capable of dictating a- or [-selectivity in N—glycosides avoiding

neighboring groups or strong N-nucleophiles still constituted a considerable challenge.

Driven by the momentum of Ni catalysis to build up molecular complexity from simple
precursors'* and the prevalence of N-glycosides in a myriad of biologically relevant
molecules, we aimed at establishing a Ni-catalyzed stereodivergent N-glycosylation
protocol by leveraging the potential of in situ generated nitrenoids'® en route to N—

glycosides with improved modularity and flexibility (Scheme 3.10).

ROS—C
HN._®

o)
ROFT=Q HY‘ B-selectivity
o)

a-selectvitiy

o} ’
A Stereodivergent
RO \ g
= N-glycosylation

+

O
o<1

0]

Scheme 3.10 Ni-catalyzed stereodivergent N-glycosylation.
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3.3 Optimization of the Reaction Conditions for a-/N-Glycosylation

We began our investigations by evaluating the N-glycosylation of 3,4,6-tri-O-benzyl-
D-glucal (1a). Our initial efforts focused on identifying a nitrogen precursor that could
afford the N-glycoside in both high yield and high stereoselectivity (Table 3.1). The best
results were obtained by using 2 equivalents of phenyl-1,4,2-dioxazol-5-one (2a) as
nitrogen precursor, leading to 3a in 76% yield and 91% a-selectivity. In contrast, the
utilization of benzoyl azide resulted in low yields, but high stereoselectivity. Additionally,

no product was observed when using either sulfonyl azide or amide.

Table 3.1 Screening of nitrogen precursors. !

NiBry*DME (10 mol%)

L1 (15 moI%
OBn DMMS (3.0 equiv)
Bnoéﬁ . Nitrogen HFIP (2.5 equiv) .
BnO — precursors

MeCN (0.2 M)
1a rt,24 h 4a
H
Ph—<\ [ j /©/ NHz & 0 "'”T_'h
Phi( OAc)z P N Ph
76% 24% 0% 0% L1

3a:4a =919 3a:4a =955

[a] Optimization of the reaction conditions: 1a (0.20 mmol), nitrogen precursor (0.40 mmol),
NiBr2:DME (10 mol%), L1 (15 mol%), DMMS (0.60 mmol), HFIP (0.5 mmol) in MeCN (1 mL)
at r.t. for 24 h. '"H-NMR yield using CH2Br: as internal standard. [b] Stereoselectivity en route to
3a and 4a.
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Next, we investigated the effect of the nickel precatalyst on both reactivity and
selectivity (Table 3.2). As anticipated, no product was formed in the absence of nickel.
The use of nickel halide salts other than NiBr,-DME resulted in diminished yields, albeit
Nil, rendered an excellent stereoselectivity (entries 2-4). Additionally, the use of a Ni(0)
source did not afford the desired product (entry 6), suggesting either that cod is

detrimental for the reaction to occur or that a mechanism based on the intermediacy of

Ni(0) is unlikely.
Table 3.2 Screening of nickel catalyst."
Ni catalyst (10 mol%)
L1 (15 mol%) OBn OBn
OBn 6.0 DMMS (3.0 equiv) 0 o
0 \‘// HFIP (2.5 equiv) BnO BnO NHBz
BnO + +
%nc&} Ph_<\N,o MeCN (0.2 M) NHBZ OO
rt,24h
1a 2a 3a 4a
Entry Ni catalyst 3a (%) 3a/4a (%)
1 No NiBr2DME 0 -
2 NiBr2-DME 77 91:9
3 NiCl.-DME 35 86:14
4 Nilz 46 97:3
5 Ni(ClO4)2-6H20 0 -
6 Ni(cod):2 0 .

[a] Optimization of the reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), nickel catalyst (10
mol%), L1 (15 mol%), DMMS (0.60 mmol), HFIP (0.5 mmol) in MeCN (1 mL) at r.t. for 24 h.
"H-NMR yield using CH2Br: as internal standard.
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As anticipated, the nature of the ligand was critical for success in both reactivity and
stereoselectivity (Table 3.3), the use of pyridine-oxazoline-type (pyrox) ligand (L4) gave
better results than 2,2’-bipyridine congeners (L3). Notably, the absence of phenyl
substituents adjacent to the heteroatoms in either pyridine or oxazoline backbone resulted
in diminished yields and low stereoselectivities. Interestingly, a stereoselectivity switch
was not observed when employing (4R, 55)-pyrox (L.2) instead of L1, the suggesting that
selectivity is not dictated by the chirality of the ligand backbone.

Table 3.3 Screening of ligands.”

NiBr,*DME (10 mol%)

Ligand (15 mol%) OBn OBn
OBn o  DMMS (3.0 equiv) BrO o
H n
Bno/ﬁ N Ph_<O\|// HFIP (2.5 equiv) .~ BRO . BEr?O (0] NHBz
BnOA__= -0 MeCN (0.2 M) NHBz
rt.,24h
1a 2a 3a 4a
= = = 0 = 0._Ph Me
27—\ S j P I = O
Mé Me Mé : Mé Ph N N
L3, 6% L4, 21% L5, 38% L6, 34%
(3a:4a = 41:59) (3a:4a = 78:22) (3a:4a = 72:28) (3a:4a = 85:15)
®_<o Ph — 0O._.Ph — O._..Ph — O Ph
7\ 7 j N\ 7\ j N\ 7N\ I
i NI C§jN>_<N Q_ﬁ\' “Ph N N,
Ph Ph PH Ph
L7, 47% L8, 49% L1, 79% L2, 76%
(3a:4a = 94:6) (3a:4a = 84:16) (3a:4a =91:9) (3a:4a=91:9)

[a] Optimization of the reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), NiBr.-DME (10
mol%), ligand (15 mol%), DMMS (0.60 mmol), HFIP (0.5 mmol) in MeCN (1 mL) at r.t. for 24
h. 'H-NMR yield using CH2Br: as internal standard.
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With these results in hand, we next turned our attention to the nature of the hydride
source (Table 3.4). As expected, the reaction required a hydride source to proceed (entry
1). The utilization of silanes other than DMMS resulted in lower yields (entries 3-5).
Pinacolborane gave better selectivity but lower yield of 3a (entry 6), whereas no reaction

took place with sodium formate (entry 8).

Table 3.4 Screening of hydride sources.”!

Ni catalyst (10 mol%)
L1 (15 mol%) OBn OBn

T e MEmm oo o Co
B%?]Sﬁ * Ph_<\Nf HFIP (2.5 equiv) - e NHBz T Bno e
MeCN (0.2 M)
1a 2a rt,24h 3a 4a

Entry Hydride Sources 3a (%) 3a/4a (%)

1 No DMMS 0 -

2 DMMS 78 91:9

3 TMDSO 0 -

4 PhMeSiH: 14 93:7

5 PhSiH3 <5% -

6 HBpin 33 94:6

7 Me:S-BH3 0 -

8 HCO:Na 0 -

[a] Optimization of the reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), NiBr.-DME (10
mol%), L1 (15 mol%), hydride source (0.60 mmol), HFIP (0.5 mmol) in MeCN (1 mL) at r.t. for
24 h. 'H-NMR yield using CH2Br: as internal standard.
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A thorough investigation on the proton source revealed that the use of TFE showed
higher stereoselectivity than HFIP (Table 3.5). The utilization of other proton sources
with lower pKa values such as acetic acid, or higher pKa values such as H.O or EtOH all

led to lower yields.

Table 3.5 Screening of proton sources. ™

NiBr,*DME (10 mol%)
L1 (15 mol%)

DMMS (3.0 equiv) OBn OBn
OBn 0 proton source 5 Oﬁ‘
o) (2.5 equiv) n &
0 BnO BnO NHBz
BnO + Y *
%nC&/) Ph_<\N,o MeCN (0.2 M) NHBz OO
rt, 24 h
1a 2a 3a 4a
Entry Proton Sources 3a (%) 3a/4a (%)
1 Acetic acid 0 -
2 HFIP 79 90:10
3 PhOH 31 98:2
4 TFE 77 92:8
5 H20 45 93:7
6 EtOH 27 96:4

[a] Optimization of the reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), NiBr.-DME (10
mol%), L1 (15 mol%), DMMS (0.60 mmol), proton source (0.5 mmol) in MeCN (1 mL) at r.t. for
24 h. 'H-NMR yield using CH2Br: as internal standard.
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Next, we focused our attention on the influence of the additives on the reaction
outcome. As shown in Table 3.6, the addition of stochiometric sodium carbonate or
potassium phosphate tribasic led to lower yields of 3a (entries 2-3). Although we
hypothesized that a fluoride source might accelerate the formation of nickel-hydride
species, this was unfortunately not the case (entry 4). The use of co-catalysts such as
cobalt dibromide or lithium bromide also resulted in lower yields (entries 5-6). Finally,
the addition of a catalytic amount of tetra-n-butylammonium iodide (TBAI) gave rise to

3a in 83% yield with an exquisite 97:3 a:p selectivity (entry 7).

Table 3.6 Screening of additives."!

NiBr,DME (10 mol%)

T M
B%%C&/g " Ph%zj(f D:AFl\Iﬂzs(z(z(:e:jiuvi;) E;E%éﬁNHBz ' BEQO&EVNHBZ
MeCN (0.2 M)
1a 2a rt,24h 3a 4a
Entry Additives 3a (%) 3a/4a (%)
1 No Additive 76 92:8
2 Na>COs (2.0 equiv.) 34 95:5
3 K5P04 (2.0 equiv.) <5 -
4 KF (2.0 equiv.) 0 -
5 CoBr2 (10 mol%) <5 -
6 LiBr (10 mol%) 0 -
7 TBAI (20 mol%) 83 97:3

[a] Optimization of the reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), NiBr.-DME (10
mol%), L1 (15 mol%), DMMS (0.60 mmol), TFE (0.5 mmol) in MeCN (1 mL) at r.t. for 24 h. 'H-
NMR yield using CH2Br: as internal standard.
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3.4 Substrate Scope of a-N-Glycosylation
3.4.1 Scope of Glycals

With optimized conditions in hand, we sought to examine the generality of the
stereoselective N-glycosylation across a series of differently substituted glycals. As shown
in Scheme 3.11, a variety of D-glucal derivatives with different protecting groups such as
methyl, tert-butyldimethylsilyl (TBS), acetal and acyl groups could be employed as
substrates with similar ease, resulting in the targeted N-glycosides (3b-3e) in good yields
and a-selectivities. Notably, the installation of bulky TBS group as 3¢ led to a a-selectivity
greater than 99:1 compared to 3a and 3b, albeit in lower yield. It is worth noting that the
formation of a relative rigid bicycle system from acetylation of 4,6-diols delivered N-
glycoside 3d and 3e with exclusive a-selectivities. Although the presence of acyl group
at C-3 sites might interfere with generation of 2,3-unsaturated N-glycosides via ferrier
rearrangement,'® this was not the case and 3e could be obtained in 44% yield. As expected,
L-rhamnal, 6-deoxy glucal, can be subjected to the optimized reaction conditions to
produce 3f with 95:5 a:f ratio, suggesting that the nature of the group at C5 might affect
the stereoselectivity. In addition, 3g was obtained in good yield and exclusive a-selectivity
from the D-galactal series. Notably, D-arabinal containing a C3-axial C-O linkage yielded
pure B-N-glycoside 3h in 88% yield, thus suggesting that the configuration of substituents
at C3 in pyran backbone plays a critical role in selectivity, probably due to unfavorable
1,3-diaxial interactions.'” As shown by 3i, our a-selective glycosylation can be extended
to five-membered furanose rings with equal ease. It is worth noting that our protocol was
equally effective when coupling disaccharide D-cellobial, resulting in 3i in exclusive a-

selectivity.
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NiBr,*DME (10 mol%)
L1 (15 mol%)

o)
o 00 (MeO),MeSiH (3.0 equiv) ROW Q_< Sph
—
RO\ ¢ Ph_<\N’O >

TBAI (20 mol%)
TFE (2.5 equiv)
1 2 MeCN, rt 3
scope of glycals

OMe OTBS

MeO TBSO

Me0 p TBSOéﬁ p

3c, 48%! (a: B>99-1)

Me%& p

3d, 75% (a:p= 991

BnO OBn

3g, 66% (a:$=99:1)
from D-galactal

s . O

3j, 52%I (q: B>99 1)
from D-cellobial

3b, 61%! ( aB 97:3)

Me/%o o
&%@ Mf©

3e, 44% (a:3=99:1)
from loxoprofen

3f, 58% (a:p=95:5)
from L-rhamnal

e

3i, 91% (a:B>99:1)
from 2-deoxy-D-xylofuranose

3h, 88% (a:f<1:99)
from D-arabinal

Scheme 3.11 Scope of glycals. 1 (0.20 mmol), 2 (0.40 mmol), NiBr2-DME (10 mol%), L1 (15
mol%), DMMS (0.60 mmol), TFE (0.5 mmol) in MeCN (1 mL) at r.t.. [a] additional DMMS (0.20
mmol) and TFE (0.1 mmol) were added after 48h. [b] HFIP (0.5 mmol) were used instead of TFE

(0.5 mmol). [c] no TBAI added. [d] reactions were conducted on 0.1 mmol scale for 1.
3.4.2 Scope of Dioxazolones

Encouraged by these results, we next turned our attention to explore the generality of
the reaction by assessing the suitability of a family of different dioxazolones. As shown
in Scheme 3.12, a wide variety of electron-rich or electron-poor aryl-substituted
dioxazolones could be utilized as substrates, resulting in the corresponding N-glycosides
(3k-3q) in good yields and excellent selectivities. In addition, primary, secondary, and
even tertiary alkyl-substituted nitrogen precursors could be utilized equally well with

different glycals to afford 3q-3v in excellent stereoselectivities. Cyclic alkyl variants such
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as cyclopropane (3v), cyclopentane (3u) or 4,4-difluorocyclohexane (3t) were all viable
as amide precursors. Notably, dioxazolones containing nitriles (3n) or electrophilic sites
such as chlorine (3m, 3r) and bromine (3p) susceptible for cross-coupling reactions could
all be well-accommodated, thus providing an additional handle for further

functionalization.'® The absolute configuration of 3m was confirmed by X-ray diffraction.

NiBr,*DME (10 mol%)

L1 (15 mol%) o oM
o 00  (MeO),MeSiH (3.0 equiv) RO & N 'Lh
X~ + [ B > =N N~ =
RO = O TBAI (20 mol%) N @ pi b
TFE (2.5 equiv) s 5 )
1 2 MeCN, rt L

aryl dioxazolones

BnO BnO

= o W o

3k, R = p-tBu, 87% ch 98:2)

3l, R = p-OMe, 90% (a:B=97:3) 3n, 45% (a:p=94:6) 3m, R = p-Cl, 76% (a:p=97:3)
MeJVO/X\ \(@Q MeJVO/X\ MeJVO/X\ \(’
30, 85% (a: B 99:1) 3p, 92% (a: [3>99 1) 39, 90% (a:B= 99 1)
alkyl dioxazolones

OBn
BnO 0
BnO
Bnéjég:‘ﬁ Bnajéé:\ﬁ
HN
O
3r, 64% (a:B= 94 6) 3s, 71% (a:p=95:5)
OBn 0B
n
BnO F
HN
(o}
3v, 60% (a:B= 97 3) 3u, 50% (a:3>99:1) 3w, 57% (a:p>99:1)

Scheme 3.12 Scope of aryl/alkyl dioxazolones. 1 (0.20 mmol), 2 (0.40 mmol), NiBr.-DME
(10 mol%), L1 (15 mol%), DMMS (0.60 mmol), TFE (0.5 mmol) in MeCN (1 mL) at r.t.. [a]

reactions were conducted on 0.1 mmol scale for 1.
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3.5 Optimization of the Reaction Conditions for p-N-Glycosylation

Taking into consideration the exquisite a-selectivity observed in Scheme 3.11, we
wondered whether a nickel-catalyzed stereodivergent N-glycosylation could provide
access to B-N-glycosides. However, all our attempts to optimize all reaction variables en
route to the corresponding B-N-glycosides were met with failure. This is probably due to
the observation that the reaction is kinetically-controlled, favoring the formation of the
corresponding a-N-glycosides. We anticipated that a thermodynamically-controlled
epimerization might provide a pathway to access the equatorial N-glycosidic bond." As
shown in Scheme Table 3.6, this approach turned out to be suited for our purposes. Indeed,
simple exposure of a-N-glycosides to p-TSA (50 mol%) at 50 °C gave rise to desired -
N-glycosides 4b with 93:7 selectivity (entry 1). In the absence of p-TSA, the reaction
exclusively produced the a-N-glycoside, which was also observed when using 20 mol%
p-TSA, likely due poisoning in the presence of basic nitrogen ligands (entries 2-3). It’s
worth noting that other Lewis acids, such as nickel chloride, zinc triflate, and

zirconium(IV) chloride, were ineffective in promoting the epimerization (entries 4-6).

Table 3.6 Screening of additives.

NiBry,*DME (10 mol%)
L1 (15 mol%)
TBAI( 20 mol%) OMe OMe

e 2a (2.0 equiv.) (58'TSIAO/ )
o TFE (2.5equiv) _ | MeO Q _ WOImol%) © Meo 0
Mﬁg& M&O 50°C M&O NHBz

DMMS (3.0 equiv)

CH5CN (0.2 M) NHBz
1b rt., 24 h 3b 4b
Entry deviation 4b (yield%) 4b:3b (%)
1 no 64 93:7
2 no p-TSA 2 3:97
3 using p-TSA (20 mol%) 3 4:96
4 NiCl instead of p-TSA 3 4:96
5 Zn(OTf)2 instead of p-TSA 46 2773
6 ZrCly instead of p-TSA 61 87:13
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3.6 Substrate Scope of B-N-Glycosylation

With optimized conditions in hand, we explored the generality of the epimerization
across a wide range of glycals and dioxazolones. As shown in Scheme 3.13, D-glucals
possessing benzyl- or methyl-protecting group were readily converted to 4k and 4b in
good yields and high B-selectivities. Importantly, not only D-glucals, but also L-rhamnal,
D-galactal and D-cellobial could be employed in this protocol, resulting in 4f, 4x and 4j
with similar efficiencies and selectivities. Notably, this acid-mediated epimerization
protocol did not affect the O-glycosidic bond in 4j. As anticipated, a 6:94 selectivity
demonstrated the ability to extend this approach to alkyl amide-containing N-glycals (4r)

with equal ease.

NiBr,*DME
(10 mol%)
L1 (15 mol%) —_0 p-TSA
0 0.0 DMMS (30equiv) | RON (G0moi%) o H
RO _\ + B —— JE——
- ® <\N,o TBAI (20 mol%) HNY. — Y.
1 2 TFE (2.5 equiv)
MeCN, rt 4
a—selecthlty B-selectivity
BnO MeO
oo YO oo m/© el J\©
4Kk, 74% ( uB 7:93) 4b, 59% (a:p=7:93) 4f, 52% (a:B=7:93)
BnO OBn
& BnO O BnO
BnO BnO BnO BnO
4x, 52% ( aB =9:91) 4j, 42% (a:3=10:90) [al 4r, 49% (a:B=6:94)[b]

Scheme 3.13 Scope of 3-N-glycosylation. 1 (0.20 mmol), 2 (0.40 mmol), NiBr2-DME (10 mol%),
L1 (15 mol%), DMMS (0.60 mmol), TFE (0.5 mmol) in MeCN (1 mL) at r.t. for 24 h, then p-TSA
(50 mol%) 50 °C. [a] reactions were conducted on 0.1 mmol scale for 1, and without TBAI. [b]

epimerization was conducted in toluene (1 mL).
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3.7 Preliminary Mechanistic Studies
3.7.1 Crossover Experiments

To gain a deeper insight into the possible reaction pathway of our Ni-catalyzed N-
glycosylation event, a set of preliminary mechanistic experiments were carried out. A
crossover experiment of 1a in the presence of both 2a and p-methoxy benzamide led to
exclusive formation of 3a in 64% yield and 97:3 a.: selectivity and not even traces of 31
were observed in the crude mixtures (Scheme 3.14). This observation argues against a
pathway consisting of interception of an oxocarbenium ion with a free amide, thus
supporting a scenario occurring via in situ generated nickel-nitrenoids prior to C-N bond-

formation.?’

NiBr,*DME
L1, TBAI OBn OBn
OBn o DMMS o ﬁ@
2 . i Bn
B%O/ﬁ + M a (1.5 equiv) 3a + B85 Bro .
N0 = Ar” "NH, TFE, MeCN i
rt, 24 h NHCOAr unlikely
1a Ar = p-OMeCgHy 64%, a:p=97:3 3k, n.d.

1.5 equiv.

Scheme 3.14 Crossover experiment with amide.

3.7.2 Isotope-labelling Studies

OBn
NiBry, L1
TBAI, DMMS ngo o} 3a, 79%
OBn TFE-d;, MeCN a:p=97:3
o\[//o NHBz
o)
BnO Ph
Bn&; LW .
NiBr,, L1 n
1a 2a TBAI, DMMS
= e . BpO 0 3a, 84%
TFE, CD5CN BnO a:B=90:10
NHBz

Scheme 3.15 Isotope-labelling with TFE-d; and CD3;CN.

No deuterium incorporation was detected in 3a with either TFE-d; or CD3;CN, thus

excluding the possibility of a pathway consisting of the generation of the nickel hydride
from either TFE or MeCN (Scheme 3.15).
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___ metallo-anomeric __

effect
NiBrp*DME
L1, TBAI BnO BnO
Bro~ 0.0  DMMS4d;(065D)  gho—\ o BnO 3
B%O%) + Ph—<\ > BnO BnO
NON__— N-O TFE, MeCN 0560 D NHB D
rt. 24 h 56D 4 z (N
1a 2a 3a-d, 86% cis
a:p=97:3

Scheme 3.16 Isotope-labelling with DMMS-d.

As anticipated, an equatorial 0.56 deuterium content at C2 was detected in 3a-d when
utilizing DMMS-d; (0.65D), strongly advocating the notion that the reaction involves a
syn-migratory insertion of an in situ generated nickel hydride to glycals from the a-face
(Scheme 3.16).2' The high a-selectivity is consistent with the intervention of a kinetic
metallo-anomeric effect, where the nickel center is located preferentially at the axial
position prior to reaction with 2a due to hyperconjugation between the endocyclic oxygen

atom and the o* orbitals of the C—Ni bond.?
3.7.3 Proposed Mechanism

On the basis of all our experiments, we believe that our results can be explained by a
mechanism consisting of an initial reduction of a Ni(Il) precatalyst by the DMMS,
resulting in a nickel hydride complex A (Scheme 3.17). This complex can then undergo a
migratory insertion to the glycal from o-face, resulting in B which features a stable
anomeric carbon-nickel bond. Therefore, intermediate B subsequently reacts with
dioxazolone to produce Ni-nitrenoid C with a neat loss of CO,. Reductive elimination
then forges the a-stereoselective N-glycosidic bond (D). A protonation in the presence of
TFE and o-bond metathesis with (MeO);MeSiH ultimately releases the desired o-N-
glycoside and regenerates Ni-hydride A.
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Scheme 3.17 Proposed Mechanism for the Ni-catalyzed a-N-glycosylation.
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3.8 Conclusion

In this chapter, we disclose a nickel-catalyzed stereoselective a-N-glycosylation via a
kinetically-controlled migratory insertion of a nickel-hydride into a glycal. The protocol
is distinguished by its high stereoselectivity, mild conditions and broad scope. The
corresponding f-N-glycosides can be obtained by an acid-mediated epimerization, thus
offering a new modular and unified platform that expedites the access to stereodivergent

N-glycosides with an exquisite control of the stereoselectivity.
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3.9 Experimental Section

3.9.1 General Information

Analytical methods. 'H and *C NMR were recorded on Bruker 300 MHz, Bruker 400
MHz and Bruker 500 MHz at 20 °C. All 'H NMR spectra are reported in parts per million
(ppm) downfield of TMS and were calibrated using the residual solvent peak of CD,Cl,
(5.32 ppm) or CHCl; (7.26 ppm), unless otherwise indicated. All *C NMR spectra are
reported in ppm relative to TMS, were calibrated using the signal of residual CD,Cl,
(53.84 ppm) or CHCI; (77.16 ppm). Coupling constants, J are reported in Hertz. Gas
chromatographic analyses were performed on Hewlett-Packard 6890 gas chromatography
instrument with FID detector. Melting points were measured using open glass capillaries
in a Biichi B540 apparatus. Infrared spectra (FT-IR) measurements were carried out on a
Bruker Optics FT-IR Alpha spectrometer equipped with a DTGS detector, KBr
beamsplitter at 4 cm™ resolution using a one bounce ATR accessory with diamond
windows. High-resolution mass spectra were recorded on a Waters LCT Premier
spectrometer or in a MicroTOF Focus, Bruker Daltonics spectrometer. UV/Vis absorption
spectra were recorded using a Agilent Technologies Cary 300 UV/Vis spectrophotometer
and UV-1800PC spectrophotometer in quartz cuvettes with a path length of 1.0 cm. Flash
chromatography was performed with EM Science silica gel 60 (230-400 mesh). Thin layer
chromatography was used to monitor reaction progress and analyzed fractions from
column chromatography. To this purpose TLC Silica gel 60 Fs4 aluminium sheets from
Merck were used and visualization was achieved using UV irradiation and/or staining
with Phosphomolybdic acid solution. The yields reported refer to isolated yields and
represent an average of at least two independent runs. The procedures described in this
section are representative. Thus, the yields may differ slightly from those given in the

tables of the manuscript.

Reagents. Commercially available materials were used as received without further
purification. Nickel bromide ethylene glycol dimethyl ether (NiBr,-DME, 97% purity)
was purchased from Sigma Aldrich. D-Glucal (98% purity) was purchased from BLD
pharm. Dimethoxymethylsilane (DMMS, >97.0%(GC) purity) was purchased from TCI.
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2,2,2-Trifluoroethanol (TFE, =99% purity) was purchased from Sigma Aldrich.

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, 99% purity) was purchased from Apollo
Scientific. Extra dry MeCN (99.9+% purity, note: the utilization of MeCN containing
molecular sieves afforded decreased yield and stereoselectivity) was purchased from

Fisher Scientific.

General procedure for the optimization of the a-/V-glycosylation of 1a with 2a. An
oven-dried 20 mL reaction tube containing a stir bar was charged with NiBr,-DME (6.2
mg, 10 mol%), L1 (11.3 mg, 15 mol%), 1a (0.2 mmol, 1.0 equiv., 83.4 mg), 2a (0.4 mmol,
2.0 equiv., 65.2 mg). The reaction tube was connected to a vacuum line where it was
evacuated and backfilled with Ar at least three times. Then anhydrous MeCN (1.0 mL)
was added, and the mixture was stirred at r.t. for 5 minutes under Ar flow before adding
DMMS (74.0 pL, 3.0 equiv.) and HFIP (52.6 pL, 2.5 equiv.). The tube was sealed under
Ar atmosphere and stirred at rt. for 24 h. The reaction mixture was then quenched with
air, concentrated under vacuum and purified by a short column to determine the yield and
stereoselectivity via "H-NMR spectroscopy using CH,Br (0.2 mmol, 35mg, 13.5 pL) as

internal standard.
3.9.2 Synthesis of Starting Materials

Synthesis of L1. 2-[(4S,5R)-4,5-Dihydro-4,5-diphenyl-2-oxazoyl]-6-phenylpyridine (L.1)

were prepared according to the literature procedure.*

Synthesis of glycals. 3,4,6-Tri-O-benzyl-D-glucal, 3,4,6-Tri-O-methyl-D-glucal, 3,4,6-
Tri-O-tert-butyldimethylsilyl-D-glucal, 3,4-di-O-benzyl-L-rhamnal, 3,4,6-Tri-O-benzyl-
D-galactal, 3,4-di-O-benzyl-D-arabinal, 2'3,3'4',6,6'-O-benzyl-D-cellobial  were
prepared according to the literature procedure,” 3-O-benzyl-4,6-di-O-isopropylidene-D-
glucal were prepared according to the literature procedure,” 2-deoxy-3,5-di-O-benzyl-D-

xylofuranose.*®
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Me
Me/%O (0]
0.0 —=

Me

3-0-[a-methyl-4-[(2-oxocyclopentyl)methyl|benzeneacetate]-4,6-di-O-
isopropylidene-D-glucal (1e). Loxoprofen (542 mg, 2.2 mmol) and DMAP (305 mg, 2.5
mmol) were dissolved in 10 mL of CH>Cl, and cooled to 0 °C. After 10 min, N,N'-
diisopropylcarbodiimide, (265 mg, 2.1 mmol) was added with vigorous stirring. After 5
min, a solution of 4,6-di-O-isopropylidene-D-glucal (372 mg, 2.0 mmol) in 10 mL of
CH,Cl; was added via cannula. The reaction mixture was stirred at room temperature for
12 h. The crude was filtered through a plug of silica gel, concentrated, and the residue was
purified by flash silica gel chromatography, affording the title compound (618 mg, 70%,
dr 1:1, colorless oil). "H NMR (500 MHz, CDCl3) & 7.23 — 7.17 (m, 4H), 7.14 — 7.06 (m,
4H), 6.33 (dd, J= 6.1, 1.5 Hz, 1H), 6.26 (dd, /= 6.1, 1.5 Hz, 1H), 5.44 (dq, /= 7.7, 2.0
Hz, 1H), 5.38 (dt, J= 7.8, 1.8 Hz, 1H), 4.68 (dt, J= 6.1, 1.7 Hz, 1H), 4.57 (dd, J = 6.1,
1.5 Hz, 1H), 4.04 — 3.85 (m, 4H), 3.85 — 3.75 (m, 4H), 3.75 — 3.66 (m, 2H), 3.13 (d, /=
4.1 Hz, 1H), 3.10 (d, J=4.1 Hz, 1H), 2.57 — 2.45 (m, 2H), 2.41 — 2.27 (m, 4H), 2.17 —
2.03 (m, 4H), 2.01 — 1.90 (m, 2H), 1.81 — 1.67 (m, 2H), 1.62 — 1.50 (m, 2H), 1.49 (s, 3H),
1.47 (d, J = 7.2 Hz, 6H), 1.40 (s, 3H), 1.34 — 1.28 (m, 6H) ppm. *C NMR (126 MHz,
CDCl3) 6 174.42,174.32, 145.58, 145.43, 138.92, 138.80, 138.53, 138.40, 129.19, 129.04,
127.76, 127.60, 100.90, 100.72, 99.89, 99.73, 70.16, 69.91, 69.88, 69.58, 69.07, 61.76,
61.73,51.13, 51.08, 45.31, 45.21, 38.30, 38.28, 35.31, 35.29, 29.33, 29.02, 28.91, 20.65,
19.12, 18.83, 18.81, 18.50 ppm. IR (neat): 2991, 2970, 2939, 2878, 1732, 1639, 1513,
1375, 1269, 1232, 1200, 1168, 1110, 1091, 1067, 1053, 1003, 987, 943, 864, 755, 736
cm . HRMS (ESI) calcd. for (C24H30NaOg) [M+Na]™: 437.1935, found 437.1947. M..P.:
72 °C.

Synthesis of Nitrene Precursors Dioxazolones. 3-pentyl-1,4,2-dioxazol-5-one, 3-

phenethyl-1,4,2-dioxazol-5-one, 3-(4-chlorobutyl)-1,4,2-dioxazol-5-one, 3-cyclopentyl-
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1,4,2-dioxazol-5-one, 3-(4,4-difluorocyclohexyl)-1,4,2-dioxazol-5-one, 3-(4-
chlorophenyl)-1,4,2-dioxazol-5-one,  3-(4-cyanophenyl)-1,4,2-dioxazol-5-one, 3-(4-
methoxyphenyl)-1,4,2-dioxazol-5-one, 3-(4-(tert-butyl)phenyl)-1,4,2-dioxazol-5-one, 3-
(naphthalen-2-yl)-1,4,2-dioxazol-5-one, 3-((adamantan-1-yl)methyl)-1,4,2-dioxazol-5-
one, 3-(1-(4-methoxyphenyl)cyclopropyl)-1,4,2-dioxazol-5-one were prepared following

the literature procedure.?’

0.0
O-O0~3
3-(4-(cyclohexyl)phenyl)-1,4,2-dioxazol-5-one (20). 1,1'-carbonyldiimidazole (CDI, 1.9
g, 1.2 equiv.), 4-cyclohexylbenzoic acid (2.0 g, 10 mmol) and THF (40 mL) were added
to an oven-dried 100 mL round-bottom flask under argon. The reaction mixture was
stirred for 2 h at room temperature. Then, hydroxylamine hydrochloride (NH,OH*HCI,
1.4 g, 2.0 equiv.) was quickly added to the crude mixture, and stirred for additional 14 h
at room temperature. The mixture was diluted with 5% KHSO4(aq.) and extracted with
EtOAc (3 times). The combined organic layers were dried over anhydrous Na,SOs,
filtered, and concentrated under reduced pressure and further crystallized in
dichloromethane to afford hydroxamic acid (940 mg). Subsequently, 1,1'-
carbonyldiimidazole (766 mg, 1.1 equiv.) was added in one portion at room temperature
and stirred for 1 h before being quenched with cold HCI 1M (aqueous) at 0 °C. The crude
was extracted with CH,Cl, dried over anhydrous Na,SO4, concentrated under reduced
pressure and filtered through a pad of silica with an eluent (EtOAc/n-hexane, 5:1),
affording the title compound (850 mg, 35%, two steps) as a white solid. "H NMR (500
MHz, CDCls) 6 7.81 — 7.71 (m, 2H), 7.43 — 7.34 (m, 2H), 2.68 — 2.52 (m, 1H), 1.96 —
1.83 (m, 4H), 1.82 — 1.73 (m, 1H), 1.50 — 1.35 (m, 4H), 1.34 — 1.20 (m, 1H) ppm. ®*C
NMR (126 MHz, CDCl3) 6 163.81, 154.81, 154.15, 128.06, 126.85, 117.60, 44.92, 34.16,
26.76, 26.08 ppm. IR (neat): 2927, 2900, 2852, 1859, 1830, 1613, 1563, 1509, 1449,
1420, 1365, 1353, 1165, 1065, 963, 836, 751, 671, 539 cm™'. HRMS (ESI) calcd. for
(CisH19NNaO4) [M+MeOH+Na]": 300.1206, found 300.1210. M..P.: 108 °C.
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3-(3-(bromo)-4-(methyl)phenyl)-1,4,2-dioxazol-5-one (2p). Following a similar
procedure to that shown for 20, the title compound could be obtained as a white solid (731
mg, 29%, two steps). '"H NMR (500 MHz, CDCl3) § 8.01 (d, J = 1.7 Hz, 1H), 7.69 (dd, J
= 8.0, 1.8 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 2.49 (s, 3H) ppm. *C NMR (126 MHz,
CDCl3) 6 162.57, 153.68, 144.83, 131.77, 130.39, 125.92, 125.42, 119.34, 23.55 ppm. IR
(neat): 1867, 1828, 1777, 1615, 1548, 1492, 1397, 1346, 1273, 1171, 1039, 973, 932, 891,
819, 755, 703, 678, 621, 579 cm'. HRMS (ESI) caled. for (CioHioBrNNaOs)
[M+MeOH+Na]": 309.9685, found 309.9692. M.P.: 65 °C.
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3.9.3 Ni-catalyzed Stereoselective a-/V-Glycosylation

NiBr,*DME (10 mol%)
L1 (15 mol%)

"Ph
o TBAI( 20% mol) - j
0 =2
0 \( TFE (2.5 equiv)
+ @
PONT_D \-O DMMS (3.0 equiv) HN\[(O Ph

CH4CN (0.2 M)
1 2 rt, 24 h

General Procedure A. An oven-dried 20 mL reaction tube containing a stir bar was
charged with NiBr,-DME (6.2 mg, 10 mol%), L1 (11.3 mg, 15 mol%), 1 (0.2 mmol, 1.0
equiv.), 2 (0.4 mmol, 2.0 equiv.) and TBAI (14.7 mg, 20 mol%). The tube was connected
to a vacuum line where it was evacuated and backfilled with Ar at least three times. Then,
anhydrous MeCN (1.0 mL) was added, and the mixture was stirred at rt for 5 min under
Ar flow before adding (MeO),MeSiH (74.0 puL, 3.0 equiv.) and TFE (36.0 uL, 2.5 equiv.).
The tube was sealed under Ar atmosphere and stirred at rt for 24 h. The reaction mixture
was then opened to air and concentrated under vacuum. The residue was purified by flash

column chromatography to give the targeted compounds.

OBn
BnO Q
BnO
HN
(0]

1-N-Benzoyl-(2-deoxyl-3,4,6-tri-O-benzyl-a-D-glucopyranosyl)-amine (3a).
Following General Procedure A, 3.,4,6-tri-O-benzyl-D-glucal (0.2 mmol, 83 mg) and 2a
(0.40 mmol, 65 mg) were used, affording 3a as a white solid (first run, 86 mg, 80%;
second run, 82 mg, 76%) and 4a (first run, 2 mg, 2%; second run, 2 mg, 2%). 3a: 'H
NMR (400 MHz, CD,Cl) 8 7.88 — 7.66 (m, 2H), 7.57 — 7.51 (m, 1H), 7.45 (t,J="7.5 Hz,
2H), 7.39 — 7.22 (m, 15H), 6.74 (d, J = 7.8 Hz, 1H), 5.88 (dt, J = 8.2, 4.3 Hz, 1H), 4.83
(d, J=11.0 Hz, 1H), 4.73 — 4.49 (m, 5H), 3.92 — 3.79 (m, 3H), 3.75 — 3.57 (m, 2H), 2.25
(dt, J = 13.6, 4.1 Hz, 1H), 2.03 (m, 1H). ppm. *C NMR (101 MHz, CD,Cl,) § 167.29,
139.06, 139.01, 138.97, 134.74, 132.41, 129.16, 128.94, 128.86, 128.53, 128.43, 128.27,
128.23, 128.10, 127.61, 77.35, 76.98, 74.86, 74.56, 73.95, 73.68, 72.03, 69.59, 34.02.
ppm. IR (neat): 3309, 3062, 3030, 2866, 1645, 1524, 1488, 1453, 1364, 1269, 1204, 1090,
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1027, 993, 734, 695, 618, 567 cm™'. HRMS (ESI) calcd. for (C3sH3sNNaOs) [M+Na]":
560.2407, found 560.2423. ML.P.: 78 °C.

