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“This is how it always ends. With death. But first there was life.
Hidden beneath the blah, blah, blah. It’s all seated beneath the
chitter chatter and the noise. Silence and sentiment. Emotion and
fear. The haggard, inconstant flashes of beauty. And then the
wretched squalor and miserable humanity. All buried under the cover
of the embarrassment of being in the world, blah, blah, blah...
Beyond there is what lies beyond. | don’t deal with lies beyond.
Therefore... let this novel begin. After all... It’s just a trick.

Yes, it’s just a trick.”

The Great Beauty, Paolo Sorrentino

Ai miei genitori e a mia sorella Elisabetta

A mio nonno Giuseppe
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SUMMARY

The oxidation of aliphatic C-H bonds is a very powerful reaction because it allows the
functionalization of inert C-H bonds, converting them into a suitable sites for further chemical
elaboration. However, it also represents one of the most challenging reactions in modern
synthetic organic chemistry because the multitude of aliphatic C-H bonds in a molecule makes
site selective oxidation particularly difficult. Moreover, the introduction of chirality
represents an unmet but very appealing challenge, because the asymmetric oxidation of
hydrocarbons produces chiral compounds of high value in organic synthesis from readily
available starting materials. Until now, examples of enantioselective oxidation of
nonactivated aliphatic C-H bonds remain exclusive to enzymes. Taking inspiration from the
mechanism of action of transition metal dependent oxygenases, such as cytochrome P450,
naphthalene 1,2-dioxigenase and proline 4-hydroxylase, this thesis has been devoted to the
development of new catalytic systems capable to oxidize nonactivated aliphatic C-H bonds in
a site-selective and enantioselective manner. In particularly, chemo- and enantioselective
aliphatic C-H oxidation reactions, especially focused in amide containing substrates have been
developed. These reactions have been carried out employing bioinspired manganese and iron
complexes, bearing N-based tetradentate ligands, hydrogen peroxide as oxidant and
carboxylic acids, in short reaction times and under mild conditions. Moreover, well aligns with
sustainability criteria, extremely important in today’s society; it is based on first row transition
metal catalysts (iron and manganese), less toxic than the noble metals traditionally employed
in catalysis, in combination with hydrogen peroxide, an oxidant that exhibits a high atom
economy and that only generates water as by-product. Chapter Il describes the site-selective
C-H bond oxidation of N-alkylamides and phthalimides. It has been demonstrated that amides
can be employed as superior functional groups for modulating site-selectivity in C-H bond
oxidation reactions, where by means of electronic, steric and stereoelectronic effects,
activation or deactivation of proximal C-H bonds can be finely tuned. In Chapter IV a family of
chiral sterically demanding manganese complexes, characterized by the presence of the
triisopropylsilyl group (TIPS) on the pyridine rings of the ligand, were synthetized as catalysts.
The impact of the steric properties of the catalysts in C-H bond oxidation reactions have been
studied using mosubstituted cyclohexanes as substrates. The positive role of carboxylic acids
in the activation of hydrogen peroxide and on the reaction stereoselectivity has been also
studied. From these studies, manganese complexes bearing TIPS groups on the aminopyridine
ligands, in combination with the optimal carboxylic acid, have emerged as particularly
efficient and stereoselective C-H oxidizing systems. In Chapter V, torsional effects have been
disclosed as powerful site directing tools in the C-H oxidation of disubstituted cyclohexane
scaffolds. This element allows the kinetic resolution of cis-trans mixtures of 4-substituted N-
cyclohexylamides, leading to quantitative conversion of the cis-isomers, allowing the isolation
and successive conversion of the trans-isomers into densely functionalized oxidation products
with excellent site-selectivity and good enantioselectivity.



RESUM

L'oxidacié d’enllacos C-H alifatics és una reaccidé altament interessant perquée permet
funcionalitzar I'enllag C-H inert, generant molécules d’alt interes sintétic. No obstant, també
es tracta d'una de les reaccions que més atencid ha generat en en el camp de la quimica
organica sintética moderna perque la multitud d'enllacos C-H alifatics present en una mateixa
molécula fa que |'oxidacié selectiva d’un enllag especific sigui particularment dificil. A més, la
introduccid de quiralitat en aquesta reaccid representa, encara a dia d’avui, un repte molt
atractiu, ja que l'oxidacié asimetrica d'hidrocarburs, compostos altament abundants a la
naturalesa, permet l'obtencié de compostos quirals d'alt valor en sintesi organica; i de
moment, segueix sent una transformacid exclusiva dels enzims. Inspirada en el mecanisme
d'accié de les oxigenases dependents de metalls de transicié, com el citocrom P450, la naftale
1,2-dioxigenasa i la prolina 4-hidroxilasa, aquesta tesi esta enfocada en el desenvolupament
de nous sistemes catalitics capacos d'oxidar enllacos C-H alifatics no activats d'una manera
selectiva i enantioselectiva. En particular, s'han desenvolupat reaccions d'oxidacié de C-H
alifatigues quimio- i enantioselectives, enfocades en substrats que contenen un grup
funcional amida. Aquestes reaccions s'han obtingut utilitzant complexos bioinspirats de
manganes i ferro basats en lligands tetradentats de tipus bis-amina-bis-piridina, peroxid
d'hidrogen com a oxidant i acids carboxilics, en temps de reaccio curts i en condicions suaus.
A més, aquest sistema compleix els criteris de sostenibilitat, cada vegada més importants en
la societat actual; ja que es basa en catalitzadors de metalls de la primera série de transicio
(ferro i manganés), menys toxics que els tradicionals metalls nobles (ruteni, rodi, osmi), en
combinacid amb peroxid d'hidrogen, un oxidant que exhibeix una elevada economia atomica
i que només genera aigua com a residu. El Capitol Ill descriu les oxidacions selectives de
I'enllag C-H de N-alquilamides i ftalimides. S'ha demostrat que les amides es poden emprar
com a excel-lents grups funcionals per modular la selectivitat en les reaccions d'oxidacio. S'ha
demostrat que les propietats electroniques, estériques i estereoelectroniques de les amides
es poden modular, activant o desactivant els enllacos C-H proximals. En el Capitol IV es mostra
la sintesi d'una familia de complexos de manganes quirals voluminosos, caracteritzats per la
presencia del grup tris-(isopropil)silil (TIPS) a les piridines del lligand. L'impacte de les
propietats estériques dels catalitzadors en les reaccions d'oxidacié de l'enllag C-H s'ha
estudiat utilitzant ciclohexans monosubstituits com a substrats. També s'ha estudiat I'impacte
de l'acid carboxilic en l'activacié del peroxid d'hidrogen i en I'estereoselectivitat de les
reaccions. A partir d'aquests estudis, els complexos voluminosos de manganés, en
combinacid amb I'0Optim acid carboxilic, han estat identificats com a sistemes oxidants
particularment estereoselectius i eficients. En el Capitol V, s'han estudiat els efectes torsionals
a la selectivitat per a I'oxidacié de ciclohexans disubstituits. Aquest efecte permet la resolucid
cinética de mescles cis-trans de N-ciclohexilamides 4-substituides, permetent la conversid
guantitativa dels isomers cis i I'aillament i la conversid successiva dels isomers trans en
productes d'oxidaci6 densament funcionalitzats amb excel-lent selectivitat i bona
enantioselectivitat.
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La oxidacién de los enlaces C-H alifaticos es una reaccién altamente interesante porque
permite funcionalizar el enlace C-H inerte, generando moléculas de mayor interés sintético.
Sin embargo, también se trata de una de las reacciones que mas atencion ha generado en el
campo de la quimica organica sintética moderna porque la multitud de enlaces C-H alifaticos
presente en una misma molécula, hace que la oxidacidn selectiva de un enlace especifico sea
particularmente dificil. Ademas, la introduccién de quiralidad todavia representa un reto muy
atractivo, ya que la oxidacién asimétrica de hidrocarburos, compuestos altamente
abundantes en la naturaleza, permite la obtencién de compuestos quirales de alto valor en
sintesis organica; y de momento, sigue siendo una trasformacion exclusiva de los enzimas.
Inspirada por el mecanismo de accién de las oxigenasas dependientes de metales de
transicion, como el citocromo P450, la naftaleno-1,2-dioxigenasa y la prolina 4-hidroxilasa,
esta tesis estd enfocada en el desarrollo de nuevos sistemas cataliticos capaces de oxidar
enlaces C-H alifaticos no activados de una manera selectiva y enantioselectiva. En particular,
se han desarrollado reacciones de oxidacion de C-H alifaticas quimio- y enantioselectivas,
enfocadas en sustratos que contienen un grupo funcional amida. Estas reacciones se han
obtenido usando complejos bioinspirados de manganeso y hierro basados en ligandos
tetradentados de tipo bis-amina-bis-piridina, H,O, como oxidante y acidos carboxilicos, en
tiempos de reaccion cortos y en condiciones suaves. Este sistema cumple con los criterios de
sostenibilidad, cada vez mas importantes en la sociedad actual; se basa en catalizadores de
metales de la primera serie de transicién (Fe y Mn), menos toxicos que los tradicionales
metales nobles (Ru, Rh, Os), en combinacién con perdxido de hidrégeno, un oxidante que
exhibe una elevada economia atémica y que sélo genera agua como residuo. El Capitulo llI
describe las oxidaciones selectivas del enlace C-H de N-alquilamidas y ftalimidas. Se ha
demostrado que las amidas se pueden emplear como excelentes grupos funcionales para
modular la selectividad en las reacciones de oxidacién. Se ha demostrado que las propiedades
electrdnicas, estéricas y estereoelectrénicas de las amidas se pueden modular, activando o
desactivando los enlaces C-H proximales. En el Capitulo IV se muestra la sintesis de una familia
de complejos de manganeso quirales voluminosos, caracterizados por la presencia del grupo
tris-(isopropilo)sililo (TIPS) en las piridinas del ligando. El impacto de las propiedades estéricas
de los catalizadores en las reacciones de oxidacidon del enlace C-H se ha estudiado utilizando
ciclohexanos monosustituidos como sustratos. También se ha estudiado el impacto del acido
carboxilico en la activacion del H,0, y en la estereoselectividad de las reacciones. Los
complejos voluminosos de manganeso, en combinacién con el dptimo acido carboxilico, han
sido identificados como sistemas oxidantes particularmente estereoselectivos y eficientes. En
el Capitulo V, se han estudiado los efectos torsionales en la selectividad para la oxidacion de
ciclohexanos disustituidos. Este efecto permite la resolucidn cinética de mezclas cis-trans de
N-ciclohexilamidas 4-sustituidas, permitiendo la conversidn cuantitativa de los isémeros cis y
el aislamiento y la conversidn sucesiva de los isémeros trans en productos de oxidacion
densamente funcionalizados con excelente selectividad y buena enantioselectividad.
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GENERAL INTRODUCTION

I.1. Challenges in C-H Bond Functionalization

The functionalization of nonactivated aliphatic C-H bonds is a very powerful reaction because
it converts these inert bonds, ubiquitous in organic molecules, into functional groups suitable
for further chemical elaboration. However, it constitutes one of the most challenging
reactions in the field of modern synthetic organic chemistry because of the inert nature of
the C-H bonds. This general lack of reactivity derives from the fact that C and H atoms are
held together by strong, non-polarized and localized bonds. Neither low-energy empty
orbitals, nor high-energy filled orbitals that could facilitate a chemical reaction are available.
Along with the problems derived from their inert character, the multitude of aliphatic C-H
bonds in a molecule makes site selective functionalization particularly arduous. This
problematic issue is further accentuated because the high reactivity of the species capable of
breaking these bonds is often incompatible with chemo- and site-selective transformations.
A powerful class of reactions is represented by C-H bond oxidations, that introduce oxidized
functionality directly into aliphatic (sp) C-H bonds. The direct incorporation of an oxygenated
functionality into a molecule is important from a synthesis economy point of view, and
moreover, further transformation of these groups into an array of functional groups can
disclose new and more efficient synthetic pathways.

1.2. Control over Site-selectivity in C-H Bond Oxidation

In order to plan selective C-H bond oxidation, the relative reactivity of these bonds has to be
deeply understood. Consequently, in the last decade a lot of efforts have been dedicated to
this issue. These studies have led to the definition of selectivity factors, based on the
operation of electronic, steric, directing and stereoelectronic effects. Collectively, these
factors determine the relative reactivity of C-H bonds against electrophilic oxidizing agents. A
thorough understanding of these factors permits the reliable prediction of preferential
oxidation sites in molecules containing multiple and not equivalent C-H bonds. Among the
available strategies for the selective functionalization of aliphatic C-H bonds, reactions
promoted by hydrogen atom transfer (HAT) to radical or radical-like species, such as
dioxiranes and metal-oxo species have attracted great interest.

Metal-catalyzed oxidation mechanism are well established (Scheme 1.1., a)."? As shown in
Scheme |.1.a, after the oxidation of the metal to generate a high-valent metal-oxo species,
the oxygen atom is transferred from the oxo complex to the substrate through a two-step
process: HAT from the substrate, followed by fast rebound of the hydroxyl group to the first-
formed carbon radical. Different mechanisms have been proposed for aliphatic C-H bond
oxidation promoted by dioxiranes in the works reported by Murray and Curci,*® Minisci®™*°,
Bach* and Houk.> Recently, a detailed computational study on the reaction of
dimethyldioxirane (DMDQO) with substituted cyclohexanes and trans-decalin has been carried

out by Houk et al.”® This study strongly supports a mechanism that proceeds through HAT
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followed by in cage collapse of the first formed radical couple. This mechanism is also
supported by experimental evidences found in these reactions, such as site-selectivity and
retention of stereochemistry at the oxidized carbon. In 2016, Houk published another work
describing the molecular dynamics of DMDO C-H oxidation of isobutane, providing additional
support to this mechanistic hypothesis.** (Scheme I.1.b).

a) /,,,,| o
OH 'Mn+
- | S
b o
R, U]
rebound
I, | oo 1, | o
() M)+ " MOR24 ()
. © HAT | 0
HY IR
R, H
H“J\R
Ry
b)
(l) R HAT R--H--O--;0 R+ O><R1
(0] R2 —_— — HO RQ
+ R. Ry
R—H l rebound
R1= R2=CH3
R1 = CH3, R2 = CF3 O
R—OH +
Ry Rs

Scheme 1.1. a) Simplified C-H hydroxylation mechanism via initial hydrogen atom transfer (HAT) from
a C-H bond to high valent metal-oxo species. b) Proposed mechanism of dioxirane-mediated
oxidations.

1.2.1. Bond Dissociation Energy

C-H bond strengths represent the major factor dictating their relative reactivity. The bond
strength is measured by the homolytic bond dissociation energy (BDE), that is the energy
necessary to break a generic R-X bond. The pertinent BDEs for different types of C-H bonds
are reported in Scheme 1.2. Benzylic, allylic and C-H bond that are a- to an heteroatom are
relatively weak C-H bonds, characterized by relatively low BDEs (85.4, 87.0 and 92.1 kcal/mol
for ethylbenzene, cyclohexene and tetrahydrofuran, respectively).”> As a consequence,
cleavage of these C-H bonds is generally relatively easy . Instead, the oxidation of aliphatic C-
H bonds represent a more difficult reaction, due to the higher BDEs, comprised between 96
and 101 kcal/mol (Scheme 1.2.).> Moreover, when considering aliphatic oxidation reactions,
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by taking into account that the majority of C-H oxidizing reagents display an electrophilic
character, the more electron rich is the C-H bond the more reactive it is toward its oxidation.
For instance, the following trend is generally observed in C-H bond oxidation reactions:
tertiary > secondary > primary C-H bond (Scheme 1.2.).

Benzylic Allylic o-Heteroatom | Aliphatic
| 30 20 10
e I L
o” H BN >N
85.4 kal/mol 87.0 kal/mol 92.1 kal/mol 96 kal/mol 98 kal/mol 101 kal/mol
N Reactivity

Scheme 1.2. General scheme of bond dissociation energies of different aliphatic C-H bonds.

1.2.2. Electronic Effects

Electrophilic oxidizing species can result sensitive to the local chemical environment of the
substrate. In a substrate to be oxidized, the electronic character of the C-H bonds can strongly
influence the site-selectivity of the reaction. For example, it has been observed that the
presence of an electron-withdrawing group (EWG) deactivates proximal sites via inductive
effects (Scheme |.3., above), thereby the introduction of different EWG or ERG led to a drastic
change in site-selectivity for the C-H bond oxidation reactions. Is also possible that differences
in steric environment between two electronically similar tertiary C-H bonds, can operate
synergistically with inductive effects to achieve selectivity. Moreover, while tertiary positions
are the most electron rich, the secondary methylene groups are more accessible and the
selectivity can be influenced by the reagent employed (Scheme |.3., above). For example, the
use of small oxidizing reagents such as methyl(trifluoromethyl) dioxirane (TFDO) gave
preferential oxidation at the more electron rich and sterically hindered tertiary C-H bonds,
while sterically demanding reagents such as an iron-oxo N-based complex (White’s catalyst),
exhibited a lower selectivity for tertiary sites.

The results obtained in some aliphatic C-H oxidation reactions with different electrophilic
reagents are reported in Scheme 1.3: [Fe(Il)(pdp)(CHsCN),](SbFe),, Fe(pdp) (Scheme 1.3.a),*®
7 methyl(trifluoromethyl) dioxirane (Scheme 1.3.b, TFDO)* and a N-bromoamide derivative
(Scheme 1.3.c).” In substrates bearing EWGs, functionalization occurred preferentially at the
most remote secondary or tertiary position, in all the cases with very high site-selectivity.

C-H bond oxidation reactions catalyzed by Fe(pdp) in the presence of AcOH and H,0, as
117 |t has been demonstrated that the use of AcOH has

a beneficial effect on epoxidation of alkenes and aliphatic C-H bond oxidation reactions,

oxidant are reported in Scheme |.3.a.

increasing the catalytic activity of the iron complexes, thus improving product yields and
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PR 20-21
selectivities.?®

Moreover, the use of different carboxylic acids can strongly impact the
stereoselectivity of Mn or Fe catalyzed epoxidation reactions with related catalysts.?>** These
acids can bind to the metal center, cis to the site where H,0; is activated, and contribute in

2526 The results obtained with the other substrates shown in Scheme

defining the active site.
I.3. underline the selective, electrophilic nature of the active oxidant generated with the iron
complex and H,0,.

The same trend was observed for the oxidation of ester substrates achieved employing the
electrophilic TFDO as the oxidant (Scheme 1.3.b). *® The oxidations of linear and cyclic aliphatic
esters with TFDO are reported in Scheme 1.3.b. It is well established that in the oxidation of

4,27-2 -
+27°28 3ccordingly, ester groups,

aliphatic C-H bonds TFDO displays an electrophilic character,
being EWGs impact on the relative reactivity of C-H bond in close proximity of this functional
group, and the reactivity of the methylenic groups increases with increasing the distance from
the ester function. Oxidation occurs at the most remote position of the aliphatic chain and
Co-H and Cg-H bonds are typically not oxidized. Instead, the presence of a tertiary C-H bond
in the ester substrate, gave the oxidation on the tertiary Cg-H as major product, because the
electronic deactivation induced by the ester group is overlaid by the weaker nature of tertiary

over secondary C-H bonds.

2° 3°
H R H R H R
EWG < <
}\/ }\/\ EWG }\/
R=MeorH
reactivity

a)

OH o)
. /\/VI<0 H T surer
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51% yield y 60% yield
oy OAC 53% yield N | .NccH,
N—— \
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46% (82%)? O 49% (67%)?

aSelectivities for remote position in parentheses.

Scheme 1.3. Electronic effects on C-H bond oxidation reactions.
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Aliphatic C-H bond functionalization reactions initiated by HAT are also affected by the
presence of different EWGs on the substrate. Scheme 1.3.c shows that intermolecular
aliphatic C-H brominations with N-bromoamides and visible light proceed with high site-
selectivities.”® The scheme displays a series of linear monofunctionalized hydrocarbons as
substrates. Functional groups include an ester, a ketone, a nitrile and a phthalimide. The
selectivity for the & position depends on the relative electron-withdrawing character of the
functional group. Indeed, the presence of the phthalimido group induces the higher
selectivity for functionalization at the remote position and no o or 3 functionalization was
observed.

The sensitivity of the electrophilic iron catalyst Fe(pdp) to the electronic environment of a
tertiary C-H bond is illustrated in Scheme |.4., where the oxidation of a series of
dihydrocitronellol derivatives with different EWGs in o or B positions to one of the two
tertiary C-H centers is shown. In the substrate where no EWG is present, alcohol products in
both tertiary centers are formed in an equimolar amount. In all other cases, hydroxylation
occurred preferentially at the remote tertiary position. B-Acetate and halogens gave modest
selectivity while a—EWGs gave an excellent selectivity for the remote site, up to >99:1 when
an acyl moiety is directly bound to the proximal tertiary site.

/l T(SbFe)z
N
3x I L

) §N_ NCCH;
)<-| H,0, (1.2 equiv) /@H N=Fe
—_—

Fe(pdp) (5 mol%)
AcOH (50 mol%

| “"NCCH;,
CH4CN, rt, 30 min |N\
Fe(pdp)
Entry Substrate Major Product Isolated Remote:
yield % (rsm)@ Proximal
1 remote  proximal X=H 48 (29) 141
2 H / H ,/ How X = OAc 43 (35) 5:1
3 X x X=Br 39 (32) 9:1
4 X=F 43 (20) 6:1
6 X=Br 48 (17) 20:1
7 H H R HO H X=CHs 52 (18) >99:1
8 R X = OCH, 56 (32) >99:1
o o]

arsm = % recovered starting material. °GC analysis

Scheme 1.4. Effect of EWGs on site-selectivity in the oxidation tertiary C-H bonds.

Nitrogen-containing molecules such as aliphatic amines (3¢, 29, 19), pyridines and imides are
a very important class of compounds, present in the core structures of different organic
2930 Existing methods for the C(sp®)-H

functionalization of aliphatic amines involve both functionalization at the more activated C-H
31-35

materials, natural products and bioactive molecule.

bond in o to the nitrogen atom or the use of the nitrogen atom as a part of a directing

group.ge'38 To achieve remote oxidation reactions on amines, protonation or complexation of

11
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the nitrogen atom converts it in a strong electron-withdrawing group, deactivating the
proximal C-H bonds. In metal catalyzed reactions, protonation also avoids the common
catalyst deactivation by binding of the amine to the metal center. This methodology to
achieve remote C-H reactions on primary and secondary amines was pioneered by Asensio
and co-workers using dioxiranes as oxidants.*® Representative results are shown in Scheme
I.5.a. Ammonium salts were prepared in situ by adding tetrafluoroboronic acid to the solution
of the amine. The strong electron withdrawing effect of the ammonium group directs
oxidation to the remote tertiary C-H bond, leading to the formation of the aminoalcohol
product in high yield.

€)
BF,
H* or HBF, ® ® = Ox ‘
ONTS ————— NS NS | ©7 | ———= Remote C-H Oxidation |
L or BF4OEt, (_H (H \ :
) BF,
amine e)
? on 1) HBF
HO
)k/\ HO NH, ) 4
NH, N 2) TFDO
95% 98% 99%
o (|)><CF3
N (o] CF;
NH,
HO HO
98% 98%
b) v
Bt B < B_OH
N . t K,PtCI
P Piv cat K 4
v 87% 54% ) 66%
y:p =>20:1 y.p =>20:1 Bra=>20:1 CuCl,
Y Y H3S0,
d ~OH ~""0H
NS 2
Piv 65% 85%
y:0=>10:1 y:p =>20:1
) 1) HBF 4 or BF ;OEt,
OH 2)Fe cat/H,0,/AcOH
X
MH Q/\)@H
N SbF,
E H N /l T( 6)2
65% (31%) 56% (26%) 59% (25%) °N
é%"‘ | \NccH,
NG e
N N
o W o |
n "0
32% (24% n=1, 66% (18%) 56% (22%)
>25:(1 y/[;) n=2, 62% (16%) (S,S)-Fe(pdp) (R,R)-Fe(CF3pdp)

Recovering starting material rsm % in parentheses.

Scheme L.5. Protonation or complexation driven remote C-H bond oxidation of amines.

Following the same concept, Sanford and co-workers reported the protonation-driven

remote oxidation of primary, secondary and tertiary amines. In Scheme 1.5.b representative

40-42

examples are shown. In particular, good to excellent terminal selectivity was observed for

12
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the products displayed in all the highlighted examples. The terminal selectivity also reflects
the inherent steric preference of the Pt catalyst for activation of 12 over 22 or 32 C-H bonds.**
46

Deactivation of the vicinal positions to a nitrogen group, was also obtained by White and co-
workers (Scheme 1.5.c).*” The complexation of the nitrogen atom with Lewis or Brgnsted acids
affords the remote C(sp®)-H oxidation catalyzed by electrophilic Fe(pdp) iron complexes.
Reaction with a Lewis acid (BFs) or irreversible protonation with tetrafluoroboronic acid
(HBF4) transforms the amine group into a very strong EWG, deactivating the a-C-H bonds
toward oxidation. Piperidines, pyridines, imides and also primary amines are oxidized at
remote tertiary or secondary positions with modest to high isolated yields and excellent site-
selectivity.

1.2.3. Steric Effects

Sterically hindered positions are oxidized with lower efficiency as compared to less-hindered
counterparts.

In Scheme 1.6. two examples are shown where steric effects play a significant role in
determining the site-selectivity of the reaction. The iron-catalyzed oxidation of (—)-acetoxy-p-

menthane shows the importance of steric hindrance in dictating selectivity.'® *®

The tertiary
position of the cyclohexyl ring is oxidized preferentially in comparison with the isopropyl
group. This result can be rationalized on the basis of the reduced steric hindrance of the
endocyclic tertiary C-H bond as compared to the exocyclic one, since both tertiary C-H bonds
are similar in terms of electronic environments. The use of the bulkier Fe(mcpp) instead of
Fe(pdp) complex increases the preference for C1 up to 17:1. In this case steric effects in both
the substrate and the catalyst cooperate to discriminate between C1 and C8. The opposite
selectivity is observed on the same menthol derivative in the case of C-H azidation, carried
out employing an iron catalyst and a hypervalent iodine reagent.* This different selectivity
can be tentatively explained on the basis of the greatest conformational flexibility of the

isopropyl side chain.

13
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Scheme 1.6. Steric effects on C-H oxidation reactions of simple substrates.

Another example of the effect of the steric environment of the reagent or the catalyst on site
selectivity has been observed in the oxidation of trans-1,2-dimethylcyclohexane.” ' *° The
preference for the tertiary C-H bond displayed by TFDO is underlined in the case of this
substrate, indeed C1 is oxidized preferentially with a 32:22 ratio of 9:1.> A different behavior
is observed when the reactions are carried out employing the Fe(pdp) complex.’” In this case
the strong preference for hydroxylation at the weaker tertiary C-H bond is overcome by the
bulky nature of the oxidant formed with the iron catalyst, which directs oxidation towards the
stronger but sterically more accessible methylenic sites (32:29 ratio of 1:2). Further increase
in the 32:29 ratio up to 1:10 is observed with the bulkier Fe(“pdp) catalyst.

1.2.4. Directing Groups

Directed oxidation represents an excellent opportunity to oxidize a particular C-H bond
overriding the presence of electronic, steric and stereoelectronic factors. On the basis of the
role of acetic acid on the catalytic activity of Fe(pdp), White and coworkers employed a
carboxylic acid group on the substrate to direct the oxidation towards a specific site (Scheme
1.7.).1%>* The hexanoic acid derivative gave the corresponding five-membered ring lactone as
unique product in high yield, while the oxidation of the ester derivative gave the ketone
derived from oxidation of a remote methylenic group as mayor product. The second example
reported in Scheme I.7., shows the ability of the carboxylic group to override electronic
effects, resulting from the presence of the acetoxy group, directing instead oxidation toward
relatively electron poor sites. The methyl esters are oxidized to give the lactone product.
Moreover, as the EWG group is moved away from the tertiary site, the substrate becomes

14
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more reactive (from 26% to 35% yield). Instead, the carboxylic acid derivatives were oxidized
more efficiently providing much better yields (from 50% to 63% yield).

ester, 31% yield
acid, 29% yield

R R
H H EWG
CO,H
0 H H . [Fe(pdp) (5 mol %) 0.0 0 o
H,0, (1.2 equiv) L M
Row \ T Me” YT
BT CH4CN, rt, 30 min E
R =Me orH ester, 27% yield ester, 41% yield
acid, 70% vyield acid, -
Q n=23  3X [F:(Z%dz% (2 gﬂiv/‘)’) n=2,3 O.__o n=2 ester, 26% yield
> ( acid, 50% yield
RO > OAc .
$ CH3CN, rt, 30 min AcO
H +/- ACOH? n=3 ester, 35% yield
R =Me orH acid, 63% yield
(¢] CO,R
ax |Fe(pdp) (5 mol %] o
H,0, (1.2 equiv) Bu
CH4CN, rt, 30 min Bu o
R +/- AcOH? ester, 9% yield ester, 36% yield
' CO.R acid, 50% yield acid, -
: directing product non-directing product
» Bu
L R=MeorH | ? TR
0-0 o
F3C CH3 tBu
> (Bu
TFDO o

ester, 28% yield
acid, 28% yield

4Reactions of methyl esters included 3 x 50 mol % AcOH.

Scheme I.7. Representative examples in which steric and electronic effects are overridden by the
presence of a carboxylic acid directing group.

The oxidation of a tert-butylcyclohexane derived ester and corresponding acid derivative
were also studied (Scheme I.7.). The ester affords the lactone product in 9% yield, while the
mayor product is the ketone arising from oxidation of a less sterically hindered secondary site
on the cyclohexyl ring. In contrast, the carboxylic acid derivative provides exclusively the
lactone product in 50% vyield. The use of the electrophilic reagent TFDO to perform the
oxidation of the same substrates, shows no directing effect. In fact, similar yields (1:1 ratio)
for the two oxidation products were obtained for both the ester and carboxylic acid
derivatives.
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1.2.5. Stereoelectronic Effects
1.2.5.1 Hyperconjugation Effects

Hyperconjugative effects represents another form to achieve selective C-H bond oxidation.
Groups capable to donate electron density from a filled orbital to the antibonding orbital of
a C-H bond can be used to activate this C-H bond toward oxidation. For example, it has been
found that the cyclopropane ring, having a p-character in the C-C bonding orbitals, can
populate o* orbitals of adjacent C-H bonds, weakening these bonds and activating them

. . 2-54
towards oxidation.>*”

| D—}_/ |
E o !
| TFDO: a, 40% TFDO: 38% TFDO: 86% |
5 B, 4% Fe(pdp), H,0x 52% E
i 0 O, |
S Y =
E Meo € )ﬂ=1,2 n=1 n=2 i
! Fe(pdp), H,0, 0, 62% TFDO: 65% 82% !

e, 1% Fe(pdp), H:02: 41%  47% !

________________________________________________________________

Scheme 1.8. Hyperconjugation by cyclopropanes and heteroatoms activates vicinal C-H bonds.

In the case of butylcyclopropane, oxidation occurs at the methylenic position o to the
cyclopropane group.>® Oxidation of spiro[2.5]octane also occurs on the position that is vicinal
to the cyclopropane ring.”> When the Fe(pdp) catalyst is used to oxidize the same substrate,
the presence of the cyclopropane ring permits to override steric effects, displaying the same
site-selectivity.!” Spiro-[cyclopropane-1,2’-adamantane] is particularly interesting, in this case
hydroxylation occurs only at C5.>> The proximal positions are deactivated because their p-
orbital component is forced to lay in an unfavorable perpendicular conformation with respect
to the cyclopropane ring. By installing a cyclopropane group on the side chain, the selectivity
in the oxidation of methylheptanoate can be changed in favor of the & position, usually
deactivated by the electronic effect of the ester group.®’ Finally, hyperconjugative activation
can be also exerted by an heteroatom such as an oxygen atom of an ether. Although the
oxygen atom can exert an electron withdrawing inductive effect, the lone-pair electrons of an
ethereal oxygen can donate electron density to the adjacent C-H bonds through
hyperconjugative overlap, activating these positions. The electronic activating effect of the
oxygen atom enables the selective oxidation of tetrahydrofuran and tetrahydropyran to give

the corresponding lactone products.’”>®
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1.2.5.2 Strain Release

This subtle effect has attracted increasing attention in recent years and is now recognized as
an important factor to be considered for the selective C-H bond oxidation of cyclic substrates.
Strain release was initially proposed by Eschenmoser and Schreiber in 1955 in the study of
the oxidation of steroidal alcohols. It was observed that axial alcohols reacted faster than the
corresponding equatorial ones.”” They hypothesized that the release of 1,3-diaxial strain in
the transition state, for the case of the axial alcohol results in a decrease in the activation
barrier and an increase in reactivity. Later on, this important effect was highlighted by Baran
in the oxidation of the 2,2,2-trifluoroethyl carbamate of the eudesmane terpene
dihydrojunenol (Scheme 1.9.).>8

1,3-diaxial strain

B g

F3CH,C—NH F3CH,C—NH
1:1 mixture
TFDO - 3:1
03, Si0, - 41
Entry Substrate Product Ratio
Yield % 30:2°
3 0 (o)
Bu~/ B LY T
1 Fe(pdp) 59% 12%
o 0
Il o7 T ﬂ
2 Fe(pdp) 55% 9% 6% 4:1
3 TFDO 49%

7 T P =

OH
4 Fe(pdp) 29% 22% 28% 1:2
5 TFDO 45% 3% 2% 9:1
OH
Pvo— /[ Pivow\ PO/
(0]

6 Fe(mcpp) 50% 19% 3:1

Pivow Pivoﬁ\OH
7 Fe(pdp) 51%
8 Fe(mcpp) 69%

Scheme 1.9. Strain release as an important factor in controlling site selectivity in C-H bond oxidation
reactions.
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Among the five tertiary C-H bonds present in the later molecule, selective oxidation of the
equatorial C-H; was observed. The two derivatives shown in Scheme 1.9, differing only for the
presence of an axial methyl group, display identical conformations in the solid state and
almost identical *C-NMR chemical shifts, strongly indicating that the electronic and steric
reactivity factors are almost identical for the two molecules. When a 1:1 mixture of these two
compounds were subjected to oxidation with two different oxidants, (to confirm that the
reactivity is not reagent-specific), the substrate that contains the axial methyl group displayed
a 3- or 4-fold higher reactivity as compared to the derivative bearing an axial hydrogen atom.
This reactivity factor can be clearly attributed to strain release, since both steric and electronic
effects are identical at the reaction site.

Some relevant examples of the selectivity observed in the C-H oxidation by TFDO and
> 161798 15 all the

examples reported in Scheme 1.9. tertiary equatorial C-H bonds display a higher reactivity

bioinspired iron complexes of cyclic compounds are reported in Scheme [.9.

compared to the corresponding tertiary axial C-H bonds.

The pattern of products observed in the oxidation of tert-butylcyclohexane suggests that the
torsional strain between the axial hydrogen on C1 and the axial hydrogen on C3, generated
the unfavorable 1,3-diaxial interaction, is alleviated by oxidation of C3. The same behavior is
observed for the oxidation of cis- and trans-1,2-dimethylcyclohexane, where the cis derivative
displays a higher reactivity and selectivity for the oxidation of the tertiary C-H bond in
equatorial conformation. Also in the case of cis- and trans-(4-methyl)cyclohexylpivalate,
exclusive oxidation of the equatorial tertiary C-H bond was observed for the cis isomer, while
for the trans isomer, competitive oxidation at the adjacent methylenic site was also observed.

1.2.6 Control over Oxidation in Complex Molecules

The understanding of the individual steric, electronic, hyperconjugative and stereoelectronic
effects or the sum of some of them can be smartly applied to predict site selectivity in late-
stage oxidation reactions on complex molecules, such as natural products, where the
multitude of different C-H bond makes site selective oxidation particularly difficult. Some
examples are shown in Scheme 1.10.15%/

Oxidation of the a-ethereal (-)-ambroxide (a), furnished (+)-(3R)-sclareolide in 80% yield. The
presence of hyperconjugative activation determined by the presence of the ether motifs led
to the formation of only one product, even if several other electronically and steric accessible
secondary and tertiary sites are present. The newly installed ketone moiety now deactivates
by electronic effects ring B and C. C2 oxidation is now favored on the basis of the release of
1,3-diaxial interactions and accordingly the product deriving from oxidation at this site
represents the major oxidation product. Employing pleuromutilin derivative (b) as substrate,
the glycolic chain is not touched during oxidation, even in the presence of a primary alcohol
because of to the EWG character of the ester and ketone groups. The major oxidation product
results from oxidation of the equatorial C7 C-H bond, rationalized on the basis of a release of
1,3-diaxial interaction between the axial C-H bond at C7 and the C9 group.

18



GENERAL INTRODUCTION

Fe(pdp) (5 mol%) Me
ACOH (50 mol%) Me Me 11€.0
H202 (1.2 eq) 2 (0]

3x

3

CH3CN, rt, 30 mi H
¢ meooMe oy Fe(pdp) (25 mol%)
AcOH (0.5 eq)
a, (-)-ambroxide,19% rsm +)-sclareolide, 80% yield H,0; (5.0 eq)

CH3;CN, rt, 60 min

Fe(pdp) (25 mol%) !

AcOH (0.5 eq |

H,0, ( 5 0 eq) :
CH3CN, rt, 60 min b, 24% rsm 42% yield + 20% C7 ketone

9% rsm

(+)-2-oxo- sclareollde 46% yield
+ 32% C3 ketone

Electronic and Stereoelectronic Effects Electronic and Stereoelectronic Effects

Fe(pdp) (25 mol%)
AcOH (0.5 eq)
H,0, (5.0 eq)

CH5CN, rt, 60 min

OAc 3x Fe(pdp) (5 mol%)
0, (1.2 eq) AcO

CH3CN, rt, 30 min (o]
° d, 5% rsm 45% yield
c 52% yield : !
Directing Effect Hyperconjugative Effect

Scheme 1.10. Late-stage C-H bond oxidation reactions.

A powerful application of the directing effect by a carboxylic acid group is shows in the
oxidation of compound c. The carboxylate moiety directs the five-membered ring
lactonization in 52% yield. Hyperconjugative activation is demonstrated for the oxidation of
the terpenoid derivative d, affording only one oxidation product. The cyclopropane moiety is
capable to override steric effects by activating the C3 methylene groups, while the C6
accessible site is deactivated by the ketone moiety.

1.3 Enantioselective Aliphatic C-H Bond Oxidations
1.3.1 Introduction

Besides the difficulty to control site selectivity in the oxidation reactions of aliphatic C-H
bonds, additional challenges are encountered in enantioselective C-H bond oxidations.*®
Reagents that are both chiral and capable of oxidizing inherently strong aliphatic C-H bonds
are rare, and the easy overoxidation of the first formed secondary alcohol product, resulting
from hydroxylation of a methylenic site, into ketone eliminates the chirality. As a
consequence, enantioselective aliphatic C-H bond oxidation remains a standing problem in
organic synthesis. On the other hand, enantioselective C-H oxidation is a very common

6063 \vhere the generation of highly reactive C-H oxidizing species is

reaction in enzymes,
combined with the fine control of substrate approach to the active site. Formation of the
oxidizing species is exquisitely harmonized with the presence of the substrate, limiting both

oxidative damage at the active site, and overoxidation of the first formed product. For this
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reason, metalloenzymes are currently employed as biotechnological tools for performing

60-66

these reactions with preparative scope. Most usually, iron dependent metalloenzymes

are prevalent among the proteins that catalyze C-H oxidations. Some representative
examples of enantioselective C-H oxidations carried out by iron enzymes are reported in
Schemes 1.11.,1.12. and I.13.

Cytochrome P450 is a family of iron enzymes ubiquitous in life forms, from bacteria to

67-69

humans. These enzymes catalyze the O,-mediated hydroxylation of complex compounds

67,70 Eor this

reason, the use of cytochrome P450 variants as catalysts for site-selective and
d.60-63

such as terpenes, alkaloids and steroids in many cases with high selectivity.
enantioselective C-H oxidation is currently being pursue The active site and the
oxidation reaction mechanism of Cyt P450 enzymes have been well established (Scheme
1.11.).5% ”* The active site consists of a single ferric heme coordinated to a cysteinate sulfur
residue of the protein at one of the axial positions of the iron center, and the other axial site
is occupied by a water molecule or by an hydroxide ligand. As shown in Scheme 1.11., after
oxidation of the iron center by dioxygen to form hydroperoxoiron(lll) complex, the species
undergoes proton assisted O-O heterolytic bond cleavage to generate a high-valent oxo-Fe' -
porphyryl radical cation. The oxygen atom is transferred from this oxo complex to the
substrate through a two-step process, first a HAT from the substrate to the oxo center,
followed by fast rebound of the hydroxyl group to the substrate carbon radical. As a
representative example, wild-type cytochrome P450 BM-3 catalyzes alkane hydroxylation
with good enantioselectivity (Scheme 1.11.).”% In particular the oxidation of nonane produces
2-nonanol with high enantiomeric excess (83% ee).