OBn
H
TN
g )
0

1-N-Benzoyl-(2-deoxyl-3,4,6-tri-O-benzyl-p-D-glucopyranosyl)-amine (4a). A white
solid. '"H NMR (500 MHz, CDCl;) & 7.86 — 7.76 (m, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.42
(t,J=7.6 Hz, 2H), 7.37 - 7.21 (m, 13H), 7.20 — 7.14 (m, 3H), 5.56 — 5.44 (m, 1H), 4.90
(d,J=10.8 Hz, 1H), 4.66 (d,J=11.6 Hz, 1H), 4.59 (d, /= 11.6 Hz, 1H), 4.52 (d, J=10.9
Hz, 1H), 4.42 (d, /= 11.8 Hz, 1H), 4.32 (d, /= 11.8 Hz, 1H), 3.84 — 3.66 (m, 4H), 3.58
(d,J=9.1 Hz, 1H), 2.29 — 2.19 (m, 1H), 1.85 — 1.73 (m, 1H) ppm. *C NMR (126 MHz,
CDCl3) 6 166.84, 138.51, 138.44,137.73,133.81, 131.97, 128.61, 128.52, 128.47, 128.45,
128.40, 127.98, 127.93, 127.81, 127.76, 127.66, 127.39, 79.92, 77.49, 76.62, 75.14, 73.62,
71.49, 68.57, 36.67 ppm. IR (neat): 3347, 3060, 3030, 2955, 2893, 2860, 1656, 1523,
1491, 1453, 1364, 1307, 1267, 1155, 1086, 1047, 1027, 998, 971, 905, 736, 695, 649, 602,
567,543 cm™'. HRMS (ESI) calcd. for (C3sH3sNOs) [M+H]": 538.2588, found 538.2588.
M.P.: 143 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3a-4a with a 97:3 a:f selectivity.

OBn
o OBn
BnO
BnO Ha BnO o K
HN BnO
(0]

Ha:Hb = 97:3 (a:B)
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Crude 'H-NMR (400 MHz, CDCl;) en route to 3a.

OMe
Mﬁ&é% p
HN
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1-N-Benzoyl-(2-deoxyl-3,4,6-tri-O-methyl-a-D-glucopyranosyl)-amine (3b).
Following General Procedure A, 3,4,6-tri-O-methyl-D-glucal (0.2 mmol, 38 mg) and 2a
(0.40 mmol, 65 mg) were used. The reactions were performed for 72 h, with additional
DMMS (0.20 mmol, 25.0 uL) and TFE (0.1 mmol, 7.2 pL) added after 48 h, affording the
title compound as a colorless oil (first run, 36 mg, 58%; second run, 39 mg, 63%). 'H
NMR (500 MHz, CD>Cl») 6 7.78 — 7.75 (m, 2H), 7.54 (t, /= 7.4 Hz, 1H), 7.46 (t,J="7.6
Hz, 2H), 6.75 (d,J=7.1 Hz, 1H), 5.81 (dt, /= 8.0, 4.4 Hz, 1H), 3.71 — 3.62 (m, 2H), 3.54
(m, 2H), 3.50 (s, 3H), 3.44 (s, 3H), 3.36 (s, 3H), 3.19 (t, /= 7.5 Hz, 1H), 2.15 (dt, J =
13.7, 4.2 Hz, 1H), 1.89 (m, 1H) ppm. *C NMR (126 MHz, CD,Cl,) & 167.28, 134.76,
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132.40, 129.15, 127.61, 79.04, 78.51, 74.23, 73.40, 71.82, 60.14, 59.42, 57.56, 33.36 ppm.
IR (neat): 3308, 2927, 2854, 2828, 1649, 1526, 1489, 1448, 1383, 1324, 1213, 1193,
1089, 1037, 998, 982, 714, 694, 575 cm™'. HRMS (ESI) calcd. for (C16HsNNaOs)
[M+Na]': 332.1468, found 332.1474.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3b-4b with a 97:3 a:p selectivity.

Mﬁ‘e’oém@ e 1, 0

Ha:Hb = 97:3 (a:B)

°70.971
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Crude 'H-NMR (400 MHz, CDCl;) en route to 3b.
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1-N-Benzoyl-(2-deoxyl-3,4,6-tri-O-tert-butyldimethylsilyl-a-D-glucopyranosyl)-
amine (3¢). Following General Procedure A, 3,4,6-tri-O-tert-butyldimethylsilyl-D-glucal
(0.2 mmol, 98 mg), 2a (0.40 mmol, 65 mg) and HFIP (0.5 mmol, 52.6 uL) were used,
affording the title compound as a colorless oil (first run, 62 mg, 51%, second run, 54 mg,
44%). "H NMR (400 MHz, CD,Cl) § 7.82 — 7.74 (m, 2H), 7.57 — 7.49 (m, 1H), 7.45 (t,
J=17.4Hz, 2H), 6.62 (d, J= 8.9 Hz, 1H), 5.77 (td, /= 10.0, 2.4 Hz, 1H), 4.11 (m, 1H),
3.98 (m, 1H), 3.92 (m, 1H), 3.80 (t, J = 6.9 Hz, 1H), 3.72 (brs, 1H), 2.08 (m, 1H), 1.74
(dt,J=13.2,3.2 Hz, 1H), 1.02 — 0.82 (m, 27H), 0.10 (m, 18H) ppm. *C NMR (101 MHz,
CD,Cly) 6 166.72, 134.95, 132.19, 129.08, 127.60, 81.56, 71.26, 70.85, 68.17, 62.35,
34.99, 26.30, 26.23, 18.72, 18.55, 18.52, -4.33, -4.36, -4.40, -4.63, -4.97 ppm. IR (neat):
3326,2954,2929,2885,2857,1653, 1531, 1471, 1316, 1252, 1083, 1048, 1004, 891, 832,
773,710, 692, 669 cm™'. HRMS (ESI) calcd. for (C31HseNNaOsSis) [M+Na]": 632.3593,
found 632.3583.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3¢ with an exquisite a selectivity.

OTBS

OTBS
TBSO Ha
TBSO TBSO

Ha:Hb > 99:1 (a:B)
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Crude 'H-NMR (400 MHz, CD;CN) en route to 3¢
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1-N-Benzoyl-(2-deoxyl-3-0-benzyl-4,6-di-O-isopropylidene-a-D-glucopyranosyl)-

amine (3d). Following General Procedure A, 3-O-benzyl-4,6-di-O-isopropylidene-D-
glucal (0.2 mmol, 55.2 mg) and 2a (0.40 mmol, 65 mg) were used, affording the title
compound as a colorless oil (first run, 57 mg, 72%; second run, 62 mg, 78%). '"H NMR
(500 MHz, CDCl,) 6 7.82 —7.72 (m, 2H), 7.60 — 7.52 (m, 1H), 7.51 — 7.42 (m, 2H), 7.38
—7.33 (m, 4H), 7.33 — 7.23 (m, 1H), 6.88 (d, J = 7.6 Hz, 1H), 5.97 — 5.78 (m, 1H), 4.79
(d, J=11.9 Hz, 1H), 4.67 (d,J=11.9 Hz, 1H), 3.85 - 3.71 (m, 4H), 3.56 (td,J=9.5, 5.8
Hz, 1H),2.31-2.18 (m, 1H), 2.16 —2.03 (m, 1H), 1.53 (s, 3H), 1.41 (s, 3H) ppm *C NMR
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(126 MHz, CD,Cl») & 167.43, 139.44, 134.60, 132.53, 129.19, 128.83, 128.14, 128.08,
127.65, 100.12, 76.94, 75.94, 73.66, 72.91, 65.81, 62.98, 35.53, 29.63, 19.58 ppm. IR
(neat): 3306, 2992, 2926, 2892, 1644, 1580, 1525, 1488, 1454, 1372, 1336, 1263, 1206,
1172, 1156, 1115, 1089, 1029, 985, 949, 916, 854, 734, 713, 694, 616, 576, 520 cm .
HRMS (ESI) calcd. for (C23H27NNaOs) [M+Na]": 420.1781, found 420.1786.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3d-4d with a 99:1 a:p selectivity.

Me
M
MerOo o /I:
o=y 7y O@YHY@
HN BnO
0

Ha:Hb =99:1 (a:B)
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Crude 'H-NMR (400 MHz, CDCl;) en route to 3d

190



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

Me
Me/‘VO o
(e]
0.0
o) HN

Me
O

1-N-Benzoyl-(2-deoxyl-3-O-[a-methyl-4-[(2-0xocyclopentyl)methyl]-
benzeneacetate]-4,6-di-O-isopropylidene-a-D-glucopyranosyl)-amine 3e).
Following General Procedure A, 3-O-[o-methyl-4-[(2-oxocyclopentyl)methyl]-
benzeneacetate]-4,6-di-O-isopropylidene-D-glucal (0.2 mmol, 83 mg) and 2a (0.40 mmol,
65 mg) were used, affording the title compound as a white solid (first run, 44 mg, 41%;
second run, 49 mg, 46%). '"H NMR (500 MHz, CD>Cl,) § 7.85 — 7.74 (m, 2H), 7.63 —
7.50 (m, 1H), 7.49 — 7.40 (m, 2H), 7.38 — 7.22 (m, 1H), 7.22 — 7.15 (m, 2H), 7.15 - 7.08
(m, 2H), 5.95 - 5.76 (m, 1H), 5.30 — 5.18 (m, 1H), 3.87 — 3.59 (m, 5H), 3.12 — 3.03 (m,
1H), 2.53 —2.42 (m, 1H), 2.38 — 2.24 (m, 2H), 2.22 — 2.01 (m, 3H), 2.00 — 1.88 (m, 2H),
1.78 — 1.66 (m, 1H), 1.59 — 1.51 (m, 1H), 1.51 — 1.34 (m, 6H), 1.32 — 1.23 (m, 3H) ppm.
BC NMR (126 MHz, CD,Cl,) § 174.69, 174.53, 167.74, 139.76, 139.62, 138.85, 138.71,
134.46, 132.50, 129.59, 129.46, 129.11, 128.07, 127.96, 127.82, 100.32, 100.15, 75.67,
75.61, 74.02, 73.72, 68.80, 68.27, 65.77, 65.73, 62.86, 51.40, 51.35, 45.78, 45.54, 38.58,
38.56, 35.68, 34.55, 34.32, 29.84, 29.82, 29.81, 29.46, 29.35, 21.04, 19.47, 19.18, 19.15,
18.85, 18.63 ppm. IR (neat): 3366, 3335, 2969, 2938, 2875, 1734, 1655, 1603, 1580,
1516, 1487, 1450, 1373, 1336, 1264, 1205, 1176, 1158, 1091, 1051, 1032, 989, 950, 887,
854, 713, 693, 579 cm™'. HRMS (ESI) calcd. for (C31H37?NNaO;) [M+Na]": 558.2462,
Sfound 558.2449. ML.P.: 72 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3e-4e with a 99:1 a:f selectivity.
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1-N-Benzoyl-(2,6-deoxyl-3,4-O-benzyl-o-L-glucopyranosyl)-amine (3f). Following
General Procedure A, 3,4-di-O-benzyl-L-rhamnal (0.2 mmol, 62 mg) and 2a (0.40 mmol,

65 mg) were used, affording the title compound as a white solid (first run, 52 mg, 60%;
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second run, 48 mg, 56%). "H NMR (400 MHz, CD,CL,) & 7.81 — 7.71 (m, 2H), 7.59 —
7.50 (m, 1H), 7.49 — 7.42 (m, 2H), 7.40 — 7.24 (m, 10H), 6.73 (d, J= 7.7 Hz, 1H), 5.91 —
5.77 (m, 1H), 4.88 (d, J = 11.0 Hz, 1H), 4.74 — 4.59 (m, 3H), 3.89 - 3.80 (m, 1H), 3.79 —
3.70 (m, 1H), 3.22 (t, J = 8.0 Hz, 1H), 2.27 (m, 1H), 2.01 (m, 1H), 1.33 (d, /= 6.3 Hz,
3H) ppm. *C NMR (101 MHz, CD,Cl,) 5 167.27, 139.15, 139.02, 134.83, 132.39, 129.16,
128.94, 128.87, 128.55, 128.31, 128.24, 127.59, 83.27, 77.16, 75.24, 74.42, 72.00, 69.75,
34.40, 18.51 ppm. IR (neat): 4, 3063, 3031, 2930, 2873, 1638, 1603, 1580, 1528, 1489,
1453, 1363, 1341, 1273, 1212, 1093, 1069, 1028, 992, 733, 715, 694, 629, 572 cm’".
HRMS (ESI) calcd. for (C27HxBrNNaO,) [M+Na]': 454.1989, found 454.1991. M.P.:
101 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3f-4f with a 95:5 a:B selectivity.

Ha:Hb = 95:5 (a:B)
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1-N-Benzoyl-(2-deoxyl-3,4,6-O-benzyl-a-D-galactopyranosyl)-amine (3g). Following
General Procedure A, 3,4,6-tri-O-benzyl-D-galactal (0.2 mmol, 83 mg) and 2a (0.40
mmol, 65 mg) were used, affording the title compound as a colorless oil (first run, 68 mg,
63%; second run, 74 mg, 69%). "H NMR (500 MHz, CD>Cl,) § 7.81 —7.73 (m, 2H), 7.64
—7.55 (m, 1H), 7.49 (t, /= 7.6 Hz, 2H), 7.45 — 7.27 (m, 15H), 6.72 (d, /= 7.4 Hz, 1H),
5.91 (brs, 1H), 4.91 (d, J=11.2 Hz, 1H), 4.78 — 4.59 (m, 3H), 4.59 — 4.48 (m, 2H), 4.08
—3.97 (m, 2H), 3.95 — 3.86 (m, 1H), 3.82 — 3.66 (m, 2H), 2.55 — 2.42 (m, 1H), 1.99 (dt, J
=13.3,3.1 Hz, 1H) ppm. *C NMR (126 MHz, CD,Cl,) § 167.39, 139.44, 139.04, 138.98,
134.96, 132.39, 129.18, 129.02, 128.90, 128.86, 128.57, 128.51, 128.24, 128.19, 128.18,
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128.10, 127.64, 75.33, 74.62, 74.59, 74.17, 74.03, 72.76, 71.32, 69.30, 31.54 ppm. IR
(neat): 3307, 3062, 3029, 2921, 2862, 1643, 1603, 1580, 1523, 1488, 1453, 1368, 1331,
1301, 1268, 1208, 1164, 1088, 1058, 1027, 733, 694, 614, 561 cm™'. HRMS (ESI) calcd.

for (C34H3¢NOs) [M+H]": 538.2588, found 538.2589.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3g-4g with a 95:5 a:f selectivity.
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1-N-Benzoyl-(2-deoxyl-5-demethyl-3,4-0-benzyl-a-L-galactopyranosyl)-amine (3h).
Following General Procedure A, 3,4-di-O-benzyl-D-arabinal (0.2 mmol, 60 mg) and 2a
(0.40 mmol, 65 mg) were used, affording the title compound as a white solid (first run,
77 mg, 92%; second run, 70 mg, 84%). "H NMR (500 MHz, CD,Cl,) & 7.82 — 7.71 (m,
2H), 7.58 — 7.49 (m, 1H), 7.49 — 7.38 (m, 4H), 7.39 — 7.28 (m, 8H), 6.58 (d, /= 8.9 Hz,
1H), 5.76 — 5.62 (m, 1H), 4.74 (s, 2H), 4.64 — 4.50 (m, 2H), 4.08 (s, 1H), 4.01 (t,/=10.6
Hz, 1H), 3.85 (dd, J=11.0, 3.9 Hz, 1H), 3.69 —3.57 (m, 1H), 2.36 — 2.19 (m, 1H), 1.83
— 1.65 (m, 1H) ppm. *C NMR (126 MHz, CD,Cl,) § 167.19, 139.39, 139.03, 134.71,
132.33, 129.11, 128.91, 128.86, 128.21, 128.19, 128.08, 128.06, 127.59, 75.60, 74.96,
72.68, 72.43, 71.57, 64.30, 35.64 ppm. IR (neat): 3315, 3061, 3022, 2959, 2918, 2850,
1651, 1603, 1580, 1527, 1489, 1452, 1435, 1370, 1351, 1319, 1294, 1236, 1167, 1119,
1097, 1071, 1026, 983, 924, 896, 732, 711, 692, 666, 567 cm™'. HRMS (ESI) calcd. for
(C26H27NNaOy) [M+Na]": 440.1832, found 440.1837. M.P.: 149 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3h with an exquisite [ selectivity.

’ R e
0
B”O/WN OBnHNp

OBn H, O o)
Ha:Hb > 99:1 (B:a)
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L i

T T T T T T T T T T T
105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

T T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0 -0.5
f1 (ppm)

Crude 'H-NMR (400 MHz, CDCl;) en route to 3h

BnO
K;OJ“\HYQ

BnO

1-N-Benzoyl-(2-deoxyl-3,5-0-benzyl-a-D-xylofuranosyl)-amine  (3i).  Following
General Procedure A, 2-deoxy-3,5-di-O-benzyl-D-arabinal (0.2 mmol, 60 mg) and 2a
(0.40 mmol, 65 mg) were used, affording the title compound as a white solid (first run,
79 mg, 95%; second run, 73 mg, 87%). "H NMR (400 MHz, CDyCl) 6 7.82 — 7.74 (m,
2H), 7.55 - 7.48 (m, 1H), 7.48 — 7.40 (m, 2H), 7.40 — 7.24 (m, 10H), 6.74 (d, /= 8.2 Hz,
1H), 6.07 (q, J = 7.5 Hz, 1H), 4.62 (d, /= 11.9 Hz, 1H), 4.57 (d, J = 11.7 Hz, 1H), 4.51
(d,J=11.7 Hz, 1H), 4.44 (d,J=11.9 Hz, 1H), 4.36 — 4.28 (m, 1H), 4.27 — 4.18 (m, 1H),
3.79 (dd, J=10.0, 4.9 Hz, 1H), 3.72 (dd, /= 10.0, 6.6 Hz, 1H), 2.65 — 2.51 (m, 1H), 2.04
—1.91 (m, 1H) ppm. *C NMR (101 MHz, CD,Cl,) § 167.61, 139.03, 138.81, 134.81,
132.24, 129.07, 128.89, 128.83, 128.34, 128.16, 128.08, 127.60, 81.52, 81.25, 79.36,
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74.00, 71.89, 69.75, 38.83 ppm. IR (neat): 3300, 3062, 3028, 2922, 2856, 1643, 1602,
1578, 1523, 1487, 1466, 1453, 1356, 1301, 1282, 1203, 1147, 1116, 1095, 1044, 973, 934,
921, 905, 846, 730, 693, 611, 445 cm™'. HRMS (ESI) calcd. for (C26H27NNaO,) [M+Na]':
440.1832, found 440.1827. ML.P.: 125 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3i with an exquisite o selectivity.

H
BnO o. N
PEat
BnO

ol

T T T T T T T T T T T
105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

1.00=

T T T T T T T T T T
5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 05 00 05
f1 (ppm)

Crude 'H-NMR (400 MHz, CD,Cl,) en route to 3i
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f1 (ppm)

T T T T T T T T T
3.5 3.0 25 2.0 15 1.0 0.5 0.0 -0.5

T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
£2 (ppm)

Crude '"H-HCOSY (400 MHz, CD,Cl,) en route to 3i

OBn
OBn
BnO &
BnO BO O
BnO nO
HN

(0]

1-N-Benzoyl-(2-deoxyl-2',3,3',4',6,6'-O-benzyl-o-D-maltosyl)-amine (3j). Following
General Procedure A, 2',3,3',4',6,6'-O-benzyl-D-cellobial (0.1 mmol, 1 equiv., 85 mg) and
2a (0.20 mmol, 32 mg) were used. After 48 h, additional DMMS (0.1 mmol, 12.5 puL) and
TFE (0.1 mmol, 7.2 pL) were added, affording the title compound as a white solid (first
run, 51 mg, 53%; second run, 63 mg, 65%). "H NMR (500 MHz, CD:Cl) 6 7.83 —7.71
(m, 2H), 7.55 (t, J= 7.4 Hz, 1H), 7.46 (t, J= 7.6 Hz, 2H), 7.40 — 7.15 (m, 30H), 6.61 (d,
J=8.5Hz, 1H), 5.95-5.81 (m, 1H), 4.97 (d, J=11.0 Hz, 1H), 4.91 (d, J=11.0 Hz, 1H),
4.88 —4.79 (m, 2H), 4.77 — 4.45 (m, 9H), 4.08 — 3.93 (m, 4H), 3.85 —3.76 (m, 1H), 3.73
—3.67 (m, 2H), 3.66 — 3.56 (m, 2H), 3.48 — 3.37 (m, 2H), 2.21 — 2.02 (m, 2H) ppm. *C
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NMR (126 MHz, CD,ClLy) 6 167.17, 139.43, 139.22, 139.06, 138.96, 134.80, 132.34,
129.12, 128.88, 128.87, 128.85, 128.82, 128.79, 128.65, 128.42, 128.38, 128.33, 128.26,
128.16, 128.11, 128.09, 128.07, 128.05, 128.03, 127.61, 103.65, 85.17, 82.95, 78.31,
76.01, 75.43, 75.39, 75.34, 74.97, 73.89, 73.82, 72.42, 72.21, 69.51, 68.89, 33.08 ppm.
IR (neat): 3284, 3087, 3063, 3030, 2901, 2869, 1640, 1603, 1579, 1521, 1469, 1452,
1352, 1320, 1274, 1204, 1137, 1091, 1071, 741, 722, 693, 643, 540, 461 cm™'. HRMS
(ESI) calcd. for (Ce1HesNNaOjo) [M+Na]": 992.4344, found 992.4369. M.P.: 167 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3j with an exquisite a selectivity.

ép@ 2ain O

Ha:Hb > 99:1 (a:B)

T T T T T T T T T
105 100 95 2.0 8.5 80 75 7.0 65 6.0

Crude "H-NMR (400 MHz, CDCl;) en route to 3j
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BnO
Bno/% 7‘((J/

1-N-(4-tert-butylbenzoyl)-(2-deoxyl-3,4,6-tri-O-benzyl-o-D-glucopyranosyl)-amine
(3Kk). Following General Procedure A, 3,4,6-tri-O-benzyl-D-glucal (0.2 mmol, 83 mg) and
3-(4-(tert-butyl)phenyl)-1,4,2-dioxazol-5-one (0.4 mmol, 88 mg) were used, affording the
title compound as a white solid (first run, 108 mg, 91%; second run, 98 mg, 83%). 'H
NMR (500 MHz, CD,Cl,) 6 7.75 — 7.66 (m, 2H), 7.55 — 7.43 (m, 2H), 7.43 — 7.23 (i,
15H), 6.72 (d, J= 7.9 Hz, 1H), 5.94 — 5.82 (m, 1H), 4.83 (d, /= 11.0 Hz, 1H), 4.68 (d, J
= 11.6 Hz, 1H), 4.65 — 4.50 (m, 4H), 3.98 — 3.77 (m, 3H), 3.76 — 3.62 (m, 2H), 2.24 (dt,
J=13.6,4.3 Hz, 1H), 2.14—1.97 (m, 1H), 1.34 (s, 9H) ppm. *C NMR (101 MHz, CD-Cl,)
0167.17,156.12,139.09, 139.03, 139.00, 131.80, 128.94, 128.86, 128.53, 128.43, 128.27,
128.22, 128.09, 127.43, 126.12, 77.43, 77.07, 74.88, 74.50, 73.95, 73.60, 72.03, 69.61,
35.42, 34.08, 31.43 ppm. IR (neat): 3305, 3031, 2960, 2925, 2866, 1640, 1610, 1529,
1497, 1454, 1363, 1339, 1270, 1204, 1143, 1090, 1046, 1027, 996, 854, 734, 696, 622
cm™'. HRMS (ESI) calcd. for (C3sHuNOs) [M+H]": 594.3214, found 594.3206. M.P.:
95 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3k-4k with a 98:2 a:} selectivity.

Bg‘n’oépo e 1

Ha:Hb = 98:2 (a:B)
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T T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0 -0.5
f1 (ppm)

Crude 'H-NMR (400 MHz, CDCl;) en route to 3k

OBn
BnO 0
Bnoéﬁ OMe
HN
(0]

1-N-(4-methoxybenzoyl)-(2-deoxyl-3,4,6-tri-O-benzyl-a-D-glucopyranosyl)-amine

(3. Following General Procedure A, 3,4,6-tri-O-benzyl-D-glucal (0.2 mmol, 83 mg) and
3-(4-methoxyphenyl)-1,4,2-dioxazol-5-one (0.4 mmol, 77 mg) were used, affording the
title compound as a white solid (first run, 97 mg, 86%; second run, 106 mg, 93%). 'H
NMR (500 MHz, CD>Cl,) 6 7.77 — 7.70 (m, 2H), 7.42 — 7.23 (m, 15H), 7.02 — 6.89 (m,
2H), 6.70 (d, J = 8.0 Hz, 1H), 5.94 — 5.84 (m, 1H), 4.83 (d, J=11.0 Hz, 1H), 4.69 (d, J =
11.7 Hz, 1H), 4.65 — 4.55 (m, 3H), 4.52 (d, /= 11.9 Hz, 1H), 3.92 — 3.86 (m, 1H), 3.86 —
3.79 (m, 5H), 3.75 — 3.63 (m, 2H), 2.25 (dt, J = 13.6, 4.3 Hz, 1H), 2.09 — 1.98 (m, 1H)
ppm. *C NMR (126 MHz, CD>Cl,) § 166.73, 163.13, 139.08, 139.01, 138.99, 129.49,
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128.92, 128.84, 128.52, 128.42, 128.25, 128.20, 128.08, 126.82, 114.28, 77.40, 77.03,
74.85,74.48, 73.93, 73.53, 71.98, 69.60, 55.99, 34.06 ppm. IR (neat): 3509, 3418, 3230,
3064, 3030, 2927, 2871, 1626, 1607, 1578, 1541, 1508, 1453, 1371, 1345, 1328, 1283,
1252, 1207, 1178, 1078, 1029, 1008, 942, 852, 834, 732, 694, 638, 607, 577 cm . HRMS
(ESI) calcd. for (C3sHssNOg) [M+H]'": 568.2694, found 568.2695. MLP.: 70 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 31-41 with a 97:3 a:f} selectivity.

OBn
o OBn OMe
BnO
B0y Ot BnOﬁYHY@
HN BnO
(0]

Ha:Hb = 97:3 (a:B)

T T T T T T T T T T T T T T T T T T T T T
105 100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 -05
f1 (ppm)

Crude 'H-NMR (400 MHz, CDCl;) en route to 31
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OBn

BnO 0
Bn&% Cl
HN

(0]

1-N-(4-chlorobenzoyl)-(2-deoxyl-3,4,6-tri-O-benzyl-a-D-glucopyranosyl)-amine
(3m). Following General Procedure A, 3,4,6-tri-O-benzyl-D-glucal (0.2 mmol, 83 mg)
and 3-(4-chlorophenyl)-1,4,2-dioxazol-5-one (0.4 mmol, 80 mg) were used, affording the
title compound as a white solid (first run, 89 mg, 78%; second run, 83 mg, 73%). '"H NMR
(500 MHz, CD,Cl,) 6 7.75 — 7.64 (m, 2H), 7.47 — 7.39 (m, 2H), 7.39 — 7.21 (m, 15H),
6.72 (d, J=7.8 Hz, 1H), 5.89 — 5.83 (m, 1H), 4.81 (d, /= 11.0 Hz, 1H), 4.68 (d, J=11.7
Hz, 1H), 4.65 — 4.57 (m, 2H), 4.60 — 4.49 (m, 2H), 3.90 — 3.79 (m, 3H), 3.73 — 3.66 (m,
1H), 3.65 (t, J= 7.5 Hz, 1H), 2.24 (dt, J = 13.6, 4.2 Hz, 1H), 2.08 — 1.97 (m, 1H) ppm.
BC NMR (126 MHz, CD,Cl,) § 166.28, 138.98, 138.96, 138.92, 138.52, 133.15, 129.37,
129.17, 128.94, 128.87, 128.86, 128.53, 128.42, 128.25, 128.12, 77.11, 76.78, 74.78,
74.53,73.94, 73.84, 72.00, 69.54, 33.86 ppm. IR (neat): 3387, 3064, 3035, 2923, 2856,
1667, 1592, 1514, 1480, 1453, 1366, 1328, 1238, 1204, 1086, 1062, 1026, 1010, 992, 970,
908, 843, 749, 734, 696, 622, 579, 528 cm™'. HRMS (ESI) calcd. for (C34H34CINNaOs)
[M+Na]": 594.2018, found 594.2024. M.P.: 110 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3m-4m with a 97:3 a:p selectivity.

Bﬁﬁ’oép@r SeiVey

Ha:Hb = 97:3 (a:B)
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Crude 'H-NMR (400 MHz, CDCl;) en route to 3m

OBn
BnO 0
BnO CN
HN

]

1-N-(4-cyanobenzoyl)-(2-deoxyl-3,4,6-tri-O-benzyl-o-D-glucopyranosyl)-amine (3n).
Following General Procedure A, 3,4,6-tri-O-benzyl-D-glucal (0.2 mmol, 83 mg) and 3-
(4-cyanophenyl)-1,4,2-dioxazol-5-one (0.4 mmol, 75 mg) were used, affording the title
compound as a white solid (first run, 45 mg, 40%; second run, 55 mg, 49%). '"H NMR
(300 MHz, CD,Cl,) 6 7.86 — 7.79 (m, 2H), 7.77 — 7.67 (m, 2H), 7.41 — 7.18 (m, 15H),
6.79 (d, J=17.9 Hz, 1H), 5.99 — 5.78 (m, 1H), 4.80 (d, /= 11.0 Hz, 1H), 4.67 (d, J=11.7
Hz, 1H), 4.64 —4.51 (m, 4H), 3.91 —3.78 (m, 3H), 3.76 — 3.59 (m, 2H), 2.26 (dt, /= 13.7,
4.3 Hz, 1H), 2.11 — 1.97 (m, 1H) ppm. *C NMR (126 MHz, CD,Cl,) & 165.78, 138.91,
138.90, 138.86, 138.52, 133.05, 128.95, 128.89, 128.87, 128.54, 128.41, 128.35, 128.30,
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128.26, 128.22, 128.15, 118.50, 115.93, 76.83, 76.56, 74.68, 74.54, 74.12, 73.95, 72.00,
69.49, 33.66 ppm. IR (neat): 3445, 3064, 3025, 2924, 2886, 2855, 2229, 1685, 1675,
1522, 1488, 1454, 1363, ,1254, 1202, 1114, 1086, 1060, 1030, 1003, 967, 854, 751, 728,
693, 630, 550, 488 cm™'. HRMS (ESI) calcd. for (C3sH3sN2NaOs) [M+Na]": 585.2360,
Sfound 585.2376. ML.P.: 128 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3n-4n with a 94:6 a:p selectivity.

B%ép@ o

Ha:Hb = 94:6 (a:B)

b

T T T T T T T T T T T
5 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
1 (ppm)
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«]0.06=

o
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T T T T T T T
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Crude '"H-NMR (400 MHz, CDCl;) en route to 3n
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Me
MeJVO o
(0]
BnO
HN
(0]

1-NV-(4-cyclohexylbenzoyl)-(2-deoxyl-3-O-benzyl-4,6-di-O-isopropylidene-a-D-
glucopyranosyl)-amine (30). Following General Procedure A, 3-O-benzyl-4,6-di-O-
isopropylidene-D-glucal (0.2 mmol, 55 mg) and 3-(4-(cyclohexyl)phenyl)-1,4,2-
dioxazol-5-one (0.4 mmol, 98 mg) were used, affording the title compound as a white
solid (first run, 83 mg, 87%; second run, 79 mg, 82%). 'H NMR (500 MHz, CD,Cl,) o
7.78 — 7.64 (m, 2H), 7.43 — 7.23 (m, 7H), 6.81 (d, J = 7.8 Hz, 1H), 5.99 — 5.78 (m, 1H),
4.78 (d,J=11.8 Hz, 1H), 4.67 (d, J=11.9 Hz, 1H), 3.86 — 3.71 (m, 4H), 3.63 — 3.50 (m,
1H), 2.64 — 2.53 (m, 1H), 2.25 - 2.17 (m, 1H), 2.13 — 2.02 (m, 1H), 1.95 — 1.81 (m, 4H),
1.76 (d,J=12.7 Hz, 1H), 1.52 (s, 3H), 1.49 — 1.36 (m, 7H), 1.35 — 1.23 (m, 1H) ppm. *C
NMR (126 MHz, CD,Cly) 6 167.35, 153.27, 139.54, 132.15, 128.88, 128.19, 128.12,
127.74, 127.71, 100.17, 77.05, 75.97, 73.80, 72.98, 65.88, 63.08, 45.16, 35.68, 34.84,
34.83, 29.69, 27.39, 26.68, 19.66 ppm. IR (neat): 3307, 2992, 2923, 2851, 1642, 1610,
1530, 1498, 1448, 1369, 1262, 1205, 1090, 1030, 986, 916, 856, 733, 696, 578 cm .
HRMS (ESI) calcd. for (C2oH3sNOs) [M+H]": 480.2744, found 480.2745. ML.P.: 62 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 30-40 with a 99:1 a:f selectivity.

Ha:Hb = 99:1 (a:B)
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4-0.014
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Crude 'H-NMR (400 MHz, CDCl;) en route to 30

Me
Me/‘VOO o
BnO Me
HN Br

O

1-NV-(3-(bromo)-4-(methyl) benzoyl)-(2-deoxyl-3-O-benzyl-4,6-di-O-isopropylidene-
a-D-glucopyranosyl)-amine (3p). Following General Procedure A, 3-O-benzyl-4,6-di-
O-isopropylidene-D-glucal (0.2 mmol, 55 mg) and 3-(3-(bromo)-4-(methyl) phenyl)-
1,4,2-dioxazol-5-one (0.4 mmol, 102 mg) were used, affording the title compound as a
white solid (first run, 87 mg, 89%; second run, 93 mg, 95%). "H NMR (500 MHz, CD:Cl,)
6796 (d,J=1.8 Hz, 1H), 7.74 - 7.57 (m, 1H), 7.43 — 7.27 (m, 6H), 6.90 (d, /= 7.6 Hz,
1H), 5.93 -5.79 (m, 1H), 4.83 (d, J=11.8 Hz, 1H), 4.71 (d, J=11.9 Hz, 1H), 3.94 - 3.71
(m, 4H), 3.65 — 3.53 (m, 1H), 2.48 (s, 3H), 2.33 —2.21 (m, 1H), 2.19 - 2.03 (m, 1H), 1.56
(s, 3H), 1.45 (s, 3H) ppm. *C NMR (101 MHz, CD,Cl,) § 166.21, 142.87, 139.47, 133.80,
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131.57, 131.40, 128.81, 128.09, 128.06, 126.70, 125.46, 100.10, 76.88, 76.06, 73.60,
72.86, 65.82, 62.94, 35.44, 29.64, 23.33, 19.57 ppm. IR (neat): 3293, 2991, 2938, 2875,
1642, 1527, 1484, 1454, 1373, 1335, 1306, 1262, 1205, 1090, 1029, 986, 948, 918, 858,

734,

696, 676, 576 cm™'. HRMS (ESI) calcd. for (Ca4sHaoBrNOs) [M+H]": 480.1224,

Sfound 490.1226. M.P.: 59 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3p with an exquisite a selectivity.

Me
Me/l%O 0 /l\l/: Me
BRO Ha Me Me OO o H
HN BnO Br
Br Hb 0
o}

Ha:Hb > 99:1 (a:B)

117 /O .
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Crude 'H-NMR (400 MHz, CDCI;) en route to 3p
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HN

Me
Me/‘VO o ‘
O
BnO O
(0]

1-N-(2-naphthoyl)-(2-deoxyl-3-O-benzyl-4,6-di-O-isopropylidene-a-D-
glucopyranosyl)-amine (3q). Following General Procedure A, 3-O-benzyl-4,6-di-O-
isopropylidene-D-glucal (0.2 mmol, 55 mg) and 3-(naphthalen-2-yl)-1,4,2-dioxazol-5-
one (0.4 mmol, 85 mg) were used, affording the title compound as a white solid (first run,
76 mg, 85%; second run, 84 mg, 94%). "H NMR (400 MHz, CD-Cl,) § 8.28 (s, 1H), 8.03
—7.87 (m, 3H), 7.83 (m, 1H), 7.69 — 7.55 (m, 2H), 7.45 - 7.26 (m, 5H), 7.03 (d, /= 7.6
Hz, 1H), 6.12 - 5.80 (m, 1H), 4.81 (d,/J=11.9 Hz, 1H), 4.69 (d, /= 11.9 Hz, 1H), 3.93 —
3.75 (m, 4H), 3.73 - 3.58 (m, 1H), 2.33 — 2.23 (m, 1H), 2.19 — 2.06 (m, 1H), 1.54 (s, 3H),
1.42 (s, 3H) ppm. *C NMR (101 MHz, CD,Cl,) & 167.48, 139.46, 135.52, 133.10, 131.81,
129.42,129.12, 128.85, 128.53, 128.33, 128.14, 128.10, 128.06, 127.54, 124.22, 100.17,
76.98, 76.06, 73.71, 72.93, 65.89, 63.02, 35.59, 29.65, 19.60 ppm. IR (neat): 3282, 3059,
29941, 2924, 2871, 1643, 1524, 1503, 1454, 1371, 1263, 1204, 1120, 1089, 1029, 985,
949, 861, 780, 735, 696, 569, 477 cm™'. HRMS (ESI) calcd. for (C27H3NOs) [M+H]":
448.2118, found 448.2124. ML.P.: 65 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3q-4q with a 99:1 a:p selectivity.

Me/%c&( Y’ " %&( m/“

Ha:Hb = 99:1 (a:B)
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1-N-(4-chloropentoyl)-(2-deoxyl-3,4,6-O-benzyl-a-D-glucopyranosyl)-amine  (3r).
Following General Procedure A, 3,4,6-O-benzyl-D-glucal (0.2 mmol, 83 mg) and 3-(4-
chlorobutyl)-1,4,2-dioxazol-5-one (0.4 mmol, 71 mg) were used, affording the title
compound as a white solid (first run, 73 mg, 66%; second run, 68 mg, 62%). '"H NMR
(500 MHz, CDCl,) 6 7.40 — 7.20 (m, 15H), 6.10 (d, /= 8.1 Hz, 1H), 5.68 (dt, /= 8.1, 4.0
Hz, 1H), 4.81 (d, J=11.0 Hz, 1H), 4.66 (d, /= 11.7 Hz, 1H), 4.62 — 4.48 (m, 4H), 3.82 —
3.73 (m, 2H), 3.72 — 3.65 (m, 2H), 3.62 — 3.50 (m, 3H), 2.19 (t, /= 7.1 Hz, 2H), 2.16 —
2.09 (m, 1H), 1.99 — 1.87 (m, 1H), 1.84 — 1.68 (m, 4H) ppm. *C NMR (126 MHz, CD,Cl,)
6 172.35,139.06, 139.00, 128.92, 128.85, 128.48, 128.42, 128.20, 128.16, 128.11, 77.40,
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77.04,74.87,73.92,73.35,71.89, 69.61,45.39, 36.09, 33.88,32.51, 23.15 ppm. IR (neat):
3376, 3032, 2928, 2904, 2873, 1686, 1510, 1465, 1454, 1365, 1206, 1186, 1126, 1089,
1062, 1029, 1003, 967, 754, 731, 694, 610, 581, 529 cm™'. HRMS (ESI) calcd. for
(C32H33CINNaOs) [M+Na]": 574.2331, found 574.2343. M.P.: 101 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3r-4r with a 94:6 a:f selectivity.