H-C.
/ "/
H-Co >
€
SCys
H,0 /-H:O y \
SCyS SCys
HH i - .
Cyt P450 DA H,0 %‘C COH l Oz 3 H
n=5 N
P Ne- HO
3 \\‘.‘C OH ~0
HOC N 0,, NADPH 3 Soys @
HO,C / H OH T SCys
ol BN oo

AN
_H
vf~o Xc-H O
i dm
SCys SCys

AN

.Cc- _H
\ g 0O /
Oxygen Hydrogen Atom

Rebound Abstraction

SCys

Scheme I.11. Representative scheme of the active site of Cyt P450 BM3 and proposed catalytic cycle
for alkane hydroxylation.
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Bacterial enzymes such as Rieske oxygenases contain a non heme iron center at their active
site (Scheme 1.12.) and have been shown to catalyze the selective C-H hydroxylation and

37% Erom the crystal

stereo- and enantioselective cis-dihydroxylation of arenes and olefins.
structure of naphthalene 1,2-dioxygenase (NDO), it has been possible to identify two
components (Scheme 1.12.): the oxygenase component characterized by an octahedral
mononuclear nonheme iron(ll) center that interacts with the substrate molecule and O,, and
the Fe,S, Rieske-type cluster that acts as reductase and mediates electron transfer from
NAD(P)H to the oxygenase site. An aspartate group has also been shown to bind to these two
components. A catalytic cycle, for cis-dihydroxylation of naphthalene, was proposed as show

in Scheme 1.12.7374

The catalytic cycle is initiated by reaction of O, and an electron with the
iron center to form an iron(lll)-peroxo complex that, after the O-O cleavage, leads to the
formation of a Fe'(0)(OH) species. Also for this active site, a putative Fe-oxo intermediate
Fe'(0) is proposed as the active oxidant, able to promote formation of the syn-diol product.
Besides of naphthalene, NDO can oxidize the benzylic C-H bonds of indane in a stereoselective

manner (up to 92% ee) to give enantioenriched 1-indanol (Scheme 1.12.).”

OH (HisN.,, | |

3 AN Y,
! - His)N (0]
/Cys Rieske Oxygenase H20, e (His) é _< 1,0 Oy €
Cys—Fell _ : E\ Asp
‘ S\ HZO H,/H 3 =
s _His His., | .0 3 0 -
T Fell S L >—Asp | | 05 NADH . C|) / Q /OH
N N o L (Hi9N., L/ (HisN., | /1
His/CNH ‘(\/)‘His - (HiINT | YO HisNT | Y0
R 1 o~ 0~
0 [ Asp Ei@ Asp
J\ HOH ! =

“‘0” “Asp o OH
(HisN, | l/v

HisNT | Y0
0~

Asp
Scheme 1.12. Active Site of Naphthalene 1,2-Dioxygenase (NDO) and Proposed Catalytic Cycle.

Prolyl 4-hydroxylase (P4H) is a member of the a-ketoglutarate-dependent, nonheme iron(ll)
oxygenase family of enzymes.’® This enzyme performs the oxidation of a proline residue, in a
enantioselective manner, to give an enantiopure 4-hydroxyproline product (Scheme 1.13.).””
8 In order to function, these enzymes require iron(ll), o-ketoglutarate and O,. Also in this
case, as show in Scheme |.13,, in order to perform challenging C-H bond oxidation reactions,
this enzyme forms in the catalytic cycle a highly reactive iron(IV)-oxo species, via an oxidative

79-81 . . .
981 This species is

decarboxylation of a-ketoglutarate and formation of succinate and CO..
responsible for the abstraction of the 4-proR hydrogen atom from proline substrate followed
by the transfer the hydroxyl group to the carbon radical species finally leading to the oxidized

4-hydroxyproline product.®?
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The mechanism of C-H oxidation taking place in the three examples discussed above can be
considered representative for the majority of mononuclear transition metal dependent

81,8384 1t involves an initial HAT from the substrate to a high valent

aliphatic C-H hydroxylases.
metal-oxo species, to give a carbon centered radical and the corresponding one-electron
reduced metal-hydroxide species. Then, the hydroxyl ligand is transferred to the radical,
generating the corresponding alcohol product, and the further one-electron reduced metal
center. Alkane hydroxylases that contain dimetallic species in the active site often follow the
same mechanism, but the reactive oxo unit is a bridged ligand, and the formal two-electron
reduction of the active center results in a single electron reduction of each of the two metal
ions.®> The lifetime of the carbon centered radical depends on the nature of the enzyme. For
example, in P-450, it is extraordinarily short lived, and does not abandon the solvent cage,
overall resulting in an almost stereoretentive hydroxylation.®® In Rieske dioxygenases, the
radical has a longer lifetime,® and in the case of diiron alkane oxygenase AIKB, it can even
diffuse from the active center.®” However, there is a growing body of evidence that the

trajectory of these radicals is influenced by the chemical and structural nature of the enzyme

active site.
i
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Scheme 1.13. Proposed mechanism of proline hydroxylation catalyzed by human P4H.
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1.3.2. Origin of Stereoselection in C-H Oxidation

The enantioselective differentiation in C-H oxidation reactions can derive from one of the two
elementary steps that participate in a common hydroxylation reaction through a HAT process.
Enantioselectivity can result from the transfer of a hydroxyl group belonging to a chiral metal-
OH unit to one of the two faces of a long lived and planarized carbon centered radical (Scheme
1.14., a) or from the first C-H cleaving step by a chiral metal-oxo species (Scheme 1.14., b).
Radicals formed after HAT from activated C-H bonds, such as benzylic, allyllic or adjacent to
heteroatom, are relatively stable and long lived, and are susceptible to embrace in the former
mechanism. Instead the high reactivity of alkyl radicals seems a priori incompatible with their
use as radical relays. Accordingly, with these assumptions, enantioselective C-H oxidation in
alkanes thus needs to originate from an enantiodiscriminating HAT step.

. a)
R1 ( o
| H )\ R, a face R, Ry
Enantioselection atthe O H OH b face HO™ )\ + e )\
OH transfer step 3 @ * rebound Ra Rz
' —_— —_—
1 product from product from
a face OH tranfer b face OH tranfer
b) R 1
OH rebound
R1 " )\ R HO® )\RZ
o Ry WAL > H
Hp
Enantioselection at the @
HAT transfer step
OH R
P Ri rebound 1
HATS Wl WK
H R, d R,

Scheme 1.14. Description of the possible mechanism at the origin of enantioselectivity.

1.3.3. Typology of Enantioselective C-H Oxidation Reaction
1.3.3.1 Enantioselective Desymmetrization of Alkanes

Aliphatic C-H bonds that are a- to an OH group are typically activated toward HAT-based
oxidants. Along this line, one approach to circumvent the problem of overoxidation of the
first formed alcohol product is to develop a desymmetrization reaction through C-H bond
oxidation. Enantioselective desymmetrization converts an achiral or meso compound to a
chiral product by the destruction of one symmetry element, provided that the point of

88-89

reaction does not lie on that symmetry element (Scheme 1.15.). In this case, the formation
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of a ketone after overoxidation of the first formed secondary alcohol does not destroy the
new chiral center formed after the initial oxidation.

,  Enantiotopic |
1 methylene groups !

R'/i\/i\R' Chiral Catalyst R'/ﬁkQR'
R

R

Scheme 1.15. Representative scheme of desymmetrization reaction with a chiral catalyst.

The first examples of metal-catalyzed desymmetrization reactions based on the oxidation of
activated C-H bonds such as benzylic or oo to an heteroatom, were proposed by Katsuki,

Murahashi and co-workers.’*®3

In these reactions (salen)manganese(lll) complexes were
employed as catalysts for the enantioselective oxidation of C-H bonds (oxidation of
compounds 5, 9, 11 and 13, Scheme 1.16.).%° The oxidation of 4-tert-butyltetrahydropyran (5)
was studied with chiral Mn-salen complexes (1-4, Scheme 1.16.) using iodosobenzene as
oxidant. The reactions afforded a mixture of the lactol 6 and lactone 7 products. The mixture
was then treated with diisobutylaluminium hydride (DiBAIH) to achieve only the lactol 6 which
was eventually converted into the corresponding trans and cis-benzyl acetals (8). Under the
best conditions, enatioselectivity increased up to 48% ee, accompanied however by a modest
13% vyield. Differently from the oxidation of 5, oxidation of the more rigid and planar 3-
oxabicyclo[3.3.0]octane (9) gave lactol 10 as the mayor product in 59% isolated yield with
82% ee. Also, the oxidation of compounds 11 and 13 proceeded with high enantioselectivity
(89 and 90% ee respectively), giving the corresponding hydroxylated product in good isolated
yield (41% and 61%, respectively).

Katsuki et al. also reported desymmetrization reactions on meso-pyrrolidine derivatives

(oxidation of compounds 15 and 18, Scheme 1.16.).”*%2

The oxidation of 15 catalyzed by
Mn(salen) complex (4) occurs at the carbon a to the nitrogen atom affording the chiral 2-
hydroxypyrrolidine derivative (16) which is oxidized by the Jones reagent to give the chiral
imide 17, a moderate enantioselectivity (64% ee) was obtained. To evaluate the effect of the
amino-protecting group on the enantioselectivity of the reaction, the oxidation of a series of
N-protected 8-azabicyclo[4.3.0]nonanes (18) was studied, employing complex 4 as catalyst
and pentafluoroiodosylbenzene as the oxidant (entries 1-9, Scheme 1.16.). Among the
substrates employed, a relatively good enantioselectivity was only observed with N-
phenylacetylpyrrolidine (76% ee, entry 7). Finally, the oxidation of N-phenylacetyl protected
3,4-dimethyl pyrrolidine (21) and 7-azabicyclo[3.3.0]octane (22) occurred on the carbon o to
the nitrogen atom to give the corresponding chiral hydroxypyrrolidine derivatives that
provided chiral imides (23 and 24) in 49% and 48% isolated yield and high enantioselectivity
(84% and 75% ee).
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Murahashi et al. have reported the asymmetric oxidation of alkanes catalyzed by Mn-salen
complexes to give chiral ketones (Scheme 1.16.).2* By using complex 25, PhIO in excess as
oxidant in the presence of 4-phenylpyridine-N-oxide, desymmetrization of 2-methyl-1,3-
diphenylpropane (27), that exhibits two symmetric benzylic positions, gave chiral 2-methyl-
1,3-diphenyl-1-propanone (28) with low enantioselectivity (22% ee). The same authors have
also reported the a-C-H oxidation of silyl ethers like 2-tert-butyldimethylsiloxyindane (29),
that provided o-ketone 30 with high enantioselectivity (70% ee) but in poor yield (Scheme
1.16.).%
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Scheme 1.16. Oxidative desymmetrization using Mn-salen complexes as catalysts.
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An elegant approach based on the supramolecular recognition of the substrate by a chiral
ruthenium porphyrin has been recently disclosed by Bach and co-workers to achieve
enantiotopic selective C-H oxygenation on spirocyclic oxindoles compounds.””> These
compounds present enantiotopic methylene groups and the oxidation favors one of these
two sites on the indane system. The results obtained in the oxidation of different spirocyclic
oxindoles derivatives are displayed in Scheme I.17. Despite of the high conversion of 38 under
the optimized conditions (60% conv, 90% ee) the desired ketone 38a was isolated in a modest
20% yield (method A, Scheme 1.17.). This observation suggested that the intermediate alcohol
was not completely oxidized to the ketone. To promote alcohol oxidation, the crude reaction
mixture obtained after C-H oxidation was submitted to pyridinium chlorochromate (PCC) or
Swern conditions. This procedure provided an improved yield of 38a (70%) and a relatively
high enantiomeric excess of 80% (method B, Scheme 1.17.). Substrates bearing methyl or
methoxy substituents on the indane aromatic ring provided ketones 39a and 40a in excellent
ee (92% and 94% ee, Scheme 1.17.). Substitution at C6 of the oxindole by Br, Cl and CN (41a,
42a and 43a) also led to high enantiomeric excesses (82% to 90% ee). Instead, substitution at
C5 led to larger differences in enantioselectivity, with the ee that decreased on going from
CN (444, 80% ee), to Cl and CF3 (45a, 60% ee and 46a, 44% ee).

2,6Cl,-PyNO
CH,Cl,

N H
38a, R=H A: 20%, 90% ee 4a,R=Br A: 39%, 90% ee 44a, R=CN A 32%, 80% ee
B: 70%, 80% ee B: 60%, 86% ee B: 50%, 70% ee
39a, R=Me A:33%, 92% ee 42a,R=Cl A 43%,86%ee 453, R=Cl A:35%, 60% ee
B: 53%, 82% ee B: 49%, 72% ee B: 59%, 48% ee
40a, R = OMe A: 40%, 94% ee 433, R=CN A: 24%, 82% ee 46a, R =CF, A: 36%, 44% ee
B: 50%, 94% ee B 42%, 62% o6 ’ ° B! 48% 38% ee

Isolated yields. Method A: substrate (1.0 equiv), Ru catalyst (1 mol %), 2,6-dichloropyridine N-oxide (2.2 equiv), CH,Cl,, 50 °C, 20 h. Method B:
Yield end e.r. following submission of the crude material (from step A) to either Swern or PCC oxidation conditions.

Scheme 1.17. Enantioselective oxidation of spirocyclic oxindoles derivatives by Ru-complex.
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Sun, Nam and co-workers have also described the desymmetrization of spirocyclic
compounds in particular spirocyclic tetralone and indanone derivatives catalyzed by
aminopyridine manganese complexes with H,0, as the oxidant in the presence of 2,2-
dimethylbutanoic acid (DMBA) (Scheme 1.18.).® The substrate is initially oxidized to the
alcohol product that, after overoxidation leads to 3,3’-diketones in high yield and excellent
enantioselectivity. Some relevant examples are reported in Scheme 1.18. Manganese complex
(47) based on chiral diamine ligands derived from proline and two benzimidazoles as sp?
nitrogen units resulted to be very efficient in terms of yield and enantioselectivity. Different
functional groups on the aromatic ring were tolerated such as methoxy, dimethoxy, halogens
and the oxidized products were obtained in moderate to good isolated yields in all of the
reactions. Moreover, enantioselectivities were excellent, up to 94% ee for the oxidation of
spirocyclic tetralone derivatives and up to 98% ee when spirocyclicindanone derivatives were
used as substrates.

f\’\
X‘N/\

(j TfO OTf @
O’.O 0.5 mol % Mn catalyst 47
R
H50, (5 equiv) / DMBA (14 equiv)

CH,Cl, / CHZCN (1:1), -30 °C, Ar

n=1or2

Products of Spirocyclic Tetralone Derivatives Products of Spirocyclic Indanone Derivatives

48a, R;=R,=H 80%, 94% ee 54a, R;=R,=H 94%, 85% ee
49a, R;=MeO, R,=H 63%, 92% ee Ra=R,4=H
50a, R;=H, R,=MeO 68%, 92% ee 55a, R{=MeO, R,=MeO 51%, 92% ee
51a, R;=MeO, Ry,=MeO 63%, 94% ee Rg=R4=H
52a, Ry=F, Rp=H 57%, 89% ee 56a, Ry=H, Ro=Br 67%, 98% ee
R3=R4=H
57a, Ry=H, R,=Cl 64%, 92% ee
R3=R4=H
58a,R;=H, R,=MeO  53%, 93% ee
R3=R4=Meo

Scheme 1.18. Oxidations of spyrocyclic tetralone and indanone derivatives catalyzed by manganese
complex.
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1.3.3.2 Enantioselective C-H Bond Hydroxylation

Enantioselective hydroxylation of methylene groups still remains a very difficult reaction. To
achieve this goal overoxidation of the first formed alcohol product has to be avoided in order
to preserve chirality. The works by Groves and Viski described the use of chiral
metalloporphyrins as hydroxylating and epoxidizing catalysts, mimicking the activity of the
heme site of P-450’s.°” 8 Iron catalyst 64, (Scheme 1.19.) performs alkane hydroxylation and
alkene epoxidation reactions in the presence of iodosobenzene employed as oxidant.
Interestingly, the chiral cavity of the porphyrins can induce enantioselectivity in the oxidation
reactions. As reported in Scheme 1.19., hydroxylation of a series of benzylic compounds
proceeded with 19-72% yield with respect to the oxidant. More significant, modest to good
ee’s were observed up to 72%. For each of the substrates investigated, variable amounts of
the corresponding ketone product were also observed (alcohol/ketone ratio between 0.2 and
20.1), deriving from overoxidation of the first formed alcohol product by the active oxidizing
species. As previously described by the author,”® a mechanism proceeding through initial HAT
from the substrate to an oxidized iron porphyrin species, followed by OH transfer to the
carbon radical to give the alcohol product was proposed.

cat:PhlO:sub
©/\ 1:100:1000
CH,Cl,

40%, 40% ee

OH

Negloades]

20%, 66% ee 32%, 44% ee 72%, 54% ee

0 oot b

47%, 72% ee 28%, 68% ee 19%, 68% ee

Yields determined by GC analysis and referred to the amount of oxidant.

Scheme 1.19. Hydroxylation catalyzed by Fe catalyst 64.
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Inspired by the work of Groves, Katsuki and co-workers described enatioselective benzylic
oxidation catalyzed by Mn-salen complexes (65, 66 and 67) as reported in Scheme 1.20.1%°%
All the substrates examined under optimized conditions, namely ethylbenzene, 4-
methoxyethylbenzene, tetrahydronaphthalene, 1,2,3,4-tetrahydro-1,1-dimethylnaphthalene
and 1,1-dimethylindane, gave the corresponding chiral benzylic alcohol in modest yield and

relatively good to high enantiomeric excess (6-28% yield and 56-90% ee).

R, R
N— 65 Ar=Ph
/+ R ( 2)4
0 O 66 Ar = 4-[t-Bu(CgH5),]SiCqH 4
Ar Ar = (CHy)4
O 67 Ar = 4- [t-BU(C ) ]S|C6H4
Q R = 3 5 (CH3)QCGH3
PFg
OH
Mn cat:CgHglO:sub
| N 1:50:50 ~ N
P - =

CeH5Cl
cat 66, 6%, 78% ee

OH OH
A
co C
€0 OH

cat 66,13%, 87% ee  cat 66, 22%, 77% ee  cat 65,7 28%, 56% ee cat 67, 25%, 90% ee

OH

Yields determined by GC analysis. “Isolated yield.

Scheme 1.20. Asymmetric oxidation using salen manganese catalysts.

Gross and co-workers reported the synthesis of double-side protected ruthenium porphyrins

with D, symmetry to achieve epoxidation of olefins by N-oxides.'*?

To improve the
enantioselectivity in the oxidation of alkenes and alkanes, they also synthetized a new
ruthenium porphyrin complex (68), modifying the porphyrin core, the structure for which is

shown in Scheme 1.21.1%

They employed the new ruthenium complex for the resolution of a
racemic mixture of chiral alkylbenzenes via catalytic asymmetric hydroxylation of tertiary
benzylic C-H bonds. However, the alcohol product was formed with moderate enantiomeric

excess (16% ee for 2-phenylhexane and 38% ee for 2-phenylbutane).
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Ru cat:ClopyNO:sub OH

R 1:250:2500 R
>

benzene / HBr

R Yield (%) ee (%)
Bu 41 16
Et 23 38

Yields determined by GC analysis and referred to the amount of oxidant.

Scheme 1.21. Catalytic asymmetric hydroxylation of tertiary alkanes.

Murahashi et al. proposed a bridged (salen)manganese complex (69, Scheme [.22.)
characterized by a strapping unit for the generation of oxo-manganese species in a cage, that
was able to carry out enantioselective alkane hydroxylation and alkene epoxidation.’** The
asymmetric hydroxylation of indane by using PhlO as oxidant and Mn-salen catalyst 69 gave
(S)-1-indanol with 34% ee together with a small amount of indanone (Scheme 1.22.). It was
proposed that the coordination of an auxiliary axial ligand can occur inside or outside the
cavity. A bulky auxiliary ligand favors coordination to the opposite site of the strapped unit,
resulting in the formation of the oxo manganese species in the chiral cavity. Without the
auxiliary ligand, the Mn(salen) complex 67 gave 1-indanol with only 5% ee. When imidazole
was used as the ligand, the enantioselectivity was not influenced (8% ee of 1-indanol). On the
other hand, when 1,5-dicyclohexylimidazole was used the enatioselectivity improved up to
25% ee. Furthermore, the ee increased to 34% ee when the reaction was performed at low
temperature (-30 2C). Under these conditions, the bulky auxiliary ligand binds at the opposite
side of the cavity with the substrate that can approach the cage defined by the naphthyl
groups.
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//

Mn cat:PhlO:substrate
©E> 1:25:500
1,5- dlcyclohexyllm|dazole

CH,Cl,, -30°C 20%, 34% ee

Scheme 1.22. Enantioselective oxidation of indane with Mn(salen) catalyst 69.

Another system based on a Dj-symmetric chiral ruthenium porphyrin that can perform
catalytic enantioselective hydroxylation of benzylic C-H bonds to give enantioenriched

alcohols, has been reported by Che and co-workers.'**%

The oxidations were catalyzed by
ruthenium complex 70 (Scheme 1.23.) with 2,6-dichloropyridine N-oxide (Cl,pyNO) as terminal
oxidant. Although low to modest conversions were reported (11-54%) good levels of
enantioselectivity were obtained (up to 76% ee, Scheme 1.23.). para-Substituted
ethylbenzenes (R = H, Me, F, Cl, Br, OMe) were effective substrates for the ruthenium-
catalyzed asymmetric hydroxylation, and the corresponding 1-arylethanols were produced in
notable ee’s between 62-76% ee with alcohol over ketone ratios in agreement with literature
values. When 2-ethylnaphthalene was employed as a substrate the corresponding alcohol
was obtained with 75% ee. Indane was instead observed to be a poor substrate for this
reaction as shown by the low enantioselectivity obtained after oxidation (12% ee). On the
other hand, with 1,1-diethylindane, the Ru-catalyzed oxidation reaction gave the indanol
product in 76% ee. The oxidation of benzylcyclopropane gave the corresponding benzylic
alcohol with 76% ee. Notably, no ring opened products were detected, suggesting a fast
hydroxyl rebound following HAT.
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Ru cat:ClopyNO:sub qH
©/\ 1:1100:1000
CeHs
OH OH OH
salsoples
R =
75% ee 12% ee
R= H 72%
Me 76% OH OH
F 72%
Cl  74%
Br 74%
OMe 62% et Et
76% ee 76% ee

Scheme 1.23. Ruthenium catalyzed asymmetric alkane oxidation.