Bgﬁ’oé*p ey

Ha:Hb = 94:6 (a:p)

0.94-1
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105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0 -0.5
f1 (ppm)

Crude 'H-NMR (400 MHz, CDCl;) en route to 3r
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OBn

BnO 0
BnO
HN
(0]

1-N-(2-(adamantan-1-yl)acetyl)-(2-deoxyl-3,4,6-O-benzyl-a-D-glucopyranosyl)-
amine (3s). Following General Procedure A, 3,4,6-O-benzyl-D-glucal (0.2 mmol, 83 mg)
and 3-((adamantan-1-yl)methyl)-1,4,2-dioxazol-5-one (0.4 mmol, 94 mg) were used,
affording the title compound as a white solid (first run, 80 mg, 66%; second run, 91 mg,
75%). 'TH NMR (500 MHz, CD,Cl,) & 7.39 — 7.20 (m, 15H), 6.00 (d, J = 8.4 Hz, 1H),
5.78 —5.63 (m, 1H), 4.83 (d, /= 10.9 Hz, 1H), 4.74 — 4.47 (m, 5H), 3.83 — 3.70 (m, 2H),
3.72 = 3.63 (m, 2H), 3.57 (t, /= 8.0 Hz, 1H), 2.18 — 2.05 (m, 1H), 1.99 — 1.90 (m, 4H),
1.76 — 1.54 (m, 14H) ppm. *C NMR (126 MHz, CD,Cl,) & 170.81, 139.08, 139.02,
128.92, 128.85, 128.55, 128.41, 128.21, 128.08, 77.72, 77.20, 75.02, 73.92, 73.88, 73.34,
71.91,69.67, 52.16, 43.09, 37.26, 34.21, 33.35, 29.34 ppm. IR (neat): 3522, 3449, 3243,
3034, 2904, 2845, 1653, 1542, 1498, 1454, 1369, 1354, 1270, 1239, 1208, 1135, 1085,
1070, 1023, 1003, 990, 754, 730, 694, 629, 567 cm'. HRMS (ESI) calcd. for
(C39H47NNaOs) [M+Na]": 632.3346, found 632.3354. M.P.: 101 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3s-4s with a 95:5 a:p selectivity.

BnO Ha BnO

mz% i@

Ha:Hb = 95:5 (a:B)
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Crude '"H-NMR (400 MHz, CDCl;) en route to 3s
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1-N-(phenpropoyl-(2-deoxyl-2',3,3',4',6,6'-O-benzyl-a-D-maltosyl)-amine (31).
Following General Procedure A, 2',3,3',4',6,6'-O-benzyl-D-cellobial (0.1 mmol, 1 equiv.,
85 mg) and 3-phenethyl-1,4,2-dioxazol-5-one (0.2 mmol, 39 mg) were used, reactions
were performed for 48 h, with additional DMMS (0.1 mmol, 12.5 puL) and TFE (0.1 mmol,
7.2 uL) added after 24 h, affording the title compound as a white solid (first run, 53 mg,
53%; second run, 47 mg, 47%). "H NMR (500 MHz, CD,Cl,) & 7.42 — 7.07 (m, 35H),
5.88 (d, J=8.6 Hz, 1H), 5.62 (dt, J=8.7, 5.5 Hz, 1H), 4.93 (d, /= 11.1 Hz, 1H), 4.89 (d,
J=11.0 Hz, 1H), 4.86 — 4.76 (m, 2H), 4.71 (d, J = 11.1 Hz, 1H), 4.68 (d, J = 12.1 Hz,
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1H), 4.63 — 4.47 (m, 7H), 3.94 — 3.87 (m, 2H), 3.87 — 3.80 (m, 2H), 3.72 — 3.64 (m, 3H),
3.63 — 3.54 (m, 2H), 3.44 — 3.34 (m, 2H), 2.93 (t, J = 7.7 Hz, 2H), 2.56 — 2.39 (m, 2H),
1.95 - 1.86 (m, 2H) ppm. 3C NMR (126 MHz, CD,CL,) & 171.96, 141.52, 139.41, 139.32,
139.24, 139.04, 138.94, 129.01, 128.89, 128.83, 128.82, 128.78, 128.56, 128.40, 128.37,
128.35, 128.24, 128.15, 128.10, 128.08, 128.00, 126.72, 103.51, 85.16, 82.94, 78.31,
76.00, 75.36, 75.34, 75.32, 75.24, 75.18, 74.87, 73.86, 73.81, 72.14, 71.99, 69.51, 68.88,
38.72, 33.17, 31.77 ppm. IR (neat): 3304, 3062, 3030, 2901, 2866, 1651, 1526, 1496,
1452, 1395, 1351, 1307, 1271, 1197, 1070, 1027, 904, 728, 693, 459 cm™'. HRMS (ESI)
caled. for (Ce;HgNNaOyo) [M+Na]': 1020.4657, found 1020.4660. M.P.: 146 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3t-4t with an exquisite a selectivity.

OBn OBn OBn
BnO o OBn
BhO =0 O Ha BnO 0 o H
BnGO nO BnO BOO N
HN BnO n
Hb O
o]

Ha:Hb > 99:1 (c:p)
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1-N-(4,4-difluorocyclohexane-1-carbonyl)-(2-deoxyl-2',3,3',4',6,6'-O-benzyl-a-D-

maltosyl)-amine (3u). Following General Procedure A, 2',3,3'.4',6,6'-O-benzyl-D-
cellobial (0.1 mmol, 1 equiv., 85 mg) and 3-(4,4-difluorocyclohexyl)-1,4,2-dioxazol-5-
one (0.2 mmol, 41 mg) were used, reactions were performed for 48 h, with additional
DMMS (0.1 mmol, 12.5 pL) and TFE (0.1 mmol, 7.2 pL) added after 24 h, affording the
title compound as a white solid (first run, 57 mg, 56%; second run, 46 mg, 45%). '"H NMR
(400 MHz, CD,Cl,) 6 7.58 — 7.10 (m, 30H), 5.97 (d, /= 8.6 Hz, 1H), 5.69 — 5.60 (m, 1H),
4.97(d,J=11.0Hz, 1H),4.90 (d,/=11.0 Hz, 1H), 4.86 —4.77 (m, 2H), 4.73 (d, J=11.0
Hz, 1H), 4.70 — 4.56 (m, 4H), 4.56 — 4.48 (m, 4H), 4.06 — 3.85 (m, 4H), 3.82 — 3.73 (m,
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1H), 3.72 — 3.55 (m, 4H), 3.51 — 3.35 (m, 2H), 2.26 — 2.07 (m, 3H), 2.00 (t, J = 5.2 Hz,
2H), 1.93 — 1.84 (m, 2H), 1.83 — 1.68 (m, 4H) ppm. *C NMR (101 MHz, CD,CL) &
174.04, 139.42, 139.25, 139.16, 139.07, 139.04, 138.92, 128.88, 128.84, 128.80, 128.62,
128.43, 128.39, 128.30, 128.27, 128.18, 128.14, 128.08, 128.05, 123.44 (t, J = 241.3),
121.05, 103.62, 85.13, 82.92, 78.29, 76.02, 75.43, 75.36, 75.33, 75.27, 74.75, 73.90, 73.81,
72.06, 71.65, 69.55, 68.90, 43.10, 33.46, 33.22, 32.97, 32.82, 26.37, 26.32, 26.29, 26.23.
IR (neat): 3291, 3063, 3031, 2901, 2869, 1647, 1535, 1496, 1452, 1358, 1271, 1196,
1071, 1027, 957, 728, 694 cm™. HRMS (ESI) calcd. for (Ce;HsFsNNaOyo) [M+Na]':
1034.4625, found 1034.4628. M.P.: 167 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3u with an exquisite a selectivity.

é*ﬁ = gpen, O

Ha:Hb > 99:1 (a:B)
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1-N-(cyclopentane-1-carbonyl)-(2-deoxyl-3-O-benzyl-4,6-di-O-isopropylidene-a-D-

glucopyranosyl)-amine (3v). Following General Procedure A, 3-O-benzyl-4,6-di-O-
isopropylidene-D-glucal (0.2 mmol, 55 mg) and 3-cyclopentyl-1,4,2-dioxazol-5-one (0.4
mmol, 62 mg) were used, affording the title compound as a colorless oil (first run, 49 mg,
63%; second run, 44 mg, 57%). '"H NMR (400 MHz, CD>Cl,) § 7.41 — 7.24 (m, 5H), 6.18
(d, /=79 Hz, 1H), 5.74 - 5.57 (m, 1H), 4.76 (d, /= 11.9 Hz, 1H), 4.66 (d, J = 11.9 Hz,
1H), 3.84 — 3.63 (m, 4H), 3.50 — 3.38 (m, 1H), 2.58 —2.43 (m, 1H), 2.15 - 2.05 (m, 1H),
2.05-1.92 (m, 1H), 1.92 - 1.79 (m, 2H), 1.79 — 1.65 (m, 4H), 1.63 — 1.57 (m, 2H), 1.51
(s, 3H), 1.40 (s, 3H) ppm. *C NMR (101 MHz, CD,Cl,) § 176.21, 139.48, 128.83, 128.10,
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128.06, 100.09, 76.99, 75.29, 73.58, 72.79, 65.48, 63.05, 46.19, 35.46, 30.97, 30.74, 29.66,
26.56, 26.53, 19.58 ppm. IR (neat): 3276, 2992, 2954, 2891, 2868, 1655, 1540, 1452,
1366, 1263, 1225, 1203, 1172, 1120, 1089, 1029, 985, 911, 856, 755, 734, 696 cm .
HRMS (ESI) calcd. for (CxHzNOs) [M+H]": 390.2275, found 390.2266. M.P.: 135 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3v-4v with a 97:3 a:[ selectivity.

Me
M
Me/I%O o /C
BRO Ha Me OO 0 H
HNW/Q BnO
o)

Ha:Hb = 97:3 (a:B)

MLLLM UJWL» \
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a5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0

5.0
f1 (ppm)

Crude 'H-NMR (400 MHz, CDCl;) en route to 3v
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Me
M%g
(0]
BnO
HNWXQ
© OMe

1-N-(1-(4-methoxyphenyl)cyclopropane-1-carbonyl)-(2-deoxyl-3-O-benzyl-4,6-di-O-
isopropylidene-a-D-glucopyranosyl)-amine (3w). Following General Procedure A, 3-
O-benzyl-4,6-di-O-isopropylidene-D-glucal (0.2 mmol, 55 mg) and 3-(1-(4-
methoxyphenyl)cyclopropyl)-1,4,2-dioxazol-5-one (0.4 mmol, 93 mg) were used,
affording the title compound as a colorless oil (first run, 50 mg, 53%; second run, 56 mg,
60%). '"H NMR (500 MHz, CD,Cl,) § 7.40 — 7.16 (m, 7H), 7.00 — 6.89 (m, 2H), 6.07 (d,
J=28.1 Hz, 1H), 5.52 (dt, /=8.0,3.4 Hz, 1H), 4.61 (d, /J=11.9 Hz, 1H), 4.47 (d,J=11.9
Hz, 1H), 3.83 (s, 3H), 3.80 —3.73 (m, 1H), 3.73 — 3.58 (m, 2H), 3.19 —3.07 (m, 2H), 1.89
— 1.82 (m, 2H), 1.54 — 1.47 (m, 2H), 1.46 (s, 3H), 1.36 (s, 3H), 1.04 (d, J = 3.3 Hz, 2H)
ppm. *C NMR (101 MHz, CD>Cl,) § 174.38, 160.01, 139.26, 132.45, 131.56, 128.80,
128.07, 128.05, 115.09, 100.00, 76.71, 75.50, 73.39, 72.66, 65.52, 62.97, 55.88, 35.36,
30.07, 29.56, 19.52, 16.77, 16.40 ppm. IR (neat): 3428, 2993, 2954, 2924, 2885, 1679,
1610, 1512, 1494, 1465, 1374, 1293, 1246, 1204, 1174, 1118, 1089, 1030, 987, 945, 917,
855, 835, 735, 698, 553, 520 cm . HRMS (ESI) calcd. for (C27H3uNOg) [M+H]":
468.2381, found 468.2366.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3w with an exquisite a selectivity.

Me

M
Me/IVO o J:
Ko Ha Me—X-0 H
nO [e) (0] N
HN BnO
0 f O OMe
OMe

Ha:Hb >99:1 (a:B)
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Crude 'H-NMR (400 MHz, CDCl;) en route to 3w
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3.9.4 Preparation of p-N-Glycosides

1-N-(4-tert-butylbenzoyl)-(2-deoxyl-3,4,6-tri-O-benzyl-B-D-glucopyranosyl)-amine
(4k). Following General Procedure B, 3,4,6-tri-O-benzyl-D-glucal (0.2 mmol, 83 mg) and
3-(4-(tert-butyl)phenyl)-1,4,2-dioxazol-5-one (0.4 mmol, 88 mg) were used, affording the
title compound as a white solid (first run, 84 mg, 71%; second run, 90 mg, 76%). 'HNMR
(500 MHz, CDCl3) 6 7.79 — 7.69 (m, 2H), 7.44 (d, J = 8.5 Hz, 2H), 7.38 — 7.23 (m, 13H),
7.21 -7.12 (m, 2H), 6.78 (d, J = 9.1 Hz, 2H), 5.56 — 5.40 (m, 2H), 4.89 (d, /= 10.8 Hz,
1H), 4.68 (d, J=11.6 Hz, 1H), 4.62 (d, J=11.6 Hz, 1H), 4.59 — 4.49 (m, 2H), 4.43 (d, J
=12.1 Hz, 1H), 3.87 — 3.66 (m, 4H), 3.62 — 3.52 (m, 1H), 2.45 — 2.33 (m, 1H), 1.79 —
1.67 (m, 1H), 1.33 (s, 9H) ppm. *C NMR (126 MHz, CDCl;) § 166.61, 155.64, 138.53,
138.41, 137.98, 130.91, 128.59, 128.51, 128.49, 128.27, 128.06, 127.88, 127.86, 127.82,
127.80, 127.18, 125.65, 79.97, 77.56, 76.84, 75.14, 73.69, 71.80, 68.65, 37.00, 35.11,
31.28 ppm. IR (neat): 3351, 3063, 3031, 2959, 2925, 2866, 1656, 1610, 1537, 1498, 1454,
1361, 1286, 1206, 1074, 1026, 990, 908, 852, 732, 696, 561 cm™'. HRMS (ESI) calcd.
for (C3sHasNOs) [M+H]": 594.32135, found 594.3214.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3k-4k with a 7:93 a:p selectivity.

B%épo gt r

Ha:Hb: 7:93 (a:B)
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Crude 'H-NMR (400 MHz, CDCl;) en route to 4k

1-N-Benzoyl-(2-deoxyl-3,4,6-tri-O-methyl-p-D-glucopyranosyl)-amine (4b).
Following General Procedure B, 3,4,6-tri-O-methyl-D-glucal (0.2 mmol, 38 mg) and 2a
(0.40 mmol, 65 mg) were used, the first step was performed for 72 h (additional DMMS
(0.20 mmol, 25.0 pL) and TFE (0.1 mmol, 7.2 pL) were added after 48 h), affording the
title compound as a colorless oil (first run, 39 mg, 63%; second run, 33 mg, 54%). '"H
NMR (400 MHz, CDCl3) 6 7.82 —7.74 (m, 2H), 7.57 — 7.48 (m, 1H), 7.48 —7.38 (m, 2H),
6.81 (m, 1H), 5.48 (m, 1H), 3.67 — 3.63 (m, 2H), 3.57 (s, 3H), 3.48 (s, 3H), 3.47 — 3.41
(m, 2H), 3.41 — 3.37 (m, 3H), 3.32 — 3.22 (m, 1H), 2.51 — 2.33 (m, 1H), 1.68 — 1.52 (m,

223



UNIVERSITAT ROVIRA I VIRGILI
Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H

Functionalization
JINHONG CHEN

1H) ppm. *C NMR (126 MHz, CDCls) § 166.70, 133.76, 132.06, 128.69, 127.29, 81.42,
79.07, 76.92, 76.70, 71.00, 60.64, 59.23, 57.39, 36.37 ppm. IR (neat): 3336, 2991, 2952,
2923, 2894, 2869, 2855, 2808, 1655, 1602, 1528, 1489, 1440, 1387, 1320, 1295, 1192,
1176, 1135, 1119, 1089, 1056, 988, 968, 946, 896, 721, 691, 646, 629, 599 cm™'. HRMS
(ESI) calcd. for (C16Ha3NNaOs) [M+Na]': 332.1468, found 332.1474. ML.P.: 155 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3b-4b with a 7:93 a: selectivity.

OMe
o OMe
MeO
Meo A= T MeOﬁYHW/@
HN MeO
H, O
Ha:Hb: 7:93 (a:B)
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Crude 'H-NMR (400 MHz, CDCl;) en route to 4b
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1-N-Benzoyl-(2,6-deoxyl-3,4-O-benzyl-p-L-glucopyranosyl)-amine (4f). Following
General Procedure B, 3,4-di-O-benzyl-L-rhamnal (0.2 mmol, 62 mg) and 2a (0.40 mmol,
65 mg) were used, affording the title compound as a white solid (first run, 47 mg, 54%;
second run, 43 mg, 50%). "H NMR (400 MHz, CD,Cl,) & 7.84 — 7.71 (m, 2H), 7.61 —
7.51 (m, 1H), 7.49 — 7.43 (m, 2H), 7.40 — 7.25 (m, 10H), 6.66 (d, J=9.0 Hz, 1H), 5.48 —
5.35 (m, 1H), 4.95 (d, J=11.0 Hz, 1H), 4.77 — 4.58 (m, 3H), 3.84 —3.70 (m, 1H), 3.59 —
3.45 (m, 1H), 3.13 (t, J= 8.9 Hz, 1H), 2.51 — 2.40 (m, 1H), 1.73 — 1.61 (m, 1H), 1.31 (d,
J = 6.2 Hz, 3H) ppm. *C NMR (101 MHz, CD>CL,) § 166.82, 139.35, 139.19, 134.47,
132.44, 129.15, 128.91, 128.81, 128.54, 128.32, 128.16, 128.14, 127.62, 84.10, 80.18,
76.67, 75.58, 73.89, 72.07, 37.50, 18.76 ppm. IR (neat): 3324, 3062, 3030, 2955, 2926,
2894, 2852, 1650, 1527, 492, 1452, 1361, 1304, 1290, 1090, 1026, 1000, 730, 693,
651cm™'. HRMS (ESI) calcd. for (C27H2oNNaOs) [M+Na]": 454.1989, found 454.2002.
M.P.: 165 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3f-4f with a 7:93 a:B selectivity.

Ly NKQ Bnow

Ha:Hb: 7:93 (a:B)
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Crude '"H-NMR (400 MHz, CDCl;) en route to 4f

Bno OBN OMe
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1-NV-(4-methoxybenzoyl)-(2-deoxyl-3,4,6-O-benzyl--D-galactopyranosyl)-amine

(4x). Following General Procedure B, 3,4,6-tri-O-benzyl-D-galactal (0.2 mmol, 83 mg)
and 3-(4-methoxyphenyl)-1,4,2-dioxazol-5-one (0.4 mmol, 77 mg) were used, affording
the title compound as a colorless oil (first run, 51 mg, 45%; second run, 64 mg, 56%). 'H
NMR (500 MHz, CD>Cl,) 6 7.81 — 7.67 (m, 2H), 7.50 — 7.21 (m, 15H), 7.00 — 6.87 (m,
2H), 6.70 (d, J=9.2 Hz, 1H), 5.41 (dt, /= 10.1, 3.0 Hz, 1H), 4.94 (d, /= 10.8 Hz, 1H),
4.66 (s, 2H), 4.57 (d, J=10.8 Hz, 1H), 4.55 - 4.45 (m, 2H), 3.94 (d, /= 1.2 Hz, 1H), 3.83
(s, 3H), 3.80 — 3.69 (m, 2H), 3.68 — 3.55 (m, 2H), 2.22 — 2.00 (m, 2H) ppm. *C NMR
(126 MHz, CD>Cl,) & 166.28, 163.14, 139.44, 139.04, 138.79, 129.52, 128.95, 128.91,
128.89, 128.81, 128.48, 128.23, 128.22, 128.15, 127.97, 126.56, 114.27, 78.30, 77.24,
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75.94,75.33,73.94,73.01, 71.04, 69.58, 55.97, 33.21 ppm. IR (neat): 3302, 3063, 3029,
2923, 2861, 1644, 1606, 1541, 1503, 1454, 1354, 1309, 1290, 1252, 1178, 1099, 1060,
1027, 846, 734, 695, 653, 612, 587 cm™'. HRMS (ESI) calcd. for (C3sH3sNOg) [M+H]":
568.2694, found 568.2707. ML.P. :59 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3x-4x with a 9:91 a:f selectivity.

OBn
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Ha:Hb: 9:91 (a:B)
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Crude '"H-NMR (400 MHz, CDCl;) en route to 4x
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1-N-Benzoyl-(2-deoxyl-2',3,3',4',6,6'-O-benzyl--D-maltosyl)-amine (4j). Following
General Procedure B, 2',3,3',4',6,6'-O-benzyl-D-cellobial (85 mg, 0.1 mmol, 1 equiv.) and
2a (32 mg, 0.2 mmol, 2.0 equiv.) were used without TBAI, affording the title compound
as a colorless oil (first run, 44 mg, 45%; second run; 38 mg, 39%). 'H NMR (500 MHz,
CDCl3) 6 7.80 — 7.72 (m, 2H), 7.60 — 7.48 (m, 1H), 7.42 (t, J= 7.6 Hz, 2H), 7.40 — 7.18
(m, 30H), 6.79 (d, /= 9.1 Hz, 1H), 5.50 (dt, /= 10.1, 2.3 Hz, 1H), 4.95 — 4.86 (m, 2H),
4.86 —4.80 (m, 3H), 4.76 (d, J=11.1 Hz, 1H), 4.70 (d, J = 12.3 Hz, 1H), 4.62 — 4.54 (m,
2H), 4.52 — 4.48 (m, 3H), 4.40 (d, J=12.1 Hz, 1H), 4.06 (t, /= 8.7 Hz, 1H), 3.94 — 3.85
(m, 1H), 3.77 — 3.70 (m, 2H), 3.69 — 3.61 (m, 3H), 3.57 — 3.48 (m, 2H), 3.45 — 3.39 (m,
1H), 3.37 - 3.30 (m, 1H), 2.42 — 2.29 (m, 1H), 1.81 — 1.71 (m, 1H) ppm. *C NMR (126
MHz, CDCl3) 6 166.66, 139.10, 138.71, 138.53, 138.46, 138.42, 137.98, 133.78, 132.04,
128.70, 128.55, 128.51, 128.49, 128.47, 128.40, 128.39, 128.18, 127.98, 127.92, 127.85,
127.79,127.77,127.73, 127.53, 127.26, 102.71, 84.94, 82.79, 78.07, 77.03, 76.83, 76.60,
76.49,75.75,75.11,75.09, 74.95,73.51, 73.46, 72.53, 69.07, 68.28, 36.94 ppm. IR (neat):
3338, 3062, 3030, 2886, 1671, 1535, 1495, 1453, 1359, 1287, 1065, 1027, 909, 732, 695
cm™'. HRMS (ESI) calcd. for (CsiHs;sNNaO1o) [M+Na]*: 992.4344, found 992.4323.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3j-4j with a 10:90 a:f selectivity.

Ha:Hb: 10:90 (a:B)
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1-N-(4-chloropentoyl)-(2-deoxyl-3,4,6-O-benzyl-p-D-glucopyranosyl)-amine  (4r).
Following General Procedure B, 4,6-O-benzyl-D-glucal (0.2 mmol, 83 mg) and 3-(4-
chlorobutyl)-1,4,2-dioxazol-5-one (0.4 mmol, 71 mg) were used, toluene (1 mL) was used
for epimerization instead of MeCN, affording the title compound as a white solid (first
run, 56 mg, 51%; second run, 51 mg, 46%). '"H NMR (400 MHz, CDCl;) § 7.39 — 7.22
(m, 13H), 7.21 — 7.12 (m, 2H), 6.20 (d, /= 9.3 Hz, 1H), 5.31 — 5.15 (m, 1H), 4.88 (d, /=
10.8 Hz, 1H), 4.72 — 4.56 (m, 3H), 4.50 (d, /= 10.8 Hz, 1H), 4.46 (d, J=12.0 Hz, 1H),
3.80 — 3.65 (m, 3H), 3.62 (t, J=9.1 Hz, 1H), 3.57 — 3.51 (m, 2H), 3.48 (dt, /=9.5, 2.6
Hz, 1H), 2.30 — 2.11 (m, 3H), 1.87 — 1.72 (m, 4H), 1.61 — 1.49 (m, 1H) ppm. *C NMR
(101 MHz, CDCls) 6 171.92, 138.46, 138.34, 137.94, 128.60, 128.53, 128.49, 128.24,
128.04, 127.92, 127.89, 127.83, 79.89, 77.55, 76.63, 76.17, 75.12, 73.71, 71.88, 68.67,
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44.69, 36.85, 35.62, 32.09, 22.57 ppm. IR (neat): 3303, 3064, 3029, 2924, 2867, 1650,
1539, 1495, 1452, 1361, 1302, 1267, 1228, 1208, 1105, 1089, 1074, 1037, 1026, 981, 949,
903, 735, 693, 643, 593, 563 cm ™. HRMS (ESI) calcd. for (C2HzsCINNaOs) [M+Na]'*:
574.2331, found 574.2339. M.P. :105 °C.

NMR spectroscopy of the crude reaction mixture prior to purification revealed the

formation of 3r-4r with a 6:94 a:f selectivity.

B%ép“ ey

Ha:Hb: 6:94 (o:p)

0.06=
0.949

T T T T T T T T T T T T T T T T T
85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 L5 1.0 0.5
f1 (ppm)

Crude 'H-NMR (400 MHz, CDCl;) en route to 4r

230



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

3.9.5 Mechanistic Studies
Crossover experiments

Following General Procedure A, 3,4,6-tri-O-benzyl-D-glucal 1a (0.2 mmol, 83 mg), 3-
phenyl-1,4,2-dioxazol-5-one 2a (0.3 mmol, 48 mg) and 4-methoxybenzamide (0.3 mmol,
45 mg) were used. The reaction resulted in 3a (69 mg, 64%, 97:3 a:p), with not even
traces of 31 being detected in the crude mixtures. This experiment argues against a
scenario consisting of nucleophilic addition of an amide to an in situ generated

oxocarbenium ion.?®

Isotope-labelling studies

NiBryDME
L1, TBAI BnO
BBE)O&S 0.0  DMMS-d;(065D)  pno—\To
n + > BnO
BROA_= Ph_<\N,o TFE, MeCN D
I'.t., 24 h 0.56 Ei/‘ NHBz
1a 2a 3a-d, 86%

a:p=97:3

Following General Procedure A, 3,4,6-tri-O-benzyl-D-glucal 1a (0.2 mmol, 83 mg) was
reacted with 3-phenyl-1,4,2-dioxazol-5-one 2a (0.4 mmol, 65 mg) and DMMS-d; (84.0
pL, 3.0 equiv., 0.65 D), affording 3a (86%, 97:3 a:B). A significant deuterium
incorporation was detected at C2. "H NMR (500 MHz, CDCl3) 6 2.28 (dt, J = 13.5, 4.0
Hz, 0.44 H, Ha), 2.10 — 1.99 (m, 1H, Hb) ppm.
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3.9.6 Crystallographic Data

X-ray diffraction of 3m

Figure 3.2 ORTEP diagram of 3m, deposition number : 2386798

Table 3.7 Crystal data and structure refinement for 3m.

Empirical formula C34H34CINO:s
Formula weight 572.07
Temperature/K 100.06
Crystal system orthorhombic

Space group P2,212,
a/A 5.0808(19)
b/A 17.494(7)
c/A 32.176(11)
a/° 90

pre 90
v/° 90
Volume/A? 2859.9(18)
Z 4
Pealeg/cm’ 1.329
w/mm-' 0.178
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Table 3.7 Crystal data and structure refinement for 3m.

F(000) 1208.0
Crystal size/mm’ 0.3x0.2x0.2
Radiation MoKa (A =0.71073)
20 range for data collection/° 2.65to0 51.346
Index ranges -6<h<5,-21<k<15,-39<1<38
Reflections collected 21354
Independent reflections 5399 [Rint = 0.0655, Rsigma = 0.0597]
Data/restraints/parameters 5399/193/469
Goodness-of-fit on F? 1.030
Final R indexes [I>=2c (I)] R1=0.0723, wR, =0.1746
Final R indexes [all data] R =0.0908, wR, =0.1867
Largest diff. peak/hole / e A~ 0.72/-0.39
Flack parameter 0.08(5)

Table 3.8. Fractional Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A?x10%) for 3m. U is defined as 1/3 of the trace of the
orthogonalised Uy; tensor.

Atom X y /4 U(eq)
Ccl 11255(3) 11128.7(8) 4143.3(5) 35.14)
0Ol 2084(8) 8733(2) 4830.0(12) 32.4(10)
02 6(7) 7453(2) 4043.4(11) 26.7(9)
04 3469(9) 6289(2) 3284.1(11) 31.7(10)
05 3959(8) 5408(2) 4052.9(11) 25.4(8)
N1 3890(10) 7904(3) 4371.9(13) 23.9(10)
C1 9184(12) 10371(3) 4270.7(17) 25.7(12)
C2 7690(14) 10409(4) 4625(2) 36.3(16)
C3 6006(16) 9813(4) 4718.2(19) 38.6(16)
C4 5778(11) 9189(3) 4459.6(16) 21.4(12)
C5 7310(11) 9160(3) 4106.3(17) 25.7(12)
C6 9028(13) 9746(3) 4008.0(18) 31.3(13)
C7 3758(12) 8599(3) 4570.7(16) 23.8(12)
C8 1734(11) 7370(3) 4393.5(16) 23.3(12)
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Table 3.8. Fractional Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A?x10°) for 3m. U is defined as 1/3 of the trace of the
orthogonalised Uy; tensor.

Atom X y /4 U(eq)
C9 1227(12) 7252(3) 3656.7(15) 23.6(12)
C10 2084(11) 6411(3) 3661.4(16) 23.3(12)
Cl1 3802(11) 6220(3) 4037.4(15) 23.2(11)
Cl12 2568(11) 6545(3) 4436.3(16) 22.3(12)
C28 6110(13) 5140(3) 4299.5(18) 29.5(13)
C29 6023(11) 4280(3) 4322.4(16) 23.0(12)
C32 6129(14) 2694(4) 4396(2) 39.2(16)
C30 3770(20) 3891(7) 4284(4) 303)
C31 3800(30) 3110(7) 4331(4) 38(3)
C33 8440(30) 3145(7) 4448(4) 31(3)
C34 8370(20) 3944(7) 4395(4) 29(3)
C30' 5180(20) 3809(7) 4003(4) 28(3)
c31 5290(20) 2998(7) 4017(4) 303)
C33' 6900(20) 3075(7) 4700(5) 34(3)
C34' 6840(20) 3869(7) 4691(4) 26(3)
03 -1340(20) 8161(8) 3275(5) 51(3)
C13 -710(30) 7325(7) 3313(5) 27(2)
Cl4 -3170(30) 8293(10) 2948(5) 60(4)
Cl15 -2056(19) 8227(6) 2515(2) 49(5)
Clé6 -2639(18) 7556(5) 2302(3) 65(4)
C17 -1690(19) 7446(5) 1901(3) 66(4)
C18 -158(18) 8006(06) 1713(2) 43(3)
C19 420(20) 8676(5) 1926(3) 90(6)
C20 -520(20) 8787(5) 2327(3) 90(5)
03 -570(50) 8296(17) 3271(10) 51(3)
C13' -580(70) 7551(15) 3302(11) 27(2)
Cc14' -2570(60) 8580(20) 2993(10) 60(4)
C15' -2100(30) 8341(11) 2554(4) 60(12)
Cle' -3950(20) 8220(12) 2243(5) 78(8)
C17 -3170(30) 8197(11) 1829(5) 70(8)
C18 -540(30) 8294(10) 1726(4) 45(7)

C19' 1320(20) 8415(10) 2037(4) 39(5)
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Table 3.8. Fractional Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A?x10°) for 3m. U is defined as 1/3 of the trace of the
orthogonalised Uy; tensor.

Atom X y /4 U(eq)
C20' 540(30) 8438(10) 2450(4) 57(7)
C21 2950(30) 5561(7) 3103(3) 49(2)
C22 3768(18) 5584(5) 2657.0(17) 50(2)
C23 2123(14) 5954(5) 2376(2) 69(4)
C24 2758(15) 5967(5) 1956(2) 63(3)
C25 5037(16) 5611(5) 1816.7(18) 56(3)
C26 6682(15) 5241(5) 2097(3) 85(4)
C27 6047(17) 5228(5) 2517(2) 84(4)
c21 4360(90) 5570(20) 3112(8) 49(2)
C22' 4350(50) 5671(12) 2644(5) 50(2)
C23' 4180(50) 6364(10) 2434(6) 48(8)
c24' 4230(50) 6377(10) 2002(6) 52(9)
C25' 4450(50) 5699(13) 1780(5) 56(3)
C26' 4630(60) 5006(10) 1990(7) 66(11)
c27' 4580(50) 4993(10) 2422(7) 55(10)

Table 3.9 Anisotropic Displacement Parameters (A%x10°%) for 3m. The Anisotropic
displacement factor exponent takes the form: -2n*[h*a**U;;+2hka*b*U >+ .. ].

Atom Un Uz, Uss Uz | SJE! Un
Cli 4208) 30.0(7) 333(8) -08(7) 80(7)  -5.4(7)
ol 352) 372 25(2)  -9.7(19) 12.6(18)  -6.1(19)
02 24.4(18)  43(2)  12.9(18) -4.8(17) 2.5(16)  5.0(18)
04 48(3)  312)  155(18) -47(17) 53(19)  10(2)
05 302) 22.7(19)  23.6(19) -3.8(16) -4.8(18)  -4.2(17)
N1 2802 27(2) 16(2)  -2.9(19)  5(2) 3(2)
Cl 303) 213)  2503) 402) 3(3) 2(2)
C2 554)  273)  26(3)  -83)  13(3) 3(3)
C3 56(4)  394)  21(3)  -103)  18(3) -12(3)
C4 283)  23(3) 13(2) 2(2) 1(2) 6(2)
C5 303)  29(3) 183)  -7(2) 72) 1(2)
C6 40(3)  343)  203)  -42)  1203) 2(3)
C7 23)  2703) 13(2) 1(2) 0(3) 13)
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Table 3.9 Anisotropic Displacement Parameters (A%x10°%) for 3m. The Anisotropic
displacement factor exponent takes the form: -2n*[h*a**U;;+2hka*b*U >+ .. ].

Atom Un U, Us; Uz | SJE! Un
8 25(3)  3203) 143)  -1(2) 3(2) 1(2)
C9 26(3)  31(3) 143)  -4(2) 3(2) 5(3)
Cl10 26(3)  30(3) 143)  -5(2) 42) 3(2)
Cll 242)  28(3) 18(3) 42 12) 3(3)
C12 293)  27(3) 11(3) 1(2) 0(2) 2(2)
28 27(3)  303)  313) -6  -5(3) -5(3)
C29 23)  2713)  203) -1Q2) 4(3) 2(2)
C32 343)  303) 534 9(3) 8(4) 13)
C30 2005 36(7) 337 -6(5) 0(6) 2(6)
C31 347)  38(7)  438)  -1(6) 8(7) -11(6)
C33 24(7) 337 35(7)  -13(6)  -9(6) 13(5)
C34 226) 337 30(7)  -11(5)  -12(5) 4(5)

C30 336) 31(7) 19(6) 2(5) 4(5) 1(5)
C31' 18(5)  28(7)  44(7)  -12(6)  11(5) -1(5)
C33' 23(7)  26(7) 5209 10(6)  -9(7) 3(5)
C34 15(5)  38(7)  24(6)  -1(5)  -1(4) 1(5)
03 605)  56(4)  37(3)  -43)  -6(4) 24(4)
Cl13 303)  31(5)  2003) 1(4) 202) 4(4)
Cl4 505 71(6)  49(4) 6(4) 1(4) 19(4)
Cl15 426) 717 35(6) 5(5) 2(4) 32(5)
Cl16 76(6)  57(6)  62(6) 8(5) 14(5) -5(5)
C17 79(6)  646)  55(6)  -8(5) 6(5) 7(5)
C18 43(5)  5006)  36(5)  -2(4) 0(4) 12(5)
Cl19 93(8)  88(8)  89(7)  -2(6)  22(6) -4(6)
C20 99(8)  84(7)  88(7)  -8(6)  21(6) -6(6)
03' 605)  56(4)  37(3)  -43)  -6(4) 24(4)
Cl13' 303)  31(5)  2003) 1(4) 202) 4(4)
Cl4 505 71(6)  49(4) 6(4) 1(4) 19(4)
C15' 61(13)  67(13)  53(13)  2(6) -1(7) 10(6)
Cl16' 74(10)  86(10)  74(10)  4(6) 1(7) -1(7)
C17 66(10)  79(10)  65(9)  -1(6) 3(6) 2(6)
C18 40(8)  559)  418)  -2(6) 2(6) 2(6)
C19 317)  50(7)  37(7) 5(6) 27(6) 11(6)

237



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

Table 3.9 Anisotropic Displacement Parameters (A%x10°%) for 3m. The Anisotropic
displacement factor exponent takes the form: -2n*[h*a**U;;+2hka*b*U >+ .. ].

Atom Un U, Us; Uz | SJE! Un
C20' 5909)  619)  51(8) 56)  -17(6) 10(6)
C21 69(5)  40(4)  383)  -7(3) 9(4) 1(4)
22 725 424)  383) -83)  1203) -8(4)
23 89(6)  62(6)  57(5)  9(5)  18(5) 27(5)
C24 81(6)  55(5)  54(5) 0(4) _1(5) -17(5)
C25 61(5)  59(4)  48(4)  -133)  15(3) 20(3)
C26 84(7)  93(7)  TU6)  -16(5)  17(5) 4(5)
27 102(7)  84(6)  68(6)  -18(5)  3(6) 5(6)
c21' 69(5)  40(4)  383)  -7(3) 9(4) 1(4)
22 72(5)  424)  383) -83)  1203) -8(4)
C23' 52(10)  47(10)  45(10)  1(6) 22(6) 8(6)
C24' 51(10)  54(10)  50(10)  1(6) 2(6) 2(7)
C25' 61(5)  59(4)  48(4)  -133)  15(3) 20(3)
C26' 68(12)  66(12)  63(12)  -8(7) 2(7) 5(7)
27" 58(11)  55(11)  51(11)  -2(6) 6(7) 5(7)

Table 3.10 Bond Lengths for 3m.

Atom  Atom Length/A Atom  Atom Length/A
cl Cl 1.742(6) c30  C3I 1.421(17)
o1 C7 1.214(7) C33 O34 1.390(17)
02 8 1.435(7) 03 CI3 1.503(18)
02 9 1.434(6) 03 Cl4 1.42(2)
04  CI0 1.420(6) cl4  Ci5 1.509(17)
04 C21 1.424(12) Cl15 Clé6 1.3900
04 c21 1.44(4) Cl15 C20 1.3900
05 Cl1 1.425(6) Cl6 C17 1.3900
05 C28 1.430(7) C17 C18 1.3900
N1 C7 1.376(7) C18 C19 1.3900
NI C8 1.441(7) Ccl9 €20 13900
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Table 3.10 Bond Lengths for 3m.

Atom  Atom Length/A Atom  Atom Length/A

cr 1.372(8) 03  CI3 1.31(4)
c1 6 1.384(8) 03  Cl4 1.44(4)
@ 1.382(9) ci4  Ci1s' 1.49(3)
C3 C4 1.377(8) C15 Cle6' 1.3900
C4 C5 1.379(8) C15 C20' 1.3900
C4 C7 1.498(8) Cleé' C17' 1.3900
C5 Cé6 1.383(9) C17 C18' 1.3900
C8 Cl12 1.512(8) C18' C19' 1.3900
C9 C10 1.535(8) C19 C20' 1.3900
o ClI3 1.485(18) 21 22 1.496(11)
C9 c13 1.55(3) C22 C23 1.3900
CI10 Cl1 1.529(7) C22 C27 1.3900
Cl1 Cl12 1.537(7) C23 C24 1.3900
C28 C29 1.507(8) C24 C25 1.3900
C29 C30 1.336(13) C25 C26 1.3900
C29 C34 1.350(13) C26 C27 1.3900
29 30 1.386(13) I 1.5102)
C29 C34' 1.447(12) Cc22' C23' 1.3900
C32 C31 1.404(16) C22' c27' 1.3900
C32 C33 1.424(15) C23 C24' 1.3900
C32 c3r 1.396(15) Cc24' C25' 1.3900
C32 C33 1.246(15) C25' C26' 1.3900
C30 C31 1.376(18) C26' c27' 1.3900
33 C34 1.408(17)
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Table 3.11 Bond Angles for 3m.

Atom Atom Atom Angle/* Atom Atom Atom Angle/
C9 02 C8 113.1(4) C29 C34 (C33 118.3(10)
Clo 04 cC21 113.1(6) c29 C300  C31 123.8(10)
cio 04 cC2r 128.0(13) c32 C31"  C30 114.9(10)
Cl1 05 C28 112.9(4) Cc32 (C337 C34 120.6(12)
C7 N1 C8 120.9(5) C33' C34 (29 121.4(11)
C2 Cl Cl1 119.5(5) Cl4 03 C13 111.0(13)

C2 Cl C6 121.0(6) c9 (13 O3 106.6(11)
Cé6 Cl Cll 119.5(4) 03 Cl14 CI5 115.2(12)
Cl1 C2 C3 119.1(6) Cl6 C15 Cl4 116.1(9)
C4 C3 C2 121.3(6) Cl6 C15 C20 120.0
C3 C4 G5 118.7(6) C20 C15 Cl4 123.9(9)
C3 C4 C7 117.3(5) C15 Cl6 C17 120.0
C5 C4 C7 123.9(5) C18 C17 Clé6 120.0
C4 (O)) C6 121.2(5) c19 C18 C17 120.0
C5 C6 Cl 118.8(5) C18 C19 C20 120.0
01 C7 N1 121.6(5) C19 C20 C15 120.0
01 C7 C4 120.7(5) c13» 03 Ci4 113(3)
N1 C7 C4 117.7(5) o3 C13 C9 113(3)
02 C8 N1 111.2(4) o3 C14 C1%8 112(2)
02 C8 Cl12 109.8(4) Cl¢' C15' C14 127.9(16)
N1 C8 Cl2 114.2(5) Cle¢' C15° cC20 120.0
02 C9 C10 110.4(4) c20" C15' Ci4 110.3(17)
02 C9 C13 109.8(8) C1s' Cle' cC17 120.0
02 ¢ Cc1¥ 107.4(13) c1g C17 Cle 120.0
cio €9 C1¥ 119.8(11) c19' Cc1gr  cir 120.0
C13 C9 C10 106.1(6) c1g C19' c20 120.0
04 C10 C9 106.0(4) c19' c20° C1s 120.0
04 C10 Cl11 111.2(5) 04 C21 C22 108.4(8)
Cll1 Cl10 C9 112.3(4) Cc23 (C22 C21 118.0(7)
o5 Cl1 Cl10 106.1(4) c23  C22 C27 120.0
o5 Cl1 (12 111.2(4) Cc27 C22 C21 121.9(7)
Clo Cl1 Ci12 110.3(4) C24 C23 C22 120.0
cg Cl2 Cl1 113.0(4) C25 C24 C23 120.0
o5 C28 C29 109.4(5) C24 C25 C26 120.0
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Table 3.11 Bond Angles for 3m.

Atom Atom Atom Angle/* Atom Atom Atom Angle/
C30 C29 C28 121.9(7) Cc27 C26 C25 120.0
C30 C29 C34 123.4(8) C26 C27 C22 120.0
C34 C29 C28 114.6(7) o4 Cc21' C22 107(2)
C30" C29 C28 124.5(7) c23' Cc22r7 C2r 126(2)
Cc30" C29 C34 113.6(8) c23 C22 c27 120.0
C34 C29 C28 121.9(7) c27 Cc22r Cc2r 114(2)
C31 (C32 (33 115.2(8) c22' C23"  C24 120.0
c33' (C32 Q31 125.3(9) c23' C24° C2% 120.0
C29 C30 C31 119.1(11) C26' C25 C24 120.0
C30 C31 C32 122.7(12) c27 C260 C25 120.0
C34 (C33 (C32 121.0(10) C26' C27" (22 120.0

Table 3.12 Torsion Angles for 3m.

A B C D Angle/* A B C D Angle/
Cl1 C1 C2 C3 178.4(6) C32 (C33" C34'" C29  -3.4(19)
Cl1 C1 c6 C5 -1779(5) C30 C29 C34 (33 -2.2(16)
02 C8 Cl12 Cl11 54.6(0) C31 C32 C33 C34 -5.7(16)
02 C9 Cl10 04 -174.8(4) (C33 (C32 C31 C30 5.3(17)
02 C9 C10 Cl11 -53.3(6) C34 (C29 C30 C31 1.8(16)
02 C9 Cl13 03 66.5(12) C30" C29 C34' C33' 4.0(14)
02 C9 C13' 03 70(3) C31' (C32 C33' C34 3.7(18)
04 Cl10 C11 05 -74.005) C33'" (C32 C31' C30" -4.4(16)
04 C10 Cl11 CI12 16554) C34" (C29 C30" C31' -5.0(14)
04 Cc21 C22 (C23 -77.0(11) 03 Cl14 C15 Cl6 102.8(13)
04 C21 C22 C27 105309 03 Cl14 C15 C20 -77.2(15)
04 c21'  C22' C23 15(4) C13 C9 Cl10 04 66.2(8)
04 C21' C22' C27" -166(2) C13 C9 CI10 Cl1  -172.3(8)
05 Cl1  Cl12 C8 -16554) CI3 03 Cl14 C15 -73.9(16)
05 Cc28 C29 C30 -26.8(9) Cl4 03 C13 C9 179.3(11)
05 C28 C29 C34 154.9(7) C14 Cl15 Cl6 C17 -180.0(10)
05 C28  C29 C30" 34.3(10) Cl14 C15 C20 C19 180.0(10)
05 C28 C29 C(C34'" -145.6(7) CI5 Cl6 C17 C18 0.0

NI C8 Cl12 Cl11 -71.1(6) Cl6 Cl15 C20 C19 0.0
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Table 3.12 Torsion Angles for 3m.

A B C D Angle/* A B C D Angle/
Cl C2 C3 C4 -08(11) Cl6 Cl17 C18 CI9 0.0
C2 Cl c6 C5 0.7(10) Cl17 C18 C19 C20 0.0
C2 C3 c4 G5 1.3(10) C18 CI19 C20 Cl15 0.0
C2 C3 c4 C7 -1756(6) C20 C15 Cl6 C17 0.0

C3 C4 cs  C6  -0.709) 03" Cl14' C15' C1é' 151(2)
C3 C4 C7 01 13.2(9) 03" C14' C15' C20' -44(3)
C3 C4 C7 Nl -166.2(6) C13' C9 Cl10 O4 59.6(15)
C4 C5 C6 Cl -0.3(9) C13* C9 C10 Cl1 -178.8(15)
(O8] C4 C7 Ol -163.5(6) Cl13' 03" Cl4' CI15 -66(4)
Cs C4 C7 NI 17.1(8) C14' 03" C13" C9 -170(2)
Cé Cl Cc2 C3 -0.2(10) C14' C15' Cle' C17 163(2)
C7 N1 C8 02 94.3(6) Cl4" CI15' C20' C19' -166.0(19)

C7 N1 C8 Cl2 -140.7¢5) C15' Cl16' C17" C18' 0.0
C7 C4 Ccs  Co6 176.0(6) Cle' C15' C20' C19' 0.0
C8 02 C9 Cl10 61.2(6) Cl6' C17' C18' C19 0.0
C8 02 c9 C13 178.0(6) C17" C18 C19' C20' 0.0
C8 02 C9 CI13' -166.5(12) C18 C19' C20" C15' 0.0
C8 N1 C7 01 13.9(8) C20" C15' Cleé' C17 0.0

C8 N1 C7 C4 -1668(5) C21 04 Cl10 C9  -141.6(7)
C9 02 C8 NI  65.7(6) C21 04 Cl10 Cl1 96.2(8)

C9 02 C8 Cl2 -61.8(6) C21 C22 C23 C24 -177.8(8)
C9 Clo0 Cl1 05 167.54) C21 C22 C27 C26 177.709)

C9 Cl10 Cl1 C12 46.9(6) C22 C23 C24 C25 0.0
Cl10 04 C21 C22 162.2(7) C23 C22 C27 C26 0.0
Cl10 04 C21' C22' 150.4(16) C23 C24 C25 C26 0.0
C10 C9 CI3 03 -1741(9) C24 C(C25 C26 C27 0.0
C10 c9 C13' 03" -163(2) C25 C26 C27 C22 0.0
C10 Cl1  Cl12 C8 -48.1(6) C27 C22 C23 C24 0.0

Cl1 05 Cc28 C29 176.3(4) C21' O4 Cl10 C9 -171(2)
C28 05 Cll1 C10 161.54) C21' 04 C10 Cl1 67(2)
C28 05 Cll C12 -78.5(6) C21' C22' C23' C24 179(3)
C28 C29 C30 C31 -176.4(9) C21' C22' C27' C26'  -179(3)
C28 C29 C34 (C33 176.1(9) C22" (C23' C24' C2% 0.0
C28 c29 C30" C31' 175.1(9) C23" C22' C27" C2¢6' 0.0
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Table 3.12 Torsion Angles for 3m.

A B C D Angle/* A B C D Angle/
C28 C29 C34 (C33'" -176.1(9) C23' (C24' C25' C26' 0.0
C29 C30 C31 C32 -3.5(19) C24" C25' C26' C27 0.0
C29 C30" C31' C32 5.2(16) C25' C206' C27' C22 0.0
C32 C33 C34 C29 4.3(18) C27" C22' C23' C24 0.0

Table 3.13 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement
Parameters (A*x10°) for 3m.

Atom x y z U(eq)
H1 5310.27 7783.66 4229.75 29
H2 7811.89 10838.86 4804.55 44
H3 4984.95 9833.49 4965.3 46
H5 7183.72 8729.51 3927.3 31
Hé6 10082.64 9719.73 3764.55 38
H8 690.69 7501.53 4647.2 28
H9 2779.57 7589.53 3603.75 28
H9B 2883.1 7559.39 3640.41 28
HI10 483.16 6078.12 3665.6 28
HI11 5601.54 6440.45 3997.81 28

HI2A 1012.99 6232.63 4511.08 27

H12B 3857.28 6502.18 4665.81 27

H28A 5993.91 5358.43 4582.72 35

H28B 7795.11 5306.21 4174.16 35
H32 6159.74 2151.57 4405.61 47

H32A 6110.47 2153.73 4424 4 47
H30 2173.67 4151.25 4224.68 36
H31 2180.31 2840.2 4318.08 46
H33 10052.77 2903.06 4518.11 37
H34 9937.58 4239.34 4411.13 34
H30' 4477.57 4042.17 3759.9 33
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Table 3.13 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement

Parameters (A*x10°) for 3m.

Atom x y z U(eq)
H3T1 4834.35 2685.9 3786.87 36
H33' 7532.1 2819.23 4940.96 41
H34' 7341.48 4147.33 4931.37 31
HI13A -2317.48 7028.55 3375.92 32
H13B 54.51 7131.58 3049.84 32
H14A -3920.31 8811.89 2981.58 72
H14B -4637.38 7923.31 2975.79 72
Hl16 -3685.54 7173.08 2430.46 78
H17 -2087.92 6987.21 1755.9 79
HI18 490.57 7930.26 1439.33 51
H19 1471.45 9059.18 1797.32 108
H20 -126.15 9245.07 2471.88 108
H13C 11.5 7328.05 3035.14 32
H13D -2402.19 7374.87 3353.35 32
H14C -2614.79 9142.21 3008.08 72
H14D -4304.69 8382.8 3083.52 72
H16' -5751.93 8153.61 2313.93 93
H17' -4439.92 8114.1 1617.15 84
H18' -3.91 8278.07 1443.15 55
H19' 3120.11 8481.58 1965.92 47
H20' 1808.15 8521.1 2662.71 69
H21A 1052.26 5440.7 3124.63 59
H21B 3949.72 5159.6 3252.39 59
H23 565.2 6197.93 2471.73 83
H24 1633.8 6220.2 1764.43 76
H25 5471.22 5619.9 1529.52 67
H26 8240.1 4997.33 2001.91 102
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Table 3.13 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement

Parameters (A*x10°) for 3m.

Atom x y z U(eq)
H27 7171.55 4975.05 2709.2 101
H21C 3163.02 5153.9 3194.39 59
H21D 6153.31 5453.56 3211.72 59
H23' 4021.39 6827.47 2585.68 58
H24' 4106.57 6850.72 1858.66 62
H25' 4487.21 5708.26 1485.24 67
H26' 4782.69 4542.55 1838.81 79
H27' 4697.51 4519.29 2565.83 66

Table 3.14 Atomic Occupancy for 3m.

Atom Occupancy Atom Occupancy Atom Occupancy
H9 0.500(8) H9B 0.500(8) H32 0.500(8)
H32A 0.500(8) C30 0.500(8) H30 0.500(8)
C31 0.500(8) H31 0.500(8) C33 0.500(8)
H33 0.500(8) C34 0.500(8) H34 0.500(8)
C30' 0.500(8) H30' 0.500(8) C31 0.500(8)
H31' 0.500(8) C33' 0.500(8) H33' 0.500(8)
C34' 0.500(8) H34' 0.500(8) 03 0.652(10)
C13 0.652(10) H13A 0.652(10) H13B 0.652(10)
Cl4 0.652(10) H14A 0.652(10) H14B 0.652(10)
C15 0.652(10) Cl6 0.652(10) H16 0.652(10)
C17 0.652(10) H17 0.652(10) C18 0.652(10)
H18 0.652(10) C19 0.652(10) H19 0.652(10)
C20 0.652(10) H20 0.652(10) o3’ 0.348(10)

C13' 0.348(10) H13C 0.348(10) HI13D 0.348(10)
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Atom Occupancy Atom Occupancy Atom Occupancy
C14' 0.348(10) H14C 0.348(10) H14D 0.348(10)
C15' 0.348(10) Cle' 0.348(10) H16' 0.348(10)
C17 0.348(10) H17' 0.348(10) C18' 0.348(10)
H18' 0.348(10) C19' 0.348(10) H19' 0.348(10)
Cc20' 0.348(10) H20' 0.348(10) C21 0.759(10)

H21A 0.759(10) H21B 0.759(10) C22 0.759(10)
C23 0.759(10) H23 0.759(10) C24 0.759(10)
H24 0.759(10) C25 0.759(10) H25 0.759(10)
C26 0.759(10) H26 0.759(10) C27 0.759(10)
H27 0.759(10) c2r 0.241(10) H21C 0.241(10)

H21D 0.241(10) c22' 0.241(10) c23' 0.241(10)
H23' 0.241(10) Cc24 0.241(10) H24' 0.241(10)
C25' 0.241(10) H25' 0.241(10) C26' 0.241(10)
H26' 0.241(10) caT 0.241(10) H27' 0.241(10)
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3.9.7 Representative set of NMR Spectra
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Chapter 4. Site-Selective Remote C(sp*)-H Bromination of
Aliphatic Amines as a Gateway for Forging Nitrogen-Containing

sp® Architectures.

In collaboration with Clarence Tan, Dr. Jests Rodrigalvarez and Shuai Zhang
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4.1 General Introduction

Given that an increased number of saturated sp’~hybridized carbons have been showed
to improve several molecular attributes that contribute to clinical success,' C(sp*)-H
functionalization has emerged at the forefront of modern synthetic methodology
development for forging new sp® architectures. This is not only due to its improved atom
economy when compared to conventional protocols for forging sp” architectures, but also
for accessing new chemical space not apparent at first sight, thus streamlining the access
of added-value chemicals from simple precursors, particularly when dealing with late-
stage functionalization (LSF) of advanced ingredients.? Driven by the ubiquity of amines
in a myriad of biologically-relevant molecules, it comes as no surprise that chemists have
been challenged to design catalytic C(sp®)-H functionalization of amines as a new

manifold to access amine-containing drug candidates.

@)
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@ Tenelia ® Paroxetine ® Azelastine ®
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(0] Invega ® Quinopramine ® Sensipar ®

Scheme 4.1 Small molecular medicines containing amine groups.

In recent years, significant advances in a-C(sp’)-H functionalization of amines have
been reported in the context of hydrogen-atom transfer (HAT) processes at a to nitrogen
atom’ or via the intermediacy of iminium ions generated in the presence of appropriate

oxidants (Scheme 4.2).* In addition, a-functionalization of amines can be enabled by
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deprotonation with superbases followed by electrophilic substitution,” metal-catalyzed
C(sp’)-H functionalization events,® or carbene/nitrene-type insertion pathways.’ In
contrast, remote C(sp’)-H functionalization of amines remains more challenging due to
the lack of radical stabilization adjacent to the nitrogen atom and lower acidity of remote
C(sp*)-H bonds compared to o-C(sp®)—H linkages. To overcome these drawbacks, several
strategies have been developed to tackle the functionalization of remote C(sp®)-H bonds
of amines. For example, B-functionalization can be enabled via imine-enamine
equilibrium. On the other hand, catalytic functionalization at y-C(sp*)-H sites can be
achieved by metal-catalyzed strategies using native amine as directing groups, 1,5- or 1,6-
HAT strategies aided by the intermediacy of amidyl radicals or at terminal C(sp’)-H sites

by means of Ir-catalyzed borylation events.

a—C(sp®)-H bond

|

N_ _R

. . WY . .

via via H via via carbene or
HAT deprotonation | C-H activation nitrene insertion
| | via | | |

oxidation ~M
| | | N R %Q
‘.LZ;N\%R %{NVR H{N%/R DG 4.\Hr

| | |
v

AN

|
_N_R
e

a—C(sp®)—H functionalization of amines

Scheme 4.2. Strategies for functionalization of a-C(sp*)-H bonds of amines.
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4.1.1 C(sp3)—H Functionalization of Amine Derivatives via Deprotonation

Direct deprotonation of amines at the a-C(sp®)~H bond in the presence of superbases
followed by electrophilic substitution is a common strategy for enabling site-selective a-
C(sp’)-H functionalization of aliphatic amines.® For example, in 1995 Dieter developed
an a-C(sp’)-H arylation of amines enabled by deprotonation and palladium catalysis.’
Exposure of Boc-protected amines to s-BuLi results in o-aminoalkyllithium species that
undergo coupling with aryl iodides catalyzed by Pd[(p-MeOC¢H4)3P]4 in one pot, leading

to the corresponding a-arylated amines (Scheme 4.3).

_ _ Pd[(p-MeOCgH.)3Pls
s-BulLi (1.2 equiv.) (5 mol%)

TMEDA (2.2 equiv.) CuCN (10 mol%
® (), (10 mol%) [,

N ether, -78 °C, 2h | Arl (1.2 equiv.) .
Boc -78 °C, overnight Boc

selected examples

Me
q)\@ FN)\@M (—N)\@OW N .
Boc Boc e Boc Boc

Boc Me
54% 34% 67% 65% 71%

Scheme 4.3 a-C(sp’)-H arylation of amines enabled by deprotonation.

Building on the elegant efforts of Baudoin and co-workers, this deprotonation strategy
allowed to promote remote B-C—H functionalization through a sequential palladium-
catalyzed Negishi coupling events (Scheme 4.4).'"° The use of flexible biarylphosphines
as ligands facilitated the formation of the kinetically favored B-arylated products, an
observation that is consistent with a sequence consisting of 1,2-palladium migration via
B-hydride elimination and migratory insertion. Notably, more rigid biarylphosphines
favored an a-arylation event. Unfortunately, the scope of amine derivatives was limited
to six-membered piperidines, as no desired B-arylation products were observed for N-Boc-

pyrrolidine, -azepane, or -azocane, respectively.
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Scheme 4.4 B-C(sp*)-H arylation of piperidine enabled by deprotonation.

In 2020, Seidel and co-workers described a facile multistep process that enables -
alkylation across various secondary alicyclic amines with different ring sizes, such as

piperazine, azepane and others (Scheme 4.5).!" In this process, alicyclic amine was first

exposed to n-BuLi followed by

species via hydride transfer.'? Subsequent deprotonation by LDA results in an endocyclic

1-azaallyl anion that then reacts with an electrophilic alkylating agent. Final reduction of

treatment with a ketone oxidant, leading to an imine

newly formed imine ultimately affords the B-alkylated product.
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2
N ether, -74 °C to 0 °C N7 L N
Boc
selected examples
Me Me Me Me
- N
apslonUsieasiens
= N
Nne” N N me N N Boc
Boc Boc Boc Boc
47% 52% 69%, d.r. > 20:1 40% 44%
proposed mechansim
H hydride
PhCOCF4 transfer
Wl e | T z
N Li.o>=< N
N O~ "CFj;
Li
LDA
R
(Y NaBH, R RCH,Br O
N e B =
H N7 N7 Li*

endocyclic 1-azaally anion
Scheme 4.5. B-C(sp’)-H arylation of cyclic amines enabled by deprotonation.

4.1.2 Remote C(sp’)-H Functionalization with Native Amine Directing Groups

The utilization of the nitrogen’s native coordinating ability offers a strategic advantage
for remote C(sp’)—H functionalization (Scheme 4.6). In 2014, Gaunt reported a palladium-
catalyzed B-C(sp’)—H functionalization of secondary aliphatic amines via four-membered
ring cyclopalladation."® This reaction is enabled by functionalization of the B-C(sp’)-H
bond, ultimately resulting in strained aziridines and -lactams by utilizing PhI(OAc); or
carbon monoxide as oxidants, respectively. Notably, the presence of a-substituents were
necessary to prevent parasitic f-hydride elimination. Subsequent mechanistic studies
proposed amine coordination to the palladium center followed by intermolecular C(sp®)—
H functionalization to form a four-membered ring palladacycle intermediate. This
intermediate is then oxidized by PhI(OAc),, generating a Pd(IV) species that facilitates

acetic acid dissociation and reductive elimination to afford the aziridine. '* Later on,
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Gaunt, Yu, Shi and others expanded these conceptions to C(sp’)-H acetoxylation, '’
alkenylation, arylation,16 even in an enantioselective manner,'” thus allowing to forge
C(sp*)-0, C(sp’)-C(sp’), C(sp’)-C(sp’) bonds at distal B- or y-C—H sites in a series of

primary, secondary, and tertiary aliphatic amines.

Me Me Me Me 0

)Ké‘"e M
o Me e
Pd(OAc), Me N

N
\H/?Me |>< N
© Me Me o)
aziridination carbonylation
OAc

M;i\"e Pd Gaunt (2014)

(@)
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<

[0}

(37
)
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:El\\\:?
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OAc 2
HOAc acetoxylation alkenylation
Gaunt (2015)
NH, Af NH

Ph% O\j \j : J\/\OAC

enantioselective
arylation
Gaunt (2015) Yu (2020) Gaunt (2020) Shi (2017)

arylation

arylation acetoxylation

Scheme 4.6 Pd-catalyzed remote C(sp®)-H functionalization directed by native amines.

4.1.3 Remote C—H Functionalization of Amines Driven by Steric Hindrance

In 2014, Hartwig and co-workers disclosed an iridium-catalyzed remote C(sp*)-H
borylation of amines (Scheme 4.7), with functionalization occurring predominantly at
primary C(sp*)-H bonds in tertiary amines.'® Computational results confirmed Mesphen-
ligated iridium-trisboryl complex as the active catalyst, facilitating oxidative addition at

terminal primary C(sp*)—H bond followed by reductive elimination to deliver the desired
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product. Further efforts from this group demonstrated that the utilization of 2-mphen as

ligand led to functionalization at remote C(sp”)—H bonds on steric grounds."’

Hartwig (2014) Me
Me
. (n8-mes)Ir(Bpin)z (2 mol%) R ~ N/ Bpin
Y 5 Meyphen (2 mol%) N v r;B .
P e + pin . —=>NY . Bpin
RN 2pinz neat, 120 °C, 24 h ROHBRK T N Bpin
then KHF, Me Megyphen
selected examples
Et Et Pr N
N N
e BFK npr " BRGK npp N~~~ BFsK o/
54% 79% 78% 74%
Et:"Pr = 83:17
Hartwig (2020)
[Ir(OMe)(COD)]5 (2.5 mol%) _— Me
2-mphen (5.0 mol%) N
O ﬁ B,pin, (3.0 equiv.) O ﬂ
cyclooctane, 100 °C, 20 h Bpin . N
63% 2-mphen

Scheme 4.7 Ir-catalyzed distal C(sp*)-H Functionalization of amines.

4.1.4 Remote C(sp3)—H Functionalization of Amines via HLF Reactions

Nitrogen-centered radicals represent highly effective intermediates capable of
abstracting hydrogen atoms from unactivated C(sp®)-H bonds due to their high BDE (N—
H: 95-107 kcal/mol).? This property has been exploited for the remote functionalization
of 3-C(sp”)-H linkages in amine derivatives. From a mechanistic standpoint, nitrogen-
centered radicals formed by homolysis of nitrogen-heteroatom bonds or via oxidation of
N-H bonds are prone to selectively abstract 8-hydrogen atom through a favorable six-
membered cyclic transition state (Scheme 4.8). The resulting open-shell carbon-centered
radicals can then react with an appropriate radical acceptor to yield the corresponding d-

functionalized products.
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Scheme 4.8 5-C(sp’)-H Functionalization of amines via HLF process.

In 1883, Hofmann demonstrated that pyrrolidines are within reach from the
corresponding halogenated tertiary amines, a process coined as Hofmann-Loffler-Freytag
(HLF) reaction.?' This strategy was later on applied by Corey in the context of synthesis
of natural products.22 Subsequent advances by Suarez and Muiiz, among others, revealed
that N-halogen species could be generated in situ using oxidants, thus avoiding the need
for prefunctionalization.”® More recently, Knowles,?* Rovis,?> Martin,*® among many
others,”’ took advantage of oxidative proton-coupled electron transfer (PCET) to form
nitrogen-centered radicals, thus facilitating the intervention of 1,5-HAT processes.*® The
resulting alkyl radical is then interfaced with either a radical acceptor or with a Ni
intermediate, thus setting the basis for a subsequent C—C bond formation. Additionally,

Leonori and Nagib expanded the scope of the HLF process to include halogenation,
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thiolation, cyanation, and alkynylation of 6-C—H bonds in the presence of appropriate

radical acceptors.”’

4.1.5 Remote C—H Functionalization of Amines Enabled by Protonation

Although site-selective functionalization of proximal C(sp’)-H bonds in amines or
derivatives thereof can be readily accomplished due to hydridic properties of the C—H
linkage, low BDEs, or/and stabilization effect from heteroatoms for these bonds, the
functionalization at remote C—H bonds is significantly more challenging. In 2014, Radom
and Chan revealed the BDEs of C—H bonds in butanol are significantly affected by
protonation and deprotonation.>® Compared to the neutral alcohol, protonation increases

the BDEs of proximal C—H bonds, while deprotonation decreased them (Scheme 4.9).

Variation C(sp®)-H BDEs of alcohol in three protonation states

96.2 79.4 99.6 95.9 100.1 106.6
H H Wt H H H* H H
H - -~ H B — et H +
o OH OH,
H H H
100.1  99.6 1025  101.1 103.9
deprotonation of alcohol protonation of alcohol

Scheme 4.9 Deactivation of proximal C(sp’)-H bonds by protonation

In 1993, Asensio and co-workers demonstrated that the presence of HBF, facilitates
the site-selective oxidation of distal secondary or tertiary C(sp’)-H bonds in amines
(Scheme 4.10).°' Later on, Sanford, ** White,* and Sigman?®* integrated transition
catalysis into this deactivation strategy, facilitating the site-selective oxidation towards
terminal primary or distal tertiary C(sp’)-H linkages. Recent significant advances from
Schultz and MacMillan combined this acid-mediated deactivation with photoredox
catalysis, allowing to promote oxidation,* trifluoromethylation,*® and sulfinylation®” of

remote C(sp’)—H sites in aliphatic amines.
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R! IM/\
N hn R} -—

proximate C(sp®)-H
functionalization

R2

protonation R2

Asensio (1993)

Me. + Me
WY

Me

BF,~ ©

TFDO
CH,Clp, CH5CN
0°C, pH 2-3, 15 h

Sigman (2017)

CF3SO3H (6.0 equiv.)
[Ru] (5 mol%)
H5lOg (3.0 equiv.)
AcOH/H,0 (1:1)

selected examples

remote C(sp°)-H
functionalization

H H H /\MI
1 H* 1 /\M)\ 1
o M R L R

H'éz

Sames (2001); Sanford (2015)

H,S04 (1.1 equiv.)
K2PtC|4 (1-5 mol%)
CuCl, (1.0 equiv.)
H,0, 150 °C, 24 h

Schultz (2017)

(0]

!

N
H

H,SO, (1.5 equiv.)
NaDT (1 mol%)
H,0; (2.5 equiv.)
H,O/CH,;CN
365 nm

White (2015)

O\/\/O\H
N L Me

I Me

Me

HBF,4 (1.0 equiv.)
[Fe] (5 mol%)
HZOZ, AcOH
CH3CN, 24 h

MacMillan (2020, 2021)

R

[ ; R=CF;

N SO,H
N 2

H,SO4 (1.2 equiv.)
NaDT (1 mol%)
CuCl; (5 mol%)

Togni Il (1.25 equiv.)
H,O/CH3CN
390 nm

Scheme 4.10 Remote C(sp*)-H functionalization of amines by protonation strategy.
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4.2 General Aim of the Project

At the outset of our investigations, significant progress had been made on the remote
C(sp’)-H functionalization of amines. However, the development of a modular and
general blueprint that incorporates with equal ease carbon-carbon or carbon-heteroatom
bonds at distal C(sp®)-H sites of unprotected aliphatic amines still represents a worthwhile
endeavor for chemical invention. In this chapter, we propose that the site-selective
installation of a versatile halogenated linchpin at remote C(sp*)-H sites in unprotected
amines could provide a new pathway for downstream applications, thus streamlining the

access to advanced sp® architectures with an aliphatic amine core (Scheme 4.11).

remote C(sp®)-H
bromination

downstream
H H @ 0 H\'," Br applications R!
,N$*)\.’ - ,N$*J\. ———— y
R n H+, Br R™+ R/N n
linchpin

Scheme 4.11 Site-selective remote functionalization of aliphatic amines.
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4.3 DFT Calculations

We began our investigations by evaluating the remote C(sp’)-H functionalization of
n-propyl amine (1a). As anticipated, density functional theory (DFT) calculations
revealed that C—H bonds adjacent to the nitrogen atom are electronically perturbed upon
protonation (Scheme 4.12). Interestingly, Hy in protonated congener 1a' exhibited a lower
BDEs, indicating that C—Hy, cleavage would be expected to be more facile compared to

H, and Hc upon protonolysis of the amine function.

'T' Hp acidic

H
N H iti N
H W/\/ c conditions H'N\R\/HD
H., —> H,

1a 1a'
Ha Hb Hc Ha Hb Hc
NPA 0.167 0.189 0.197 NPA 0.220 0.208 0.207
BDE 91.9 974 101.3 BDE 1029 978 1023

Scheme 4.12 DFT calculations: Natural Population Analysis (NPA) and bond dissociation
energies (BDE, kcal-mol 1) of C—H bonds for 1a and 1a' (B3LYP/6-311+ +G(d.p)).

4.4 Optimization of the Reaction Conditions

Taking into considerations the previous DFT calculations, we started our work by
examining the C(sp’)-H bromination of 1a in acidic media using 1,3-dibromo-5,5-
dimethylhydantoin (DBDMH) as the bromine source, and tetra-n-butylammonium
decatungstate (TBADT) (1 mol%) as the photocatalyst under 390nm light in acetonitrile
(Table 4.1). Initial attempts with CH3CO,H did not yield the desired bromination product
(entry 1) whereas the utilization of strong Brensted acids such as TFA, HCI, H,SO4, and
TfOH resulted in formation of the B-brominated product 2a', albeit in low yields (entries
2-5). Notably, the utilization of HClO4 afforded 2a' in 80% yield with 89% selectivity
(entry 6), thus highlighting the significant influence of the escorting counterion on both

reactivity and site-selectivity. Notably, no traces of 2a' or 2a" were observed when
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promoting C(sp*)-H functionalization with bulky Brookhart’s acid (H[BArF]s) or Lewis
acid BF3-Et,O (entries 7-8).

Table 4.1. Screening of acids with DBDMH as bromine source

TBADT (1 mol%) o B
Acid (3.0 equiv.) N
H K Br Y
DBDMH (1.0 . + +
HZN\)\Me (1.0 equiv.) - H3N\/kMe+ HaN _~_ Br /N72:O
CHACN, Ar clos CIOLS Br Me
390 nm 4, 4 Me
2 2a 2a DBDMH
Entries Acids 2a' (%)l (2a'/(2a'+23"))[b]
1 CH;CO:H 0 _
2 TFA 26 90%
3 HCI 21 88%
4 H2S04 11 65%
5 TfOH 11 58%
6 HCIO4 80 89%
7 H[BATrF]4 0 -
8 BF;<Et.O 0 -

[a] '"H-NMR yield using CH2Br: as internal standard. [b] Regioselectivity en route to 2a’.

Unfortunately, all our attempts to modify the decatungstate catalyst did not improve
results (Table 4.2, entries 1-2). The utilization of benzophenone and anthraquinone as
photocatalysts instead of TBADT led to significantly lower yields (entries 3-4), an
observation that is probably ascribed to photocatalyst poisoning under the strong acidic
conditions. Interestingly, bromination at primary the C(sp’)-H site was primarily
observed when N-chlorosuccinimide (NCS) was employed as HAT reagent (entry 6),
underscoring the importance of judiciously selecting the HAT reagent for achieving high
regioselectivity. *®* The utilization of Br, or N-bromosuccinimide (NBS) resulted in
notably lower yields and selectivity for 2a' (entries 7 and 8). Additionally, the inclusion

of water as a co-solvent was detrimental to both yield and selectivity (entry 9). As initially
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anticipated, control experiments confirmed that both the photocatalyst and acid were
essential for the bromination’s success, with the best results obtained when combining

TBADT and HCIO; (entry 10).

Table 4.2. Deviation standard conditions.

TBADT (1 mol%) Br

HCIO, (3.0 equiv.) Br ON

H DBDMH (1.0 equiv.) . + Y o
HZN\/k = H3N\/k + H3N\/\/Br /N
Me CHLCN, Ar co. M cio, Br Me
390 nm 4 4 Me
1a 2a' 23" DBDMH
Entries Deviation 2a'(%)1 (2a'/(2a'+2a"))t!