Chiral manganese and iron porphyrin complexes have been recently reported by Simonneaux

10719 Enantioselective alkene epoxidation ad aliphatic hydroxylation were

and co-workers.
achieved using H,0, and PhI(OAc), as oxidants for water-soluble manganese and iron
porphyrins respectively (71 and 72, Scheme 1.24.). The substrates employed in the
hydroxylation reactions, all characterized by the presence of benzylic C-H bonds, include
ethylbenzenes, indane and tetrahydronaphtalene, the structures for which are reported in
Scheme 1.24. In most cases higher enantiomeric excesses were observed with the iron
porphyrins as compared to the manganese one, approaching 76% ee in the reaction of 4-
bromoethylbenzene. Higher substrate:oxidant ratios were however required with the iron
system accompanied by lower conversions (between 24-80% with respect to the oxidant), as

compared to the manganese system (88-100%).
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R
R R
R =
R
M= (71)
(72)
Mn cat:H,O,:sub Fe cat:PhI(OAc),:sub
1:200:40 1:100:1000
imidazole imidazole
OH OH OH
| X
R S
R= H Mncat 38%ee Mn cat 50% ee Mn cat 52% ee
Fe cat 75% ee Fe cat 60% ee Fe cat 7% ee
Me Mn cat 57% ee
Fe cat 75% ee OH OH
Br Mn cat 49% ee X
Fe cat 76% ee |
=
Mn cat 32% ee Mn cat 43% ee
Fe cat 50% ee Fe cat 62% ee

Scheme 1.24. Asymmetric hydroxylation catalyzed by Mn or Fe porphyrin systems.

In the last decade one of the mayor trends has been represented by the design of different
bioinspired transition metal catalyst (Fe- and Mn-based) bearing aminopyridine ligands.***”
> The easy modification of these ligands, for example its steric bulk and electronic properties,
enable to manipulate the reactivity of the active species, site selectivity and moreover the
stereoselectivity in the oxidation of a large variety of substrates including complex molecules

such as steroids, with the environmentally benign oxidant H,0,.'%°**

Bryliakov and co-
workers reported on the enantioselective benzylic C-H bond oxidation using manganese
catalyst (74) the structure for which is displayed in Scheme 1.25., and H,0, as oxidant in the

. . . 113-114
presence of different carboxylic acids.'*®

With ethylbenzene, among the different
carboxylic acids employed, the best result, in terms of enantioselecitvity, was obtained
employing the amino acid N-Boc-L-Pro (76% ee, Scheme 1.25.). Although product yields and
selectivities were relatively low, ethylbenzene derivatives such as 4-methylethylbenzene and
4-bromoethylbenzene gave the highest levels of enantioselectivity (86% and 78% ee,

respectively).
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oS

3% yield, 79% ee 4% yield, 70% ee 5% yield, 44% ee
AlK=14 A/K=1.3 A/K=1.0

OCH,CF;4 i
Mn cat:H,0,:acid:sub OH |
0.1:700:2000:1000 E
CH3CN .
R/©/\ 3 - [ .0 Q
/ 1
R ! e
: AOH OH
Yield !
R Additive alcohol 210N ¢ (o) L AA EBA
(%) etone :
H  AA 8 08 34 : o]
EBA 6 05 35 | OH Q—COzH
CHA 7 05 41 ; L
! oC
EHA 8 05 35 -
BocLPro 5 08 76 }  CHA Boc-L-Pro
Me Boc-L-Pro 7 22 86 5 O
Br Boc-L-Pro 3 05 78 5 OH
OH OH OH E o

Scheme 1.25. Benzylic oxidation reactions in the presence of manganese complex.

Improved yields of the alcohol could be obtained carrying out the reactions in fluorinated
alcohol solvents. These are powerful hydrogen bond donors, and can induce a polarity
reversal that deactivates the alcohol toward further oxidation.**® As reported in Scheme |.26.,
oxidation of ethylbenzene with 1 mol % catalyst, 0.5 equiv of H,0, and 2.0 equiv of 2-
ethylhexanoic acid (2-eha) in trifluoroethanol (TFE) led to the formation of the corresponding
benzylic alcohol with 99% hydroxylation selectivity and good enantiomeric excess. Catalyst
screening and optimization of the temperature led to an increase in enantioselectivity, while
the hydroxylation selectivity was kept above 90%. The best result was obtained employing
the Mn(dMMpdp) (75) catalyst at -35 2C, and from 1-phenylpropane, 1-phenyl-1-propanol was
obtained with 66% ee. The results obtained clearly indicate that the use of fluorinated
alcohols such as TFE, preserve the first formed chiral benzylic alcohol against overoxidation,
avoiding the use of a large excess of substrate.
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N(CH3),

75, Mn(9MMpdp) 76, Mn(\Me2pdp)

Mn cat (1 mol %)

H50, (0.5 equiv)
/©/\ 2-eha (2.0 equiv)
R TFE, 1 h

R=H, Mn(9Vpdp) /0°C 32% (55% ee) 4%
Mn(Me2Npdp) /0 °C 46% (49% ee) 11%

R =Me, Mn(9MMpdp) /0 °C 42.5% (56% ee) 0.5%
Mn(Me2Npdp) /0 °C 61% (49% ee) 8%

Mn cat (1 mol %)

H50, (0.5 equiv)
O/\/ 2-eha (2.0 equw)
TFE, 1 h

Mn(dMMpdp) / -35 °C 24% (66% ee) 2%
Mn(Me2Npdp) /-35 °C 44% (60% ee) 7%

Yields calculated with respect to the amount of H,O, determined by GC analysis. 2-eha = 2-ethylhexanoic acid.

Scheme 1.26. Oxidation of ethylbenzene, 4-methylethylbenzene and propylbenzene in TFE with
different manganese catalysts.

Most interestingly, Bach and coworkers reported on the catalytic C-H bond oxidation of 3,4-
dihydroquinolones through supramolecular recognition of the substrate by manganese

porphyrin complex 77 (Scheme 1.27.).1*°

The desired oxygenated product was obtained
thanks to two-point hydrogen bonding between the substrate and the supramolecular
catalyst leading to excellent site selectivity and enantioselectivity (Scheme 1.27.). Substituents
in positions C3 and C7 have an impact on the isolated yield and enantioselectivity. Oxidation
occurs selectively at the C4 methylene group with outstanding enantioselectivity (87-99% ee).
The reaction tolerates different functional groups on the aromatic ring (X = Me, Et, OMe, OBn,
Cl, OTf). Analogous results were obtained changing the methyl groups o to the carbonyl group
with spyro cyclopropyl and cyclopentyl groups. It is particularly interesting to notice the
unusual product chemoselectivity of the system, since overoxidation of the alcohol to the

corresponding ketone is modest. This behavior may be related to the steric encumbrance of
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the ipso C-H bond of the alcohols. In keeping with the results discussed above on the
enantioselective C-H bond oxidation of spirocyclic oxyndoles catalyzed by a ruthenium
porphyrin complex (Scheme 1.27.),> the mechanistic picture proposed by the authors consists
in a Mn" oxo species as the active oxidant, with substrate oxidation being directed by two
complementary hydrogen bond interactions between the substrate and the catalyst, in
particular at the pro-S hydrogen atom at C4 as described in Scheme |.27., below. The results
clearly indicate that in these reactions enantioselectivity originates from the HAT step, as
discussed above in Scheme 1.14. The proposed hydrogen bond interactions are also supported
by the observation that when the reaction was carried out on the N-methylathed derivative
of substrate 78 only a small amount of oxidation product was observed with very low
enantioselectivity (15% yield, 5% ee). After stereoselective HAT from the substrate to the Mn"
oxo intermediate, a fast hydroxyl rebound leads to the formation of the enantioenriched

hydroxylated product.

HN R cat 2 mol %
R PhIO (2.0 equiv)
] CH.Cl,

MeO
OH
HN

(0]

84a,R=H:  35%,87% ee 80a: 67%, 88% ee

84a, R=OMe: 68%, 99% ee

84a, R=0OBn: 56%, 97% ee MeO

84a, R=Me: 48%, 95% ee

84a, R=Et: 51%, 96% ee

84a, R=Cl: 22%, 94% ee HN

84a, R=0Tf: 19%, 97% ee o

81a: 60%, 97% ee

Q Hpro-R
/,H/ N)—%Hpro-s
o PoFso

’||

Scheme 1.27. Effects of substituents X and R on the catalytic enantioselective hydroxylation of 3,4-
dihydroquinolones and interaction between the active species deriving from complex and
substrate.
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OBJECTIVES

Metalloenzymes involved in oxidation reactions can override the limitations found in
conventional synthetic oxidation protocols, operating with high efficiency and in a selective
manner. For this reason, small molecules capable to operate like metalloenzymes, have the
potential to be employed as catalysts in novel synthetically useful oxidation procedures.
Considering the excellent efficiency, selectivity and soft conditions of oxidation reactions
catalyzed by enzymes such as heme and non-heme oxygenases, and inspired by their
mechanisms of action, in this thesis we target the development of biologically inspired
manganese and iron tetradentate complexes as catalysts for C-H oxidation reactions.

In particular, we focused our attention on chiral manganese and iron complexes with the
general formula [M(CFsSOs),(L)] (L = mcp and pdp, mcp = N,N'-dimethyl N,N’-bis(2-
pyridylmethyl)-2,2’-bipyrrolidine). This class of complexes has been widely used in aliphatic
C-H bond oxidation, asymmetric olefin epoxidation and cis-dihydroxylation. Our aim in this
thesis is to achieve high levels of site-selectivity for C-H bond oxidation reactions on
aliphatic sites. Moreover, we also focused our attention on the asymmetric oxidation of
nonactivated aliphatic C-H bonds.

Two strategies to achieve those goals have been pursued in this thesis.

Site-selective
Oxidation R/\/\(
H,0,, RCO,H
Enantioselective 0:-I

Oxidation

Scheme II.1. General scheme of the objectives.

The first strategy consists in the development of the catalysts reported in Scheme II.1,
including their preparation, characterization and study in catalytic C-H oxidation reactions.
We envisioned that modification of both the backbone and the substituents on the pyridine
rings would lead to a higher control of the site- and the enantioselectivity of the C-H bond
oxidation reaction. To design the catalysts, we take as starting point previous catalysts
reported in the literature. In particular, we focused our attention on the mcp backbone
system. The development of new catalysts is proposed by modification of the electronic and
steric properties of the substituents on position 2, 3 and 4 of the pyridine rings. Moreover,
different ligands based on the mcp backbone, but differing in the nature of the N-alkyl group
(Rin Scheme 1.1.) are also targeted. The role of different carboxylic acids on the reaction site-
and enantioselectivity s will be also investigated.
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CHAPTER 11

The second strategy pursued will be to explore the possibility of controlling the site-
selectivity of C-H oxidation reactions by changing the electronic and steric properties of
functional groups present in the substrate. In particular, stereoelectronic effects will be
explored as site directing elements. Studies will be focused in substrates containing the amide
functional group, which represents an especially important functionality in organic chemistry,
present in a variety of natural products, bioactive molecules and organic materials.
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Chapter 1lI

Tuning Selectivity in Aliphatic C-H Bond Oxygenation of
N-Alkylamides and Phthalimides Catalyzed by

Manganese Complexes
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This chapter correspond to the following publication:

Milan, M.; Carboni, G.; Salamone, M.; Costas, M.; Bietti, M. ACS
Catal. 2017, 7, 5903-5911
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ABSTRACT: Site selective C—H oxidation of N-alkylamides
and phthalimides with aqueous hydrogen peroxide catalyzed
by manganese complexes is described. These catalysts are
shown to exhibit substantially improved performance in
product yields and substrate scope in comparison with their
iron counterparts. The nature of the amide and imide group
and of the N-alkyl moiety are shown to be effective tools in
order to finely tune site selectivity between proximal (adjacent
to the nitrogen) and remote C—H bonds on the basis of steric,

electronic, and stereoelectronic effects. Moreover, formation of

the a-hydroxyalkyl product in good yield and with excellent
product chemoselectivity was observed in the reactions of the
pivalamide and acetamide derivatives bearing an a-CH, group,

N
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pointing again toward an important role played by stereoelectronic effects and supporting the hypothesis that these oxidations
proceed via hydrogen atom transfer (HAT) to a high-valent manganese—oxo species. Good product yields and mass balances are
obtained in short reaction times and under mild experimental conditions when relatively low loadings of an electron-rich
manganese catalyst are used. The potential utility of these reactions for preparative purposes is highlighted in the site-selective
oxidation of the pivalamide and phthalimide derivatives of substrates of pharmaceutical interest.

KEYWORDS: C—H owxidation, manganese and iron catalysts, hydrogen atom transfer, stereoelectronic effects, selectivity, amides,

phthalimides

Bl INTRODUCTION

The selective functionalization of aliphatic C—H bonds in
organic molecules represents one of the main challenges of
modern synthetic organic chemistry because of their inert
character and because selectivity is hampered by the multitude
of C—H bonds that differ only slightly in terms of their
electronic and steric properties. Increasing efforts have been
devoted toward meeting this rewarding research goal, by
pursuing metal-catalyzed reactions that could implement site
selectivity in C—H functionalization reactions.'°

A breakthrough toward the development of selective aliphatic
C—H oxidation methodologies for organic synthesis was
disclosed in the studies of White and co-workers, using non-
heme nitrogen-ligated iron coordination complexes as catalysts
and hydrogen peroxide as oxidant.”® Selectivity rules for the
C—H oxidation reaction were clearly defined on the basis of
steric, electronic, and stereoelectronic effects, and a reaction
mechanism proceedin§ through an initial hydrogen abstraction
step was proposed.”'” When these elements were taken into
consideration, a reliable prediction of oxidation sites could be
deduced in several substrates, including complex natural
products. Related manganese complexes have been more
recently shown to follow the same selectivity patterns, but

- ACS Publications  © Xxxx American Chemical Society 5903

their use remains much less explored.'"'* Catalyst-dependent
selectivity distinct from the innate relative reactivity of C—H
bonds can also be introduced by employing highly structured
catalysts."”*~'® On one hand, sterically crowded catalysts favor
oxidation of secondary over tertiary C—H bonds because,
despite being weaker, the latter are sterically more demand-
ing.>™"* On the other hand, chiral bulky catalysts can also
exhibit chirality-dependent site selectivity in the oxidation of
steroids."”

Amines represent an especially important class of organic
compounds, which serve in particular as the basic structure of a
variety of natural products, bioactive molecules, and organic
materials. The tolerance of this functional group to metal-
catalyzed oxidation reactions is particularly critical, however. In
addition to their strong tendency to bind and deactivate metal
centers, amines can also be easily oxidized."” Quite importantly,
functionalization of amine substrates, when achieved, selectively
occurs at the strongly activated C—H that is a to the nitrogen
center.'® " Remote aliphatic C—H bond oxidation of amines
with iron and manganese catalysts was recently reported.”'
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In these works protonation of the amine, or formation of Lewis
acid—base amine—BF; adducts, electronically deactivated the
amine moiety and the C—H bonds that are adjacent to the
nitrogen center, favoring selective oxidation at remote positions
(Scheme 1a).

Scheme 1. Influence of (a) Medium and (b) Structural
Effects on Site Selectivity in Aliphatic C—H Bond
Functionalization of Amine and Amine-Derived Substrates

a) Previous works

H H
R H*orBF; oxidation R. R
RHN)\Mn/\( — W or > N
H R QMR' H o)
Fsg/g n u Always remote oxidation
b) This work
M OMe
e Me
/7 7
ji Qv a-C-H oxidation . |
R™ON - 7“
H X
éﬁumn\ow
| YOTf
o N
N /\/® remote C-H oxidation \
—_— Me" Y Me
o) OMe

(S,S)-[Mn(OTf(*Vpdp)]

Along this vein, amide functionalities are also very interesting
because, by decreasing nucleophilicity at the nitrogen center,
they can be employed as protecting groups for primary and
secondary amines, and the functionalization of these substrates
can thus expand the structural elaboration of amine-containing
targets. Moreover, highly efficient C—H oxidation of mono-
substituted cyclohexanes has been recently described with
manganese catalysts, where an N-cyclohexylamide moiety was
the key to enable high levels of regio- and enantioselectivity,”*
highlighting a very powerful role of this functional group in
defining selective C—H oxidation reactions. In this study it was
proposed that enantioselectivity arises in the C—H cleavage
step via hydrogen atom transfer (HAT) to a chiral high-valent
manganese—oxo species, followed by a fast hydroxyl rebound
toward the incipient carbon-centered radical.

In addition to the utility of the amide moiety as an amine
protecting group, selective oxidation of the aliphatic C—H
bonds of these substrates is also of considerable interest in
modern organic synthesis. With secondary and tertiary amides
bearing N-alkyl groups and with N-acyl cyclic amines, oxidation
generally occurs at the C—H bonds that are a to nitrogen,
yielding a-hydroxylated products that are rapidly converted
into imides, a useful functional group that has multiple
applications.”***~* Quite importantly, isolation of the first-
formed o-hydroxy derivatives was only achieved in a very
limited number of cases,*'™* despite the fact that such
products can represent versatile intermediates for further
synthetic elaboration.** Therefore, amide substrates constitute
a very promising platform for the development of selective C—
H oxidation procedures, where control over site (intra-
molecular) and product (intermolecular) selectivity can be
particularly challenging but highly rewarding.

Within this framework, we reasoned that amide moieties
have the potential to be developed into powerful directing
groups for site-selective C—H functionalization because their
electronic properties and steric demands can be uniquely tuned.
For example, the acyl moiety can be changed from a strongly

5904

electron withdrawing group such as trifluoroacetyl to the
weaker acetyl group, and the electron-withdrawing character
can be further increased by conversion into an imide derivative.
On the other hand, sterically demanding acyl moieties, such as
pivaloyl, can be envisioned to affect the accessibility of the
different C—H bonds of the substrate, translating into site
selectivity. With these considerations in mind, in this work
aliphatic C—H bond oxidation of N-alkylpivalamides, acet-
amides, trifluoroacetamides, and phthalimides bearing 1-pentyl,
2-(S-methylhexyl), and 1-(3-methylbutyl) groups bound to
nitrogen (structures S1—S12 displayed below in Table 1) has

Table 1. Oxidation of N-Pentylpivalamide (S1) with
Different Catalysts

Cat (1 mol %)

o H;0, (3.0 eq.) i OH 0
AcOH (13 eq.
tBu)J\H/\/\/ C}—|30N(,-440?C),30;in tBu H)\/\/ + HJ\/\/

s1 P1 PO
entry catalyst conversn, %“  yield of P1, %“ yield of PO, %“
1° Fe(pdp) <2%

2 Mn(pdp) 64 41 15
3b Fe(mcp) 10

4 Mn(mcp) 36 10

st Fe(™MMpdp) 15 6 S
6 Mn(™pdp) 99 60 11
7 Mn(*™Mmcp) 97 42 10
8 Mn(“‘mcp) 22 8 11
9" Fe(M™Npdp) 4

10 Mn(M*Npdp) 60 14 12
11°  Fe(" mcp) 11

12 Mn(™Smcp) 65 58 4
13 Mn(™pdp) 52 31 13
14 Mn(**™pdp) 98 40 10
15 Mn(“®mcp) 63 15 12
16 Mn(™Mpdp) 60 45 12

“Conversions and yields determined from crude reaction mixtures by
GC or 'H NMR. “Reaction conditions: Fe catalyst (3 mol %), H,0,
(2.5 equiv), AcOH (1.5 equiv) in CH;CN at 0 °C for 30 min.
“Cyclopropanecarboxylic acid was used instead of acetic acid.

been explored using iron and manganese catalysts and
hydrogen peroxide as the oxidant. The three series of substrates
were chosen in order to allow a thorough evaluation of the role
of structural and electronic effects on the C—H functionaliza-
tion selectivity, taking advantage of the methylenic C—H bonds
present in the N-pentyl derivatives (S1—S4), the combination
of a tertiary a-C—H bond with a tertiary 6-C—H bond in the N-
2-(5-methylhexyl) derivatives (S5—S8), and the combination of
an a-CH, group with a tertiary y-C—H bond in the N-1-(3-
methylbutyl) derivatives (S9—S12).