1 n-BusBnNDT instead of TBADT 72 89%
2 Ph4PDT instead of TBADT 76 89%
3 Benzophenone instead of TBADT!! 10 50%
4 Anthraquinone instead of TBADT!®! 7 70%

5 using (Mes-Acr-Ph)BF4¢! 0 -
6 using NCS, CCI3Brl®! 4 31%
7 Br2 instead of DBDMH 11 61%
8 NBS instead of DBDMH 54 83%
CH3;CN:H20 (10:1) as solvent 21 64%

10 No TBADT / acid trace -

[a] 'H-NMR vyield using CH2Br> as internal standard. [b] Regioselectivity en route to 2a'. [c] 5
mol% photocatalyst were used. [d] 1a (0.40 mmol), (Mes-Acr-Ph)BF4 (5 mol%), KsPO4 (0.30
mmol), DBDMH (0.20 mmol) in HFIP (1 mL) under 450 nm for 20 h. [e] 1a (0.40 mmol), NCS
(0.20 mmol), HCIO4 (0.60 mmol), CCI3Br (1.0 mmol) in CH3CN:H2O 10:1 (1 mL) under 450 nm
for 20 h.
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o)

O
)
Benzophenone Anthraquinone (Mes-Acr-Ph)BF 4

4.5 Substrate Scope
4.5.1 Scope of Acyclic Aliphatic Amines

With optimized conditions in hand, we turned our attention to study the generality of
the remote C(sp’)—H bromination across a wide range of aliphatic amines. As illustrated
in Scheme 4.13, a variety of acyclic alkyl amines were successfully employed as
substrates. Sequential addition of TsCl or CbzCl in a one-pot procedure enabled the
isolation of the brominated products, thus laying the foundation for further
functionalization events. As demonstrated by 2a-2¢, the C(sp®)-H bromination occurred
at distal unactivated methylene sites in both primary and secondary aliphatic amines. The
utilization of n-pentyl amine containing multiple, yet similar C(sp’)-H bonds, is
particularly illustrative, as it gives access to 2d with 70% selectivity at distal y-methylene
site. These results indirectly suggest that the electronic influence of protonation on
hydrogen-atom transfer progressively weakens at long range. Importantly, unprotected
amino acids, such as D-norvaline, y-aminobutyric acid (GABA), and L-leucine were
readily subjected to this protocol, affording 2e, 2f, and 2j, respectively, thus offering
access to unnatural amino acids and peptides in a straightforward manner. Notably, the
presence of electron-withdrawing groups, such as carboxylic acids or a gem-difluoronated
motifs led to a significant impact on site-selectivity, resulting in 2f and 2g with excellent
B-selectivities. Moreover, C(sp”)-H bromination could be accomplished at tertiary or
benzylic sites (2i-21) with equal ease, including the selective bromination of the
commercial drug Baclofen®, thus holding promise to the implementation of this

technique in the context of a late-stage functionalization of advanced ingredients.
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TBADT (1 mol%)

DBDMH (1.0 equiv.)
H‘ (H Br

. HCIO, (3.0 equiv.)
,NM)\ - ,NH)\
R n (0) _ CHCN R+

clo;

1 ¢+~ 390 nm, 20 h

H Br
Ts’N\)\/H

2a, 78%
(89% selectivity)
68% (gram-scale)
(86% selectivity)

H
N,
Cbz” '»(\(\H
MeO,C Br

2e, 56%, dr 1:1[a
(80% selectivity)
from D-Norvaline

Me
N B
Ts” '
Me Me
2i, 79%

I\I/Ie Br
-B/N\v/k\/H
2b, 68%
(82% selectivity)

Br

H
oy N COaMe

2f, 54%
(82% selectivity)
from GABA

§ B
Cbz” '

MeO,C MeMe

2j, 83%
from L-Leucine

C(sp®)-H bromination of acyclic amines

TsCl, DIPEA Ts Br
> N
0°C,2h R n
2
H Br
_N H
Ts \//\j//\H /N\¢/\\/J\\/H
Br Ts
2¢, 75% 2d, 69%

(82% selectivity)

29, 70%, dr 2.9:1(

H
N

Ts” \/\(Ph

Br

2k, 98%!°!

(70% selectivity)

H
N Br
Ts

2h, 58%, dr 1.2:16
(88% selectivity)

N
Cbz” Br
CO,Me

Cl
21, 84%
from Baclofen®

Scheme 4.13 C(sp*)-H bromination of acyclic aliphatic amines. Reaction conditions: 1 (0.40
mmol), HCIO4 (0.60 mmol), TBADT (1 mol%), DBDMH (0.20 mmol) in CH3CN (2 mL) under
390 nm for 20 h, then TsClI (0.60 mmol), DIPEA (1.50 mmol) at 0 ° C for 2 h. See experimental

section for further details. The selectivity corresponds to the ratio of product to the other

regioisomers. [a] dr values refer to the main product. [c] without TBADT.

4.5.2 Scope of Alicyclic Amines

Driven by the prevalence of pyrrolidine, piperidine, and azepine scaffolds in the top-

selling small-molecule pharmaceuticals and natural alkaloids,* we next sought to assess

the suitability of a site-selective bromination of these heterocycles (Scheme 4.14). As

illustrated by 2m, exclusive B-bromination was obtained for pyrrolidine, whereas 57% y-

site-selectivity was observed in piperidine due to the similar electronic properties of the

v- and B-C-H bonds, as revealed by DFT calculations. Notably, introducing a methyl
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group at the 3 or 4 position of piperidine core led to the bromination at tertiary C(sp*)-H

sites, affording 20 and 2p with high selectivity, respectively. The presence of an electron-

withdrawing nitrile group in piperidine altered the site-selectivity, resulting in [-

brominated 2q, which is consistent with 2f and 2g. As anticipated, the presence of ethereal

motives in amines led to preferential oxidation adjacent to the oxygen atom, affording the

lactone 2r and hemiacetal 2s.*° An excellent 88% y-selective C(sp’)—H bromination was

observed for azepine core (2t), whereas the benzofused analogue (2-benzazepine)

provided 2u with exclusive benzylic selectivity. Moreover, the 7-azabicyclo[2.2.1] core

proved to be compatible, leading to 2v with exquisite endo selectivity.

H

N Jn

H
1

TBADT (1 mol%)
DBDMH (1.0 equiv.)
HCIO4 (3.0 equiv.)

CH3CN
.7 390 nm, 20 h

3

N

Ts

2m, 60%

o

N

Ts

2p, 66%
(84% selectivity)

®

N

Ts

2t, 75%
(88% selectivity)

Br

N
Ts
2n, 79%
(57% selectivity)

NC\(j\‘\Br

N

Ts

2q, 38%, dr 3.6:1[@
(78% selectivity)

Jn

C(sp®)-H bromination of cyclic amines

clo; Br

TsCl, DIPEA

0°C,2h

Y
z

Me Br

N

Ts
20, 68%
(84% selectivity)

(0]
mo
Ts”

2r, 64%

N,
Ts

2u, 61%l

2
Ko

/~—0
TS\N
R

2s, 61%!"!

2v, 95%, endo

Scheme 4.14. C(sp®)-H bromination of saturated nitrogen-containing heterocycles. Reaction
conditions: 1 (0.40 mmol), HCIO4 (0.60 mmol), TBADT (1 mol%), DBDMH (0.20 mmol) in
CH;CN (2 mL) under 390 nm for 20 h, then TsCl (0.60 mmol), DIPEA (1.50 mmol) at 0 ° C for 2
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h. See the experimental section for further details. The selectivity corresponds to the ratio of
product to the other regioisomers. [a] dr values refer to the main product. [b] Further oxidation to

the lactone was observed in 10% yield. [c] without TBADT.

4.6 One-pot Cyclization via C(sp*)-H Bromination

Given the alkyl bromides can serve as synthons for further functionalization, we
anticipated that the alkyl bromides generated by remote C(sp®)-H functionalization of
amines might constitute an ideal platform to access advanced heterocycles, prevalent
motifs in medicinal chemistry, bioactive molecules, and natural products. Compared to
the classic Hofmann—-Loffler-Freytag reaction, which generates pyrrolidine or piperidine
scaffolds via 1,5- or 1,6-HAT followed by N-nucleophilic substitution,*" our protocol
provides a more customizable, yet flexible strategy to assemble heterocycles with
different size, which can be determined by the distance between nitrogen atom and the
bromination site. As demonstrated in Scheme 4.15, small-ring systems such as aziridine
(3a, 3b, 3¢) and azetidine skeletons (3d), which possess significant ring strain, can be
obtained from a series of simple amines through site-selective bromination/intramolecular
nucleophilic substitution sequence in one pot. Additionally, this methodology enables the
formation of y-lactone (3e) via cyclization of amino acid, and 2-oxazolidones (3f-3g)
through 1,3-dipolar cycloaddition with CO,. Thus, this approach offers a complementary
reactivity to existing processes for their synthesis, enabling the preparation of

heterocycles from unprotected amines without the need for prefunctionalization.**
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R
H bromination N
HN A g
Mo onepo 1N
cyclization

n=1,2,3
Heterocyclic scaffolds synthesis in one pot via C-H bromination of amines

H Ts i s
HaN N RN A, N
2 ‘ I -
Me | >—Me ; : Tso\\\‘..L\Ph
: OH
1a 3a, 71% | 1w 3b, 59%, d.r. 1.2:1
(<0.10$/g) ‘ (0.50$/g)
F 3 Ts
H Ts.  HN Ph ‘
of — "0 T — o
HoN Foo : Ph
1g 3c, 48% : 1k 3d, 90%
(108/g) (28/g)
Her\(Me Oﬁ : H o\>‘
Me (0]
— C HN —
Ho S0 Cbz‘ﬁ T e HANGS N
1e 3e,53%, dr1:1 | 1x 3f, R = Me, 49%
: 3g, R = Ph, 77%
(0.25%/g) (0.128/g) 4 °

Scheme 4.15 Accessing advanced aliphatic amines by levering the potential of remote C(sp®)-H
functionalization, as for Scheme 4.12 followed by exposure with base, see experimental section

for further details.

4.7 Derivatization of Halogenated Amines

Considering the broad utility of alkyl halides in cross-coupling reactions to forge

* we hypothesized that our C(sp’)-H

carbon-carbon and carbon-heteroatom bonds,
bromination protocol could serve as a gateway to diverse functionalization of these sp*-
hybridized sites, enabling access to advanced amines. As demonstrated in Scheme 4.16,
B-arylated pyrrolidine 4a was readily obtained via silyl radical activation of B-C-Br
bond. ** Additionally, a nickel-catalyzed reductive cross-coupling of 2m with 1I-
iodopropane successfully forged a C(sp®)—C(sp?) bond at remote site of pyrrolidine.*’ The
reaction of 2m with styrene en route to 4b via Pd-catalyzed Heck-type process.*®

Nucleophilic substitution of 2m with benzoate, amide, and azide provided access to
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carbon—heteroatom (C—O/N) bonds (4d-4f) at this unconventional sp*-hybridized site.
Notably, the successful preparation of N-Ts-azelastine 4t and N-Ts-fluoxetine 4y from
simple building blocks stand not only as a testament to the synthetic applicability for
accessing advanced synthetic intermediates, but also offer improved flexibility in

retrosynthetic design.

alkyl bromides as linchpins for distal C-C, C—N & C-O bond-formation
Ar' ; 0
Ni PhCO,Na (j Ph
o ® T

TS Ar'Br i ©
4a, 95% 4d, 68%

Ar' = p-COzMeCsH4

CN
= Arz Br Sy o N=
N
(jN @ (j/ N N
N - N - <fijr
s AT Ts N

4b, 71%
Ar2 = p-tBuCgH,

N
n-Pr Q/ 3
/ Ts

Ts
- NaN
4c, 64% n-Prl s 4, 97%

streamlining the access to pharmaceuticals

2m Te  4e, 65%

H 0
then NN N
N 5
Q @0 A f
H Ard
1t 4t (R=Ts), 36%

Ar¥=p-CIC¢Hs;  Azelastine® (R = H)

H then Ph
-OH ——>»
Me
N\

R
4y (R=Ts), 57%
Fluoxetine® (R = H)

1y NHMe

Scheme 4.16 Accessing advanced aliphatic amines by levering the potential of remote C(sp*)-H
functionalization Top: 1. Ir[dF(CF3)ppy]2(dtbbpy)PFs (1 mol%), Ni(dtbbpy)Br2 (2 mol%), methyl
4-bromo benzoate (0.2 mmol), 2m (0.3 mmol), TTMS (0.2 mmol), Na2COs (0.4 mmol), DME (2
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mL), blue LED, 14 h. 2. Pd(PPhs)4 (5 mol%), dppf (7 mol%), 2m (0.2 mmol),1-(tert-butyl)-4-
vinylbenzene (0.4 mmol), Lil (0.4 mmol), Cy2NMe (0.3 mmol, ), PhCF3 (1.0 mL), 110 °C, 36 h.
3. Ni(COD):2 (10 mol%), (S)-iPr-Pybox (8 mol%), 2m (0.2 mmol), 1-iodopropane (0.6 mmol), Zn
(0.6 mmol), DMA (1.5 mL), 25 °C, 12 h. 4. 2m (0.2 mmol), PhCO2Na (0.60 mmol) and KI (0.22
mmol), DMF (1 mL), 70 °C, 16 h. 5. 2m (0.2 mmol), 1H-Indazole-3-carbonitrile (0.60 mmol),
KoCOs (0.22 mmol), KI (0.22 mmol), DMF (1 mL), 70 °C, 16 h. 6. 2m (0.2 mmol), NaNs (1.0
mmol), DMF (1 mL), 80 °C, 18 h. Bottom: as for Scheme 4-13 followed by exposure with base,

see experiment section for details.

4.8 Preliminary Mechanistic Studies

4.8.1 Radical Scavenger Experiments

TBADT (1 mol%)
HCIO4 (3 equiv)

H ! Br
DBDMH (1.0 equiv) +
H,N +  TEMPO HsN CIO4~
\)\Me CHACN, Ar \AMG ¢
1a 2 equiv. 390 nm 2a' 0%
H TBADT (1 mol%) MeO,C H
HCIO4 (3.0 equiv.) N—H
{ < . %COzMe CH3CN, 390 nm, 20h CO,Me I
H CO,Me then TsCl, DIPEA N 8
0 °C, 2 hours T via
1z 1 equiv. 2z, 73%

Scheme 4.17 Radical scavenger experiments

To gain insight into the possible reaction pathway of our C(sp*)-H bromination
protocol, a set of preliminary mechanistic experiments were conducted. As shown in
Scheme 4.17, the addition of the radical scavenger—-TEMPO completely inhibited the
formation of 2a'. Moreover, radical trapping experiments with dimethyl maleate resulted
in the isolation of the radical addition product 2z in 73% yield. These observations

suggested the involvement of open-shell species in the bromination reaction.
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4.8.2 Intermolecular Kinetic Isotope Effect

TBADT (1 mol%)
HCIO,4 (3.0 equiv.)
DBDMH (1.0 equiv.)

Br Br
CHsCN, 390 nm, 4h ~ A
+ —_ + —-—d,
dig g
N N then TsCl, DIPEA N N
H D 0°C, 2h, 34% 'Il's 'Il's
1n 1n-dsg kilkp=1.78 2n 2n-dg

Scheme 4.18 Intermolecular kinetic isotope effect.

An intermolecular kinetic isotope effect (ku/kp=1.78) was observed by comparing the
bromiantion of piperidine 1n and 1n-do, suggesting that C(sp*)—H cleavage might not be

involved in the rate-determining step of the reaction (Scheme 4.18).

4.8.3 Quantum Yields

TBADT (1 mol%)
HCIO, (3 equiv)

Br
H DBDMH (1.0 equiv) +
>  HeN Clo, ® =0.03
H2N%Me CH4CN, Ar, 5 h \AMG 4
single LED ,
1a 395 nm 22, 7%
/\)H\ DHBCL;AOA?-i(%foeqUiY')) P cio
.U equiv. . + 4_ P = 429
HoN Ph " CH.CN,Ar05h HSN/\/kPh
single LED ,
Tk 395 nm 2K, 95%

Scheme 4.19. Measurement of quantum yields for the reaction of 1a and 1k.

A quantum yield of 0.03 for the catalytic bromination of 1a was observed (Scheme
4.19), suggesting that the reaction may not proceed through a canonical radical-chain
propagation mechanism. In contrast, a quantum yield of 4.29 for the bromination of 1k
revealed that this process likely follows a radical-chain propagation mechanism, as each
photon initiates multiple bromination events. This stark difference between the two
reactions highlights distinct mechanistic pathways for bromination of unactivated

C(sp*)—H and benzylic C(sp*)—H bonds.
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4.8.4 Bromine Transfer Reactions

As shown in Scheme 4.18, 1-BrTMH (b2) and 3-BrTMH (b3) were prepared and
tested with 1m’ respectively to identify which bromine is transferred from DBDMH (b1).
The significantly higher yields observed with b2 indicate that the N—Br bond at the 1-
position is more active. However, this observation does not exclude the potential catalytic

activity of the N—Br linkage at the 3-position.

H TBADT (1 mol%) Br
HCIO4 (1.0 equiv.)
Br reagent (1.0 equiv.) .
{4 ;
N ClO4~ CH4CN, Ar N Clo4
H H 390nm . H H
im' 2m'

o) o)

Bro Bro Me.
NJ(N—Br NJ(N—Me NJ(N-—Br

Me—?\( Meﬂ Me—?\(

Me o Me o Me o
b1, 58% b2, 37% b3, 10%

Scheme 4.18 Experiments with bromohydantoin reagents

4.8.5 Proposed Mechanism

With all this information in hand, we believe that our transformation follows the

mechanistic rationale depicted in Figure 4.1.%

Photoexcitation of the decatungstate anion
[W10032]*" (I) is followed by rapid intersystem crossing to generate the excited
decatungstate triplet state *[W;Os,]* (II). This electrophilic species facilitates a
hydrogen atom transfer at the remote C(sp’)—H bond of ammonium salt 1a', resulting in
the formation of a carbon centered radical 1a" and reduced decatungstate [W1903,]° 111
(E[W10032]* /[W10032]> = — 0.97 V vs SCE).*® This reduced decatungstate III undergoes
disproportionation to regenerate the ground state decatungstate (I) and the doubly reduced
decatungstate [W10032]° (IV). In parallel, a bromine atom transfer event between the
carbon centered radical 1a'" and BDBMH yields the brominated 2a' and an amidyl radical
(b4). The formed amidyl subsequently oxidizes [W1003,]° back to [W10032]>, closing

the reaction cycle (E([W10032]57/[W10032]67) =—1.48Vvs SCE).49
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[W10032] [W100321° ’2 A

1]
HAT catalytic [W1003,]% b4
cycle \"
¥
e disproportionation +H
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Figure 4.1 Proposed Mechanism.
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4.9 Conclusion

This chapter summarizes our efforts towards the development of a predictable remote
C(sp*)-H bromination protocol for aliphatic primary and secondary amines. The reaction
is achieved by an effective modulation of the electronic properties of proximal C(sp*)-H
bonds upon protonolysis of the amine function. This approach is distinguished by its broad
applicability across a wide range of acyclic and heterocyclic amine scaffolds. Subsequent
diversification of the carbon-halide bond offers a complementary platform for
constructing heterocyclic motifs and forging C(sp*)—C(sp?), C(sp*)-C(sp?), and C(sp*)—
N/O architectures in common aliphatic amines, resulting in a site-selective protocol for

incorporating functional groups at remote sp*-hybridized sites.
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4.10 Experimental Section

4.9.1 General Information
Analytical methods

'"H and '3C NMR were recorded on Bruker 300 MHz, Bruker 400 MHz and Bruker
500 MHz at 20 °C. All '"H NMR spectra are reported in parts per million (ppm) downfield
of TMS and were calibrated using the residual solvent peak of CHCI3 (7.26 ppm), unless
otherwise indicated. All *C NMR spectra are reported in ppm relative to TMS, were
calibrated using the signal of residual CHCI; (77.16 ppm). Coupling constants, J are
reported in Hertz. Gas chromatographic analyses were performed on Hewlett-Packard
6890 gas chromatography instrument with FID detector. Melting points were measured
using open glass capillaries in a Biichi B540 apparatus. Infrared spectra (FT-IR)
measurements were carried out on a Bruker Optics FT-IR Alpha spectrometer equipped
with a DTGS detector, KBr beamsplitter at 4 cm-1 resolution using a one bounce ATR
accessory with diamond windows. High-resolution mass spectra were recorded on a
Waters LCT Premier spectrometer or in a MicroTOF Focus, Bruker Daltonics
spectrometer. UV/Vis absorption spectra were recorded using a Agilent Technologies
Cary 300 UV/Vis spectrophotometer and UV-1800PC spectrophotometer in quartz
cuvettes with a path length of 1.0 cm. Flash chromatography was performed with EM
Science silica gel 60 (230-400 mesh). Thin layer chromatography was used to monitor
reaction progress and analyzed fractions from column chromatography. To this purpose
TLC Silica gel 60 F254 aluminium sheets from Merck were used and visualization was
achieved using UV irradiation and/or staining with Potassium Permanganate or
Phosphomolybdic acid solution. The yields reported refer to isolated yields and represent
an average of at least two independent runs. The procedures described in this section are
representative. Thus, the yields may differ slightly from those given in the tables of the

manuscript.

Reagents
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Commercially available materials were used as received without further purification.
DBDMH (98% purity) was purchased from Fluorochem. HC1O4 (70% w/w solution) was
purchased from Aldrich. Anhydrous MeCN (99.5% purity) was purchased from PanReac
AppliChem. Anhydrous pivalonitrile (-~-BuCN, 98% purity) was purchased from Aldrich.

Synthesis of catalysis

Synthesis of tetra-n-butylammonium decatungstate (TBADT). The title compound
was prepared via modification of a literature procedure.”® To a 2 L beaker wrapped in
aluminum foil for insulation and equipped with a stir bar was added tetrabutylammonium
bromide (4.80 g, 14.9 mmol, 0.49 equiv.) and deionized water (1600 mL). In a separate 4
L beaker wrapped in aluminum foil for insulation and equipped with a stir bar was added
Na;WO42H>O (10 g, 30.3 mmol, 1.00 equiv.) and deionized water (1600 mL). Both
solutions were rapidly stirred and heated to 90 °C. When both solutions reached 90 °C,
concentrated HCI was added to each solution until pH stabilized at 2. At this point, the
acidified solutions were combined in the 4 L beaker, and the resultant suspension was
stirred at 90 °C for an additional 30 minutes. The reaction mixture was cooled to room
temperature, then filtered and the solids were washed with water and EtOAc, then left to
dry under vacuum overnight, afford TBADT as white powder (5.33 g, 1.6 mmol, 53%).
The quality of synthesized TBADT was measured by UV spectroscopy.’’

1.0+
0.8+

0.6

Abs

0.4+

0.2+

0.0
T T T T 1
200 300 400 500 600
Wavelength (nm)

Figure 4-2. UV absorption spectrum of synthesized TBADT.
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Synthesis of #n-Bu;BnNDT. To a 2 L beaker wrapped in aluminum foil for insulation
and equipped with a stir bar was added benzyltributylammonium bromide (5.31 g, 14.9
mmol, 0.49 equiv.) and deionized water (1600 mL). In a separate 4 L beaker wrapped in
aluminum foil for insulation and equipped with a stir bar was added Na,WO4*2H20 (10
g, 30.3 mmol, 1.00 equiv.) and deionized water (1600 mL). Both solutions were rapidly
stirred and heated to 90 °C. When both solutions reached 90 °C, concentrated HCI1 was
added to each solution until pH stabilized at 2. At this point, the acidified solutions were
combined in the 4 L beaker, and the resultant suspension was stirred at 90 °C for an
additional 30 minutes. The reaction mixture was cooled to room temperature, then filtered
and the solids were washed with water and EtOAc, then left to dry under vacuum
overnight, afford #n-Bu;BnNDT as white powder (4.78 g, 1.4 mmol, 47%). The quality of
synthesized n-Bu;BnNDT was measured by UV spectroscopy.

1.0+
0.8

0.6

Abs

0.4+

0.2

0.0

T T T 1
300 400 500 600
Wavelength (nm)

Figure 4-3 UV absorption spectrum of synthesized #-Bu;BnNDT.

Synthesis of Ph4PDT. To a 2 L beaker wrapped in aluminum foil for insulation and
equipped with a stir bar was added tetraphenylphosphonium bromide (6.25 g, 14.9 mmol,
0.49 equiv.) and deionized water (1600 mL). In a separate 4 L beaker wrapped in
aluminum foil for insulation and equipped with a stir bar was added Na;WO4+2H,O (10
g, 30.3 mmol, 1.00 equiv.) and deionized water (1600 mL). Both solutions were rapidly
stirred and heated to 90 °C. When both solutions reached 90 °C, concentrated HC1 was
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added to each solution until pH stabilized at 2. At this point, the acidified solutions were
combined in the 4 L beaker, and the resultant suspension was stirred at 90 °C for an
additional 30 minutes. The reaction mixture was cooled to room temperature, then filtered
and the solids were washed with water and EtOAc, then left to dry under vacuum
overnight, afford Ph4PDT as white powder (4.25 g, 1.1 mmol, 37%). The quality of
synthesized PhsPDT was measured by UV spectroscopy.

o

0.8+

0.6

Abs

0.4+

0.2

0.0

T T T 1
300 400 500 600
Wavelength (nm)

Figure 4-4 UV absorption spectrum of synthesized Ph4PDT.
Standard reaction setup

8 vials photoreactor (UFO reactor). Eight vials were used in the photoreactor setup
(UFO reactor). ** Simultaneous irradiation of eight reactions took place using the
photoreactor, with a 40W Kessil PR160L-390 nm LED lamp serving as the light source.
A fan was placed beneath the reactor, thus ensuring that the reaction temperature remained
below 30 °C. The entire setup was positioned behind UV-light shielding amber acrylic

throughout the course of the reaction.
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Optimization of the Reaction conditions.

Procedure for optimization of C(sp®)-H Bromination of n-propylamine (1a) with
TBADT as photocatalyst and DBDMH as bromine source.) An oven-dried 10 mL
screw-cap reaction tube containing a stir bar was charged with TBADT (1 mol%, 6.6 mg)
and the DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was capped with a
Teflon-lined rubber septum and connected to a vacuum line where it was evacuated and
backfilled with Ar three times. In a separate 4 mL Teflon-capped glass vial, n-propylamine
1a (0.4 mmol, 2 equiv., 24 mg) and CH3CN (2 mL) were subsequently added by syringe
followed by sequential addition of the corresponding acid (0.6 mmol, 3.0 equiv.). This
solution was then transferred to the reaction tube by syringe after sparging with Ar for 5
minutes. The reaction tube was sealed with parafilm and irradiated by a 390 nm Kessil
Lamp in a UFO Reactor under stirring at 600 rpm for 20 h. The reaction was then stopped
and cooled to r.t.. The yield was determined via "H-NMR spectroscopy using CHBr» (0.2
mmol, 35mg, 13.5 pL) as internal standard.

C(sp*)-H Bromination of n-propylamine (1a) with NCS as HAT reagent and CCL;Br

as bromine source.>
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NCS (1.0 equiv.)
HCIO, (3.0 equiv.)

H . Br
CCI3Br (5.0 equiv.) + +
HoN » H3N + H3N Br
2 \)\Me CH3CN:H,0, Ar clo,~ Me C|O4\_/\/
450 nm
4% 9%
1a 22" 23"

To an oven-dried 10 mL vial containing a stir bar was charged with N-
chlorosuccinimide (NCS, 0.2 mmol, 1.0 equiv. 27 mg). The reaction tube was capped with
a Teflon-lined rubber septum and connected to a vacuum line where it was evacuated and
backfilled with Ar three times. In a separate 4 mL Teflon-capped glass vial was added
amine 1a (0.4 mmol, 2 equiv., 24 mg) and solvent (CH3CN:H,O (10:1), 2.2 mL), followed
by sequential addition of HCIO4 (0.6 mmol, 3.0 equiv., 51uL). This solution was then
transferred to the reaction tube by syringe after sparging with Ar for 5 minutes followed
by addition of CCl3Br (1.0 mmol, 5 equiv., 198 mg). The reaction tube was sealed with
parafilm and irradiated by a 450 nm Kessil Lamp in a UFO Reactor under stirring at 600
rpm for 16 h. The reaction was stopped and cooled to r.t. The yield of 2a' and 2a'"" was
determined via '"H-NMR using CH,Br» (0.2 mmol, 35mg, 13.5 uL) as internal standard.
NMR spectroscopy of the crude revealed a 31% B-regioselectivity (2a'/(2a'+2a'") for 2a’.

C(sp’)-H Bromination of n-propylamine (l1a) with Bu,-Mes-Acr® (PC1) as
photocatalyst.

PC1 (5 mol%)
DBDMH (1.0 equiv.)

H .
K3POy4 (1.1 equiv.)
HQN\)\ ¢
Me HFIP, Ar

450 nm

1a

An oven-dried 10 mL screw-cap reaction tube containing a stir bar was charged with

Bu,-Mes-Acr” (PC1, 5 mol%, 6.4 mg) KsPOs (0.22 mmol, 1.1 equiv., 47 mg) and

291



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

DBDMH (0.2 mmol, 1 equiv, 57 mg). The reaction tube was capped with a Teflon-lined
rubber septum and connected to a vacuum line where it was evacuated and backfilled with
Ar three times. To this tube was added HFIP (2 mL) and amine 1a (0.4 mmol, 2 equiv.,
24 mg). The reaction mixture was sparged with Ar for 5 minutes, sealed with parafilm and
irradiated by a 450 nm Kessil Lamp in a UFO Reactor under stirring at 600 rpm for 16 h.
The reaction was stopped and cooled to r.t. The yield of 2a' and 2a'" was determined via

'H-NMR using CH>Br» (0.2 mmol, 35mg, 13.5 uL) as internal standard.

Procedure for optimization of C(sp*)~H Bromination of 3-phenylpropylamine (1k)
with DBDMH as bromine source. An oven-dried 10 mL screw-cap reaction tube
containing a stir bar was charged with DBDMH (0.2 mmol, 1.0 equiv., 57 mg). The
reaction tube was capped with a Teflon-lined rubber septum and connected to a vacuum
line where it was evacuated and backfilled with Ar three times. In a separate 4ml Teflon-
capped glass vial, 3-phenylpropylamine (0.3 mmol, 1.5 equiv., 41 mg) and CH3CN (2 mL)
were added, followed by addition of HCIO4 (0.5 mmol, 2.5 equiv., 43 pL). This solution
was transferred to the reaction tube by syringe after sparging with Ar for 5 minutes. The
reaction tube was sealed with parafilm and irradiated by a 390 nm Kessil Lamp in a UFO
Reactor under stirring at 600 rpm for 4 h (maintaining a temperature below 30°C). The
reaction was then stopped and cooled to r.t.. The yield was determined via 'H-NMR

spectroscopy using CH,Br, (0.2 mmol, 35mg, 13.5 pL) as internal standard.
4.9.2 C(sp*)-H bromination of Aliphatic and Cyclic Amines

General procedure for C(sp®)-H functionalization

TBADT (1 mol%)

HCIO4 (x equiv.)
H DBDMH (1.0 equiv.) Ts Br
H CH3CN, 390 nm, 20h '
N > N -
R » R n=1,2
n then TsClI, DIPEA n
1 0°C, 2h 2

General Procedure A. An oven-dried 10 mL screw-cap reaction tube containing a stir

bar was charged with TBADT (1 mol%, 6.6 mg) and DBDMH (0.2 mmol, 1.0 equiv., 57
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mg). The reaction tube was capped with a Teflon-lined rubber septum and connected to a
vacuum line where it was evacuated and backfilled with Ar three times. In a separate 4ml
Teflon-capped glass vial, the corresponding amine (0.4-0.6 mmol, 2-3 equiv.) and CH3;CN
(2 mL) were added by syringe, followed by the sequential addition of HCIO4 (0.6-0.8
mmol, 3.0-4.0 equiv., 51-68 pL). This solution was then transferred to the reaction tube
by syringe after sparging with Ar for 5 minutes. The reaction tube was sealed with
parafilm and irradiated by a 390 nm Kessil Lamp in a UFO Reactor under stirring at 600
rpm for 20 h. Then, the reaction mixture was cooled to 0 °C. TsCl (0.6-0.8 mmol, 3.0-4.0
equiv., 114-152 mg) and DIPEA (1.5-2.0 mmol, 7.5-10.0 equiv., 260-348 uL.) were added
sequentially to the reaction tube, and the mixture was stirred at 0 °C for 2 h. Subsequently,
the reaction mixture was concentrated under vacuum, passed through a thin pad of silica
with Hexane:EtOAc, and then concentrated under vacuum. The targeted compounds were

purified by column chromatography on silica gel.

TBADT (1 mol%)

HCIO4 (x equiv.)
H DBDMH (1.0 equiv.) Ts Br
M CH4CN, 390 nm, 20h \
RN > gN n=1,2
n then TsCl, DIPEA n
HCI 0°C, 2h

General Procedure B (this procedure was utilized with hydrochloride salts as starting
precursors). An oven-dried 10 mL screw-cap reaction tube containing a stir bar was
charged with TBADT (1 mol%, 6.6 mg) and DBDMH (0.2 mmol, 1.0 equiv., 57 mg). The
reaction tube was capped with a Teflon-lined rubber septum and connected to a vacuum
line where it was evacuated and backfilled with Ar three times. In a separate 4ml Teflon-
capped glass vial, amine HCl salt (0.4-0.6 mmol, 2.0-3.0 equiv.) and CH3;CN (2 mL) were
added, followed by addition of HCIO4 (0.6-0.8 mmol, 3.0-4.0 equiv., 51-68 pL). This
solution was concentrated under vacuum to remove HCI. After addition of 2 ml of CH3CN
and sparging with Ar for 5 minutes, this mixture was transferred to the reaction tube by
syringe. The reaction tube was sealed with parafilm and irradiated by a 390 nm Kessil
Lamp in a UFO Reactor under stirring at 600 rpm for 20 h (maintaining a temperature

between 50 °C-60 °C). After reaction completion, the reaction mixture was cooled to 0 °C.
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TsCl (0.6-0.8 mmol, 3.0-4.0 equiv., 114-152 mg) and DIPEA (1.5-2.0 mmol, 7.5-10.0
equiv., 260-348 uL) were added to the reaction tube and the mixture was stirred at 0 °C
for another 2 hours. Subsequently, the reaction mixture was concentrated, passed through
a thin pad of silica with Hexane:EtOAc, and concentrated under vacuum. The targeted
compounds were purified by column chromatography on silica gel.

HCIO4 (x equiv.)
H DBDMH (1.0 equiv.) Ts Br

H CH,CN, 390 nm, 20h !
RN Ph > g\ Ph n=12
n then TsCl, DIPEA n

[o]
0°C, 2h 2

General Procedure C (this procedure was utilized with aliphatic amines possessing
arenes on the side-chain). An oven-dried 10 mL screw-cap reaction tube containing a stir
bar was charged with DBDMH (0.2 mmol, 1.0 equiv., 57 mg). The reaction tube was
capped with a Teflon-lined rubber septum and connected to a vacuum line where it was
evacuated and backfilled with Ar three times. In a separate 4ml Teflon-capped glass vial,
the amine (0.2-0.4 mmol, 1-2 equiv.) and CH3CN (2 mL) were added, followed by
addition of HC1O4 (0.4-0.6 mmol, 2.0-3.0 equiv., 26-51 uL). This solution was transferred
to the reaction tube by syringe after sparging with Ar for 5 minutes. The reaction tube was
sealed with parafilm and irradiated by a 390 nm Kessil Lamp in a UFO Reactor under
stirring at 600 rpm for 4 h (maintaining a temperature below 30°C). After cooling the
reaction to 0 °C, TsCl (0.4-0.6 mmol, 2.0-3.0 equiv., 76-114 mg) and DIPEA (1.5-2.0
mmol, 7.5-10.0 equiv., 260-348 uL) were added to the reaction tube, and the mixture was
stirred at 0 °C for another 2 hours. Subsequently, the reaction mixture was concentrated,
passed through a thin pad of silica with Hexane:EtOAc, and concentrated under vacuum.
The targeted compounds were purified by column chromatography on silica gel.

TBADT (1 mol%)
DBDMH (1.0 equiv.)

B
H H HCIO4 (x equiv.) HH B
,Nﬁ)\ - N n=1,2
R N CH3CN, 390 nm, 20 h \ /n
ClO4
1 2
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General Procedure D. (this procedure was for determining NMR yield and site-selectivity
without isolation). An oven-dried 10 mL screw-cap reaction tube containing a stir bar was
charged with TBADT (1 mol%, 6.6 mg) and DBDMH (0.2 mmol, 1.0 equiv., 57 mg). The
reaction tube was capped with a Teflon-lined rubber septum and connected to a vacuum
line where it was evacuated and backfilled with Ar three times. In a separate 4ml Teflon-
capped glass vial, the corresponding amine (0.4-0.6 mmol, 2-3 equiv.) and CH3CN (2 mL)
were added by syringe, followed by the sequential addition of HC1O4 (0.6-0.8 mmol, 3.0-
4.0 equiv., 51-68 pL). This solution was then transferred to the reaction tube by syringe
after sparging with Ar for 5 minutes. The reaction tube was sealed with parafilm and
irradiated by a 390 nm Kessil Lamp in a UFO Reactor under stirring at 600 rpm for 20 h.
Then, the reaction was cooled to r.t. and the yield and selectivity were determined via 'H-

NMR spectroscopy using CH»Br2 (0.2 mmol, 35mg, 13.5 pL) as internal standard.

295



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

Br
TSHN A, and  TSHN o~ Br

2a 2aa

N-(2-bromopropyl)-4-methylbenzenesulfonamide (2a) and N-(3-bromopropyl)-4-
methylbenzenesulfonamide (2aa). Following General Procedure A, n-propylamine (0.4
mmol, 24 mg) and HCIO4 (0.6 mmol, 51uL) were used, affording 2a (45 mg, 78%, white
powder) and 2aa (6 mg, 10%, colorless oil) with 89% B-regioselectivity (2a/(2a+2aa)).

2a: '"H NMR (400 MHz, CDCl) & 7.75 (d, J = 8.3 Hz, 2H), 7.32 (d J = 7.9, 2H), 5.03 —
4.93 (m, 1H), 4.17 — 4.04 (m, 1H), 3.31 (m, 1H), 3.13 (m, 1H), 2.43 (s, 3H), 1.65 (d, J =
6.7, 3H) ppm. 3C NMR (101 MHz, CDCl3)  143.9, 137.0, 129.7, 127.1, 51.2, 48.9, 23.3,
21.7 ppm. IR (neat): 3273, 1423, 1315, 1149, 1086, 809, 657, 548, 526 cm . HRMS
(ESI) calcd. for (C1oH14BrNNaO,S) [M+Na]": 313.9821, found 313.9810. M.P.: 76 °C.

2aa: "H NMR (400 MHz, CDCls) § 7.75 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H),
4.60 (t,J = 6.4 Hz, 1H), 3.42 (t, J = 6.3 Hz, 2H), 3.12 (q, J = 6.5 Hz, 2H), 2.44 (s, 3H),
2.03 (m, 2H) ppm. *C NMR (101 MHz, CDCl;) & 143.8, 136.9, 130.0, 127.3, 41.6, 32.5,
30.3,21.7 ppm. IR (neat): 3295, 1415, 1319, 1304, 1153, 1091, 1058, 946, 817, 666, 578,
545 cm'. HRMS (ESI) calcd. for (CioHisBrNNaO,S) [M+Na]": 313.9821, found
313.9809.

Gram-scale synthesis of 2a

An oven-dried 100 mL round bottom flask containing a stir bar was charged with TBADT
(1 mol%, 19.8 mg) and DBDMH (6.0 mmol, 1.0 equiv., 1.7 g). The reaction tube was
capped with a septum and connected to a vacuum line where it was evacuated and
backfilled with Ar three times. In a separate 100 mL round bottom flask, n-propylamine
(12.0 mmol, 720 mg) and CH3CN (30 mL) were added by syringe, followed by the
sequential addition of HCIO4 (18.0 mmol, 3.0 equiv., 1.5 mL). This solution was
concentrated under vacuum to remove water, another 60 mL of CH3;CN was add to this

mixture which was then transferred to first 100 mL round bottom flask by syringe after
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sparging with Ar for 10 minutes. The round bottom flask was sealed with parafilm and
irradiated by two 390 nm Kessil Lamps under stirring at 610 rpm for 36 h. Then, the
reaction mixture was cooled to 0 °C. TsCl (18.0 mmol, 3.0 equiv., 3.4 g) and DIPEA (45.0
mmol, 7.5 equiv., 7.8 mL) were added sequentially to the reaction tube, and the mixture
was stirred at 0 °C for 2 h. Subsequently, the reaction mixture was concentrated under
vacuum, diluted with EtOAc (70 mL) and 0.5 M HCl (90 mL), extracted by EtOAc three
times, dried with anhydrous Na,SQOy, then concentrated under vacuum to give a crude
product, which was purified by column chromatography, affording 2a (1.2 g, 68%, white
powder) and 2aa (173 mg, 10%, colorless oil) with 86% alpha-regioselectivity
(2a/(2a+2aa)).

Ts Br

1
Me’N\)\Me

N-(2-bromopropyl)-V,4-dimethylbenzenesulfonamide (2b). Following General
Procedure A, N-methyl propylamine (0.4 mmol, 29 mg) and HCIO4 (0.6 mmol, 51pL)
were used, affording the title compound as a white powder (42 mg, 68%). '"H NMR (400
MHz, CDCl3) & 7.68 (d, J = 8.3 Hz, 2H), 7.33 (d, /= 7.9 Hz, 2H), 4.23 (m, 1H), 3.36 (dd,
J=14.1, 8.0 Hz, 1H), 3.20 (dd, J= 14.1, 6.2 Hz, 1H), 2.81 (s, 3H), 2.44 (s, 3H), 1.76 (d,
J = 6.7 Hz, 3H) ppm. *C NMR (101 MHz, CDCl3) § 143.8, 134.6, 130.0, 127.6, 58.5,
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46.4,36.9,23.4,21.7 ppm. IR (neat): 2976, 1453, 1332, 1306, 1159, 1088, 965, 890, 814,

748,655, 570, 548 cm™'. HRMS (ESI) calcd. for (C11HisBrNNaO,S) [M+Na]': 327.9977,
found 327.9984. MP.: 71 °C.

Following general procedure D (using N-methyl propylamine (0.4 mmol, 29 mg) and
HCI1Os (0.6 mmol, 51ul)), NMR spectroscopy of the crude mixture revealed a 82% v-

regioselectivity (2ba/(2ba+2ba') using benzoic acid (0.2 mmol, 24 mg) as internal
standard.

HpHa Br Ha
N N B
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Crude '"H-NMR (400 MHz, CD3CN) en route to 2ba:2ba’.
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Br

TS\H,A\V/l\Me

N-(3-bromobutyl)-4-methylbenzenesulfonamide (2¢). Following General Procedure A,
n-butylamine (0.4 mmol, 29 mg) and HCIO4 (0.6 mmol, 51uL) were used, affording the
title compound as a colorless oil (41 mg, 75%). '"H NMR (400 MHz, CDCl3) § 7.75 (d, J
=8.3 Hz, 2H), 7.32 (d, /J=8.5 Hz, 1H), 4.76 (t,J= 6.4 Hz, 1H), 4.14 (m, 1H), 3.20 - 3.03
(m, 2H), 2.43 (s, 3H), 2.00 (m, 1H), 1.89 (m, 1H), 1.68 (d, J = 6.6 Hz, 3H). ®C NMR
(101 MHz, CDCl;s) (101 MHz, CDCls) 6 143.8, 136.9, 129.9, 127.2, 48.0, 41.9,40.7, 26.6,
21.7. IR (neat): 3292, 1414, 1323, 1301, 1150, 1082, 813, 760, 664, 543 cm'. HRMS
(ESI) calcd. for (C11H1sBrNO,S) [M-H]": 304.0012, found 304.0019.

Following general procedure D (using n-butylamine (0.4 mmol, 29 mg) and HCIO4 (0.6
mmol, 51uL), NMR spectroscopy of the crude mixture revealed a 82% y-regioselectivity
(2ca/(2ca+2ca'+2ca'")) using CH2Br» (0.2 mmol, 35mg, 13.5 pL) as internal standard.

Br H Br
+ H, + CHC +
H3N\/\1/Me HSN\/i\/kHC H3N\/\/I\Hd
ClO,~ - Hp - Hq
4 Br ClO,4 ClO,
2ca 2ca’ 2ca"
75% 11% 5%
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CH,Br,
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Crude '"H-NMR (400 MHz, CDsCN) en route to 2ca:2ca':2ca'"

Br

H
TS/N\/\)\MB

N -(4-bromopentyl)-4-methylbenzenesulfonamide (2d). Following General Procedure
A, amylamine (0.4 mmol, 35 mg) and HCIO4 (0.6 mmol, 51 pL) were used, affording the
title compound as a colorless oil (44 mg, 69%). '"H NMR (400 MHz, CDCl3) § 7.75 (d, J
=8.3 Hz, 2H), 7.30 (d, /= 7.9 Hz, 1H), 4.89 (t,J= 6.3 Hz, 1H), 4.36 — 3.82 (m, 1H), 2.94
(q,J= 6.6 Hz, 2H), 2.42 (s, 3H), 1.75 (m, 2H), 1.73 — 1.38 (m, 5H). *C NMR (101 MHz,
CDCls) 6 143.6, 136.9, 129.9, 127.2, 50.8, 42.6, 37.8, 27.9, 26.5, 21.6. IR (neat): 3280,
1321, 1154, 1092, 910, 813, 730, 660, 548 cm™'. HRMS (ESI) calcd. for (C12H17BrNO,S)
[M-H]": 318.0169, found 318.0164.
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NMR spectroscopy of the crude mixture prior to purification revealed the formation of
four different regioisomers 2d-2d""" and 70% &-regioselectivity (2d/(2d+2d'+2d""+2d"'")
by utilizing CH>Br2 (0.1 mmol, 7 pL) as internal standard.

H Br H H H Br H 5
N H ’ N\N//F\v/’\ ” '
Ts” \/\/I\ﬁ b Ts \/\f/\Me Ts” Me T8 \/\/7(
HaHbe Br Hg HS He
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|
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I
97%
o
5
§ §19E335595555004980 0000008
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C“zBrz ‘
/7 |
o

T
4.2 4.1 3 3.8

4.0
1 (ppm)

Ha+Hc+Hqy

‘ngréi;-

T T T T T T T T T T T
105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
f1 (ppm)

Crude 'H-NMR (400 MHz, CDCl;) en route to 2d

H

N, Me

Cbz
MeO,C  Br
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methyl (2R)-2-(((benzyloxy)carbonyl)amino)-4-bromopentanoate (2¢e). An oven-dried
10 mL screw-cap reaction tube containing a stir bar was charged with TBADT (1.0 mol%,
6.6 mg) and DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was capped with a
teflon-lined rubber septum and connected to a vacuum line where it was evacuated and
backfilled with Ar three times. To a 4ml Teflon-capped glass vial was added D-Norvaline
(0.6 mmol, 3 equiv., 70 mg) and CH3CN (2 mL) before sequential addition of HCIO4 (0.8
mmol, 4 equiv., 68 pL). The reaction mixture was transferred to the reaction tube by
syringe after sparging with Ar for 5 minutes. The reaction tube was then sealed with
parafilm and irradiated by a 390 nm Kessil Lamp in a UFO Reactor (maintaining a
temperature between 50 °C-60 °C) under stirring at 600 rpm for 20 h. After completion
of the bromination, the reaction mixture concentrated under vacuum to remove CH;CN
completely, then cooled to 0 °C, MeOH (2 mL) and SOCIl, (1.2 mmol, 6 equiv., 87 pL)
were added to the reaction tube and the mixture was stirred at 0 °C to r.t. overnight. After
the methylation reaction was complete, the reaction mixture concentrated under vacuum
completely, then cooled to 0 °C, CH3CN (2 mL), CbzCl (0.8 mmol, 4 equiv., 113 pL) and
DIPEA (2.0 mmol, 10.0 equiv., 348 pL) were added to the reaction tube and the mixture
was stirred at 0 °C for 2 hours. After the reaction was complete, the mixture was
concentrated under vacuum, passed through a thin pad of silica with Hexane:EtOAc, then
concentrated under vacuum to give a crude product, which was purified by column
chromatography, which was purified by column chromatography, affording the
brominated compound 2e as colorless oil (38 mg, 56%; dr = 1:1). "H NMR (500 MHz,
CD;CN) 6 7.67 —7.22 (m, 5H), 5.98 (d, /= 7.3 Hz, 1H), 5.09 (s, 2H), 4.50 — 4.32 (m, 1H),
4.32 - 4.14 (m, 1H), 3.68 (s, 3H), 2.29 — 2.20 (m, 1H), 2.11 — 2.00 (m, 1H), 1.72 (d, J =
6.7 Hz, 3H). ®C NMR (126 MHz, CDsCN) § 173.3, 157.3, 138.0, 129.4, 128.9, 128.7,
67.2,54.3,53.0, 49.0, 42.9, 26.8. IR (neat): 3332, 2954, 1699, 1525, 1454, 1435, 1265,
1213, 1177, 1041, 1028, 738, 696 cm ™. HRMS (ESI) calcd. for (C1aHi1sBrNOs) [M+H]":
344.0492, found 344.0505.

Following general procedure D (using D-Norvaline (0.6 mmol, 3 equiv., 70 mg) and

HCIO4 (0.8 mmol, 4 equiv., 68 pL), NMR spectroscopy of the crude mixture revealed a
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80% y-regioselectivity (2ea/(2ea+2ea'+2ea')) by using CH,Br, (0.2 mmol, 13.5 pL) as

internal standard.

o Hap, h o ey, o He He
3N, H, 3N., Hy 3N.,, Br
HO.C  Br g0, - HO,C co,~  HOLC cl0,”
2ea 2ea’ 2ea"
71% 10% 8%
z
3
8
NERe o mw ,-'vgr—;;e‘-"—'e,-'
)W CHyBr, |
|
\
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l.‘XO 1 ‘75 " ‘D;.:Z‘)O 1 ‘55
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He N e
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°
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5.
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Crude '"H-NMR (400 MHz, CD;CN) en route to 2ea

Br
CbzHN COMe
obzHN. K __coMe D
2f Br

2f

Methyl 4-(((benzyloxy)carbonyl)amino)-3-bromobutanoate (2f) and methyl 4-

(((benzyloxy)carbonyl)amino)-2-bromobutanoate (2f'). An oven-dried 10 mL screw-
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cap reaction tube containing a stir bar was charged with TBADT (1.0 mol%, 6.6 mg) and
DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was capped with a teflon-lined
rubber septum and connected to a vacuum line where it was evacuated and backfilled with
Ar three times. To a 4ml Teflon-capped glass vial was added 4-aminobutyric acid (GBAB)
(0.4 mmol, 2 equiv. 41 mg) and CH3CN (2 mL) before sequential addition of HCIO4 (0.6
mmol, 3 equiv., 51 pL). The reaction mixture was transferred to the reaction tube by
syringe after sparging with Ar for 5 minutes. The reaction tube was then sealed with
parafilm and irradiated by a 390 nm Kessil Lamp in a UFO Reactor (the temperature
remained below 30 °C) under stirring at 600 rpm for 20 h. After completion of the
bromination, the reaction mixture concentrated under vacuum to remove CH;CN
completely, then cooled to 0 °C, MeOH (2 mL) and SOCIl, (1.2 mmol, 6 equiv., 87 pL)
were added to the reaction tube and the mixture was stirred at 0 °C to r.t. overnight. After
the methylation reaction was complete, the reaction mixture concentrated under vacuum
completely, then cooled to 0 °C, CH3CN (2 mL), CbzCl (0.6 mmol, 3 equiv., 85 puL) and
DIPEA (1.7mmol, 8.5 equiv., 300 puL) were added to the reaction tube and the mixture
was stirred at 0 °C to r.t. for 2 hours. After the reaction was complete, the mixture was
concentrated under vacuum, passed through a thin pad of silica with Hexane:EtOAc, then
concentrated under vacuum to give a crude product, which was purified by column
chromatography, which was purified by column chromatography, affording the
brominated compound 2f and 2f' (2:1 ratio) as colorless oil (35 mg, 54%).

"H NMR (500 MHz, CDCl; 2f and 2f' (rr 2:1)) for & 7.39 — 7.28 (m, 5H), 5.24 (s, 0.67H),
5.11 (s, 2.33H), 4.95 (s, 0.26H), 4.47 — 4.38 (m, 0.70H), 4.33-4.30 (m, 0.30), 3.76 (s,
0.91H), 3.72 (s, 2.09H), 3.69 — 3.53 (m, 2H), 3.40 (m, 0.32H), 3.32 (m, 0.36H), 2.96 (m,
0.74H), 2.87 (m, 0.85H), 2.35 (m, 0.28H), 2.23 — 2.11 (m, 0.31H). *C NMR (126 MHz,
CDCls 2f and 2f" (rr 2:1)) § 170.3, 170.1, 156.4, 136.4, 136.3, 128.7, 128.7, 128.4, 128 4,
128.3, 67.3, 67.0, 53.2, 52.3, 48.2, 47.3, 43.1, 41.0, 38.9, 34.9. IR (neat): 3339, 2953,
1721, 1529, 1438, 1247, 1154, 1012, 698 cm™'. HRMS (ESI) calcd. for (C13H;sBrNNaOx)
[M+Na]": 352.0155, found 352.0164.
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Following general procedure D (using 4-aminobutyric acid (GBAB) (0.4 mmol, 2 equiv.
41 mg) and HCIO4 (0.6 mmol, 3 equiv., 51 pL), NMR spectroscopy of the crude mixture
revealed a 82% p-regioselectivity (2fa/(2fa+2fa’) by using CH,Br, (0.2 mmol, 13.5 puL)

as internal standard.

+ Ha Br + He Ho
H3N\)Q/CO2H H3N\)$(C02H
ClO4 ClO4 Hp Br

2fa 2fa’
50% 1%
3
;
B330Go00n8822923928 55n33ARKY
SIS TS NN o N T
AAAAAAAAGDALAAL AL Fapis

T
o
]

T T T T T T
450 448 4.
f1 (ppm)

| 200=
Z

»_{0.50

1028

]
f1 (ppm)

Crude 'H-NMR (400 MHz, CD;CN) en route to 2fa

Br..,, Br

O O
Ts< Ts< N
H

2g 2g

Iz

305



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

(£)-N-((1R,2R)-2-bromo-4,4-difluorocyclohexyl)-4-methylbenzenesulfonamide (2g)
and (£)-N-((1R,2S)-2-bromo-4,4-difluorocyclohexyl)-4-methylbenzenesulfonamide
(2g"). Following General Procedure B, 4,4-difluorocyclohexylamine hydrochloride (0.6
mmol, 103 mg), HCIO4 (0.8 mmol, 68 puL), Tosylation was carried out at 0 °C for 1.5
hours, affording 2g (38 mg, 52%, colorless oil) and 2g' (13 mg, 18%, colorless oil) in a
2.9:1 ratio.

2g: "H NMR (500 MHz, CD;CL) § 7.78 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H),
4.94 (d,J=5.5 Hz, 1H), 3.91 — 3.80 (m, 1H), 3.19 (m, 1H), 2.79 — 2.67 (m, 1H), 2.4 (s,
3H), 2.37 (m, 1H), 2.30 — 2.20 (m, 1H), 2.18 — 2.07 (m, 1H), 1.89 — 1.73 (m, 1H), 1.70 —
1.54 (m, 2H). *C NMR (126 MHz, CD:Cls) § 144.1, 136.8, 129.9, 127.6, 120.8 (dd, J =
247.3,240.4 Hz), 57.9, 47.70 (d, J = 11.5 Hz), 43.6 (t, J = 26.0 Hz), 31.9 (dd, J = 25.2,
23.5 Hz), 28.7 (d,J= 9.3 Hz), 21.7. IR (neat): 3304, 2924, 1597, 1449, 1369, 1310,1291,
1158, 1139, 1107, 1088, 994, 972, 949, 905, 847, 809, 664, 570, 552 cm'. HRMS (ESI)
calcd. for (C13H sBrF.NNaO,S) [M+Na]': 389.9945, found 389.9930.

2g": "H NMR (500 MHz, CDsCls) & 7.77 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 7.7 Hz, 2H),
4.88 (d,J= 5.0 Hz, 1H), 4.19 (dt, J= 8.7, 4.1 Hz, 1H), 3.34 (m, 1H), 2.44 (m, 5H), 2.29
(m, 1H), 2.21 —2.07 (m, 1H), 1.90 (m, 1H), 1.67 (m, 1H). *C NMR (126 MHz, CD;CL)
8 144.3, 136.3, 130.1, 127.5, 123.2-118.4 (m), 53.2, 48.8, 40.0 (t, J = 25.9 Hz), 29.5 (t, J
= 23.1 Hz), 25.8-25.6 (m), 21.7. IR (neat): 3270, 2924, 1433, 1309, 1125, 1093, 1080,
964, 913, 809, 665, 586, 555, 543 cm™'. HRMS (ESI) calcd. for (C13HiBrF,NNaO,S)
[M+Na]": 389.9945, found 389.9927.

TsHN\O\“Br TsHN@,Br

2h 2h'

N-3-bromocyclopentyl)-4-methylbenzenesulfonamide 2h and 2h'. Following General
Procedure A, cyclopentylamine (0.4 mmol, 34 mg) and HCIO4 (0.6 mmol, 51 uL) were
used, affording 2h (20 mg, 32%, colorless oil) and 2h' (16 mg, 26%, colorless oil), in a
1.2:1 ratio.
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2h: 'H NMR (400 MHz, CDCL3) § 7.76 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 4.90
(d, J=9.5 Hz, 1H), 4.33 (m, 1H), 3.93 — 3.81 (m, 1H), 2.43 (s, 3H), 2.36 (m, 1H), 2.18 —
2.01 (m, 2H), 2.01 — 1.87 (m, 2H), 1.85 — 1.73 (m, 1H). *C NMR (101 MHz, CDCl3) §
143.6, 138.0, 129.9, 127.2, 53.5, 50.6, 44.8, 36.7, 32.6, 21.7. IR (neat): 3253, 2923, 1426,
1331, 1306, 1150, 1091, 903, 813, 669, 543 cm’'. HRMS (ESI) calcd. for
(C12H16BrNNaO,S) [M+Na]": 339.9977, found 339.9984.

2h': '"H NMR (400 MHz, CDCl3) § 7.77 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H),
4.87 (d, J= 7.2 Hz, 1H), 4.39 (m, 1H), 3.95 (m, 1H), 2.44 (s, 3H), 2.35 — 2.23 (m, 2H),
2.23 —2.11 (m, 1H), 2.07 — 1.93 (m, 2H), 1.45 (m, 1H).*C NMR (101 MHz, CDCl;) &
143.8,137.4,130.0, 127.3,53.4,49.5,45.3,36.1,31.8, 21.7. IR (neat): 3267, 2976, 1440,
1319, 1304, 1153, 1091, 905, 813, 729, 663, 597, 547 cm'. HRMS (ESI) calcd. for
(C12H6BrNNa0,S) [M+Na]": 339.9977, found 339.9984.

NMR spectroscopy of the crude mixture prior to purification revealed the formation of 4
compounds 2h-2h'"", with 88% y-regioselectivity ((2h+2h')/(2h+2h'+2h"+2h'")) by
utilizing CH,Br, (0.1 mmol, 7 pL) as internal standard.

H; Br Hy Br
H H BN Y
N /e N o ,H ,H
Ts ‘Br Ts Br Ts Ts
2h 2h 2h 2h™
34% 27% 4% 4%
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N-(3-bromo-3-methylbutyl)-V,4-dimethylbenzenesulfonamide  (2i).  Following
General Procedure A, N-methylisoamylamine (0.4 mmol, 49 mg) and HCIO4 (0.6 mmol,
51 pL) were used, affording the title compound as a colorless oil (53 mg, 79%). '"H NMR
(300 MHz, CDCl3) & 7.68 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 3.39 — 3.15 (m,
2H), 2.76 (s, 3H), 2.43 (s, 3H), 2.24 — 1.96 (m, 2H), 1.77 (s, 6H). *C NMR (75 MHz,
CDCls) 6 143.6, 134.7, 129.9, 127.5, 64.9, 48.4, 44.9, 35.3, 34.5, 21.7. IR (neat): 2989,
2917, 1459, 1335, 1191, 1158, 1129, 1088, 938, 812, 735, 652, 568, 547, 513 cm™".
HRMS (ESI) calcd. for (C13H20BrNNaO->S) [M+Na]": 356.0290, found 356.0275.
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H
_N Br
Cbz
MeO,C MeMe

Methyl (5)-2-(((benzyloxy)carbonyl)amino)-4-bromo-4-methylpentanoate  (2j).
Following General Procedure B, L-Leucine methyl ester hydrochloride (0.4 mmol, 72 mg)
and HCIO4 (0.6 mmol, 51 pL) were used, affording the title compound as a colorless oil
(60 mg, 83%). "H NMR (400 MHz, CD;CN) § 7.45 — 7.24 (m, 5H), 6.12 (d, J = 7.8 Hz,
1H), 5.09 (d, J=2.2 Hz, 2H), 4.54 — 4.44 (m, 1H), 3.68 (s, 3H), 2.54 —2.45 (m, 1H), 2.17
—2.06 (m, 1H), 1.80 (s, 3H), 1.77 (s, 3H). *C NMR (101 MHz, CD;CN) § 173.5, 156.9,
138.1, 129.4, 128.9, 128.6, 67.2, 53.9, 53.0, 48.5, 35.5, 34.0. IR (neat): 3336, 2954, 1701,
1524, 1437, 1302, 1214, 1117, 1114, 1047, 739, 697 cm™'. HRMS (ESI) calcd. for
(C1sH21BrNO4) [M+H]": 358.0648, found 358.0660.

Ts’H\/\(Ph
Br

N-(3-bromo-3-phenylpropyl)-4-methylbenzenesulfonamide (2k). Following General
Procedure C, 3-phenylpropylamine (0.24 mmol, 32 mg) and HCIO4 (0.6 mmol, 51 pL)
were used, affording the title compound as a colorless oil (72 mg, 98%). '"H NMR (500
MHz, CDCl;) 8 7.81 — 7.72 (m, 2H), 7.32 — 7.24 (m, 7H), 5.09 (t, /= 6.3 Hz, 1H), 5.01
(dd,J=9.3,5.6 Hz, 1H), 3.10 (dt,J= 7.1, 6.1 Hz, 2H), 2.42 (s, 3H), 2.41 — 2.35 (m, 1H),
2.27 (m, 1H). *C NMR (101 MHz, CDCl;) § 143.7, 141.3, 136.8, 129.9, 128.9, 128.7,
127.3,127.2,52.0,41.8,39.6,21.6. IR (neat): 3262. 1997, 1436, 1323, 1153, 1091, 1068,
810, 697, 548 cm™'. HRMS (ESI) calcd. for (Ci1sH1sBrNO,S) [M+H]": 368.0314, found
368.0323.

CbzHN

@Jﬂ&
cl COzMe

309



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

Methyl 4-(((benzyloxy)carbonyl)amino)-3-bromo-3-(4-chlorophenyl)butanoate (2I).
An oven-dried 10 mL screw-cap reaction tube containing a stir bar was charged with
TBADT (1.0 mol%, 6.6 mg) and DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube
was capped with a teflon-lined rubber septum and connected to a vacuum line where it
was evacuated and backfilled with Ar three times. To a 4ml Teflon-capped glass vial was
added Baclofen (0.4 mmol, 2 equiv., 85 mg) and CH3CN (2 mL) before sequential
addition of HCIO4 (0.6 mmol, 3 equiv., 51 pL). The reaction mixture was transferred to
the reaction tube by syringe after sparging with Ar for 5 minutes. The reaction tube was
then sealed with parafilm and irradiated by a 390 nm Kessil Lamp in a UFO Reactor
(ensuring the temperature remained below 30 °C) under stirring at 600 rpm for 20 h. After
completion of the bromination, the reaction mixture was concentrated under vacuum to
remove CH3CN completely, then cooled to 0 °C, MeOH (2 mL) and SOCl, (1.2 mmol, 6
equiv., 87 ulL) were added to the reaction tube and the mixture was stirred at 0 °C to r.t.
overnight. After the methylation reaction was complete, the reaction mixture concentrated
under vacuum completely. CH3;CN (2 mL) was added to the reaction tube, then cooled to
0 °C, CbzCl (0.6 mmol, 3 equiv., 85 uL) and DIPEA (1.7 mmol, 8.5 equiv., 300 uL) were
added to the reaction tube and the mixture was stirred at 0 °C to r.t. for 2 hours. After the
reaction was complete, the mixture was concentrated under vacuum, passed through a thin
pad of silica with Hexane:EtOAc, then concentrated under vacuum to give a crude product,
which was purified by column chromatography, affording the title compound as a
colorless oil (73 mg, 84%). '"H NMR (500 MHz, CD;CN) § 7.57 (d, J = 8.8 Hz, 2H), 7.47
—7.20 (m, 7H), 5.92 (s, 1H), 5.02 (s, 2H), 4.04 (m, 2H), 3.56 (s, 3H), 3.52 — 3.40 (m, 2H).
BC NMR (126 MHz, CD;CN) § 170.1, 157.4, 141.1, 138.1, 134.4, 130.1, 129.4, 129.0,
128.8, 128.6, 68.2,67.1,52.7,52.3, 45.6. IR (neat): 3342, 2951, 1719, 1513, 1494, 1435,
1217,1171, 1096, 1011, 827, 728, 696 cm™'. HRMS (ESI) calcd. for (C19H19BrCINNaO4)
[M+Na]": 462.0078, found 462.0094.
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»
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3-bromo-1-tosylpyrrolidine (2m). Following a modified General Procedure A,
pyrrolidinium perchlorate (0.4 mmol, 68 mg) and HCIO4 (0.2 mmol, 17 pL) was used,
affording the title compound as a white solid (34 mg, 60%). "H NMR (400 MHz, CDCl5)
67.73 (d,J=8.3 Hz, 2H), 7.33 (d, /= 7.8 Hz, 2H), 4.33 (m, 1H), 3.86 (dd, J=12.1, 5.2
Hz, 1H), 3.58 (m, 1H), 3.52 (m, 1H), 3.46 (m, 1H), 2.43 (s, 3H), 2.36 —2.23 (m, 1H), 2.14
(m, 1H). ®C NMR (101 MHz, CDCl;) 6 143.9, 133.9, 129.9, 127.7, 57.3, 46.3, 45.6, 36.5,
21.7. IR (neat): 1328, 1156, 1091, 1010, 818, 660, 589, 546 cm™'. HRMS (ESI) calcd.
for (C11H14BrNNaO,S) [M+Na]": 325.9821, found 325.9827. ML.P. :95 °C.

Br
Br
(T
b N
Ts Ts
2n 2n'

4-bromo-1-tosylpiperidine (2n) and 3-bromo-1-tosylpiperidine (2n'). Following
General Procedure A, piperidine (0.6 mmol, 51 mg) and HCIO4 (0.8 mmol, 68 pL) was
used, affording 2n and 2n' as colorless oil (50 mg, 79%). The ratio of 2n: 2n' is 1.3:1. 'H
NMR (500 MHz, CDCl;) & 7.64 (d, J = 8.3 Hz, 3H), 7.33 (d, J = 8.3 Hz, 3H), 4.24 (m,
1H), 4.06 (m, 0.5H), 3.94 (m, 0.5H), 3.59 (m, 0.5H), 3.19 (m, 2H), 3.09 (m, 2H), 2.63 (m,
0.5H), 2.44 (m, 5H), 2.28 — 2.13 (m, 2.6H), 2.05 (m, 2H), 1.83 (m, 0.5H), 1.77 — 1.56 (m,
1.5H). ®C NMR (101 MHz, CDCl3) § 144.0, 143.9, 133.6, 133.4, 129.9, 129.9, 127.7,
127.7, 53.6, 48.0, 45.8, 45.3, 43.9, 35.0, 34.8, 25.5, 21.7. IR (neat): 2956, 2923, 1597,
1445, 1339, 1279, 1161, 1091, 928, 712, 549 c¢cm'. HRMS (ESI) calcd. for
(C12H1sBrNNaO-S) [M+Na]": 339.9977, found 339.9975.

NMR spectroscopy of the crude mixture prior to purification revealed a 57% vy-

regioselectivity (2n/(2n+2n') by using CH,Br; (0.1 mmol, 7 pL) as internal standard.
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Crude 'H-NMR (400 MHz, CDCl;) en route to 2n
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4-bromo-4-methyl-1-tosylpiperidine (20). Following General Procedure A, 4-
methylpiperidine (0.4 mmol, 40 mg) and HCIO4 (0.6 mmol, 51 pL) was used, affording
the title compound as a colorless oil (45 mg, 68%). '"H NMR (300 MHz, CDCl;) § 7.65
(d, J= 8.3 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 3.75 — 3.63 (m, 2H), 2.80 — 2.64 (m, 2H),
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2.43 (s, 3H), 2.12 — 1.96 (m, 2H), 1.91 — 1.69 (m, 5H). 3C NMR (126 MHz, CDCl;) &
143.8, 133.6, 129.9, 127.7, 66.1, 43.6,41.3, 34.9, 21.7. IR (neat): 2945, 2923, 1598, 1338,
1283, 1151, 1089, 936, 901, 805, 750, 656, 589, 548 cm™'. HRMS (ESI) calcd. for
(C1sHisBrNNaO,S) [M+Na]': 354.0134, found 354.0132. M.P.: 84 °C.

NMR spectroscopy of the crude mixture prior to purification revealed the formation of
20-20" with 84% y-regioselectivity (20/(20+20")) by utilizing CH,Br, (0.1 mmol, 7 pL) as

internal standard.

H
Ha Ha H¢ CHC
Ha Br Hb
Br
N N
h 1
Ts Ts
20 20
70% 13%
2
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CH,Br,

Crude 'H-NMR (400 MHz, CDCl;) en route to 20
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3-bromo-3-methyl-1-tosylpiperidine (2p). Following General Procedure A, 3-
methylpiperidine (0.4 mmol, 40 mg) and HCIO4 (0.6 mmol, 51uL) was used, affording
the title compound as a colorless oil (44 mg, 66%). "H NMR (500 MHz, CDCls) § 7.65
(d, J=8.3 Hz, 2H), 7.32 (d, J= 7.9 Hz, 2H), 3.31 (m, 1H), 3.10 — 2.93 (m, 3H), 2.43 (s,
3H), 2.07 — 1.93 (m, 1H), 1.93 — 1.86 (m, 1H), 1.85 (s, 3H), 1.79 — 1.65 (m, 2H). ®C
NMR (126 MHz, CDCls) 6 143.8, 133.8, 129.9, 127.7, 61.6, 58.9, 46.0, 40.9, 30.2, 23.2,
21.7. IR (neat): 2945, 2924, 1338, 1164, 1151, 1089, 937, 901, 806, 751, 656, 589, 549
cm'. HRMS (ESI) calcd. for (C13HisBrNNaO,S) [M+Na]": 354.0134, found 354.0125.

NMR spectroscopy of the crude mixture prior to purification revealed the formation of
2p-2p"" with 84% B-regioselectivity (2p/(2p+2p'+2p'")) by utilizing CH>Br; (0.1 mmol,
7 pL) as internal standard.

Br Br Hc
Ha He Me Me
Ly
N Ha N N
1
Ts Ts 1I's
2p 2p' 2p

71% 14%
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Crude '"H-NMR (400 MHz, CDCl;) en route to 2p
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(1)-(3S5,58)-5-bromo-1-tosylpiperidine-3-carbonitrile = (2q). Following General
Procedure A, piperidine-3-carbonitrile (0.6 mmol, 66 mg) and HC1O4 (0.8 mmol, 68uL)
were used, affording the title compound as a white solid (26 mg, 38%; dr = 3.6:1). '"H
NMR (500 MHz, CDCl;) & 7.67 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 7.9 Hz, 2H), 4.35 (m,
1H), 3.48 (m, 1H), 3.31 (m, 2H), 3.28 — 3.18 (m, 2H), 2.45 (s, 3H), 2.30 (m, 1H), 2.14 (m,
1H). *C NMR (126 MHz, CDCl3) § 144.7, 133.4, 130.2, 127.8, 118.6, 52.5, 47.1, 41.5,
36.4,26.5,21.7. IR (neat): 2922, 2244, 1597, 1342, 1327, 1158, 1086,911, 811, 723, 661,
549 cm™'. HRMS (ESI) calcd. for (Ci3HisBrN2NaO,S) [M+Na]": 364.9930, found
364.9927. ML.P. :157 °C.
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Following general procedure D (using piperidine-3-carbonitrile (0.6 mmol, 66 mg) and
HCIO4 (0.8 mmol, 68ul), NMR spectroscopy of the crude mixture revealed a 78% -
regioselectivity en route to 2qa/2qa’ ((2qa+2qa')/(2qat2qa'+2qa'")), by using CH,Br,
(0.2 mmol, 35mg, 13.5 uL) as internal standard.

Br_ Hd
NG :Br NC Br NC .,
. +
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H, H2 cio,~ Hy =4
2qga 2qga’ 2qga”
40% 11% 14%

—T94COSCN

[ e
5 ~
T T —T T T CH2Brz
4.80 475 4.70 4.65 4.60
11 (ppm)
Ha + Hp He
! Hq
|

iy T T i
o - ') -
N © - -
o o S S

T T T T T T T

Crude 'H-NMR (400 MHz, CDCl;) en route to 2qa
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4-methyl-N-(2-(2-oxotetrahydro-2 H-pyran-4-yl)ethyl)benzenesulfonamide 2r).
Following General Procedure A, 2-(tetrahydro-2H-pyran-4-yl)ethan-1-amine (0.4 mmol,
52 mg), HCIO4 (0.6 mmol, 51 puL) and water (11 pL, 0.6 mmol) were used, affording the
title compound as a colorless oil (38 mg, 64%). '"H NMR (500 MHz, CDCl3) § 7.78 —
7.74 (m, 2H), 7.35 (m, 2H), 4.74 (brt, J = 6.3 Hz, 1H), 4.40 (m, 1H), 4.24 (m, 1H), 3.00
(m, 2H), 2.71 — 2.60 (m, 1H), 2.46 (s, 3H), 2.21 — 2.06 (m, 2H), 2.03 — 1.89 (m, 1H), 1.61
—1.45 (m, 3H). ®C NMR (126 MHz, CDCl;) § 170.8, 143.9, 136.8, 130.0, 127.2, 68.5,
40.4, 36.2, 36.0, 28.8, 28.6, 25.2, 21.7. IR (neat): 2982, 2928, 1754, 1487, 1450, 1332,
1223, 1158, 1101, 890, 862 cm™'. HRMS (ESI) calcd. for (C14H19NNaO4S) [M+Na]":
320.0927, found 320.0938.

(0]

o O

[~

TS“N/\( and E T
OH N

Ts
2s 2s’

4-tosylmorpholin-2-ol (2s) and 4-tosylmorpholin-2-one (2s'). Following a modified
General Procedure A, morpholine (0.6 mmol, 35 uL), water (10 pL.) and HC1O4 (0.6 mmol,
51 pL) were used, affording 2s (31 mg, 61%, colorless oil) and 2s' (5 mg, 10%, colorless

oil) in a 6:1 ratio.

2s: "H NMR (500 MHz, CDCl3) § 7.64 (d, J = 8.3 Hz, 2H), 7.35 (d, /= 7.9 Hz, 2H), 4.98
(s, 1H), 4.04 (m, 1H), 3.69 (m, 1H), 3.31 —3.26 (m, 1H), 3.22 (m, 1H), 3.09 (m, 1H), 2.88
(m, 1H), 2.72 (m, 1H), 2.45 (s, 3H). *C NMR (126 MHz, CDCl3) § 144.3, 132.2, 130.0,
128.0,91.2, 61.6, 50.4, 45.2, 21.7. IR (neat): 3312, 2942, 1482, 1380, 1239, 1197, 1112,
1022, 887 cm™'. HRMS (ESI) calcd. for (C1iH;sNNaO4S) [M+Na]": 280.0614, found
280.0617.
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2s': '"H NMR (500 MHz, CDCl5) § 7.68 (d, J= 8.3 Hz, 2H), 7.39 (d, J = 7.9 Hz, 2H), 4.49
—4.39 (m, 2H), 3.90 (s, 2H), 3.37 — 3.32 (m, 2H), 2.46 (s, 3H). *C NMR (126 MHz,
CDCl3) & 164.3, 1452, 131.7, 130.4, 128.0, 67.8, 47.3, 42.6, 21.8. IR (neat): 2957, 2920,
1752, 1446, 1332, 1248, 1150, 1095, 890 cm ™. HRMS (ESI) calcd. for (C11H;3NNaO4S)
[M+Na]": 278.0457, found 278.0455.

Br

®

N

Ts

4-bromo-1-tosylazepane (2t). Following General Procedure A, azepane (0.4 mmol, 40
mg) and HCIO;4 (0.6 mmol, 51 pL) were used, affording the title compound as a colorless
oil (50 mg, 75%). "H NMR (500 MHz, CDCl;) § 7.65 (d, J = 8.4 Hz, 2H), 7.29 (d, J =
7.9 Hz, 2H), 4.42 (m, 1H), 3.49 — 3.43 (m, 1H), 3.39 (m, 1H), 3.23 (m, 1H), 3.14 (m, 1H),
2.41 (s, 3H), 2.33 (m, 1H), 2.20 (m, 2H), 2.11 (m, 1H), 2.03 — 1.92 (m, 1H), 1.73 (m, 1H).
BC NMR (126 MHz, CDCls) § 143.4, 136.2, 129.8, 127.0, 53.6, 47.3, 44.4, 40.6, 36.1,
24.9,21.6. IR (neat): 2940, 2893, 1598, 1331, 1284, 1235, 1155, 1144, 1089, 1031, 996,
918, 809, 712, 649, 570, 545 cm™'. HRMS (ESI) calcd. for (C13H;sBrNNaO,S) [M+Na]":
354.0134, found 354.0131.