The results obtained show that with manganese catalysts the
nature of the amide and imide group and of the N-alkyl moiety
effectively tunes site selectivity between proximal (adjacent to
the nitrogen) and remote C—H bonds on the basis of steric,
electronic, and stereoelectronic effects (Scheme 1b). Good
product yields and mass balances are obtained in short reaction
times and under mild experimental conditions when relatively
low loadings of an electron-rich manganese catalyst are used,
highlighting the potential utility of these reactions for
preparative purposes. Quite importantly, in the reactions of
the pivalamide and acetamide derivatives bearing a CH, group

DOI: 10.1021/acscatal.7b02151
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Scheme 2. Diagram of the Iron and Manganese Complexes Studied”

M(*mep)

M(*pdp)

MX R, R, R,
Fe(pdp) -H -H -H
Mn(pdp) -H -H -H
Fe(mcp) -H -H -H
Mn(mcp) -H -H -H
Fe(@™Mpdp) -Me -OMe -Me
Mn(MMpdp) -Me -OMe -Me
Mn(dMMmcp) -Me -OMe -Me
Mn(“'mep) -H -Cl -H
Fe(Me2Npdp) -H -NMe, -H
Mn(Me2Npdp) -H -NMe,  -H
Fe(""Smcp)  -H -H  Si(iPr);
Mn("PSmcp) -H -H  Si(iPr);
Mn(""Spdp)  -H -H o Si(Py
Mn(B4™mpdp) -BzIm?

Mn(CF3mcp) -H -H  -Ph(CF3),

“N-Methylbenzimidazole instead of pyridine.

a to nitrogen, good yields and excellent selectivities were
observed for the formation of the a-hydroxyalkyl product.

Bl RESULTS AND DISCUSSION
The oxidation of N-pentylpivalamide (S1) with hydrogen

peroxide catalyzed by different iron and manganese complexes
was initially explored. The catalysts tested are based on chiral
iron and manganese complexes bearing tetradentate ligands and
have the general formula [M(CF;S05),(L)] (L = mcp, pdp;
mcp = N,N'-dimethyl N,N’-bis(2-pyridylmethyl)-1,2-trans-
diaminocyclohexane, pdp N,N’-bis(2-pyridylmethyl)-2,2'-
bipyrrolidine); their structures are displayed in Scheme 2, all
of which have been recently described to be particularly
efficient in aliphatic C—H oxidation reactions.”*" 11316344548
The results of these reactions are shown in Table 1.

Standard conditions for the reactions catalyzed by the
manganese complexes involved syringe pump delivery of H,0,
(3.0 equiv) to an acetonitrile solution of the catalyst (1 mol %)
and AcOH (13 equiv) in CH;CN at —40 °C over 30 min.
Exploration of the simplest catalysts of the series, Fe(pdp),
Mn(pdp), Fe(mcp), and Mn(mcp) (Table 1, entries 1—4),
reveals that only the manganese catalysts oxidize the substrate,
with the bipyrrolidine Mn(pdp) catalyst being more efficient
than the cyclohexanediamine Mn(mcp) catalyst. The negligible
conversion observed with Fe(pdp) and Fe(mcp) highlights the
challenge that these substrates represent for the iron complexes.
With the two manganese catalysts the product derived from C—
H hydroxylation @ to nitrogen (P1) was obtained in poor
(10%, entry 4) to moderate (41%, entry 2) yield, together with
smaller amounts of pentanal. Despite the electron-withdrawing
character of the amide group, the nitrogen atom in pivalamide
S1 s still sufficiently electron rich to activate the a-C—H bonds.
No products deriving from oxidation at C2—CS or from
oxidation of the primary t-Bu C—H bonds were observed.
Remarkably, no evidence for the formation of the correspond-
ing imide, which is the most common product resulting from
oxidation of the C—H bonds that are @ to nitrogen in N-
alkylamides,*® was observed. Pentanal presumably arises from
oxidative C—N bond cleavage. Control experiments showed
that P1 does not convert into pentanal under the reaction
conditions, indicating that the latter is formed via a path that
competes with a-C—H hydroxylation.*’ Improved yields, from
moderate to good, were obtained when electron-donating

5905

methyl and methoxy groups (Mn(*™Mpdp) and Mn
(™Mmcp)) were introduced at pyridine positions 3, 4, and 5
of the manganese complexes (entries 6 and 7). Making the
catalyst more electron rich partially rescues activity also in the
case of iron catalysts; thus, Fe(**™pdp) provides oxidation
products but in low yield (entry S), far from the values obtained
with the manganese analogue (entry 6). On the other hand, the
more electron poor catalyst Mn(“'mcp) delivered only very low
product yields (entry 8). This apparent correlation between
catalytic activity and electron-donating ability of the ligand
follows that observed in epoxidation reactions.’”*' However,
the use of the electron-rich Fe(™?Npdp) and Mn(™**Npdp)
catalysts, which have proven particularly active in olefin
epoxidation reactions”’ but are quite sensitive to harsh
oxidation conditions, affords no product or only 14% of the
a-C—H hydroxylation product (entries 9 and 10). Improve-
ment in product yield was also observed by the use of
manganese catalysts, where bulky groups such as triisopro-
pylsilyl (TIPS) were introduced at positions 3 of the pyridine
rings (entries 12 and 13). In this case, the cyclohexanediamine
system Mn(™™Smcp) performs substantially better than the
bipyrrolidine system Mn(™pdp), in line with our previous
observations on the oxidation of N-cyclohexylamides.’* In
addition, other manganese complexes were included in the
catalyst screening: namely, Mn(®*"™pdp), where the pyridine
rings were replaced by N-methylbenzimidazole (BzIm) rings,
and Mn(“*mcp), where 2,6-bis(trifluoromethyl)phenyl groups
were appended to position 3 of the pyridines of the mcp ligand
(entries 14 and 15). None of these catalysts improved the
outcome of the reaction. Finally, cyclopropanecarboxylic acid
was used instead of acetic acid in reactions with the
Mn(™Mpdp) catalyst (entry 16). This acid is sterically more
demanding than acetic acid and has recently proven particularly
effective in regio- and enantioselective C—H oxidation of N-
cyclohexylamides with similar manganese catalysts.>* In
comparison to acetic acid, the reaction furnished reduced
yields of P1 and pentanal as the only products, in similar
relative ratios, although the mass balance of the reaction was
particularly good. Therefore, on the basis of this screening,
Mn(*™Mpdp) in combination with acetic acid was selected as
the catalyst and carboxylic acid partner of choice for the
oxidation of the three series of N-alkylamide and phthalimide
substrates, in order to study in detail the effect of N-alkyl
structure and of functional group structure and electronics on

DOI: 10.1021/acscatal.7b02151
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Table 2. Oxidation of Different N-Pentyl Derivatives

(S,5)-Mn-(“Mpdp) (1 mol %)

o] H20, (3.0 eq.) O OH (0]
AcOH (13 eq.
R)I\N/\/\/ c: CN( 4;?(:) prp R)kN)\/\/ + HJ\/\/
H 5CN, , 30 min H
SX PX PO
Yield PX %
Entry/ Substrate (SX) Conv %" ’ Yield PO %“
(Isolated)
(o]
NN 99 60 (48) 11
1 H S1
[e]
oA 89 40° 13
2 H S2
(o)
N 64 26 6
3 H S3
""""""""""""""""" o T s s @) (1 mal 0 T
H,0, (3.0 eq.) 23 3
AN
N AcOH (13 eq.) N
Entry 4 CH3CN, -40°C, 30 min /\/\I(])/
o S4 o P4
61% conv 452 (41) % yield
<1:99 a8

“Conversions and yields determined from crude reaction mixtures by GC or '"H NMR. ’In a larger scale catalysis experiment driven to complete
substrate conversion, 36% yield of product P2 and 36% yield of the overoxidized imide product were isolated together with pentanal (determined by
GC) in 11% yield. “Iterative addition (2X): cat. (1 mol %), H,0, (3.0 equiv), AcOH (13 equiv) in CH;CN at —40 °C for 30 min.

Table 3. Oxidation of Different N-2-(5-Methylhexyl) Derivatives

o (5,5)-Mn-("pdp) (1 mol %) o
)k H,0; (3.5eq.) )J\ OH o] \/10\’>L
AOH(13eq)
R ” CH3CN, -40°C, 30 min R N * R)k”
SX PX PX_a
a Yield PX %" Yield PX_a %"
0, —
Entry Substrate Conv % (isolated) (isolated)
o
1 tBu)LNJ\/Y 93 77 (52) 13
H S5
o
2 Hac)kNJvW/ 99 41 (36) 34 (33)
H
S6
o
3 FZCJLNJ\/\( 90 84 (58) 2
H S7
"""""""""""""""""""""" o | semMn@an (imal %) o
H,0, (3.5 eq.) Q OH
N AcOH (13 eq.) N
Entry 4 CH3CN, -40°C, 30 min
o S8 o P8

>99% conv

847 (83) % yield

“Conversions and yields determined from crude reaction mixtures by GC or 'H NMR. “P6_a was isolated with 11% yield of a nonidentified

impurity that could not be separated.

the yield and site selectivity of the reaction. The product
distributions observed in the oxidation of the N-pentyl (S1—
S4), N-2-(S-methylhexyl) (S5—S8) and N-1-(3-methylbutyl)
derivatives ($9—S12) catalyzed by Mn(**™pdp) are displayed
in Tables 2—4, respectively.

Starting from the reactions of the N-pentyl derivatives, the
results displayed in Table 2 show that replacement of the
sterically demanding pivaloyl (S1) for acetyl (S2) and for the
more electron withdrawing trifluoroacetyl (S3) (Table 2,
entries 1—3) did not alter site selectivity, as clearly shown for
all three substrates by the formation of products P1-P3,
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respectively, derived from a-C—H bond hydroxylation.
Interestingly, the imide product was only observed in the
oxidation of S2, when the reaction was driven to full substrate
conversion. Under these conditions formation of the a-
hydroxylation and imide products in a 1:1 ratio was observed,
supporting the hypothesis of a higher reactivity of the substrate
S$2 in comparison to the first formed product P2 in the
Mn(™pdp) catalyzed reaction and indicating that the imide
product is derived from overoxidation of P2. Pentanal, which as
mentioned above is presumably derived from oxidative C—N
bond cleavage, was again identified in the reaction mixtures as a
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side product. The decrease in conversion and product yield
observed on going from S1 and S2 to S$3 is in line with the
electrophilic character of the intermediate manganese oxo
complex and the electron-withdrawing effect of the CF; group
that, in comparison to t-Bu and Me groups, deactivates the a-
C—H bonds toward oxidation.

Most interestingly, on going from the N-pentylamides to N-
pentylphthalimide (S4), a dramatic change in site selectivity
was observed in the reactions catalyzed by Mn(™™pdp) (Table
2, entry 4), where exclusive formation of the §-ketoamide
product resulting from oxidation at the most remote methylene
site of the pentyl moiety was detected. This behavior can be
explained on the basis of the increased electron-withdrawing
ability of the phthalimido group that, in comparison to the acyl
groups, strongly deactivates the a-C—H bonds, as well as the
and y bonds, toward oxidation, showing in particular that in
these reactions site selectivity can be drastically changed
through a simple synthetic modification of a parent amine
substrate. The remote functionalization observed in the
reaction of $4 is in agreement with the results of recent
studies on aliphatic C—H bond oxidation of N-pentyl, N-
cyclohexyl, and N-cycloheptyl derivatives, where in all cases the
phthalimido group provided the highest selectivity for the most
remote methylene group.”*>*~>* However, in partial contrast to
the present study, Alexanian and co-workers have recently
shown that sterically demanding amidyl radicals, generated
photochemically from N-bromo- and N-chloroamides, react
with N-pentylphthalimide leading, in addition to the 6-
haloimide, to the formation of sizable amounts (18—19%) of
products derived from halogenation at other sites.””>* This
comparison points toward an important role of the Mn-
(™Mpdp) catalyst in defining this exquisite C—H oxidation
selectivity that may reflect a higher steric demand of the
reactive manganese—oxo species in comparison to the amidyl
radicals, but it may also denote a higher and less discriminate
HAT reactivity of the latter, a hypothesis that is well supported
by the observation of small amounts of products derived from
halogenation of the terminal methyl group.””**

Moving then to the oxidation of the N-2-(S-methylhexyl)
derivatives (S5—S8), characterized by the presence of a tertiary
a-C—H bond and a tertiary C—H bond at the remote &
position, the main product observed is in all cases the
hydroxylated product PX that is derived from oxidation at
the 5-C—H bond (Table 3, entries 1—4). This result is in sharp
contrast with the oxidations of $1-—83, which selectively
occurred at the proximal a-methylene site (Table 2, entries 1—
3). A second compound, PX_a, appears as a significant side
product in the reactions of the least deactivated pivalamide
(S5) and acetamide (S6) substrates and as a minor product in
the reaction of the trifluoroacetamide substrate (87).
Formation of this cyclic product can be explained on the
basis of a-C—H oxidation of the first-formed product PX
followed by cyclization. The observation that the relative
importance of product PX_a over PX increases with increasing
conversion, together with the increased yield in PX_a observed
on going from S5 to S6, and the very low yield or lack of this
product observed in the reactions of 87 and S8, respectively,
strongly supports this hypothesis, reflecting the contribution of
steric (faster a-C—H oxidation of P6 in comparison to PS) and
electronic effects (slower a-C—H oxidation of P7 in
comparison to PS and P6) on the formation of this product.

The lack of products derived from tertiary a-C—H bond
oxidation in 85—S87 can be reasonably explained on the basis of
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the operation of stereoelectronic effects. As described in a
recent time-resolved kinetic study on HAT from N-alkylamides
to a representative oxygen-centered radical such as cumyloxyl
(CumO?®), an ~9-fold decrease in the ky value for HAT from
the a-C—H bonds was measured on going from N-ethyl-
pivalamide to N-isopropylpivalamide.’® It was proposed that
the introduction of a methyl group on the a-carbon increases
the energy barrier required to reach the most suitable
conformation for HAT where the a-C—H bonds are aligned
with the amide 7 system (structure A in Scheme 3), accounting
for the observed decrease in reactivity.

Scheme 3. Conformational Equilibrium for Rotation around
the N—CH(CH,;), Bond in N-Isopropylpivalamide

H Hs
P
wiBu LoiBu
IBU/C\'I\I/CH(CHS)Z = H CLg ~<=—— " H Cxp
H HaC CH; HsC H
A B

Along these lines, a similar explanation can be put forward to
account for the regioselectivity observed in the present study in
the Mn(™™pdp)-catalyzed oxidation of $5—87. Quite
importantly, this observation supports the hypothesis that the
reactions of alkanamides with CumO® and the oxidations
catalyzed by manganese complexes described in this work
involve a common HAT step.

Of note, an analogous regioselective oxidation of a
trifluoroacetamide substrate strictly related to S7, namely N-
(2-(6-methylheptyl)trifluoroacetamide, with the [Fe(pdp)-
(CH;CN),](SbFg), catalyst was previously described and
rationalized on the basis of the electron-withdrawing a-C—H
deactivation determined by the trifluoroacetyl group.” The
current results indicate instead that stereoelectronic effects are
at the basis of the observed regioselectivity.

Along the same vein, a very recent study on the aliphatic a-
C—H functionalization of N-Boc-protected ethylmethylamine
and isopropylmethylamine via a combination of photoredox,
nickel, and HAT catalysis pointed toward steric effects as a
rationale for the predominant alkylation of the primary a-C—H
bonds of the methyl groups over the weaker secondary and
tertiary bonds.>® Also in this case, stereoelectronic effects can
be reasonably invoked to account for this peculiar selectivity,
pointing once again toward the very important role played by
these effects in governing site selectivity in HAT-based
functionalization of aliphatic C—H bonds that are a to sp*
nitrogen atoms, such as those of amide and carbamate
substrates.

Particularly relevant in the context of the oxidation of N-2-
(S-methylhexyl) derivatives is the observation that with the
phthalimide derivative S8 the reaction progresses with excellent
yield and mass balance (Table 3, entry 4), leading to exclusive
oxidation at the remote tertiary position, with no formation of
the secondary oxidation product P8_a.

Finally, the oxidation of N-1-(3-methyl)butyl derivatives S9—
S12 was evaluated. In this case, the proximal position is a
methylenic site, which was envisioned to compete with the
oxidation of a tertiary C—H bond at a remote y-position. In line
with the previous observations (Tables 2 and 3), in the
reactions of the pivalamide (S9) and acetamide (S10)
derivatives the a-CH, position is activated toward oxidation,
and the proximal hydroxylated products P9 b and P10_b were
preferentially obtained in good isolated yield (Table 4, entries 1

DOI: 10.1021/acscatal.7b02151
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Table 4. Oxidation of Different N-1-(3-Methylbutyl) Derivatives

(S,8)-Mn-(*Mpdp) (1 mol %)

H20, (35 eq.) (o) OH (o]
/u\ AcOH (13 eq 5 OH
R ﬁ/\)\ CHACN, -40°C, 30 min RJ\”)\)\ + R)kN/Q<
SX PX_b H PX_c
Yield PX_b %“  Yield PX_c %"  Selectivity
o | _
Entry Substrate Conv % (isolated) @isolated)  PX_b/PX ¢’
[e]
1 ,BUJKN«X 93 66 (64) 7 47:1
H )
[e]
2¢ mu)kN/VK <2 -
H )
o]
3 HSCJLN/\/I\ S10 95 66 (65) 1 33:1
H
o]
4 " CXNA)\ S10 ) -
=R
o
5 FSC)LN«)\ st 91 7 77 48) 1:22
H
o
6 FSC*N/\)\ s11 55 11 36 1:6.5
H
Sy SSMModp) 2 mol %) o
/\/l\ H20, (3.5 eq.) Q /\)<)H
Entry 7 N AcOH (13 eq.) N
CH3CN, -40°C, 30 min
o) o P12
S$12 73% conv

682 (65) % yield
<1:99 azy

“Conversions and yields determined from crude reaction mixtures by GC or '"H NMR. *Normalized ratio. “Reaction conditions: Fe(pdp) (3 mol
%), H,0, (2.5 equiv), AcOH (1.5 equiv) in CH;CN at 0 °C for 30 min.

and 3), while the remote oxidized products P9 ¢ and P10 _c
were observed only in low or very low amount. This can be
explained on the basis of a stronger activation of the a-C—H
bonds in comparison to the remote tertiary C—H bonds
determined by the presence of the amide nitrogen atom. It is
possible to notice that the presence of the bulkier pivaloyl
group in comparison to acetyl can reduce the extent of a-
oxidation; however, a good to excellent selectivity for this
oxidation site was observed for both substrates (PX b:PX c =
4.7:1 and 33:1; Table 4, entries 1 and 3, respectively). The
formation of P9_b and P10_b, with no evidence of
overoxidation to the corresponding imide products, highlights
once again the ability of this catalyst to perform oxidation of
amide C—H bonds with very high levels of product selectivity.
The origin of this unusual chemoselectivity can be explained on
the basis of the stereoelectronic effects discussed above (see
Scheme 3), where a-hydroxylation increases the energy barrier
required to reach the most suitable conformation for HAT from
this position where the a-C—H bonds are aligned with the
amide 7 system. It can also be proposed that intramolecular
hydrogen bonding between the a-hydroxyl and carbonyl groups
plays a role in this respect, preventing optimal overlap of the a-
C—H bond with the amide 7 system.

On the other hand, the presence of EWG groups led to a
dramatic change in site selectivity. The predominant or
exclusive formation of the product derived from remote tertiary
C—H bond hydroxylation, PX ¢, was obtained with the
trifluoroacetamide and phthalimide substrates (S11 and S12,
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respectively; Table 4, entries S and 7) with modest to good
isolated yields and very good to outstanding levels of selectivity
(PX_b:PX c from 1:22 to <1:99; Table 4, entries 5 and 7,
respectively). Very striking is the observation that the
phthalimide derivative S12 undergoes exclusive oxidation at
the remote position, highlighting once again the powerful role
of this functional group in governing site selectivity.

Finally, the poor performance of the iron analogues of the
Mn(pdp) and Mn(*™pdp) catalysts was further investigated.
It was noticed that with the Fe(pdp) and Fe(**™pdp) catalysts
catalytic oxidation of amide substrates bearing activated a-C—H
bonds (81, $9, and $10) did not proceed or provided very low
product yields (Table 1, entries 1 and S; Table 4, entries 2 and
4). Instead, oxidation of amide substrates where oxidation takes
place preferentially at remote positions (S4, see the Supporting
Information; S11, see Table 4, entry 6) occurred with improved
(albeit still modest) yields. We reasoned that the a-
hydroxylated product may inhibit the catalyst, presumably by
chelation through the carbonyl and a-OH groups. Consistent
with this proposal, no oxidation products were obtained when a
typical catalytic oxidation reaction of S10 (50 equiv with
respect to the catalyst) with Fe(pdp) was performed in the
presence of P10 (50 equiv with respect to the catalyst).
Furthermore, reaction mixtures of the oxidation of S1, §9, and
S10 with the iron catalysts rapidly turned intense purple-blue
following addition of hydrogen peroxide, suggesting the
immediate formation of iron species that exhibit low-energy
charge transfer transitions. Charge transfer from extended
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Scheme 4. Oxidation of Bioactive Molecules”

__________________ O 0 0
; NH, : B (S,91Mn-(Modp) @ mol %) tBu—4 Bu—4
w : N H20; (3.5 eq.) NH NH
' ! CH3CN, -40°C, 30 min
|__Pregabalin __ OH o
S$13  78% conv
0" o
P13_a 27% yield P13_b 7% yield
dr.=5.2:1 -
o)
(e} (8,5)-Mn-(MMpdp) (2 mol %) N
(O Ho0, (3.5 eq.) o)
0 H
w AcOH (13 eq.)
OH CH3CN, -40°C, 30 min
0" o
$14  88% conv P14  60% yield
NH, - tBu (0] (0] tBu (0]

>99% conv.
55% yield (+25% dioxidation)

N
P16
0
4 4
OH HO OH HO
OH

P17

70% conv.
42% yield (+18% trioxidation)

80% conv.
45% yield

“Iterative addition (3X): cat. (2 mol %), H,0, (3.5 equiv), AcOH (13 equiv) in CH;CN at —40 °C for 30 min. Isolated yields.

systems of the ligand to a Fe' center are usually associated with

these spectroscopic features.”’~®' In addition, high-resolution
mass spectrometry monitoring of the reaction of Fe(pdp) with
S10 under standard conditions showed cluster ions at m/z
261.1294 that can be assigned to {[Fe(pdp)(S10) + O—H]}*
ions. Taken together, these observations suggest that P10
chelates and effectively deactivates the iron catalysts, while
manganese counterparts do not appear to be affected,
suggesting that they are more labile and less sensitive to
chelation.