NMR spectroscopy of the crude mixture prior to purification revealed the formation of
2t-2t' and 88% y-regioselectivity (2t/(2t+2t")) by utilizing CH,Br, (0.2 mmol, 13.5 pL)

as internal standard.

H
a Br
N N
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Ts Ts
2t 2t
78% 1%

318



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

TYTITTATTIITIYIYSIYY
T TONNN Ne|roo oo e e ——
uouoaQ IIIII0
TS A AIEAR R R R
= \V
T 1h
|
|

CH.Br>

»
S
-

4.
1 (ppm|

T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

Crude '"H-NMR (400 MHz, CDCl;) en route to 2t

CQLTS

5-bromo-2-tosyl-2,3,4,5-tetrahydro-1H-benzo[c]azepine (2u). Following a modified
General Procedure B, 2,3,4,5-tetrahydro-1H-benzo[c]azepine hydrochloride (0.4 mmol,
73 mg) and HCIOs (0.6 mmol, 51 pL) were used in the absence of TBADT, affording the
title compound as a colorless oil (46 mg, 61%). "H NMR (500 MHz, CDCl3) § 7.59 —
7.54 (m, 2H), 7.32 (dd, J = 7.4, 1.5 Hz, 1H), 7.27 (m, 1H), 7.24 — 7.16 (m, 4H), 5.40 (t,J
= 3.9 Hz, 1H), 4.73 (dd, J= 154, 1.8 Hz, 1H), 4.52 (d, /= 15.3 Hz, 1H), 4.04 (m, 1H),
3.71 (m, 1H), 2.38 (s, 3H), 2.15 (m, 2H). *C NMR (126 MHz, CDCls) & 143.3, 140.1,
138.5, 136.9, 130.7, 129.7, 129.3, 129.2, 128.1, 127.2, 56.8, 52.7, 47.3, 36.2, 21.6. IR
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(neat): 2919, 1451, 1334, 1154, 1089, 1061, 942, 910, 875, 760, 731, 701, 651, 558, 546
cm . HRMS (ESI) calcd. for (C17H1oBrNO,S) [M+H]": 380.0314, found 380.0316.

Ts

)

N

S

2-bromo-7-tosyl-7-azabicyclo[2.2.1]heptane (2v). Following General Procedure B, 7-
azabicyclo[2.2.1]heptane hydrochloride (0.4 mmol, 53 mg) and HCIO4 (0.6 mmol, 51 pL)
were used, affording the title compound as a colorless oil (62 mg, 95%). "H NMR (400
MHz, CDCl3) 6 7.88 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 4.29 — 4.24 (m, 1H),
423 (dd, J=5.4, 1.0 Hz, 1H), 3.92 (dd, J = 7.5, 3.1 Hz, 1H), 2.42 (s, 3H), 2.26 (m, 1H),
2.15 (m, 1H), 2.11 —2.02 (m, 1H), 1.97 (m, 1H), 1.47 (m, 1H), 1.37 (m, 1H). *C NMR
(101 MHz, CDCls) & 143.8, 137.5, 129.6, 127.8, 67.2, 59.4, 48.3, 44.5, 29.0, 28.1, 21.7.
IR (neat): 2957, 2922, 1594, 1330, 1153, 1086, 1055, 1013, 819, 794, 675, 651, 598, 578,
533 cm ™. HRMS (ESI) calcd. for (C13H;7BrNO,S) [M+H]": 330.0158, found 330.0157.
M.P.:113 °C.
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4.9.3 One-pot cyclization via C(sp*)-H bromination

Ts

\

e
2-methyl-1-tosylaziridine (3a). An oven-dried 10 mL screw-cap reaction tube containing
a stir bar was charged with TBADT (1 mol%, 6.6 mg) and DBDMH (0.2 mmol, 1 equiv.,
57 mg). The reaction tube was capped with a Teflon-lined rubber septum and connected
to a vacuum line where it was evacuated and backfilled with Ar three times. To a 4mL
Teflon-capped glass vial was added n-propylamine (0.4 mmol, 2 equiv., 24 mg) and
CH;CN (2 mL) before sequential addition of HCIO4 (0.6 mmol, 3 equiv., 51 pL). The
reaction mixture was transferred to the reaction tube by syringe after sparging with Ar for
5 minutes. The reaction tube was then sealed with parafilm and irradiated by a 390 nm
Kessil Lamp in a UFO Reactor (maintaining a temperature between 50 °C-60 °C) under
stirring at 600 rpm for 20 h. After completion of the bromination, the reaction was cooled
to 0 °C. TsCl (0.6 mmol, 3 equiv., 114 mg) and NaOH (2.5 mmol, 12.5 equiv. 60 mg) were
added to the reaction tube and the mixture was stirred at 0 °C to r.t. overnight. After the
reaction was complete, the reaction mixture was concentrated under vacuum, diluted with
EtOAc and brine, extracted with EtOAc three times, dried with anhydrous Na,SO4, and
then concentrated under vacuum to give a crude product, which was purified by column
chromatography, affording the title compound as a white solid (30 mg, 71%). '"H NMR
(500 MHz, CD;Cl3) 6 7.82 (d, J = 8.3 Hz, 2H), 7.33 (d, /= 7.9 Hz, 2H), 2.82 (m, 1H),
2.61 (d,J=7.0 Hz, 1H), 2.44 (s, 3H), 2.02 (d, /= 4.6 Hz, 1H), 1.25 (d, J = 5.6 Hz, 3H).
BC NMR (126 MHz, CDsCls) § 144.5, 135.5, 129.8, 127.9, 36.0, 34.9, 21.8, 16.9. IR
(neat): 2971, 2929, 1316, 1288, 1150, 1096, 1032, 984, 845, 814, 712, 688, 658, 565, 548
cm™'. HRMS (ESI) calcd. for (CioHi3NNaO,S) [M+Na]": 234.0559, found 234.0565.

M.P.: 63 °C.
1 I
H N H N
A
TsO_. Ph TsO_ "Bh
3b 3b'
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((25,35)-3-phenyl-1-tosylaziridin-2-yl)methyl 4-methylbenzenesulfonate (3b) and
((25,3R)-3-phenyl-1-tosylaziridin-2-yl)methyl 4-methylbenzenesulfonate (3b'). An
oven-dried 10 mL screw-cap reaction tube containing a stir bar was charged with TBADT
(1 mol%, 6.6 mg) and DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was
capped with a Teflon-lined rubber septum and connected to a vacuum line where it was
evacuated and backfilled with Ar three times. To a 4mL Teflon-capped glass vial was
added D-phenylalaninol (Solriamfetol precursor, 0.4 mmol, 60 mg) and CH3CN (2 mL)
before sequential addition of HCIO4 (0.6 mmol, 3 equiv., 51 pL). The reaction mixture
was transferred to the reaction tube by syringe after sparging with Ar for 5 minutes. The
reaction tube was then sealed with parafilm and irradiated by a 390 nm Kessil Lamp in a
UFO Reactor (maintaining a temperature below 30 °C) under stirring at 600 rpm for 20
h. After completion of the bromination, the reaction was cooled to 0 °C. TsCl (1.2 mmol,
6 equiv., 228 mg) and DIPEA (3.0 mmol, 15 equiv., 523 pL) were added to the reaction
tube and the mixture was stirred at 0 °C to r.t. for 4 hours. After the reaction was complete,
the reaction mixture was concentrated under vacuum, passed through a thin pad of silica
with Hexane:EtOAc, then concentrated under vacuum to give a crude product, which was
purified by column chromatography, affording 3b (28 mg, 31%, colorless oil) and 3b' (25

mg, 28%, colorless oil) in a 1.2:1 ratio.

3b: "H NMR (400 MHz, CDCl3) § 7.85 (d, J= 8.3 Hz, 2H), 7.51 (d, J= 8.3 Hz, 2H), 7.38
—7.33 (m, 2H), 7.29 — 7.20 (m, 5H), 7.15 — 7.11 (m, 2H), 4.05 (d, /= 7.0 Hz, 1H), 3.78
(dd, J=11.0, 6.6 Hz, 1H), 3.69 (dd, J = 11.0, 6.2 Hz, 1H), 3.30 (q, J = 6.6 Hz, 1H), 2.46
(s, 3H), 2.43 (s, 3H). *C NMR (101 MHz, CDCl3) § 145.3, 145.1, 134.3, 132.3, 131.2,
130.0, 130.0, 128.7, 128.5, 128.3, 128.0, 127.5, 65.9, 44.5, 42.5, 21.9, 21.8. IR (neat):
2920, 1736, 1597, 1455, 1360, 1342, 1176, 1161, 1019, 967, 807, 788, 759, 718, 698, 668,
576, 659, 505 cm™'. HRMS (ESI) calcd. for (C23H23NNaOsS,) [M+Na]: 480.0910, found
480.0910.

3b': '"H NMR (400 MHz, CDCl3) § 7.79 (m, 4H), 7.37 — 7.31 (m, 2H), 7.31 — 7.20 (m,
5H), 7.18 — 7.10 (m, 2H), 4.70 (dd, /= 11.4, 5.5 Hz, 1H), 4.61 (dd, J=11.4, 7.4 Hz, 1H),
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3.89 (d, J = 4.0 Hz, 1H), 3.14 (m, 1H), 2.45 (s, 3H), 2.41 (s, 3H). *C NMR (101 MHz,
CDCls) & 145.4, 144.8, 136.4, 133.7, 132.7, 130.2, 129.8, 128.8, 128.7, 128.2, 127.7,
126.9, 66.8, 48.0, 47.4, 21.8, 21.8. IR (neat): 2923, 1736, 1597, 1362, 1323, 1175, 1158,
1088, 967, 911, 812, 757, 686, 661, 551 cm™'. HRMS (ESI) calcd. for (C23H23NNaOsS;)
[M+Na]": 480.0910, found 480.0908.

[ F
BI‘:,,' . TsN E
HJ&’EC clo,” : F
TBADT Ha ) 3¢
F HCIO, L ga 48%
OLF DBDMH N NaOH .
CH4CN - TsCl
H2N Hol 390 nm Br F Br F
20h F F
1g + A -
H3N B C|O4 TsHN
Hp
L 2ga’ 2¢g'

9%

(3)-(1S,6R)-3,3-difluoro-7-tosyl-7-azabicyclo[4.1.0]heptane (3¢) An oven-dried 10 mL
screw-cap reaction tube containing a stir bar was charged with TBADT (1 mol%, 6.6 mg)
and DBDMH (0.2 mmol, 1.0 equiv., 57 mg). The reaction tube was capped with a Teflon-
lined rubber septum and connected to a vacuum line where it was evacuated and backfilled
with Ar three times. In a separate 4ml Teflon-capped glass vial, 4,4-
difluorocyclohexylamine hydrochloride (0.6 mmol, 3.0 equiv., 103 mg) and CH3CN (2
mL) were added, followed by addition of HCIO4 (0.8 mmol, 4.0 equiv., 68 pL). This
solution was concentrated under vacuum to remove HCL. After addition of 2 ml of CH3CN
and sparging with Ar for 5 minutes, this mixture was transferred to the reaction tube by
syringe. The reaction tube was sealed with parafilm and irradiated by a 390 nm Kessil
Lamp in a UFO Reactor under stirring at 600 rpm for 20 h (maintaining a temperature
between 50 °C-60 °C). After reaction completion, the reaction mixture was cooled to 0 °C.
TsCl (0.8 mmol, 4.0 equiv., 152 mg) and NaOH (2.5 mmol, 12.5 equiv., 60 mg) were
added to the reaction tube and the mixture was stirred at 0 °C to r.t. overnight.
Subsequently, the reaction mixture was concentrated, passed through a thin pad of silica

with Hexane:EtOAc, and concentrated under vacuum to give a crude product, which was
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purified by column chromatography, affording 3¢ (28 mg, 48%, colorless oil) and 2g' (7

mg, 9%, colorless oil) in a 4.8:1 ratio.

3c: 'TH NMR (500 MHz, CDsCls) & 7.83 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H),
3.13—3.07 (m, 1H), 3.04 (m, 1H), 2.48 (s, 3H), 2.46 — 2.35 (m, 1H), 2.20 — 2.02 (m, 3H),
1.90 — 1.76 (m, 2H). *C NMR (126 MHz, CD;CLs) & 144.8, 135.3, 130.0, 127.9, 121.1
(dd, J=243.2,239.3 Hz), 38.9 (d, J= 1.7 Hz), 37.2 (d, J= 11.7 Hz), 32.4 (t, J = 27.9 Hz),
27.0 (dd, J=25.3,23.4 Hz), 21.8, 20.7 (dd, J= 9.6, 2.2 Hz). IR (neat): 2932, 1597, 1372,
1319, 1303, 1155, 1111, 1090, 1000, 922, 879, 825, 814, 718, 667, 580, 546 cm™'. HRMS
(ESI) calcd. for (C13HisFaNNaO,S) [M+Na]*: 310.0684, found 310.0681.

Ts

N
|:kPh
2-phenyl-1-tosylazetidine (3d). An oven-dried 10 mL screw-cap reaction tube containing
a stir bar was charged DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was capped
with a teflon-lined rubber septum and connected to a vacuum line where it was evacuated
and backfilled with Ar three times. To a 4 mL Teflon-capped glass vial was added 3-
phenylpropylamine (0.4 mmol, 2 equiv., 54 mg) and CH3CN (2 mL) before sequential
addition of HCIO4 (0.6 mmol, 3 equiv., 51 pL). The reaction mixture was transferred to
the reaction tube by syringe, then sparged with Ar for 5 minutes. The reaction tube was
then sealed with parafilm and irradiated by a 390 nm Kessil Lamp in a UFO Reactor
(maintaining a temperature below 30 °C) under stirring at 600 rpm for 4 h. After
completion of the bromination, the reaction mixture was cooled to 0 °C. TsCl (0.6 mmol,
3 equiv., 114 mg), Nal (0.15 mmol, 0.75 equiv., 23 mg) and NaOH (2.5 mmol, 12.5 equiv.,
60 mg) were added to the reaction tube and the mixture was stirred at 0 °C to r.t. overnight.
After the reaction was complete, the reaction mixture was concentrated under vacuum,
diluted with EtOAc and brine, extracted by EtOAc three times, dried by anhydrous
Na,S0Os, then concentrated under vacuum to give a crude product, which was purified by

column chromatography, affording the title compound as a white solid (52 mg, 90%). '"H
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NMR (500 MHz, CDCL) & 7.68 (d, J= 8.3 Hz, 2H), 7.44 — 7.39 (m, 2H), 7.36 — 7.30 (m,
4H), 7.30 — 7.25 (m, 1H), 4.88 (t, J= 8.4 Hz, 1H), 3.83 — 3.69 (m, 2H), 2.44 (s, 3H), 2.38
~2.27 (m, 1H), 2.26 — 2.16 (m, 1H). *C NMR (126 MHz, CDCl3) § 144.1, 140.7, 132.3,
129.8, 128.6, 128.6, 128.1, 126.4, 65.8, 47.4, 25.9, 21.7. IR (neat): 2981, 2878, 1495,
1455, 1338, 1157, 1087, 1087, 1014, 964, 817, 751, 696, 665, 596, 544, 499 cm™'. HRMS
(ESI) calcd. for (C16H17NNa0,S) [M+Na]": 310.0872, found 310.0885. MLP. :110 °C.

080

%

benzyl ((3R)-5-methyl-2-oxotetrahydrofuran-3-yl)carbamate (3e) An oven-dried 10

CbzHN

mL screw-cap reaction tube containing a stir bar was charged with TBADT (1 mol%, 6.6
mg) and DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was capped with a
Teflon-lined rubber septum and connected to a vacuum line where it was evacuated and
backfilled with Ar three times. To a 4mL Teflon-capped glass vial was added D-Norvaline
(0.4 mmol, 47 mg) and CH3CN (2 mL) before sequential addition of HC1O4 (0.6 mmol, 3
equiv., 51 pL). The reaction mixture was transferred to the reaction tube by syringe after
sparging with Ar for 5 minutes. The reaction tube was then sealed with parafilm and
irradiated by a 390 nm Kessil Lamp in a UFO Reactor (maintaining a temperature between
50 °C-60 °C) under stirring at 600 rpm for 20 h. After completion of the bromination, the
reaction was cooled to 0 °C. CbzCl (0.6 mmol, 3 equiv., 85 uL) and DIPEA (3.0 mmol,
15 equiv., 523 pL) were added to the reaction tube and the mixture was stirred at 0 °C to
r.t. overnight. After the reaction was complete, the reaction mixture was concentrated
under vacuum, passed through a thin pad of silica with Hexane:EtOAc, then concentrated
under vacuum to give a crude product, which was purified by column chromatography,
affording the title compound as a colorless oil (26 mg, 53%, dr 1:1). "H NMR (500 MHz,
CDCls) 6 7.42 — 7.29 (m, 5H), 5.41 (brs, 1H), 5.12 (s, 2H), 4.79 (d, /= 10.1 Hz, 0.4H),
4.66 —4.41 (m, 1.54H), 2.85 (dt, J = 12.4, 6.1 Hz, 0.51H), 2.43 (t, J = 11.3 Hz, 0.4H),
2.33 (m, 0.5H), 1.78 (m, 0.58H), 1.45 (d, /= 6.1 Hz, 1.51H), 1.40 (d, /= 6.6 Hz, 1.46H).
BC NMR (126 MHz, CDCl;) § 174.9, 174.7, 156.2, 136.0, 128.7, 128.4, 128.3, 128.3,
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74.9, 74.7, 67.5, 67.4, 52.3, 49.7, 38.5, 35.8, 21.3, 20.7. IR (neat): 3349, 2937, 1795,
1685, 1537, 1255, 1189, 970, 740, 699, 575 cm'. HRMS (ESI) calcd. for (C13H sNNaOx)
[M+Na]": 272.0893, found 272.0895.

o
HN Me

5-methyloxazolidin-2-one (3f). An oven-dried 10 mL screw-cap reaction tube containing
a stir bar was charged with TBADT (1 mol%, 6.6 mg) and DBDMH (0.2 mmol, 1 equiv.,
57 mg). The reaction tube was capped with a teflon-lined rubber septum and connected to
a vacuum line where it was evacuated and backfilled with Ar three times. To a 4 mL
Teflon-capped glass vial was added n-butylamine (0.4 mmol, 29 mg) and CH3CN (2 mL)
before sequential addition of HC1O4 (0.6 mmol, 3 equiv., 51 pL). The reaction mixture
was transferred to the reaction tube by syringe after sparging with Ar for 5 minutes. The
reaction tube was then sealed with parafilm and irradiated by a 390nm Kessil Lamp in a
UFO Reactor (maintaining a temperature between 50 °C - 60 °C) under stirring at 600rpm
for 20h. After completion of the bromination, the reaction mixture was cooled to r.t.. 2
mL of a saturated NaHCO3 aqueous solution was added to the reaction tube and the
mixture was stirred at 80 °C for 6 hours. After the reaction was complete, the reaction
mixture was diluted with EtOAc, extracted by EtOAc three times, dried with anhydrous
Na,S0Os, then concentrated under vacuum to give a crude product, which was purified by
column chromatography, affording the title compound as a colorless oil (10 mg, 49%). '"H
NMR (500 MHz, CDCl3) 6 5.53 (s, 1H), 4.78 (m, 1H), 3.70 (dt, J= 8.3, 0.7 Hz, 1H), 3.20
(dt, J = 8.0, 7.1, 0.9 Hz, 1H), 1.45 (d, J = 6.3 Hz, 3H). *C NMR (126 MHz, CDCl;) &
160.0, 73.7, 47.5, 20.7. IR (neat): 3284, 2983, 1719, 1385, 1242, 1066, 970, 722 cm .
HRMS (ESI) calcd. for (CsH;NNaO») [M+Na]™: 124.0369, found 124.0370.

(o]
o~
NH

o
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5-phenyloxazolidin-2-one (3g). An oven-dried 10 mL screw-cap reaction tube containing
a stir bar was charged and DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was
capped with a teflon-lined rubber septum and connected to a vacuum line where it was
evacuated and backfilled with Ar three times. To a 4 mL Teflon-capped glass vial was
added 2-phenylethylamine (0.4 mmol, 2 equiv., 48 mg) and CH3CN (2 mL) before
sequential addition of HCIO4 (0.6 mmol, 3 equiv., 51 pL). The reaction mixture was
transferred to the reaction tube by syringe after sparging with Ar for 5 minutes. The
reaction tube was then sealed with parafilm and irradiated by a 390nm Kessil Lamp in a
UFO Reactor (maintaining a temperature below 30 °C) under stirring at 600 rpm for 4 h.
After completion of the bromination, the reaction mixture was cooled to r.t.. 2 mL of a
saturated NaHCO3 aqueous solution was added to the reaction tube and the mixture was
stirred at 80 °C for 6 hours. After the reaction was complete, the reaction mixture was
diluted with EtOAc, extracted by EtOAc three times, dried with anhydrous Na,SOs, then
concentrated under vacuum to give a crude product, which was purified by column
chromatography, affording the title compound as a white solid (23 mg, 77%). '"H NMR
(300 MHz, CDCl3) 8 7.52 — 7.30 (m, 5H), 6.07 (s, 1H), 5.62 (dd, J = 8.7, 7.7 Hz, 1H),
3.98 (td, /= 8.7, 0.8 Hz, 1H), 3.55 (dt, J= 8.6, 0.9 Hz, 1H). *C NMR (126 MHz, CDCl5)
6 160.0, 138.5,129.1, 129.1, 125.8, 78.1, 48.5. IR (neat): 3264, 1715, 1496, 1366, 1237,
1077, 968, 928, 760, 694, 607 cm™'. HRMS (ESI) calcd. for (CoHyNNaO,) [M+Na]':
186.0525, found 186.0526. ML.P. : 85 °C.

o
2-phenylaziridine (3h). An oven-dried 10 mL screw-cap reaction tube containing a stir
bar was charged and DBDMH (0.2 mmol, 1 equiv., 57 mg). The reaction tube was capped
with a teflon-lined rubber septum and connected to a vacuum line where it was evacuated
and backfilled with Ar three times. To a 4 mL Teflon-capped glass vial was added 2-

phenylethylamine (0.3 mmol, 1.5 equiv., 36 mg) and CH3CN (2 mL) before sequential
addition of HCIO4 (0.5 mmol, 2.5 equiv., 43 pL). The reaction mixture was transferred to
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the reaction tube by syringe after sparging with Ar for 5 minutes. The reaction tube was
then sealed with parafilm and irradiated by a 390nm Kessil Lamp in a UFO Reactor
(maintaining a temperature below 30 °C) under stirring at 600 rpm for 4 h. After
completion of the bromination, the reaction mixture was cooled to r.t.. NaOH (1.2 mmol,
6 equiv., 48 mg) was added to the reaction tube and the mixture was stirred at r.t. overnight.
After the reaction was complete, the reaction mixture was diluted with H,O and Et,O,
extracted by Et,O three times, dried with anhydrous Na>SOs, then concentrated under
vacuum to give a crude product, which was purified by column chromatography, affording
the title compound as a colorless oil (20 mg, 85%). "H NMR (500 MHz, CDCls) & 7.34 —
7.29 (m, 2H), 7.26 — 7.21 (m, 3H), 3.01 (dd, /= 6.0, 3.4 Hz, 1H), 2.20 (d, /= 6.0 Hz, 1H),
1.80 (brs, 1H), 1.06 — 0.79 (brs, 1H). *C NMR (126 MHz, CDCls) § 140.5, 128.5, 127.1,
125.8,32.2,29.4.°
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4.9.4 Derivatization of Halogenated Amines

O/U o
N

T8

methyl 4-(1-tosylpyrrolidin-3-yl)benzoate (4a). To a 10 mL screw-cap reaction tube
equipped with a stir bar was added photocatalyst Ir[dF(CF3)ppy]2(dtbbpy)PFs (1 mol%,
2.2 mg ), methyl 4-bromo benzoate (0.2 mmol, 1 equiv., 43 mg.), 3-bromo-1-
tosylpyrrolidine 2m (0.3 mmol, 1.5 equiv.,, 91 mg,), Ni(4,4’-di-tert-butyl-2,2’-
bipyridine)Br; (2 mol%, 2.0 mg,), tris(trimethylsilyl)silane (0.2 mmol, 1.0 equiv, 62 pL),
and anhydrous sodium carbonate (0.4 mmol, 2 equiv., 42 mg). The tube was sealed and
placed under nitrogen before 2 mL of DME was added. The reaction was stirred and
irradiated with a 34 W blue LED lamp for 14 hours. The reaction was quenched by
exposure to air and concentrated in vacuo. Purification by column chromatography
yielded the title compound as a white solid (68 mg, 95%). "H NMR (400 MHz, CDCl;) §
791 (d, J= 8.6 Hz, 2H), 7.73 (d, J = 8.3 Hz, 2H), 7.33 (d, /= 7.9 Hz, 2H), 7.15 (d, J =
8.1 Hz, 2H), 3.88 (s, 3H), 3.75 - 3.66 (m, 1H), 3.51 (m, 1H), 3.40 — 3.15 (m, 3H), 2.43 (s,
3H), 2.29 — 2.16 (m, 1H), 1.93 — 1.79 (m, 1H). *C NMR (101 MHz, CDCl;) § 166.8,
146.2, 143.7, 133.8, 130.0, 129.8, 129.0, 127.6, 127.1, 53.9, 52.2, 47.8, 43.8, 32.8, 21.6.
IR (neat): 2950, 2881, 1711, 1610, 1433, 1334, 1283, 1152, 1106, 1036, 1016, 809, 773,
704, 659, 590, 546 cm™'. HRMS (ESI) calcd. for (C1oH2NO4S) [M+H]": 360.1264, found

360.1274. M.P.: 93 °C.
Bu
O/\/Q/
N

T

(E)-3-(4-(tert-butyl)styryl)-1-tosylpyrrolidine (4b). In a glove box, a 10 mL screw-cap
reaction tube containing a magnetic stir bar was charged sequentially with Pd(PPhs)4 (5

mol%, 11.6 mg), dppf (7 mol%, 7.8 mg) and dry PhCF3 (1.0 mL). After stirring at room
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temperature for 30 minutes, 3-bromo-1-tosylpyrrolidine 2m (0.2 mmol, 1 equiv., 61 mg),
1-(tert-butyl)-4-vinylbenzene (0.4 mmol, 2.0 equiv., 56 uL), Lil (0.4 mmol, 2.0 equiv., 54
mg) and Cy>,NMe (0.3 mmol, 1.5 equiv., 58 mg) were added sequentially via syringe. The
reaction tube was capped and heated with vigorous stirring at 110 °C for 36 h. Then, the
mixture was cooled to room temperature, diluted with diethyl ether and filtered through a
short pad of'silica gel to remove insoluble salts with three rounds of diethyl ether washings.
The filtrate was concentrated under reduced pressure and the residue was subjected to
silica gel flash chromatography, affording the title compound as a white solid (54 mg,
71%). "H NMR (500 MHz, CDCls) § 7.74 (d, J = 8.3 Hz, 2H), 7.36 — 7.29 (m, 4H), 7.18
(d, J=8.3 Hz, 2H), 6.32 (d, /= 15.8 Hz, 1H), 5.85 (dd, J=15.8, 7.8 Hz, 1H), 3.53 (dd, J
=10.0, 7.3 Hz, 1H), 3.40 (m, 1H), 3.31 (m, 1H), 3.03 (dd, /= 10.0, 7.9 Hz, 1H), 2.88 —
2.78 (m, 1H), 2.44 (s, 3H), 2.03 (m, 1H), 1.69 — 1.62 (m, 1H), 1.30 (s, 9H). *C NMR
(126 MHz, CDCls) 6 150.8, 143.6, 134.0, 134.0, 130.8, 129.8, 128.4, 127.7, 125.9, 125.6,
53.1,47.6,42.1, 34.7,32.2,31.4, 21.7. IR (neat): 2948, 2879, 1342, 1330, 1156, 1095,
1030, 965, 814, 655, 593, 546 cm'. HRMS (ESI) calcd. for (C23sH3NO,S) [M+H]":
384.1992, found 384.2003. ML.P.: 87 °C.

O
N

T8

3-propyl-1-tosylpyrrolidine (4¢). To a 10 mL screw-cap reaction tube equipped with a
magnetic stir bar was loaded 3-bromo-1-tosylpyrrolidine 2m (0.2 mmol, 1 equiv., 61 mg),
followed by addition of (S)-Pr-Pybox (0.016 mmol, 8 mol%, 4.8 mg) and zinc powder
(0.6 mmol, 3 equiv., 39 mg). The tube was moved into a dry glove box, at which point
Ni(COD); (10 mol%, 5.5 mg) was added. The tube was capped with a Teflon-lined rubber
septum, and it was moved out of the glove box. 1-iodopropane (0.6 mmol, 3 equiv., 59
pL) and DMA (1.5 mL) were then added via syringe. After the reaction mixture was
allowed to stir for 12 h under N, atmosphere at 25 °C, the mixture was quenched by
exposure to air, diluted with EtOAc and washed by water. The residue was concentrated

under vacuum and purified by column chromatography, yielding the title compound as a
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colorless oil (34 mg, 64%). "H NMR (500 MHz, CDCl;) § 7.70 (d, J = 8.3 Hz, 2H), 7.31
(d, J=7.9 Hz, 2H), 3.42 (dd, J=9.7, 7.3 Hz, 1H), 3.32 (m, 1H), 3.17 (m, 1H), 2.75 (dd,
J=9.7,8.1 Hz, 1H), 2.42 (s, 3H), 1.99 (m, 1H), 1.94 — 1.86 (m, 1H), 1.34 (m, 1H), 1.27
— 1.13 (m, 4H), 0.83 (t, J = 6.9 Hz, 3H). *C NMR (101 MHz, CDCl;) & 143.4, 134.1,
129.7, 127.6, 53.4, 47.7, 38.7, 35.4, 31.6, 21.6, 21.3, 14.2. IR (neat): 2957, 2927, 1342,
1159, 1094, 816, 661, 589, 547 cm™'. HRMS (ESI) calcd. for (C14H22NO,S) [M+H]":
268.1366, found 268.1374.

Sha

Ph
TS

1-tosylpyrrolidin-3-yl benzoate (4d). To a 10 mL screw-cap reaction tube equipped with
a magnetic stir bar was loaded sodium benzoate (0.60 mmol, 3.0 equiv., 86 mg) and
potassium iodide (0.22 mmol, 1.1 equiv., 37 mg). The tube was sealed and placed under
nitrogen before 1.0 mL of DMF was added. After stirring at room temperature for 30
minutes, a solution of 3-bromo-1-tosylpyrrolidine 2m (0.2 mmol, 1.0 equiv., 61 mg) in 1
mL DMF was added via syringe. The reaction mixture was allowed to stir for 16 h at 70
°C. Then, the mixture was diluted with EtOAc, washed with water and dried with
anhydrous Na,SOs. The mixture was concentrated under vacuum and purified by column
chromatography, affording the title compound as a white solid (47 mg, 68%). '"H NMR
(500 MHz, CDCl3) 6 7.71 (d, J = 8.3 Hz, 2H), 7.70 — 7.66 (m, 2H), 7.54 (m, 1H), 7.40 —
7.33 (m, 2H), 7.22 (d, J= 7.8 Hz, 2H), 5.36 (m, 1H), 3.63 (dd, J=12.4, 4.6 Hz, 1H), 3.60
—3.51 (m, 2H), 3.37 (m, 1H), 2.29 (s, 3H), 2.19 — 2.09 (m, 2H). *C NMR (126 MHz,
CDCls) 6 165.7, 143.7, 133.5, 133.4, 129.8, 129.6, 129.5, 128.4, 127.7, 73.9, 53.8, 46.5,
31.8, 21.6. IR (neat): 1719, 1328, 1287, 1267, 1158, 1117, 1095, 1023, 1013, 710, 658,
596, 551 cm™'. HRMS (ESI) calcd. for (CisHi1sNNaO4sS) [M+Na]™: 368.0927, found
368.0926. ML.P.: 145 °C.
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1-(1-tosylpyrrolidin-3-yl)-1H-indazole-3-carbonitrile (4e). To a 10 mL screw-cap
reaction tube equipped with a magnetic stir bar was loaded ‘H-Indazole-3-carbonitrile
(0.60 mmol, 3.0 equiv., 86 mg), potassium carbonate (0.22 mmol, 1.1 equiv., 30 mg), and
potassium iodide (0.22 mmol, 1.1 equiv., 37 mg). The tube was sealed and placed under
nitrogen before 1.0 mL of DMF was added. After stirring at room temperature for 30
minutes, a solution of 3-bromo-1-tosylpyrrolidine 2m (0.2 mmol, 1.0 equiv., 61 mg) in 1
mL DMF was added via syringe. The reaction mixture was allowed to stir for 16 h at 70
°C. Then, the mixture was diluted with EtOAc, washed with water and dried with
anhydrous Na;SOs. The mixture was concentrated and purified by column
chromatography, affording the title compound as a white solid (48 mg, 65%). '"H NMR
(500 MHz, CDCls) 6 7.77 (dt, J= 8.2, 1.0 Hz, 1H), 7.58 (d, J = 8.3 Hz, 2H), 7.54 — 7.45
(m, 2H), 7.36 (m, 1H), 7.22 (d, J = 7.9 Hz, 2H), 5.22 — 5.13 (m, 1H), 3.94 (dd, /= 11.3,
6.4 Hz, 1H), 3.73 — 3.62 (m, 2H), 3.58 (m, 1H), 2.56 (m, 1H), 2.52 — 2.42 (m, 4H). BC
NMR (126 MHz, CDCls) 6 144.2, 139.0, 133.1, 129.9, 128.2, 127.5, 125.7, 124.1, 119.9,
118.0, 113.3,109.9, 58.2,53.0,47.0, 31.0, 21.8. IR (neat): 2966, 2920, 2234, 1469, 1331,
1299, 1154, 1094, 1026, 1007, 769, 749, 664, 597, 582, 547 cm™'. HRMS (ESI) calcd.
for (C1oH19N4O2S) [M+H]": 367.1223, found 367.1229. M.P.: 148 °C.

o
N

TS

3-azido-1-tosylpyrrolidine (4f). To a 10 mL screw-cap reaction tube equipped with a
magnetic stir bar was loaded 3-bromo-1-tosylpyrrolidine 2m (0.2 mmol, 1 equiv., 61 mg),
NaN; (1.0 mmol, 5 equiv., 65 mg) and DMF (1 mL). The tube was capped with a rubber
septum, and the reaction mixture was allowed to stir for 18 h at 80 °C. Then, the mixture

was diluted with EtOAc, washed with water and dried with anhydrous Na>SO4. The
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mixture was concentrated under vacuum and purified by column chromatography,
affording the title compound as a white solid (51 mg, 97%). "H NMR (500 MHz, CDCl5)
0 7.71 (d, J= 8.3 Hz, 2H), 7.33 (d, /= 7.9 Hz, 2H), 4.06 (m, 1H), 3.47 (dd, J=11.2, 5.5
Hz, 1H), 3.41 (m, 1H), 3.29 — 3.18 (m, 2H), 2.43 (s, 3H), 2.04 — 1.96 (m, 1H), 1.87 (m,
1H). ®C NMR (126 MHz, CDCl3) § 143.9, 133.6, 129.9, 127.6, 60.0, 52.8, 46.1, 31.3,
21.6. IR (neat): 2979, 2135, 2097, 1341, 1310, 1275, 1153, 1086, 1004, 814, 706, 658,
587, 546 cm™'. HRMS (ESI) calcd. for (Ci1Hi1sNsNaO»S) [M+Na]": 289.0730, found
289.0728. ML.P.: 66 °C.

/

Ts

UN\N/
~Q

Cl

4-(4-chlorobenzyl)-2-(1-tosylazepan-4-yl)phthalazin-1(2H)-one (4t). To a 10 mL
screw-cap reaction tube equipped with a magnetic stir bar was loaded 4-(4-
chlorobenzyl)phthalazin-1(2H)-one (0.20 mmol, 2.0 equiv., 54 mg), potassium carbonate
(0.11 mmol, 1.1 equiv., 15 mg), and potassium iodide (0.11 mmol, 1.1 equiv., 18 mg). The
tube was sealed and placed under nitrogen before 1.0 mL of DMF was added. After
stirring at room temperature for 30 minutes, a solution of 4-bromo-1-tosylazepane 2t (0.1
mmol, 1.0 equiv., 33 mg) in 0.5 mL DMF was added via syringe. The reaction mixture
was allowed to stir for 48 h at 70 °C. Then, the mixture was diluted with EtOAc, washed
with water and dried with anhydrous Na,SOs. The mixture was concentrated under
vacuum and purified by column chromatography, affording the title compound as a white
solid (25 mg, 48%). '"H NMR (500 MHz, CDCls) § 8.48 — 8.42 (m, 1H), 7.75 — 7.66 (m,
5H), 7.36 — 7.31 (m, 2H), 7.29 — 7.24 (m, 2H), 7.23 — 7.15 (m, 2H), 5.24 - 5.13 (m, 1H),
4.26 (s, 2H), 3.74 - 3.67 (m, 1H), 3.52 — 3.33 (m, 2H), 3.19 — 3.12 (m, 1H), 2.43 (s, 3H),
2.33 —2.25 (m, 1H), 2.20 — 2.11 (m, 1H), 2.08 — 1.96 (m, 2H), 1.83 — 1.62 (m, 2H). *C
NMR (126 MHz, CDCls) & 158.6, 144.8, 143.3, 136.5, 136.3, 133.1, 132.7, 131.4, 129.9,
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129.9, 129.0, 128.7, 128.3, 127.6, 127.2, 124.8, 56.8, 48.1, 44.7, 38.5, 34.6, 31.8, 25.1,
21.6. IR (neat): 2922, 2856, 1646, 1585, 1490, 1328, 1154, 1090, 1015, 797, 712, 690,
547 cm”'. HRMS (ESI) caled. for (CasHasCIN:NaOsS) [M+Na]": 544.1432, found
544.1417.

Br
Me.
N
Ts

N-(3-bromo-3-phenylpropyl)-V,4-dimethylbenzenesulfonamide (2y). Following
General Procedure C, N-methyl-3-phenylpropan-1-amine (0.3 mmol, 45 mg) and HCIO4
(0.6 mmol, 51 pL) was used, affording the title compound as a colorless oil (51 mg, 67%).
"H NMR (400 MHz, CDCl3) § 7.65 (d, J = 8.2 Hz, 2H), 7.43 — 7.27 (m, 7H), 5.06 (dd, J
=9.0, 5.5 Hz, 1H), 3.25 - 3.04 (m, 2H), 2.75 (s, 3H), 2.57 — 2.26 (m, 5H). ®*C NMR (101
MHz, CDCls) 6 143.7, 141.6, 134.3, 129.9, 128.9, 128.7, 127.6, 127.4, 52.0, 49.1, 38.5,
35.9, 21.6. IR (neat): 2923, 1454, 1337, 1156, 1088, 814, 736, 696, 648, 548 cm™.
HRMS (ESI) calcd. for (C17H21BrNO,S) [M+H]": 382.0471, found 382.0474.