With these results in hand, we decided to probe the
versatility of this approach in the oxidation of more complex
bioactive molecules bearing primary amine moieties as a main
structural feature. For this purpose, pivalamide and phthalimide
derivatives of drug molecules such as pregabalin (Lyrica) and
the antiviral drug rimantadine (Flumadine), whose structures
are shown in Scheme 4, were chosen as substrates.

As expected, the Mn(™Mpdp) catalyst performs the
oxidation of these molecules in satisfactory yields, with site
selectivity that can be predicted on the basis of the amine
derivatization. In line with the results shown in Table 4,
oxidation of the pivalamide derivative of pregabalin (S13,
Scheme 4) occurs preferentially at the most activated CH,
position that is a to nitrogen, yielding amido y-lactone
compound P13 _a derived from cyclization of the first-formed
product, that results from hydroxylation at this methylenic site,
with the carboxylic group.

The oxidized amido d-lactone product resulting from
hydroxylation at the remote tertiary C—H site (P13 b) was
observed only in lower amount (P13 a/P13 b = 3.9). No
evidence for functionalization at the tertiary C—H bond that is
B to both the amido and carboxyl groups was observed, in line
with the deactivation of this site determined by the presence of
the latter group. On the other hand, when pregabalin is
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derivatized with the strongly electron withdrawing phthalimido
group (814, Scheme 4), oxidation catalyzed by Mn(®™™pdp)
provides exclusively the amido §-lactone product (P14) derived
from remote tertiary C—H hydroxylation, in good isolated yield
(60%). On the other hand, the nature of the amine protecting
group did not alter site selectivity in the oxidation of
rimantadine derivatives $15 and S16 (Scheme 4). In both
cases, products derived from hydroxylation of two and/or three
tertiary C—H bonds of the adamantane skeleton were observed.
Moreover, removal of the methyl group that is & to nitrogen
(817, Scheme 4) did not change the reaction regioselectivity.
Product P17, resulting from hydroxylation of two adamantane
tertiary C—H bonds, is the major product, along with a smaller
amount of the trihydroxylated species. Products derived from
oxidation at the a-C—H bonds were not observed, pointing
toward the strong activation of adamantane tertiary C—H
bonds and suggesting moreover an important contribution of
steric and stereoelectronic effects imposed by the presence of
the bulky adamanane moiety toward deactivation of the a-CH,
site.

B CONCLUSIONS

The present work describes the oxidation of aliphatic amides
and phthalimides with aqueous H,0, using manganese
catalysts. Amides are demonstrated to be superior functional
groups for modulating site selectivity in these reactions, playing
an activating or deactivating role on proximal C—H bonds on
the basis of electronic, steric, and stereoelectronic factors. The
phthalimido group constitutes a unique case because its
powerful electron-withdrawing character strongly deactivates
proximal C—H bonds and consistently directs oxidation toward
the most remote position. Also remarkably, amides that present
a methylenic site that is  to nitrogen are hydroxylated at this
position with excellent product chemoselectivity, providing a
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straightforward entry into this challenging class of molecules.
This hydroxylation reaction is remarkable because most
oxidation methods reported in the literature consistently lead
to the imide product, and it highlights in particular the powerful
role of the manganese catalyst in governing selectivity.
Presumably, the HAT nature of the current reactions and the
associated stereoelectronic effects lay at the basis of this unusual
chemoselectivity. Taken together, the current work discloses a
site- and product-selective and predictable C—H oxidation
methodology with potential applicability to molecules of
interest in modern organic chemistry, including substrate
platforms of pharmaceutical relevance.
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of a Nonactivated Methylenic Site (S,S)-[Mn(OTf) ("™ ecp)]

ABSTRACT: Monosubstituted cycloalkanes undergo regio- and enantioselective aliphatic C—H oxidation with H,0O, catalyzed
by biologically inspired manganese catalysts. The reaction furnishes the corresponding ketones resulting from oxidation at C3
and C4 methylenic sites (K; and K,, respectively) leading to a chiral desymmetrization that proceeds with remarkable
enantioselectivity (64% ee) but modest regioselectivity at C3 (K;/K, = 2) for tert-butylcyclohexane, and with up to 96% ee and
exquisite regioselectity toward C3 (up to K;/K, > 99) when N-cyclohexylalkanamides are employed as substrates. Efficient H,0,
activation, high yield, and highly enantioselective C—H oxidation rely on the synergistic cooperation of a sterically bulky
manganese catalyst and an oxidatively robust alkanoic acid. This represents the first example of nonenzymatic highly
enantioselective oxidation of nonactivated methylenic sites. Furthermore, the principles of catalyst design disclosed in this work
constitute a unique platform for further development of stereoselective C—H oxidation reactions.

Bl INTRODUCTION systems are rare and limited to relatively weak C—H bonds
(benzylic, allylic, and adjacent to heteroatom) most commonly
with low substrate conversion (Scheme 1).*”'® Examples of
enantioselective oxidation of nonactivated aliphatic C—H bonds
remain exclusive to enzymes.lg_22

Oxidation of nonactivated aliphatic C—H bonds with
biologically inspired transition metal catalysts that form high
valent metal-oxo species may constitute a promising option to
pursue asymmetric C—H oxidation. This class of complexes has
been recently applied successfully in asymmetric olefin
epoxidation®™>* and cis-dihydroxylation,”**” but to date
asymmetric C—H bond oxidation has not been described.
Most interestingly, these species can hydroxylate C—H bonds
with stereospecificity,”* > and the steric and chiral properties
of the first coordination sphere of the metal site have been
shown to impact the C—H site selectivity of chiral
molecules.”**

Herein we describe the development of chiral manganese
complexes with sterically demanding tetradentate amino-

The oxidation of nonactivated aliphatic C—H bonds is a very
powerful reaction because it can transform the inert C—H
bond, ubiquitous in organic molecules, into a suitable site for
further chemical elaboration.”” However, it also represents one
of the most challenging reactions in modern synthetic organic
chemistry because the multitude of aliphatic C—H bonds in a
molecule makes site selective oxidation particularly difficult.
This is further accentuated because of the high reactivity of the
oxidizing species capable of breaking these bonds, often
incompatible with chemo- and regioselective transformations.
Additional challenges are encountered in enantioselective C—H
oxidations.” In the first place, reagents that are both chiral and
capable of oxygenating aliphatic C—H bonds via mechanisms
potentially susceptible to induce enantioselectivity are scarce. In
addition, the more facile overoxidation of secondary alcohols
with respect to the C—H precursor usually eliminates the
chirality. Instead, enantioselective C—H oxidation is common
in enzymes, where the combination of subtle interactions in the
active site governs substrate orientation, and formation of the
oxidizing species is finely triggered. Not surprisingly, examples Received: December 1, 2016
of enantioselective sp® C—H oxidation with nonenzymatic Published: February 8, 2017
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Scheme 1. Selected Precedents of Asymmetric C—H
Oxidation: (a) Ref 16 (b) Ref 7 (c) Ref 5, and (d) Ref 8
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pyridine ligands that catalyze the regio- and enantioselective
oxidation of methylenic groups in monosubstituted cyclo-
hexanes using H,0O, as oxidant. Oxidation occurs at positions
C3 and C4 of the cyclohexane ring, producing a chiral
desymmetrization in the former product, with outstanding
levels of regioselectivity (>99:1 for C3 over C4) and
enantioselectivity (up to 96% ee) in the reactions of N-
cyclohexylalkanamides. To the best of our knowledge the
current report constitutes the first example of enantioselective
oxidation of a nonactivated aliphatic C—H bond by a
nonenzymatic system.

B RESULTS AND DISCUSSION

Chirality at the metal iron complexes bearing tetradentate
ligands has been recently shown to exhibit site selectivity in the
oxidation of methylenic umts of chiral substrates, depending on
the chirality of the complex Therefore, we sought to explore
their ability to engage in enantioselective C—H oxidation. Since
secondary alcohols are rapidly oxidized by these catalysts to the
corresponding achiral ketones,”* we explored the C—H
oxidation of substrates that will result in an asymmetric
desymmetrization.”® Parent manganese complexes have re-
cently shown excellent catalytic activity in related aliphatic C—
H oxidation reactions,””*” and consequently, they were also
included in the study. In particular chiral iron and manganese
tetradentate complexes of general formula [M(CF;SO;),(L)]
(L = mcp, and pdp, mcp = N,N'-dimethyl N,N'-bis(2-
pyridylmethyl)-1,2-trans-diamino cyclohexane, pdp = NN'-
bis(2-pyridylmethyl)-2,2'-bipyrrolidine, Scheme 2, complexes
Fe(mcp), Fe(pdp), Mn(mcp), and Mn(pdp), respec-
tively)**>***" were tested as catalysts in the oxidation of
tert-butylcyclohexane (S1). Results are shown in Table 1
(entries 1—4). Standard conditions involved syringe pump
delivery of H,0, (3.5 equiv) to an acetonitrile solution of the
catalyst (1 mol %) and AcOH (17 equiv) in CH;CN at —40 °C
during 30 min. For all the catalysts oxidation of S1 occurs
preferentially at C3 over C4 methylene sites to produce the
corresponding ketone products (P1(K;) and P1(K,), respec-
tively) in moderate to good product yields (31-69%). No
products arising from C1 and C2 oxidation, nor from oxidation
of the primary t-Bu C—H bonds were observed. Products are
formed via initial hydrogen atom transfer (HAT) mediated C—
H hydroxylation, followed by fast oxidation of the resulting
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Scheme 2. Diagram of the Iron and Manganese Complexes
Studied”

. g
N

M(*pdp) M(*mep) Mn-(T"Sxcp)

M* R, R, R3 Mn-("Secp)  R'=-CH,CH;
Fe(pdp) -H -H -H Mn-(TPScpep) R’ = -CH,e-(C;Hs)
iefﬁ:g)d ) -ﬁ _E S—(:l) ) Mn-("Schep) R’ =-CHye-(CeHyy)

B G T s (TIPS, R' = -CH,CH,C(CH
Fe(""Smep) H H  Si(Pr), Mn-(""*>tBucp) ,CH,C(CH3);
Mn(pdp) -H -H -H
Mn(mcp) -H -H -H
Mn(M™Npdp) -H -NMe,  -H
Mn(®4™pdp) -BzIm®
Mn(®MMpep) -Me -OMe  -Me
Mn(“Fmep)  -H -H -Ph(CF3),

Mn("PSpdp) -H  -H  -Si(Pr),
Mn("Smep)  -H - -H - SiCPr),

“Benzimidazole instead of pyridine.

Table 1. Oxidation of tert-Butylcyclohexane (S1) with
Different Catalysts

Cat (1 mol %)
H,0, (3.5 eq.) 0
AcOH (17 eq.

CH3CN, -40°C, 30 min

s1 P1(K3) P1(K4)
conv yield (%) K, K/ Ee (K;)
entry cat (%)" (K) K,’ (%)
1° Fe(mcp) 62 37 (9) 2.1 2
2° Fe(pdp) 48 25 (6) 2.0 6
3 Mn(mcp) 46 32 (7) 23 9
4 Mn(pdp) 86 56 (13) 22 3
5¢ Fe(™Smcp) 73 61 (10) 3.1 33
6° Fe(™pdp) 88 53 (17) 1.6 15
Mn(M2Npdp) 37 13 (3) 22 8
8 Mn(MMpdp) 93 50 (11) 2.3 8
9 Mn(**™pdp) 79 50 (11) 2.3 11
10 Mn(“Pmcp) 55 22 (5) 22 2
11 Mn("™Smcp) 77 53 (19) 1.4 44
12 Mn(™Spdp) 51 22 (7) 1.6 34
137 Mn("Secp) 87 51 (15) 1.7 43
14 Mn(™Scpep) 68 32 (12) 1.3 32
15 Mn(™Schep) 45 10 (6) 1.0 6
16 Mn("™StBucp) 48 8 (5) 1.0 Rac

“Conversions and yields determined from crude reactlon mixtures by
GC. Ee’s determined by GC with chiral stationary phase. “Normalized
ratio. “Reaction conditions: Fe catalyst (3 mol %), H,0, (2 S equiv),
AcOH (1.5 equiv) in CH;CN at 0 °C during 30 min. %(S,S)-Mn-
("™Secp) (2 mol %).

secondary alcohol.*"~** Regioselectivity, quantified on the basis

of the normalized product ratio (K;/K,), is comprised between
2.0 and 2.3, in line with the results of previous studies on the
oxidation of S1 with HAT reagents such as iron and manganese
complexes (K3/K, = 1. 9 2.5),"* methyl(trifluoromethyl)-
dioxirane (K;3/K, = 1.8),** and iodanyl radicals (K;/K, = 1.4—
2.3).%% Poor enantioselectivities were obtained with these
catalysts (<10% ee, entries 1—4), but when bulky groups like
tris-(isopropyl)silyl (TIPS) were introduced at position 3 of the

DOI: 10.1021/acscentsci.6b00368
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pyridine rings in the iron catalysts (entries 5—6), both yield and
enantioselectivity increased significantly (70—71% yield, 33 and
15% ee for Fe("™™mcp) and Fe(™Spdp), respectively), while
retaining regioselectivity (K;/K, = 1.6—3.1).

Most interestingly, use of the parent manganese complexes
Mn(™Smcp) and Mn("™Spdp) (entries 11—12, full details on
the synthesis and characterization of the complexes are
provided in the Supporting Information) led to modest to
good product yields but improved levels of enantioselectivity in
ketone P1(K;) (up to 44% ee). On the other hand, the use of
electron-rich manganese catalysts (Mn(™**pdp) and Mn-
(™™pdp)), which have been recently shown to lead to high
ee’s in epoxidation reactions,””*® provided only low ee’s
(entries 7—8), suggesting that the steric demand imposed by
the TIPS group is the basis of the improved enantioselectivity.
Further catalyst screening included related manganese com-
plexes where the pyridine rings were replaced by benzylimida-
zole (BzIm) rings49 and the use of a 2,6-bis-trifluoromethyl-
phenyl substituted mcp ligand®® (entries 9 and 10,
respectively). In all the latter cases (entries 7—10), lower
enantioselectivities were obtained as compared to the TIPS
based catalysts. Then, different manganese catalysts based on
the mcp backbone, but differing in the nature of the N-alkyl
group (R’ in Scheme 2, entries 13—16 in Table 1) were
prepared and tested in the model reaction. This study led to the
identification of the ethyl substituted catalyst (S,S)-Mn-
(M™Secp), ecp = N,N’-diethyl N,N’-bis(2-pyridylmethyl)-1,2-
trans-diamino cyclohexane, as also particularly efficient in terms
of product yield and enantioselectivity (entry 13). For the
particular case of S1, (S,S)-Mn(™5ecp) and (S,5)-Mn-
("™Smcp) provided analogous ee’s, but significant improve-
ments in enantioselectivity were observed for other substrates
(see below). As expected, the use of the enantiomerically
related catalyst (R,R)-Mn(™Smcp) provides the oxidation
product with comparable ee but with opposite absolute
configuration.

The X-ray determined molecular structure of (S,S)-Mn-
("Secp) is shown in Scheme 3. The complex is structurally
very similar to the parent Mn(pdp)’' and the related
Fe(™ mcp) complexes.” Bond distances and angles are
collected in the Supporting Information. The manganese
center adopts a C,-symmetric cis-& topology, with the two
pyridines trans to each other. The complex exhibits chirality at

Scheme 3. Schematic Diagram (Left) and ORTEP Diagram
(Right) of the Single-Crystal X-ray Determined Structure of

(8,8)-Mn("Secp)”
\ 4 M~ ;‘7 %
:/IIN’%M/ WOTE N {,:ﬁ‘ra*’l»\

|n\0Tf
N

“List of selected distances (A); Mn—0O(4) 2.151(6), Mn—0O(1)
2.151(5), Mn—N(4) 2.186(6), Mn—N(1) 2.213(7), Mn—N(2)
2.327(7), Mn—N(3) 2.365(7).
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the metal (A and A), in turn determined by the chirality of the
cyclohexanediamine backbone (S,S and R/R, respectively). Most
interestingly, TIPS groups determine a well-defined chiral clef
occupied by the triflate ions, that bind cis to each other at the
manganese center, trans to the two aliphatic amine sites. These
sites are labile and are the place where H,O, presumably binds
and is activated, forming a high valent manganese oxo species
responsible for the C—H oxidation reaction.”® Of notice is also
the proximity of the N-ethyl groups to the triflate ions,
suggesting that these groups can also contribute significantly in
defining the structure of the C—H oxidation site.

On the basis of these results, catalyst Mn("™"Smcp) was
chosen for the oxidation of a series of monosubstituted
cyclohexanes in order to estimate the effect of the substituent
on yield, regioselectivity, and enantioselectivity of the reaction
(Table 2). Consideration of the elements that determine

Table 2. Oxidation of Different Cyclohexane Derivatives

(R,R)-Mn-("PSmcp) (1 mol %)
H,0, (3.5 eq.)

R@ e R@O\Xl + R%O

CH4CN, -40°C, 30 min Ks Ky
conv yield (%)% Ee (K3)
entry R (%)" Ky(K,) KK (%)
1 -t-Bu (S1) 77 53 (19) 14 44
2 -OPiv (S2) 80 41 (10) 2.0 54
3 -Si(Me), (83) 95 42 (13) 1.6 23
4°  -CO,CH; (S4) 88 47 (20) 12 11
S -CO,H (S5) 45 20 (11) 0.9 9¢
6°  -COCH; (S6) 95 47 (19) 12 8
7 -NHCOCH, 93 74 (3) 12 (+)63
(87)
8¢ -NHCOCH, 94 75 (3) 12 (-)78
(87)
9 -NHCO#Bu >99 90 (1) 45 (+)76
(88)
109  -NHCOfBu >99 90 (1) 45 (-)76
(88)
11°  -NHCOtBu >99 90 (1) 45 (-)8s
(88)

“Conversions and yields determined from crude reaction mixtures by
GC or 'H NMR. “Normalized ratio. °(8,S)-Mn-(""Secp) (2 mol %).
4(8,8)-Mn-("Smcp). “Ee’s determined after esterification of isolated
products. FAbsolute configuration was determined on the basis of the
crystal structure of the product obtained from S$10 (see Table 4 and
Supporting Information). Ee’s determined by GC with chiral
stationary phase.

regioselectivity in the oxidation of tert-butylcyclohexane (S1)
serves to provide an understanding of the changes observed
upon replacement of the ¢-Bu group for other groups. With S1,
regioselectivity can be understood by considering the relative
reactivity of the C—H bonds of this substrate in HAT reactions.
Primary and tertiary C—H bonds of S1 are not reactive because
of the high bond dissociation energy in the former, and of steric
and torsional effects in the latter where in particular substrate
conformation places this bond in an axial position. Tertiary
axial C—H bond deactivation has been recently explained in
terms of an increase in torsional strain in the HAT transition
state, where planarization of the incipient carbon radical forces
the bulky #-Bu group toward an unfavorable eclipsed interaction
with the equatorial C—H groups on the adjacent positions.””’
Along the same line, oxidation at C2 of S1 is disfavored because
planarization of the incipient carbon radical formed following

DOI: 10.1021/acscentsci.6b00368
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HAT forces the remaining C—H bond toward an unfavorable
eclipsed interaction with the adjacent t-Bu group.”

The results of previous studies on the oxidation of
monosubstituted cyclohexanes with methyl(trifluoromethyl)-
dioxirane have suggested that the K;/K, regioselectivity
observed in these reactions reflects the electronic effect of the
substituent, with C3 oxidation over C4 being favored by
electron releasing groups (K;/K, = 1.8 for S1) and C4 over C3
by electron withdrawing groups (K;/K, = 0.3 for trifluor-
omethylcyclohexane).** Along this line, the regioselectivity
observed in the oxidation of S1 catalyzed by Mn(™" mcp)
(Table 2, entry 1: K3/K, = 1.4) can be explained accordingly on
the basis of the electron donating ability of the t-Bu group that
activates C3 over C4 toward the electrophilic manganese-oxo
species.