(@]
Me .
=N
Ts

N-tosylfluoxetine (4y). To a 10 mL screw-cap reaction tube equipped with a magnetic
stir bar was loaded 4-Trifluoromethylphenol (0.24 mmol, 1.2 equiv., 39 mg) and
potassium carbonate (0.24 mmol, 1.2 equiv, 33 mg). The tube was sealed and placed under
nitrogen before 1.0 mL of acetone was added. After stirring at room temperature for 1
hour, a solution of 2y (0.2 mmol, 1.0 equiv., 76 mg) in acetone (1.0 mL) was added via
syringe. The reaction mixture was allowed to stir for 48 hours at room temperature. Then
the mixture was concentrated and purified by column chromatography, affording the title
compound as a white solid (78.7 mg, 85%). "H NMR (300 MHz, CDCl3) § 7.64 (d, J =
8.3 Hz, 2H), 7.46 — 7.40 (m, 2H), 7.37 — 7.23 (m, 7H), 6.90 (d, J = 8.3 Hz, 2H), 5.30 (dd,
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J=28.6,4.2 Hz, 1H), 3.28 (m, 1H), 3.10 (m, 1H), 2.74 (s, 3H), 2.42 (s, 3H), 2.28 — 2.00
(m, 2H). *C NMR (126 MHz, CDCl3) § 160.4, 143.5, 140.5, 134.2, 129.8, 128.9, 128.1,
127.5,126.9 (q,J = 3.7 Hz), 125.9, 123.1, 122.9 (q, /= 32.6 Hz), 116.0, 77.4,47.1, 37.2,
35.5, 21.5. IR (neat): 2927, 1614, 1517, 1323, 1247, 1157, 1108, 1066, 835, 815, 716,
700, 647, 548 cm™'. HRMS (ESI) calcd. for (C2sH24FsNNaOsS) [M+Na]": 486.1321,
found 486.1328.

4.9.5 Mechanistic Studies

Radical scavenger experiments

TBADT (1 mol%)
HCIO4 (3 equiv)

H ? Br
DBDMH (1.0 equiv) +
HoN + TEMPO - H3N ClO4~
\)\Me CH4CN, Ar \)\Me 4
1a 1 equiv 390 nm 2a' 23%

TBADT (1 mol%)
HCIO, (3 equiv)

H 4 Br
DBDMH (1.0 equiv) +
HoN HaN -
2 \)\Me+ TEMPO R s \)\Me CIO,
1a 2 equiv 390 nm 2a' 0%

An oven-dried 10 mL screw-cap reaction tube containing a stir bar was charged with
TBADT (1 mol%, 6.6 mg), TEMPO (0.2-0.4 mmol, 1 or 2 equiv., 31-62 mg) and DBDMH
(0.2 mmol, 1 equiv, 57 mg). The reaction tube was capped with a Teflon-lined rubber
septum and connected to a vacuum line where it was evacuated and backfilled with Ar
three times. To a 4ml Teflon-capped glass vial was added n-propyl-amine 1a (0.4 mmol,
2 equiv, 24 mg) and CH3CN (2 mL) before sequential addition of HCIO4 (0.6 mmol, 3
equiv, 51 pL). The reaction mixture was transferred to the reaction tube by syringe, then
sparged with Ar for 5 minutes. The reaction tube was then sealed with parafilm and
irradiated by a 390 nm Kessil Lamp in a UFO Reactor under stirring at 600 rpm for 20 h.
The reaction mixture was then quenched with air. The yield was determined via 'H-NMR

using CH2Br (0.2 mmol, 14 pL) as internal standard.
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Intercepting radical intermediates with methyl acrylate

MeO,C
TBADT (1 mol%)
HCIO4 (3.0 equiv.) CO,Me
L) + @ come CHLCN, 390 nm, 20h

H CO,Me then TsCl, DIPEA '}l
1 equiv

0°C, 2 hours Ts
22, 73%

An oven-dried 10 mL screw-cap reaction tube containing a stir bar was charged with
catalyst TBADT (1 mol%, 6.6 mg). The reaction tube was capped with a teflon-lined
rubber septum and connected to a vacuum line where it was evacuated and backfilled with
Ar three times. To a 4 mL Teflon-capped glass vial was added pyrrolidine 1m (0.4 mmol,
2 equiv., 28 mg) and CH3CN (2 mL) before sequential addition of HClO4 (0.6 mmol, 3
equiv., 51 pL). The reaction mixture was transferred to the reaction tube by syringe, then
sparged with Ar for 5 minutes and dimethyl maleate (0.2 mmol, 1 equiv., 29 mg) was
added. The reaction tube was then sealed with parafilm and irradiated by a 390 nm Kessil
Lamp in a UFO Reactor under stirring at 600 rpm for 20 h. After the reaction was complete,
the reaction mixture was concentrated under vacuum, passed through a thin pad of silica
with Hexane and EtOAc, then concentrated under vacuum to give a crude product, which

was purified by column chromatography delivering 2z (53 mg, 73%) as a colorless oil.

Dimethyl 2-(1-((4-methylphenyl)sulfonamido)propan-2-yl)succinate (2z). Colorless
oil. "H NMR (400 MHz, CDCl3) § 7.69 (d, J= 8.3 Hz, 2H), 7.33 (d, J= 8.6 Hz, 2H), 3.72
—3.60 (m, 6H), 3.46 — 3.32 (m, 2H), 3.21 — 3.07 (m, 1H), 3.02 - 2.83 (m, 1H), 2.74 - 2.61
(m, 2H), 2.46 —2.41 (m, 3H), 2.24 (m, 1H), 2.00 — 1.81 (m, 1H), 1.62 — 1.39 (m, 2H). BC
NMR (126 MHz, CDCl3) 6 173.8, 173.7,171.9, 171.8, 143.8, 143.7, 133.6, 133.6, 129.9,
129.9, 127.7, 127.7, 52.3, 52.2, 52.1, 52.1, 51.5, 51.3, 47.6, 47.5, 44.2, 43.9, 40.4, 40.2,
35.0,34.7,29.6,29.4,21.7. HRMS (ESI) calcd. for (C17H23NNaO6S) [M+Na]": 392.1138,
found 392.1152.
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Intermolecular Kinetic Isotope Effect

H, Br D Br
H H D D
H H D D
TBADT (1 mol%) H H D D
HCIO, (3.0 equiv.) H N o Vb
H H D D DBDMH (10 equiv.) Ts Ts
H H . D D CH3CN, 390 nm,4h‘ 2n 2na
H S H  DZN-SD  thenTsCl DIPEA iH o bow
H H H D p D 0°C, 2h H Hy D D
1n d-10 1n KulKp =1.78 H Br D Br
H N H D N D
H Vv H D Vv D
2n+2n'+2na+2na’ = 34% Ts Ts
(2n+2na)/(2n'+2na') = 1.5:1 2n' 2na’

Following a modified General Procedure A, piperidine (0.2 mmol, 1 equiv) and
piperidine-dio (0.2 mmol, 1 equiv) were treated with HCIO4 (0.6 mmol, 3 equiv) and
irradiated with a 390 nm Kessil lamp for 4 hours. The reaction mixture was purified by
column chromatography, yielding a 1.5:1 mixture of N-tosyl 4-bromopiperidine and N-

tosyl 3-bromopiperidine (22.0 mg, 34% yield).
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FaSa¥alt

H, Br D Br
e i H H D D
e——— N e———— H H D D
HA H D D
Ny b Vb
Ts Ts
2n 2na
+
H H D H
H Hp D D
H Br D Br
H N H D N D
LI | D V' D
—T — 1 Ts Ts
5 S & 2n' 2na’

T T T
435 430 425 420 415 410 405  4.00
f1 (ppm)

5.0 4.5
f1 (ppm)

"H NMR (500 MHz, CDCl;) of brominated 1n and 1n-dio, & 4.24 (m, 0.37H, Ha), 4.07
(m, 0.27H, Hb).

KIE = (Ha+Hb)/(1-(Ha+Hb)) = 0.64H/0.36D = 1.78
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Quantum Yield

The quantum yield was measured for the C(sp’)-H bromination of 1a and 1k. The
reactions were performed in a quartz cuvette (path length (1) = 1.0 cm) positioned 1 cm

away from a single blue LED (Amax = 395 nm).
Determination of the Photon Flux:

The photon flux of the blue LED set-up was determined using standard ferrioxalate
actinometry.* A 0.012 M ferrioxalate solution (solution a) was prepared by dissolving 59
mg of potassium ferrioxalate trihydrate in 10 mL of 0.05 M aq. H2SO4. A buffered 5.5
mM phenanthroline solution (solution b) was prepared by dissolving 10 mg of 1,10-
phenanthroline and 2.25 g of NaOAc-3H>O in 10 mL of 0.5 M aq. H2SO4. Both solutions
were stored in amber vessels in the dark. Whilst working under red light, 2 mL of solution
a) was transferred into a cuvette. This operation was repeated three times to get 3 identical
solutions: one of them was kept in the dark (Blank), while the other cuvettes (Test 1 and
Test 2) were placed 1 cm from a single 395nm LED and irradiated for 60 seconds. After
irradiation, 25 pL of each of the three solutions were withdrawn and diluted with 2.5 mL
of solution b) each. The mixtures were left to stand for approximately 15 min. Then, a
single-beam spectrophotometer was used to read the difference of absorbance (AA) at A
=510 nm between Test 1 and 2 and the Blank. ¢ is the molar absorptivity of the Fe(phen)s**
complex at A =510 nm (11100 L mol™* cm™).
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Figure 4-5 UV absorption spectrum of Test 1 (blue) and Test 2 (purple) and the Blank
(red).

for Test 1: AA=0.83303
for Test 2: AA=0.85051

The number of moles of Fe** formed was calculated using:

2.75 x103 L

AA x 2.0 x103 L x —————
0.25 x10° L

24+ —

mol Fe
ex|

for Test 1: mol Fe*" = 1.65 x 10°°
for Test 2: mol Fe*" = 1.69 x 10°°

The photon flux was calculated using:

mol Fe2"

O xtxf

photon flux (E «s7!) =

Where @ is the quantum yield for the ferrioxalate actinometer (1.13 at A =395 nm),” t is

the irradiation time (60 s), and f is the fraction of light absorbed at A = 395 nm, where f
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=1 — 10746% "™ The absorbance of the above ferrioxalate solution at 395 nm was

measured to be 3.098, therefore f = 0.9992.
Determination of the Quantum Yields:

Quantum Yield for the formation of 2a’

TBADT (2 mol%)
HCIO, (3.0 equiv.)

H X Br
DBDMH (1.0 equiv.) + +
HZN\)\Me > H3N\)\Me+ H3N\/\/Br

CH5CN, Ar CI0,

ClO4~
395 4
1a nm 2a’ 2a"

\

A 4.5 mL quartz cuvette (path length: 1 = 1.0 cm) containing a stir bar was charged with
TBADT (2 mol%, 13 mg) and DBDMH (0.2 mmol, 1 equiv., 57 mg). The cuvette was
capped with a Teflon-lined rubber septum and connected to a vacuum line where it was
evacuated and backfilled with Ar three times. To a 4 mL Teflon-capped glass vial, n-
propylamine 1a (0.4 mmol, 2 equiv., 24 mg) and CH3;CN (2 mL) were added, followed by
the sequential addition of HCIO4 (0.6 mmol, 3.0 equiv., 51 pL). This solution was then
transferred to the cuvette by syringe after sparging with Ar for 5 minutes. The cuvette was
sealed with parafilm and positioned 1 cm away from a single 395 nm LED, stirred and
irradiated for 5 h. The reaction mixture was then quenched with air. The yield was
determined via '"H-NMR assay using CH,Br» (0.2 mmol, 13.5 uL) as an internal standard.
We calculated the quantum yield after 5 h of reaction, when 1.4x10™ moles (7% yield) of
product 2a' were formed. QY (®) was calculated from the ratio between the moles of

product produced after 5 h and the moles of photon reaching the reaction vial in 5 h.

Entry | AA mol Fe?" Ees! Ein5h mol roq )
1 0.83303 1.65x10° 244 x10% 439x10% 1.40x 107 0.03
2 0.85051 1.69 x 100 249 x10% 448 x10% 1.40x 107 0.03

Quantum yield was determined to be 0.03 (as average of two experiments), indicating that

the process does not follow a canonical radical-chain propagation.
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Quantum Yield for the formation of 2k' .

HCIO4 (2.5 equiv.) ClO4~ Br
DBDMH (1.0 equiv.) +
N H3N Ph
HoN Ph CH4CN, Ar 3
1k 395 nm K

A 4.5 mL quartz cuvette (path length: 1 = 1.0 cm) containing a stir bar was charged with
DBDMH (0.2 mmol, 1 equiv., 57 mg). The cuvette was capped with a Teflon-lined rubber
septum and connected to a vacuum line where it was evacuated and backfilled with Ar
three times. To a 4 mL Teflon-capped glass vial, 3-phenylpropylamine 1k (0.25 mmol, 34
mg) and CH3CN (2 mL) were added, followed by the sequential addition of HCIO4 (0.5
mmol, 43 pL). This solution was then transferred to the cuvette by syringe after sparging
with Ar for 5 minutes. The cuvette was sealed with parafilm and positioned 1 cm away
from a single 395 nm LED, stirred and irradiated for 0.5 h. The reaction mixture was then
quenched with air. The yield was determined via "H-NMR assay using CH,Br (0.2 mmol,
13.5 pL) as an internal standard. We calculated the quantum yield after 0.5 h of reaction,
when 1.90x107* moles (95% yield) of product 2k' were formed. QY (®) was calculated
from the ratio between the moles of product produced after 0.5 h and the moles of photon

reaching the reaction vial in 0.5 h.

Entry | AA mol Fe?" Ees! Ein0.5h mol ,roq ®
1 0.83303 1.65x10° 244x10% 439x10° 1.90x10* 433
2 0.85051 1.69x10° 249x 108  448x10° 1.90x 10* 4.24

Quantum yield was determined to be 4.29 (as average of two experiments), indicating that

the process might follow a radical-chain propagation.
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4.9.6 DFT Calculations

To better understand the rule of selectivity in this distal bromination event, BDE and NPA
analysis of amines and ammonia salts were collected. The following results do not only
predict the more electron-rich hydrogen with lower BDE amenable for hydrogen atom
transfer (HAT) but also explain the site-selectivity in the presence of additional electron-

rich C(sp®)-H linkages.

All calculations were performed using the Gaussian 09 program. All geometries were
optimized at the B3LYP/6-31G(d,p) level of theory, accounting for solvation effects using
the self-consistent reaction field polarizable continuum model (IEF-PCM) in acetonitrile,
T=295.15K. Natural population analysis (NPA) was performed on the energy minimized
structure at the B3LYP/6-311++G(d,p) level of theory to obtain natural partial atomic

charges for all hydrogen atoms (lower values indicate the site is more electron rich).>®

HoH, " wH o
’ Nw/\/HC . H ILI\H\/HC
Ha Ha
1a 1a
NPA BDE NPA BDE

Ha=0.167 Ha=91.9 keal Ha=0.220 Ha=102.9 keal
Hp=0.189 Hp = 97.4 keal Hp = 0.208 Hp = 97.8 keal
H.=0.197 H, = 101.3 kecal H, = 0.207 H, = 102.3 kcal

Table 4.4 The NPA and BDE analysis of 1a and 1a".

343



UNIVERSITAT ROVIRA I VIRGILI

Synthesis of Advanced Aliphatic Amines via Catalytic C(sp3)-N Bond-Formation or C(sp3)-H
Functionalization

JINHONG CHEN

E Hp " H E Hp
T HN N,
Ha HC Ha HC
1c 1c'

NPA BDE NPA BDE
H,=0.168 H, = 91.7 kcal H,=0.220 H, = 102.9 kcal
Hp=0.188 Hp = 98.1 kcal Hp = 0.208 Hp, = 98.2 keal
H,=0.187 H;=97.6 kcal H,=0.197 H;=98.3 kcal
Hy=0.195 Hy=101.4 kcal Hgz=0.200 Hgy=101.8 kcal

Table 4.5 The NPA and BDE analysis of 1¢ and 1c¢'.

NPA BDE NPA BDE
H,=0.156 H,yp = 91.9 keal H,=0.218 Hap = 102.6 keal
H,=0.193 Hp = 0.229
H, = 0.201 Hyg = 99.4 kcal H,=0.232 Heq = 99.0 keal
Hy=0.191 Hy=0.210
H, =0.188 Her = 98.3 kcal H, = 0.204 Hoy = 99.2 kcal
H, = 0.200 H; =0.219

Table 4.6 The NPA and BDE analysis of 1n and 1n'.

(For DFT Calculations details, see the SI of Angew. Chem. Int. Ed. 2024, 63,
€202406485.)
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4.9.7 Crystallographic Data

X-ray diffraction of 20

Figure 4.6 ORTEP diagram of 20, CCDC: 2325216

Table 4.7 Crystal data and structure refinement for 2o.

Empirical formula Ci3HisBrNO,S
Formula weight 332.25
Temperature/K 100
Crystal system monoclinic
Space group P2i/n
a/A 13.9183(4)
b/A 5.98420(10)
c/A 17.7637(4)
a/° 90
/e 105.466(3)
v/° 90
Volume/A® 1425.96(6)
Z 4
Pealeg/cm’ 1.548
wmm'! 3.023
F(000) 680.0
Crystal size/mm’ 0.5x0.5x%0.5

Radiation

20 range for data collection/°

MoKa (A= 0.71073)
4.328 to 64.72
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Table 4.7 Crystal data and structure refinement for 2o.

Index ranges 20<h<15,-7<k<9,-26<1<26
Reflections collected 22453
Independent reflections 4686 [Rint = 0.0247, Rgigma = 0.0242]
Data/restraints/parameters 4686/0/165
Goodness-of-fit on F? 1.044
Final R indexes [I>=2c (I)] R1=10.0279, wR, = 0.0645
Final R indexes [all data] Ri1=0.0354, wR> = 0.0667
Largest diff. peak/hole / ¢ A™ 0.80/-0.41

Table 4.8 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement
Parameters (A?x10°) for 20. U, is defined as 1/3 of the trace of the orthogonalised Uy

tensor.
Atom x y z U(eq)
Brl 3665.4(2) 9416.8(3) 5077.9(2) 23.83(5)
S 4765.3(2) 6171.2(6) 2573.7(2) 13.46(7)
o1 4378.2(7) 7436.8(13) 1873.0(6) 18.8(2)
02 4788.2(8) 3768.7(17) 2543.7(6) 19.002)
NI 4078.7(8) 6794.8(19) 3159.2(7) 13.002)
Cs 3815.4(10) 9157(2) 3227.6(8) 13.702)
C4 2816.4(10) 9217(2) 3425.1(8) 15.003)
C6 5996.8(9) 7083(2) 2998.7(8) 13.4(2)
3 2799.8(10) 7854(2) 4145.3(8) 15.503)
7 6297.6(10) 9182(2) 2812.7(8) 15.4(3)
2 3230.7(11) 5528(2) 4111.209) 16.13)
11 6653.6(11) 5679(2) 3514.1(9) 17.53)
9 7949.8(10) 8477(3) 3658.0(8) 18.2(3)
8 7277.7(11) 9858(2) 3141.2(9) 17.53)
Cl 4221.7(10) 5547(2) 3892.4(8) 15.703)
C10 7625.9(11) 6389(3) 3836.4(9) 20.003)
Cl13 1759.3(11) 7756(3) 4268.7(10) 25.5(3)

C12 9012.6(12) 9205(3) 4014.2(10) 27.8(4)
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Table 4.9 Anisotropic Displacement Parameters (A?x10?) for 20. The Anisotropic
displacement factor exponent takes the form: -2n°[h’a**Uy;+2hka*b* U o+...].

Atom Un Uxn Uss Uz Uz Ui
Brl  33.13(9)  22.56(8)  1457(8)  -3.53(6) 4.19(6)  3.79(6)
SI 11.97(14)  1338(15)  15.46(15) -225(12) 4.42(11)  -0.67(11)
Ol 169(5)  243(5) 146(5)  054) 314 0.1(4)
02 19.2(5) 13.4(5) 2615  -62(4)  9.1(4)  -1.5(4)
NI 13.005) 11.3(5) 159(5) 09(4)  604) 154
cs  15.0(6) 9.4(6) 17.1(6) 135) 48(5)  1.8(4)
C4  14.9(6) 14.9(6) 156(6)  275)  46(5)  3.90)
c6  11.2(6) 14.6(6) 1526) -12(5)  495)  0.0(5
C3  14.8(6) 17.8(6) 14.4(6) 18(5)  45(5)  3.105)
C7 15.9(6) 14.2(6) 17.16) 0205  61(5)  14(5)
2 17.6(6) 13.7(6) 182(6) 2605  68(5)  08(5)
Cll  16.2(6) 1686)  203(7)  41(5) 6205  14(5
CO 138(6)  263(7) 16.06)  -43(6)  63(5)  -2.4(5)
8 17.8(6) 1676)  203(7)  235)  93(5)  -3.9(5)
Cl 1636 12.4(6) 19.06)  34(5)  56(5)  3.105)
Cl0  147(6)  265(7) 180(7)  50(6)  3.1(5)  3.1(6)
CI3  202(7) 33609  2658)  9.6(7)  1256)  8.2(6)
Cl2  158(7)  428(10)  2458)  -3.9(7)  496)  -7.6(7)
Table 4.10 Bond Lengths for 2o0.
Atom  Atom Length/A Atom  Atom Length/A
Brl  C3 2.0016(14) c6  Cll 1.391(2)
S1 o1 1.4336(11) C3 C2 1.5234(19)
S1 02 1.4394(11) C3 Cl13 1.5226(19)
S1 N1 1.6323(11) C7 C8 1.393(2)
S1 Cé6 1.7651(13) C2 Cl 1.5296(19)
N1 C5 1.4734(17) Cl1 C10 1.388(2)
NI c1 1.4681(18) 9 C8 1.394(2)
C5 C4 1.5225(19) C9 C10 1.393(2)
C4 C3 1.5228(19) C9 Cl12 1.510(2)
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Table 4.10 Bond Lengths for 2o0.
Atom  Atom Length/A Atom  Atom Length/A
c6  C7 1.3915(19)

Table 4.11 Bond Angles for 20.

Atom Atom Atom Angle/* Atom Atom Atom Angle/
01 S1 02 120.16(7) c4 C3 C2 111.22(11)
0O1 S1 N1 106.51(6) C2 C3 Brl 107.67(9)

01 S1 Coé 107.77(6) C13 C3 Brl 106.53(10)
02 S1 N1 105.93(6) C13 C3 C4 111.70(12)
02 S1 Coé 107.22(6) C13 C3 C2 111.72(12)
N1 S1 Coé 108.88(6) c6e C7 C8 119.04(13)
Cs N1 S1 118.20(9) C3 2 Cl 113.23(11)
Cl N1 S1 119.01(9) Cl10 C11 Coé 118.94(13)

Cl N1 Cs 113.13(11) c8  O9 Cl2  121.04(14)
N1 Cs C4 107.72(11) C10 C9 C8 118.71(13)
Cs C4 C3 113.59(11) C10 C9 Cl12  120.25(14)
C7 Cé S1 119.79(11) C7 C8 C9 120.95(13)
Cl1 Ce6 S1 119.19(11) Nl Cl1 C2 108.12(11)
Cl1 Ce6 C7 121.02(13) Cl1 Cl10 C9 121.33(14)
C4 C3 Brl 107.72(9)

Table 4.12 Torsion Angles for 2o0.

A B C D Angle/* A B C D Angle/
Brl C3 c2 Cl1 -70.14(13) C5 C4 C3 Brl 69.55(13)
S1 N1 C5 C4 151.019) C5 C4 C3 C2 -48.22(16)
S1 N1 Cl C2 -15146(10) C5 C4 C3 Cl13 -173.80(13)
S1 C6 C7 C8 -178.72(11) C4 C3 C2 Cl1 47.65(16)
S1 C6 Cll1  Cl10 178.93(11) C6 SI NI C5 72.53(11)
01 S1 Nl  C5 -43.43(11) C6 SI NI Cl1 -71.28(11)
01 S1 N1 Cl 172.76(10) c6 C7 C8 (9 -0.9(2)
01 S1 c6 C7 21.76(13) Cc6 ClI1 Cl10 C9 0.5(2)
01 S1 C6 Cl1 -158.00(11) C3 C2 Cl NI -53.95(15)
02 S1 N1 C5 -172.44(10) C7 C6 CI1 Cl10 -0.8(2)
02 S1 N1  Cl  43.75(12) Cl1 C6 C7 C8 1.0(2)
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Table 4.12 Torsion Angles for 20.
A B C D Angle/* A B C D Angle/
02 S1 C6 C7 152.43(11) c8 C9 C10 C11 -0.4(2)
02 S1 c6 Cl1 -27.32(13) Cl NI C5 C4 -63.15(14)
N1 S1 c6 C7 -9338(12) Cl10 C9 C8 C(C7 0.6(2)
N1 S1 C6 Cl1 86.86(12) Cl13 C3 C2 Cl1 173.22(12)
N1 C5 C4 C3 5451015 Cl2 C9 C8 C7 179.95(14)
C5 N1 Cl C2 63.00014) Cl12 C9 Cl10 Cl11 -179.74(14)

Table 4.13 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement
Parameters (A?x10°) for 2o.

Atom x y z U(eq)
H5A 3766.02 9948.35 2729.34 16
H5B 4333.29 9899.37 3644.23 16
H4A 2294.08 8643.16 2973.08 18
H4B 2650.57 10789.22 3511.18 18
H7 5841 10141.19 2466.74 18
H2A 2743.18 4620.98 3723.31 19
H2B 3330.98 4800.82 4627.06 19
HI11 6440.28 4255.62 3643.43 21
HS 7491.14 11279.61 3011.03 21
HI1A 4743 .82 6269.31 4311.2 19
HIB 4434.99 3998.22 3825.14 19
H10 8079.57 5432.74 4185.78 24
HI13A 1788.07 6991.71 4762.26 38
HI3B 1314.33 6934.71 3836.67 38
H13C 1505.82 9276.94 4286.71 38
HI12A 9461.38 8319.15 3791.02 42
H12B 9184.07 8977.68 4580.75 42
H12C 9082.34 10791.29 3901.89 42
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X-ray diffraction of 2t

Figure 4.7 ORTEP diagram of 2t, CCDC: 2325217

Table 4.14 Crystal data and structure refinement for 2t.

Empirical formula Ci3H1sBrNO,S
Formula weight 332.25
Temperature/K 100.00
Crystal system monoclinic
Space group P2i/n
a/A 14.4416(2)
b/A 5.20660(10)
c/A 18.4755(3)
a/° 90
pre 90.8660(10)
y/° 90
Volume/A® 1389.04(4)
Z 4
pca1cg/crn3 1.589
wmm'' 3.104
F(000) 680.0
Crystal size/mm’ 0.2x0.2x0.2
Radiation MoKa (A= 0.71073)
20 range for data collection/° 5.642 to 68.9
Index ranges 21 <h<22,-8<k<8,-28<1<27
Reflections collected 40216
Independent reflections 5702 [Rinc = 0.0385, Reigma = 0.0213]
Data/restraints/parameters 5702/0/164
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Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

1.061
R;1=0.0374, wR> = 0.1029
R;=0.0436, wR» = 0.1059

1.96/-0.67

Table 4.15 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A?x10%) for 2t. U, is defined as 1/3 of the trace of the
orthogonalised Uy tensor.

Atom X y z U(eq)
Brl 6788.9(2) -313.5(4) 2869.2(2) 25.87(6)
Cc2 1689.3(12) 4422(4) 4230.9(10) 23.3(3)
02 3510.2(10) -919(3) 4506.7(7) 24.7(3)
C3 1190.3(13) 6148(4) 4648.4(11) 27.2(3)
C4 1378.5(12) 6447(4) 5386.9(10) 24.2(3)
C5 2080.2(14) 4970(4) 5704.4(10) 24.9(3)
C6 2586.9(12) 3228(4) 5295.909) 22.6(3)
C7 840.9(15) 8344(5) 5832.6(13) 34.1(4)
C8 4665.8(12) 3302(4) 4083.7(10) 23.5(3)
Ol 2454.3(10) -84(3) 3457.2(8) 25.3(3)
N1 3852.6(10) 2552(3) 3648.4(8) 20.7(3)
Cl 2387.5(11) 2970(3) 4560.2(9) 18.3(3)
S1 3051.2(3) 864.3(8) 4028.5(2) 18.14(8)
C9 5508.6(12) 1749(4) 3854.2(9) 23.3(3)
C10 5841.0(13) 2316(4) 3094.7(10) 24.8(3)
Cl1 5131.6(13) 2351(4) 2476.2(9) 24.4(3)
C12 4455.2(15) 4617(4) 2542.8(12) 29.5(4)
C13 3612.4(14) 4091(4) 3000.6(10) 25.7(3)

Table 4.16 Anisotropic Displacement Parameters (A*x10?) for 2t. The Anisotropic
displacement factor exponent takes the form: -2n°[h?a**U;;+2hka*b*Uj,+...].

Atom Un Uz, Uss Uz Uz Un
Brl  21.6909) 29.03(10) 27.06(10) 547(6)  547(6)  3.58(6)
C2 21.1(7) 26.5(8) 22.1(7) -1.8(6) -3.0(6) 4.8(6)
02 326(7) 2L1(6)  204(5)  1.6@4) 265  9.005
C3 22.5(7) 27.9(9) 31.1(9) -2.1(7) -1.3(6) 7.8(7)
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Table 4.16 Anisotropic Displacement Parameters (A*x10?) for 2t. The Anisotropic
displacement factor exponent takes the form: -2n°[h?a**U;;+2hka*b*Uj,+...].

Atom Un Uz, Uss Uz Uz Un
Cc4 21.4(7) 22.4(7) 28.9(8) -5.6(6) 5.0(6) 1.1(6)
C5 25.5(8) 29.1(8) 20.3(7) -5.3(6) 1.7(6) 1.7(6)
Co 24.4(7) 25.8(8) 17.6(6) -2.0(6) -1.1(5) 5.0(6)
C7 28.9(9) 32.5(10) 41.3(11) -12.0(9) 8.8(8) 4.1(8)
C8 22.8(7) 24.9(8) 22.6(7) -6.1(6) -3.3(6) 2.1(6)
0O1 27.8(6) 26.8(6) 21.0(6) -7.0(5) -6.4(5) 0.4(5)
N1 19.5(6) 25.2(7) 17.4(6) 0.2(5) -1.1(4) 2.8(5)
C1 18.6(6) 18.3(6) 18.1(6) -1.7(5) -0.2(5) 2.0(5)
S1 21.33(17)  17.90(16)  15.09(15)  -2.12(12) -3.12(12) 3.56(13)
C9 22.0(7) 26.9(8) 20.9(7) 1.2(6) -3.0(5) 1.7(6)

C10 24.3(7) 24.7(8) 25.4(8) 3.1(6) -1.3(6) 1.1(6)
Cll1 26.9(7) 28.0(8) 18.2(7) 5.4(6) 0.5(6) 3.0(6)
C12 29.7(9) 27.6(9) 31.3(9) 11.6(7) -2.2(7) 1.4(7)
C13 28.9(8) 25.8(8) 22.5(7) 4.7(6) 0.3(6) 7.6(7)
Table 4.17 Bond Lengths for 2t
Atom  Atom  Length/A Atom  Atom Length/A
Brl C10 1.9847(19) C8 C9 1.527(3)
C2 C3 1.392(3) O1 S1 1.4399(14)
C2 Cl1 1.393(2) N1 S1 1.6215(16)
02 S1 1.4368(13) N1 C13 1.477(2)
C3 C4 1.396(3) Cl S1 1.7646(16)
Cc4 C5 1.394(3) C9 C10 1.519(3)
C4 C7 1.509(3) C10 Cl1 1.523(3)
C5 Co6 1.394(2) Cl1 C12 1.538(3)
Co Cl1 1.392(2) C12 C13 1.518(3)
C8 N1 1.466(2)
Table 4-18. Bond Angles for 2t.
Atom Atom Atom Angle/* Atom Atom Atom  Angle/°
C3 C2 Cl 119.06(17) 02 S1 O1 119.65(9)
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Table 4-18. Bond Angles for 2t.

Atom Atom Atom Angle/* Atom Atom Atom  Angle/
C2 C3 C4 121.24(17) 02 S1 N1 106.90(8)
C3 C4 C7 120.82(18) 02 S1 Cl 107.97(8)
Cs C4 C3 118.64(16) 01 S1 N1 106.96(8)
Cs C4 C7 120.54(18) 01 S1 Cl 107.28(8)
Coé Cs C4 120.99(17) N1 S1 Cl 107.56(8)
Cl C6 Cs 119.27(16) C10 C9 C8  114.72(15)
N1 C8 C9 109.98(14) C9 C10 Brl  106.77(12)
C8 N1 S1 118.55(12) c9 C10 Cl11 118.50(15)
C8 N1 C13 118.42(16) Cll Cl10 Brl 107.99(13)
C13 N1 S1 118.98(12) C10 Ci11 Ci12 111.70(17)
C2 Cl S1 119.33(13) C13 Cl12 Cll 114.95(16)
Coé Cl C2 120.79(15) N1 Cl13 Cl12 111.65(15)
Coé Cl S1 119.84(13)

Table 4.19 Torsion Angles for 2t.

A B C D Angle/* A B C D Angle/
Brl C10 C11 Cl12 -170.97(13) C8 NI S1 Ol -167.28(13)
Cc2 (3 C4 Cs -0.2(3) C8 NI S1 C1 77.75(14)

C2 C3 C4 C7 179.30(19) C8 NI (13 Ci12 46.7(2)
C2 Cl S1 02  -162.86(15) Cc8 C9 C10 Brl -170.71(13)

C2 Cl Sl Ol -32.66(17) C8 C9 Cl0 Cll  -48.7(2)
C2 Cl SI NI  82.10(16) NI C8 C9 Cl0  66.8(2)
3 €2 Cl  C6 0.1(3) Cl C2 C3 4 0.1(3)
3 €2 Cl Sl -177.71(15) SI NI CI3 CI2 -156.24(15)
C3 C4 C5 C6 0.1(3) C9 C8 NI SI 107.42(15)
c4 C5 C6 CI 0.1(3) C9 C8 NI CI3 -9542(19)
cs C6 Cl (2 -0.2(3) C9 Cl0 Cll CI2  67.6Q2)
Cc5 €6 Cl S 177.61(15  Cl0 CIl Cl2 CI3 -87.3(2)
c6 Cl SI 02 1934(17) Cll CI2 CI3 NI  39.7Q2)

C6 Cl S1 01 149.55(15) CI3 NI S1 02 164.97(14)
C6 Cl S1 N1 -95.69(15) CI3 NI S1 Ol 35.69(16)
C7 C4 G5 C6  -179.39(19) CI3 NI S1 C1 -79.28(15)
C8 NIl S1 02 -38.00(15)
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Table 4.20 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement
Parameters (A*x10%) for 2t.

Atom X y z U(eq)
H2 1555.46 4237.37 3728.61 28
H3 712.76 7141.04 4426.51 33
H5 2214.96 5152.87 6206.65 30
H6 3063.09 2228.82 5517.4 27
H7A 971.87 10092.06 5666.08 51
H7B 1024.96 8178.14 6343.2 51
H7C 176.69 7994.92 5778.14 51
H8A 4544.93 2995.33 4602.61 28
H8B 4789.37 5157.17 4017.57 28
H9A 6023.13 2090.3 4201.1 28
H9B 5355.51 -100.37 3886.47 28
H10 6155.35 4027.06 3105.59 30
HI1A 4778.62 720.9 2476.17 29
H11B 5457.63 2476.1 2009.98 29
HI12A 4794.52 6098.1 2753.51 35
H12B 4241.8 5118.15 2051.04 35
HI3A 3337.76 5743.3 3153.51 31
H13B 3142.78 3160.57 2705.93 31
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4.9.8 Representative set of NMR Spectra

For all the spectra, see the SI of Angew. Chem. Int. Ed. 2024, 63, €202406485.
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This thesis describes the efficient manifolds for accessing advanced aliphatic amines

via catalytic C(sp*)-N bond-formation or C(sp*)-H functionalization, highlighting their

potential application in medicinal development. The main achievements of the initial

program are highlighted herein:

Chapter 2:

A nickel-catalyzed intermolecular, site-selective C(sp’)-H amidation via nitrene
transfer has been developed. The method is characterized by its ease of execution,

mild conditions, and broad substrate scope.

The protocol is distinguished by a predictable reactivity pattern using dioxazolones
as nitrene precursors, allowing to forge C(sp*)-N linkages at sp® sites adjacent to

nitrogen or oxygen atoms in either cyclic or acyclic frameworks.

Preliminary mechanistic experiments revealed the involvement of open-shell
carbon-centered radicals generated via hydrogen atom transfer by the nickel-
nitrenoid intermediate. In addition, a prepared bathocuproine-ligated Ni(I) complex

was found to be component as reaction intermediate.

Chapter 3:

A switchable, stereodivergent nickel-catalyzed N-glycosylation of readily accessible

glycals has been developed.

The method involves the incorporation of a hydrogen atom across an olefin prior to
C(sp*)-N bond formation, thus offering a new way to access o-N-glycosides. The
corresponding B-N-glycosides can be easily accessed by epimerization of the former

a-N-glycosides in acidic media.

Isotope-labelling studies suggest a mechanism consisting of a nickel-hydride
migratory insertion into the glycal from a-face, an observation that is likely dictated

by a kinetic metalloanomeric effect.
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Chapter 4:

M A photocatalyzed, site-selective remote bromination of C(sp*)~H bonds in primary

or secondary aliphatic amines has been developed.

B The approach was achieved by modulating the electronics properties of the proximal
C-H bonds via protonation of the amine function, allowing to promote

functionalization at remote sp® C—H bonds.

B The resulting halogenated building blocks serve as synthetic linchpins, as these
intermediates can be engaged in a series of C(sp*)-C, C(sp*)-N or C(sp*)-O bond-
forming reactions, thus offering a new platform to incorporate different moieties at

remote positions of simple aliphatic amine backbones.
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