When the t-Bu group was replaced by a pivalate (cyclo-
hexylpivalate (S2), Table 2, entry 2), comparable product yields
and regioselectivity toward C3 (K3/K, = 2.0) are observed, and
the enantioselectivity increases up to 54% ee. Use of a
trimethylsilyl (TMS) substituent as in S3 provides moderate
yields and reduced enantioselectivity (ee = 23%, entry 3).
Regioselectivity is not changed significantly with regard to S1
(K3/K, = 1.6 and 14, for S3 and S1, respectively), in
accordance with the similar electron donating abilities of the
two substituents. On the other hand, with cyclohexanes bearing
electron withdrawing substituents such as methyl cyclo-
hexanecarboxylate (S4), cyclohexane carboxylic acid (SS), and
cyclohexyl methyl ketone (S6) (entries 4—6, respectively), a
slight decrease in the normalized K;/K, ratio is observed (K3/
K, between 0.9 and 1.2), still reflecting however the formation
of ketone K; as the major product. This observation appears to
be, at least to a certain extent, in contrast with the explanation
given above, indicating that in addition to electronic effects
other factors also contribute in defining regioselectivity. Very
remarkably, as compared to S1 and S2, a sharp decrease in
enantioselectivity is observed with the latter three substrates
(S4-S6, entries 4—6, ee’s between 8 and 11%), indicating that
the presence of electron withdrawing substituents can strongly
influence the interaction of the substrate with the electrophilic
C—H oxidation site.

Most interestingly, in the presence of a strongly Lewis basic
amide substituent, as in N-cyclohexylacetamide (S7), the
reaction proceeds with excellent yield, strongly improved
regioselectivity toward C3 (K;/K, = 12), and good
enantioselectivity (63% ee, entry 7). Furthermore, an exquisite
regioselectivity (K;/K, = 45) and very good enantioselectivity
(76% ee) are observed on moving to an amide substrate
characterized by a bulky acyl moiety such as N-cyclo-
hexylpivalamide (S8, entry 9).

These results point toward a strong interaction of these
substrates with the manganese-oxo species, where substrate
Lewis basicity and the presence of a bulky aliphatic group both
appear to play a key role in providing an optimal substrate
orientation for regioselective and enantioselective C—H
oxidation. Most interestingly, with $7 and S8 enantioselectivity
could be further improved to 78 and 85% ee, respectively, while
retaining the excellent yield and regioselectivity, by using (S,S)-
Mn(™Secp) as catalyst, where the N-methyl groups of the
cyclohexanediamine backbone have been replaced by ethyl
groups (entries 8 and 11).

The highly regioselective oxidation of S8 requires further
consideration. It is well established that in the reaction of
cyclohexyl amine with electrophilic HAT reagents such as
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oxygen centered radicals, reaction occurs selectively from the
strongly activated a-C-H bond.>* Transformation of the NH,
group into a bulky amide moiety reduces the extent of
activation at C1, increasing in the same time the importance of
the conformation that places the tertiary C—H bond in an axial
position, thus deactivating both C1 and C2 toward oxidation
(see above), providing a highly efficient method for site-
selective functionalization at a nonactivated methylene position.

Carboxylic acids have been recently shown to strongly
impact the stereoselectivity of Mn and Fe catalyzed epoxidation
reactions with related catalysts.*”>"*°> These acids bind to the
metal center, cis to the site where H,0, is activated, and
contribute in defining the active site.””** Thus, their assistance
was explored in the current C—H oxidation reactions. Using
(R,R)-Mn(™5mcp) as catalyst and amide S8 as substrate, the
effect of different alkanoic acids is shown in Table 3. Almost
exclusive formation of ketone K; was observed, with the yield of
ketone K, being in all cases <1%. With the exclusion of 2-
chloroethanoic acid (entry 6), cyclohexanecarboxylic acid (SS,
entry 10) and carboxylic acids containing relatively long and
branched alkyl chains such as 4-methylpentanoic and 2-
ethylhexanoic acid (entries 11 and 12), comparable ee’s
comprised between 73 and 82% were obtained for all the
acids investigated. The significantly lower enantioselectivity
observed with 2-chloroethanoic acid (55% ee, entry 6)
reasonably reflects the electron withdrawing character of the
chlorine substituent that makes this acid less prone to bind to
the manganese center. The lack of or marginal conversion
obtained with the latter three acids can be explained in terms of
a favorable competition with the amide substrate for the
oxidizing species, as specifically shown above for the case of
cyclohexanecarboxylic acid (S5) (Table 2, entry S) that is
efficiently oxidized under these experimental conditions,
clearly indicating that in order to obtain highly enantioselective
C—H oxidations easily oxidizable carboxylic acids must be
avoided. A chiral carboxylic acid was also studied with the aim
to explore matching—mismatching effects between the
chiralities of catalyst and carboxylic acid. The combination of
(RR)-Mn(™5 mcp) and (S,8)-Mn("™mcp) with (S)-(+)-2-
methylbutanoic acid provided virtually identical enantioselec-
tivities but reduced product yields (entries 15—16).

Interestingly, as shown for the oxidatively robust acetic,
propanoic, and cycloproanecarboxylic acids (entries 2, S, and
14, respectively), by using (S,8)-Mn(™Secp) as catalyst a
substantial increase in enantioselectivity was obtained (85—90%
ee) while retaining the excellent yield and regioselectivity, with
the rigid cyclopropanecarboxylic acid that provides the highest
ee of the series (entry 14, 90% yield, 90% ee). Structural rigidity
and stability toward oxidation make this acid particularly
suitable to combine with the highly structured and sterically
demanding, while oxidatively resistant, site of the Mn(""*ecp)
catalyst in order to create an outstandingly robust site capable
of promoting a highly enantioselective oxidation of the strong
aliphatic C—H bond of a nonactivated methylene group.

The role of the structure and electronic properties of the
amide substrate on the regio- and enantioselectivity of the
reaction was then explored under optimized conditions, using
(8,8)-Mn(™"Secp) as the catalyst and cyclopropanecarboxylic
or acetic acid (17 equiv) as the acids of choice (Table 4).
Secondary amides that present aliphatic acyl groups show in the
most of cases high isolated yields, from good to excellent
regioselectivities for oxidation at C3 and excellent ee’s (up to
96% ee, entry S). It is possible to notice that the systematic
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Table 3. C—H Oxidation Reactions Using Different
Carboxylic Acids and N-Cyclohexylpivalamide (S8)

(R,R)-Mn-("PSmcp) (1 mol %)

)OL H20, (3.5 eq.) i 0
//_\ RCO,H (17 eq.) -
tBu H CH3CN, -40°C, 30 min fBu H/@\l
S8
Entry RCO;H Conv.(yield)(%)" (ee)%
o
1 )LOH >99 (90) 79
[o}
2b )kor-a >99 (90) 85
o
>Hkou
3 88 (51) 75
o
4 ~ Ao 97 (70) 81
o
5b \)kOH 90 (79) 89
o]
6 N 98 (86) 55
I
7 OH 58 (42) 81
o]
A&OH
8 50 (38) 80
o
9 \/\)J\OH 86 (73) 78
o
o
10 (S5) 8(5) -
[e]
Y\)LOH
11 0() -
o
/\Aa\oH
12 00) -
o
13 o on 91 (80) 73
o
14 V)%H 99 (90) 90
o
/\ﬁLOH
15 68 (41) 81
o
/YkOH
16¢ 62 (25) 82

“Conversions and yields (in parentheses) determined by GC. °(S,S)-
Mn(™Secp) (2 mol %). (8,S)-Mn(™Smcp). Ee’s determined by
chiral GC.

increase in steric hindrance of the acyl group, when going from
acetyl to 2-methylpropanoyl and 2,2-dimethylpropanoyl
(entries 1—3), results in an increase in the enantioselectivity,
which remains very high (>90% ee) as long as this group
contains sterically demanding alkyl moieties (entries 3—9). A
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Table 4. Impact of the Structure of the Acyl Moiety in Regio-
and Enantioselective C—H Oxidation of N-Cyclohexyl
Amides with (8,S)-Mn(™Secp) as Catalyst

(S,S)-Mn("PSecp) (2 mol %)

o lg?z (3.5eq.) o K 0
CO,H (17 eq.) 3
R)J\N :; - > R)J\N/Y é +Ky
H CH3CN, -40°C, 30 min H
Isol. Norm
Entry Substrate yield (%) (ee)% Kj
K; Kg/K,;“'l’
X
1 el 7 6l 12 ()78
o /O
2 \HL” (S9) 60 9 (-)88
2O
N
3 >HLH (S8) 84 45 ()91
o O
4 % N (S10) 85 43 ()94
o
i
5 (S11) 45 23 (-)96
o
6 (S12) 8 4 (90
S
7 N (S13) 69 >99 ()94
[e]
8 ﬁ/m” (S14) 50,617 25 (91, (-)86
o
o
9¢ (S15) 75 38 ()91
o
SO
10 H (S16) 66/ 8.2 (-)65
o
FCJ\N
1 H (S17) 65 2 (-)65
o
-0
12 o (S18) 378 0.8 62
F o
E
)
.
13 F O (S19) 40¢ 0.6 -k

“Normalized ratio. “K, yields determined by GC. “Recovered starting
material = 78%. “(R,R)-Mn(™ ecp). *Acetic acid (17 equiv) instead
of cyclopropanecarboxylic acid. /Yield determined by GC. $Products
isolated as mixture of (K, + K,). "Ee not determined. Ee’s determined
by chiral GC and HPLC.

truly remarkable behavior is displayed by N-cyclohexyl-2,2-
dimethylbutanamide (S10, entry 4), which combines high
isolated yield (85% for product K;), excellent regioselectivity
(K3/K, = 43), and enantioselectivity (94% ee). Low yield was
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obtained only in the case of S12 (entry 6), suggesting that for
this substrate the exceedingly high steric bulk of the acyl moiety
prevents efficient oxidation. The use of an amide substrate that
bears a chiral center (S14, entry 8) does not lead to any
improvement in enantioselectivity; however the ee’s obtained
with both (S,5)-Mn(™Secp) and (R,R)-Mn(™Secp) are
excellent (91% and 86% ee, respectively). A remarkable
demonstration of the important role played by electronic and
steric effects in determining an optimal substrate orientation for
highly regio and enantioselective C—H oxidation is provided by
N-cyclohexylcyclohexanecarboxamide (S15, entry 9). Oxidation
of this substrate occurs selectively at the N-cyclohexyl ring with
excellent isolated yield (75%), exquisite regioselectivity (Ks/K,
= 38), and very high enantioselectivity (91% ee).

Increasing the electron withdrawing ability of the R group
(S16-S19, entries 10—13) progressively decreases the K;/K,
ratio due to deactivation of proximal positions (C3) as
compared to remote ones (C4), with the lowest regioselectiv-
ities for oxidation at C3 (K;/K, = 0.6) being observed with N-
cyclohexylphthalimide (S18) and N-cyclohexyltetrafluoroph-
thalimide (S19) (K;/K, = 0.8 and 0.6, respectively). These
findings are in full agreement with the results of recent studies
on the HAT-based aliphatic C—H halogenation of pentyl
derivatives, where, among different electron withdrawing
substituents, the phthalimido one provided the highest
selectivity for the most remote methylene group.””® Decreased
levels of enantioselectivity are also observed with these
substrates (ee’s between 62 and 68%), in line with the
discussion outlined above on the role played by substrate Lewis
basicity on the C—H oxidation enantioselectivity.

Finally, under the optimized conditions, N-cyclohexyl amides
bearing methyl substituents on the cyclohexane ring were
evaluated (Scheme 4). N-(4,4-Dimethylcyclohexyl)pivalamide

because this substrate is characterized by a simple cycloalkane
skeleton devoid of any functionality, and the relatively high
enantioselectivity must be mostly based on sterics.

The significance of the levels of regio- and enantioselectivity
exhibited in the current reactions must be considered in
context. Cyclohexane scaffolds have been used as model
substrates in studies aimed at clarifying the factors that govern
selectivity in C—H oxidation. Trends in regioselectivity related
to those observed for the current Mn-catalyzed oxidations,
entailing preferential oxidation at C3 and C4 have been
observed in the oxidation of S1 with hypervalent iodine
reagents,45’46 dioxiranes, " alkoxyl radicals,”* and iron and
manganese catalysts.""*> However, the outstanding directing
role of the amide moiety is unprecedented and provides an
excellent tool to consider in governing site-selectivity in C—H
oxidation.

The levels of enantioselectivity observed in the current
reactions deserve special discussion. To the best of our
knowledge, the reactions described herein represent the first
example of an enantioselective C—H oxidation of a non-
activated C—H bond carried out by a nonenzymatic system.
Indeed, the current reactions are focused on methylenic sites,
that, as compared to tertiary sites, are characterized by
significantly stronger C—H bonds, and for which viable
oxidants are limited. Previous chiral oxidations of a cyclohexane
moiety have been described only after systematic mutations of a
P450 enzyme,21 where enantioselective hydroxylation at C2
was obtained.

The origin of the enantioselective discrimination in the
current reactions also deserves a comment. Enantioselectivity
can originate from the transfer of a hydroxyl ligand belonging
to a chiral Mn—OH complex to a long-lived and planar carbon
centered radical (Scheme SA) or from the initial C—H cleaving

Scheme 4“

0o j\ o
)J\N tBu” °N tBu)]\N
H/m'/ H H

S20° s21° S222
52%, (+)76% ee 39%, (-)55% ee n.r
X
Bu” O\ BuN =\
s2¢ s1¢

45%9, (+)61% ee 50%7, 64% ee
“(a) (RR)-Mn-("Smcp) and acetic acid. (b) (S,5)-Mn(™5ecp) and
acetic acid. (c) (R,R)-Mn-("mcp) and cyclopropanecarboxylic acid.

(d) Sum of K; + K,. Isolated yields.

§20 was oxidized with excellent regioselectivity and 76% ee,
while blocking positions 3 and S with methyl groups (N-
(3,3,5,5-tetramethylcyclohexyl )pivalamide, $22) results in an
inert substrate under the experimental conditions. Oxidation of
a racemic mixture of N-(3,3-dimethylcyclohexyl)pivalamide
S21 results in a chiral resolution, providing the ketone K; in
39% isolated yield and 55% ee, while the starting amide is
enantiomerically enriched to a moderate extent (38% ee).
Under optimized conditions tert-butylcyclohexane (S1) and
cyclohexyl pivalate (S2) were also oxidized in good yields and
with remarkable ee’s (64 and 61% ee, respectively). The results
obtained in the oxidation of S1 are particularly interesting
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Scheme 5. Description of the Possible Mechanisms at the
Origin of the Enantioselectivity

Product from

A) Enantioselection at the OH transfer step
a face OH transfer

R
Hov R’ R
)—R < H HO Product from
H" a face b face b face OH transfer
o OH
H N/,,"\L vaN o “mnt
n
/“OJ{ N 1MoL ’\‘o—(
N R

B) Enantioselection at the HAT transfer step
H
H
m M HM
o .
/ Mt
oL

/l O% \‘ ‘OJ( NN
R

tBu [Ox]

m

NH

R

step by a chiral metal-oxo species (Scheme SB). The high
reactivity of alkyl radicals seems a priori incompatible with their
use as radical relays, in a similar way as done in recent benzylic
C—H functionalization reactions.'” More definitively, however,
this latter mechanism is incompatible with the desymmetriza-
tion reactions described herein. In the current reactions
enantioselectivity must be necessarily introduced in the C—H
lysis step, which has been previously established to entail HAT
from the aliphatic C—H bond to a high valent manganese-oxo
species Mn"(O) (carboxylate) moiety, followed by a fast
hydroxyl rebound toward the incipient carbon centered
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radical.®® Therefore, the current reactions capture the
mechanistic essence of stereoselective aliphatic C—H oxidation
reactions taking place at P450 cpdl.”” Careful design of the
chiral Mn"(O) (carboxylate) site is necessary for reaching good
product yields and high levels of stereoselection in the
oxidation of these strong C—H bonds. This is achieved by
embedding the manganese center in a chiral robust cavity
defined by bulky TIPS groups of the ligand and the assistance
of an oxidatively robust carboxylic acid. In this scenario, it must
be recognized that the extraordinary role of the basic amide
moiety in dictating regio- and enantioselectivity is not
completely understood. The most obvious binding of the
Lewis basic carbonyl moiety to the Mn¥(O) (carboxylate) site
will require the unlikely formation of a seven coordinate
manganese species. Other possibilities to consider may be the
presence of a partially protonated oxo or carboxylate ligand,
introducing an acidic site susceptible to engage in H-bonding
with the incoming amide substrate. Precedents for a basic high
valent iron-oxo species exist for chloroperoxidase.”’ Elucidation
of these possibilities will require a more precise understanding
of the nature of the active species, maybe only possible via
computational methods. On the other hand, it must be noticed
that the current reactions entail breakage of strong C—H bonds,
but they occur at low temperature in a remarkably efficient
manner. This implies that the active species must be
extraordinarily reactive, and activation barriers for the reactions
must be small. Introduction of stereoselectivity in these
conditions is particularly challenging, and therefore it is not
surprising that ee’s appear to be quite sensitive to small changes
in the nature of the catalyst, carboxylic acid, and substrate.
Particular optimizations may be necessary. Indeed, we notice
that structural specificity in stereoselective aliphatic C—H
oxidation is a common feature of enzymatic systems and may
be a fundamental drawback of this type of reaction.

Bl CONCLUSIONS

The present work describes unique examples of regio- and
enantioselective oxidation of nonactivated aliphatic C—H bonds
with small molecule manganese catalysts using hydrogen
peroxide as the oxidant. A chiral sterically demanding and
oxidatively robust active center can be built via careful tuning of
the manganese ligands. These results represent the first
examples of highly enantioselective nonenzymatic oxidation
of nonactivated methylenic sites. The principles of catalyst
design disclosed in this work constitute a very solid platform for
further development of stereoselective C—H oxidation
reactions in terms of substrate scope, but we also envision
their straightforward application to other asymmetric oxygen
atom transfer reactions (to olefins, amines, or sulfides, for
example). Not less important, the current oxidation reactions
are based on the use of an abundant first row transition metal
and hydrogen peroxide as the oxidant. Therefore, they are also
particularly interesting from a sustainable perspective.
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ABSTRACT: Substituted N-cyclohexyl amides undergo aliphatic C—H bond oxidation with H,O, catalyzed by manganese
complexes. The reactions are directed by torsional effects leading to site-selective oxidation of cis-1,4-, trans-1,3-, and cis-1,2-
cyclohexanediamides. The corresponding diastereoisomers are unreactive under the same conditions. Competitive oxidation of
cis—trans mixtures of 4-substituted N-cyclohexylamides leads to quantitative conversion of the cis-isomers, allowing isolation and
successive conversion of the trans-isomers into densely functionalized oxidation products with excellent site selectivity and good

enantioselectivity.

he development of oxidation methodologies that can

selectively target nonactivated aliphatic C—H bonds and
discriminate among them within the same substrate would
provide very valuable tools in organic synthesis that can rapidly
expand product diversity and build chemical complexity in a
single step from relatively simple and readily available
substrates. ~~ The factors that govern the relative reactivity of
C—H bonds against different oxidants have been extensively
scrutinized, with the final goal of setting predictability in C—H
oxidation reactions of complex substrates. Bond strengths as well
as electronic, steric, stereoelectronic, and torsional effects have
been recognized as innate C—H relative reactivity determining
factors.">'® Medium effects have also been shown to play an
important role."'~"° In cases where these elements synergisti-
cally cooperate, site selective oxidation of complex organic
molecules has been accomplished.'® In this context, we have
recently shown that amide functionalities constitute a powerful
handle to direct site selectivity in C—H oxidation reactions by
means of steric, electronic, and stereoelectronic effects.'”'*
Herein, we disclose site selective and enantioselective oxidation
of a series of N-cyclohexyl amides and diamides catalyzed by
manganese complexes. We show moreover that torsional effects
enable the unprecedented resolution of mixtures of cis- and trans-
1,4-disubstituted N-cyclohexyl amides via C—H bond oxidation,
selectively providing the oxidation products derived from the cis
isomer, allowing the recovery of the unreacted trans one in good

—9
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to excellent yield. Subsequent methylene oxidation in the latter
isomers yields enantioenriched ketoamide products via site and
enantioselective C—H oxidation. By virtue of these reactions,
cis—trans mixtures of N-cyclohexyl amides substituted at C-4 are
converted into precious chiral and densely functionalized
building blocks. The current reactions are remarkable because
amides, besides their inherent interest, can be readily converted
into amines, one of the most important classes of organic
compounds.lg Furthermore, to the best of our knowledge, the
current report pioneers the use of selective C—H bond oxidation
of cyclohexane derivatives, in the current case guided by torsional
effects, as a synthetic tool for resolving diastereoisomeric
mixtures.

Chiral manganese complexes, which have been recently shown
to display an excellent catalytic activity in the selective oxidation
of aliphatic C—H bonds,"”'”'**°~** and with the general
formula [Mn(CF;S0;),(L)] (L = pdp and mcp, pdp = N,N'-
bis(2-pyridylmethyl)-2,2'-bipyrrolidine, mcp = N,N’-dimethyl
N,N’-bis(2-pyridylmethyl)-1,2-trans-diamino cyclohexane, ecp =
N,N’-diethyl N,N’-bis(2-pyridylmethyl)-1,2-trans-diamino cy-
clohexane Scheme 1; Mn(pdp), Mn(™ mcp), and Mn-
("™Secp)) were used in this work. The oxidation of cis and
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Scheme 1. General Scheme of the Reactions and the Catalysts
Used in This Work
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trans diamides derived from 1,2-, 1,3-, and 1,4-cyclohexanedi-
amines was initially studied in order to evaluate the effect of
substrate structure on selectivity.

Reactions were conducted employing an acetonitrile solution
of the catalyst Mn(pdp) or Mn(™Smcp) (1—3 mol %) and the
substrate, delivering H,O, (2.0—4.5 equiv) via syringe pump
during 30 min at —40 °C under air.

Starting from the pivaldiamides derived from cis- and trans-1,4-
cyclohexanediamine (Scheme 1, cis-3 and trans-3, respectively),
oxidation of cis-3 led to the formation of N-(4-oxocyclohexyl)-
pivalamide (3a) (63% conversion, 51% yield, Scheme 1b) as the
exclusive oxidation product. Formation of 3a can be rationalized
by considering an initial tertiary equatorial C—H bond
hydroxylation via hydrogen atom transfer (HAT) from this
bond to a high valent manganese-oxo species, followed by a
hydroxyl rebound to give an a-hydroxo-amide product that then
undergoes hydrolytic cleavage. Under identical conditions, no
reaction was observed for trans-3, which was instead
quantitatively recovered from the reaction mixture pointing
toward a low reactivity of both the tertiary axial and secondary
C—H bonds of this substrate. These findings are in full
agreement with the results of previous studies on cyclohexane
derivatives®** that have clearly shown that, while tertiary
equatorial C—H bonds are activated toward abstraction, the
opposite holds for tertiary axial C—H bonds that are instead
deactivated. This behavior has been rationalized in terms of
torsional effects associated with the planarization of an incipient
carbon radical in the HAT transition state. Tertiary equatorial
C—H bond activation is a well-established concept in these
processes and has been explained on the basis of a release of 1,3-
diaxial strain in the HAT transition state (Scheme 2A).*7>°

The concept of tertiary axial C—H bond deactivation has
received instead less attention and has been rationalized in terms
of an increase in torsional strain in the HAT transition state
where the substituent is forced toward an eclipsed interaction
with the equatorial C—H bonds on the adjacent positions
(Scheme 2B).”**® 1t is worth mentioning that a very recent
kinetic study has pointed out that the latter effect can override
favorable C—H BDEs, representing an important contributor in
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Scheme 2. Transition Structures for HAT from Tertiary
Equatorial and Axial C—H Bonds of Z-Disubstituted
Cyclohexanes to a Generic Radical X* Showing the Release of
1,3-Diaxial Strain (A) and the Increase in Torsional Strain (B)
Associated to HAT

A I b}

i
H

release of 1,3-diaxial strain increase in torsional strain

governing the functionalization selectivity of monosubstituted
cyclohexanes.”” A striking example of this deactivation is
provided by phenylcyclohexane that, despite of the presence of
a relatively weak tertiary benzylic C—H bond (BDE = 85.2 kcal
mol™"),”* undergoes selective functionalization at C-3 and C-4 in
its reactions with a variety of HAT reagents.”” >

In the studies described above,”> " it was also proposed that
bulky equatorial substituents deactivate the C—H bonds of the
adjacent secondary sites via planarization of an incipient carbon
radical in the HAT transition state that forces the remaining C—
H bond toward an eclipsed interaction with the ring
substituent.”?**” Results on the oxidation of 1,2- and 1,3
cyclohexanediamides following analogous procedures are
collected in Scheme 3. Oxidation of the pivaldiamide derived

Scheme 3. Oxidation Reactions of Cyclohexane-Derived
Pivaldiamides

WA 2
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“Iterative addition (2X): cat. (1 mol %), H,0, (4.5 equiv). Isolated
yields.

from trans-1,3-cyclohexanediamine (trans-2) led to the for-
mation of N-(3-oxocyclohexyl) pivalamide (2a) as the exclusive
oxidation product (61% isolated yield) following HAT from the
tertiary equatorial C—H bond, as described above for the
oxidation of cis-3. The corresponding cis isomer (cis-2) and the
pivaldiamide derived from trans-1,2-cyclohexanediamine (trans-
1), characterized by the presence of two tertiary axial C—H
bonds, proved instead unreactive, in keeping with the results
discussed above on the oxidation of trans-3. Oxidation of the
pivaldiamide derived from cis-1,2-cyclohexanediamine (cis-1)
took place selectively at position 4 and not at the tertiary
equatorial C—H bond, providing keto diamide 1a in 74% isolated
yield and a 80:20 enantiomeric ratio (er). The lack of reaction at
the latter position can be again rationalized in terms of an
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increase in torsional strain in the HAT transition state, where
planarization of an incipient tertiary radical forces the two bulky
pivalamido groups toward an unfavorable eclipsed interaction,
directing HAT to C-4. The lack of reactivity of trans-1, cis-2, and
trans-3 deserves special consideration. As mentioned above, the
tertiary axial and adjacent secondary C—H bonds are deactivated
toward HAT, but in addition it appears that these substrates can
also inhibit the oxidizing ability of the manganese catalyst,
probably through chelation of the metal by the two amide
groups. This hypothesis is supported by the observation that,
while oxidation of N-cyclohexylpivalamide catalyzed by Mn-
("Smcp) led to the formation of N-(3-oxocyclohexyl)-
pivalamide in 90% isolated yield,"” only small amounts (between
10 and 37%) of this product were observed when N-
cyclohexylpivalamide was oxidized in the presence of an
equimolar amount of trans-1, cis-2, or trans-3. Full details of
these experiments are provided in the Supporting Information
(SD).

These results suggest that resolution of cis and trans couples of
N-cyclohexylamide derivatives bearing a substituent at C-4 may
be possible on the basis of their distinct reactivity patterns in Mn-
catalyzed C—H oxidation. Selective oxidation of the cis isomer,
characterized by the presence of an activated tertiary equatorial
C—H bond, should leave the trans isomer unreacted, allowing
facile separation. For this purpose, a series of cis—trans isomeric
mixtures of 4-X substituted N-cyclohexylamides (X = Et, iPr, t-
Bu, CF,;) differing in isomeric composition (details see the SI)
were subjected to standard oxidation conditions, taking
particular advantage of the lower conformational energy of the
amido group, as compared to the selected X substituents.”* The
results are reported in Scheme 4. As predicted, after optimization,

Scheme 4. Oxidation Reactions of cis—trans Mixtures of 4-X-
Substituted N-Cyclohexyl Amides
207
R)J\N

Mn(TPSmep) (1 mol %)
AcOH (17 equiv)

N ]
H trans H,0, (2.0-3-5 equiv) H 599% dr
+ X CHiCN,-40°C,30min +
Ve :
Ay 1y
H cis o .
from cis
)OL /O\ ~ o) [ jk
tBu N
H N

K K o,
tBu)oLN’O Haoj\N’O ,Buj’\N/O ;

H

trans-8 (66% yield) trans-92 (84% yield) trans-10 (96% yield)

4(8,8)-Mn("™Secp) and cyclopropanecarboxylic acid. Isolated yields.

the cis isomers are quantitatively converted to the 4-X-substituted
cyclohexanone product. The valuable trans isomers (trans-S—
trans-9) are recovered in good to excellent yield (66—96%) and
can thus be isolated from different cis—trans mixtures obtained
from commercially available starting materials with a relatively
low material loss (see SI). To the best of our knowledge, the
diastereomerically pure trans-amides and derived trans-amines
are currently not accessible by other methods. The intra-
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molecular and intermolecular selectivity observed in these
reactions is quite striking, if one considers in particular that
substrate couples S, 6, and 7 also display exocyclic secondary and
tertiary C—H bonds. The lack or low amount of products
deriving from oxidation at these sites in the cis and trans isomers,
respectively, clearly indicates that tertiary equatorial C—H bond
activation is so strong as to minimize competitive oxidation at
other sites.

On the basis of these findings, we considered the possibility of
further elaborating the trans isomers of 5—9 into valuable chiral
products. Much to our delight, oxidation of these substrates
resulted in products where a methylene site is oxidized with
excellent site-selectivity and moderate to good enantioselectivity
(Scheme $). Substituents at C-4 have a profound effect on the

Scheme S. Enantioselective Oxidation Reactions of trans-4-X-
Substituted N-Cyclohexyl Amides
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: N @H
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7ac 45% yield)
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terative addition (2x): cat. (1 mol %), H,O, (3.5 equiv). ®Cat. (3
mol %), H,0, (3.5 equiv). “Cat. (3 mol %), H,0, (3.5 equiv). (S,S)-
Mn(pdp) (1 mol %), H,0, (4 S equiv). “Iterative addition (3X): cat.
(1 mol %), H,0, (3.5 equiv). Yield determined by 'H NMR analysis.
er’s determined by GC with chiral stationary phase.

reaction selectivity. The presence of a methyl, ethyl, or propyl
group as in trans-4, trans-S, and trans-6 provides good isolated
yields of the product deriving from oxidation at C-3 and
remarkable enantioselectivity (4a (78% yield, 89:11 er), Sa (65%
yield, 93:7 er), and 6a (42% yield, 95:5 er), respectively).
Oxidation of the tertiary axial C—H bond at C-4 to give
hydroxyamide 4b is only observed as a minor side reaction (14%)
in the case of trans-4, indicating that with this substrate the
tertiary C—H bond activation determined by the methyl
substituent competes with the deactivating torsional effects.
With trans-S and trans-6, smaller amounts of products deriving
from oxidation at the secondary exocyclic C—H bonds were also
observed (5b and 6b, 13% and 4% yield, respectively). The
presence of an isopropyl group at C-4 as in trans-7 results in a
change in site-selectivity, with C—H bond oxidation that now
takes place preferentially at the most activated tertiary isopropyl
C—H bond to give product 7a in 45% yield, while a lower amount
of product 7b in an unexpected nearly racemic form (14% yield,
52:48 er) resulting from oxidation at C-3 was obtained. In
keeping with the discussion outlined above, the product
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distributions observed with trans-4, trans-S, trans-6, and trans-7,
indicative of strong tertiary axial C—H bond deactivation,
coupled to the selective tertiary equatorial C—H bond oxidation
of the corresponding cis isomers, point toward torsional effects as
a determinant contributor in governing the functionalization
selectivity of cyclohexane derivatives. Interestingly, an increase in
steric hindrance of the ring substituent, i.e, on going from
isopropyl to tert-butyl (trans-8), results in a drastic change in site-
selectivity. The presence of the bulky tert-butyl group at C-4
strongly deactivates the C—H bonds at C-3, directing oxidation
at C-2. The 2-keto amide product was obtained in modest to
good isolated yield and er both for the pivalamide and acetamide
derivatives (8a and 9a). Furthermore, the use of the electron-
withdrawing trifluoromethyl group as in trans-10 also directs
oxidation toward C-2, presumably by electronic deactivation of
the proximal position (C-3), providing the corresponding 2-keto
amide-product 10a with modest yield and er (17% yield, 70:30
er, Scheme 5). We notice that this result is in full agreement with
those recently obtained for the C—H bond oxidation reactions of
monosubstituted cyclohexanes catalyzed by manganese catalyst,
where the presence of an EWG substituent strongly affects the
interaction of the substrate with an electrophilic oxidizing
species.17

In summary, we have shown that C—H bond oxidation
directed by torsional effects can be successfully employed to
selectively oxidize cis-1,4-, trans-1,3-, and cis-1,2-cyclohexanedia-
mides over the corresponding diastereoisomers. As a conse-
quence, competitive oxidation of cis—trans mixtures of 4-
substituted N-cyclohexylamides leads to quantitative conversion
of the cis-isomers, allowing isolation of the trans-isomers in good
to excellent yield, which can in turn be converted into densely
functionalized oxidation products with excellent site-selectivity
and good enantioselectivity. Overall, the current report discloses
kinetic resolution in C—H bond oxidation of cyclohexane
derivatives as a novel tool for organic synthesis, and exemplifies a
rapid building up on chemical complexity and functionality on
the basis of site selective and enantioselective aliphatic C—H
bond oxidation guided by torsional effects.
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RESULTS AND DISCUSSION

VI.1. Tuning Selectivity in Aliphatic C—H Bond Oxidation of N-Alkylamides and Phthalimides
Catalyzed by Manganese Complexes

Amines represent an especially important class of organic compounds, with this functional
group being represented in a wide variety of natural products, bioactive molecules and
organic materials. However, the tolerance of this group to metal-catalyzed oxidation
reactions is particularly critical. Amines can be easily oxidized, and display moreover a strong
tendency to bind and deactivate metal centers.! More importantly, C-H functionalization of
amine containing substrates, when achieved, selectively occurs at the strongly activated C-H
that is in o to the nitrogen atom center.”** Remote aliphatic C-H bond oxidation of amines

d.>**” Remote oxidation was obtained

with iron and manganese catalysts was recently reporte
through protonation of the amine, or formation of Lewis acid-base amine-BF3 adducts that
electronically deactivated the amine moiety and the C-H bonds that are adjacent to the
nitrogen center. Along this line, amide functional groups are also very interesting because
they can be used as protecting groups for primary and secondary amines, with the possibility
to expand the structural elaboration of amine-containing targets. With secondary and tertiary
amides oxidation occurs at the C-H bond that is o to nitrogen, giving the a-hydroxylated

product, that can be rapidly converted into imides.™

Mx R4 R, R3
Fe(pdp) H -H -H
Mn(pdp) -H -H -H
Fe(mcp) H -H H
Mn(mcp) H -H H

Fe(™Mpdp) -Me -OMe -Me
Mn(9MMpdp) -Me -OMe  -Me
Mn(™Mmcp) -Me -OMe  -Me

Mn(®'mcp) -H -Cl -H
Fe(Me2Npdp) -H -NMe, H
Mn(Me2Npdp) -H  -NMe, H
Fe("Smcp) -H -H  -Si(Pr)3
Mn(™PSmcp) -H -H  -Si(Pr)3
Mn("PSpdp)  -H -H o -si(Pr)s
M(pdp) Mn(B2mpdp) -Bzima
Mn(¢Fmcp)  -H -H  -Ph(CF3),

Figure VI.1. Structures of the iron and manganese complexes studied. “N-methylbenzoimidazole
instead of pyridine.

Our work has been focused on the development amide moieties as directing groups for
selective C-H oxidation because their electronic and steric properties can be easily tuned.

Reaction optimization was carried out on N-pentylpivalamide (S1) using different iron and
manganese catalyst bearing tetradentate ligand of the general formula, [M(CF3SOs),(L)] (L =
mcp, pdp; mcp = N,N'-dimethyl N,N’-bis(2-pyridylmethyl)-1,2-trans-diaminocyclohexane, pdp
= N,N’'-bis(2-pyridylmethyl)-2,2’-bipyrrolidine); the structure for which is reported in Figure
VI.1. The complexes present different electronic and steric features, bearing in some cases
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hindering groups in position 3 or 4 of the pyridine ring. Standard conditions for the reaction
with manganese complexes involve syringe pump delivery of H,0, (3.0 equiv) to a CHsCN
solution of the catalyst (1 mol %) and AcOH (13 equiv) at -40 2C during 30 min. Standard
conditions for the reaction with iron complexes involve syringe pump delivery of H,0, (2.5
equiv) to a CHsCN solution of the catalyst (3 mol %) and AcOH (1.5 equiv) at 0 2C during 30
min. Results are reported in Table VI.1.

Table VI.1. Oxidation of N-pentylpivalamide (S1) with different catalysts.

cat (1 mol %)

1 ASOF1 (13 o) S P
fBu N/\/\/ CHsCN, 40°C, 30min . DU N H
S1 P1 PO
Entry Catalysts Conv %" Yield P1 %"  Yield PO %°
1 Fe (pdp) <2 - -
2 Mn (pdp) 64 41 15
3 Fe (mcp) 10 - -
4 Mn (mcp) 36 10 4
5 Fe ("pdp) 15 6 5
6 Mn (““"Mpdp) 99 60 11
7 Mn (“"“mcp) 97 42 10
8 Mn (“mcp) 22 8 11
9 Fe (M*pdp) 4 - -
10 Mn (M*"pdp) 60 14 12
11 Fe ("mcp) 11 - -
12 Mn(™mcp) 65 58 4
13 Mn (™pdp) 52 31 13
14 Mn (*™pdp) 98 40 10
15 Mn (“®*mcp) 63 15 12
16°  Mn ("™"pdp) 60 45 12

“Conversions and yields determined from crude reaction mixtures by GC or "H NMR. bCycIopropanecarboxyIic
acid was used instead of acetic acid.

We first explored the oxidation activity of the simpler catalysts of the series, Fe(pdp),
Mn(pdp), Fe(mcp) and Mn(mcp) (Table VI.1., entries 1-4). The results reveal that only the
manganese catalysts oxidize the substrate with the most efficient catalyst being represented
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by Mn(pdp). Two oxidation products were obtained: a-hydroxyamide (P1) deriving from C-H
bond hydroxylation a to nitrogen, together with a smaller amount of pentanal (P0) arising
from oxidative C-N bond cleavage. Control experiments showed that pentanal does not derive
from the oxidation of P1 under the experimental conditions employed, suggesting formation
through a different pathway.'® No products deriving from C2-C5 oxidation were observed.
The best yields (42% and 60%, Table VI.1., entries 6 and 7) were obtained when electron-
donating methyl and methoxy groups (Mn(dMMpdp) and Mn(dMMmcp)) were introduced at
pyridine position 3, 4 and 5 of the manganese complexes making the active species more
electron rich. Electron poor catalyst such as Mn(c'mcp) gave instead lower amounts of
oxidation products. Mn("**"pdp) and Mn("**mcp) that have been shown to be excellent
catalysts for epoxidation reactions,® did not work efficiently in C-H bond oxidation.
Improvement in yield was obtained using manganese catalysts where bulky groups such as
tris-(isopropyl)silyl (TIPS) were introduced on the pyridine ring (entries 12-13). In addition,
the use of Mn(“mcp) and Mn(
of this screening, Mn(""""\’I

Bzlm

mcp) catalysts did not improve product yields. On the basis
pdp) was selected as the catalyst of choice for oxidation of the other
substrates. Unfortunately, the a-hydroxyamide product (P1) is obtained as a racemic mixture
(enantiomeric excess was determined after methylation of the hydroxyl group of P1).

The oxidation of a series of N-alkylamide and N-alkylphthalimide derivatives was then
investigated, in order to evaluate the effect of substrate structure on the reaction site-
selectivity. The oxidation products obtained with the N-pentyl derivatives S1-S4 are reported
in Scheme VI.1. The results show that replacement of the pivaloyl group does not affect site-
selectivity. The decrease in the yield of product PX observed on going from S1 to S3 is in line
with the electrophilic character of the active oxidant, indicating that the trifluoroacetyl groups
deactivates the a-C-H bonds toward oxidation.
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Scheme VI.1. Oxidation of different N-pentyl derivatives.

Mn(9MMpdp) (1 mol %)

0] H202 (3.0 equiv) @] OH (0]
AcOH (13 equiv) +
ex N CH4CN, -40 °C, 30 min H ox PO
O OH )(J)\ OH O OH
ety eyl
P1, 60% (48%) P2, 40%32 P3, 26%
PO, 11% PO, 13% PO, 6%
0 Mn(9MMpdp) (1 mol %) Q a 5
AN 2X[H,0, (3.0 equiv) N
N AcOH (13 equiv) /\/\[(])/
0] . > O
CH4CN, -40 °C, 30 min
S4 P4, 45% (40%)
<1:99 a:d

Yields determined from crude reaction mixtures by GC or 'H NMR, isolated yields in parentheses. “In a larger
scale catalysis experiment driven to complete substrate conversion, 36% yield of product P2 and 36% yield of
the overoxidized imide product were isolated together with pentanal (determined by GC) in 11% yield.

Very interestingly, the presence of the phthalimido moiety dramatically changed site
selectivity, and only the y-ketoamide product derived from remote C-H bond oxidation was
detected. This behavior can be explained on the basis of the strong electron-withdrawing
ability of the phthalimido group.

Moving to the oxidation of the N-2-(5-methylhexyl) derivatives, characterized by the presence
of two tertiary C-H bonds ($5-S8, Scheme VI.2.), the hydroxyamide derived from o-C-H
oxidation (P5-P8) is the predominant product, isolated in moderate to high yield (up to 83%
for P8). A second compound also appears as a minor product in the oxidation of substrates
S§5-S7. Formation of the latter product can be explained on the bases of a-C-H oxidation of
the first-formed 0-hydroxyamide followed by cyclization. The increase of the amount of the
cyclic product in the order S7 < S5 < S6 reflects the contribution of steric and electronic
effects.
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Scheme VI.2. Oxidation of different N-2-(5-methylhexyl) derivatives.

Mn(9MMpdp) (1 mol %)
0 H,0, (3.5 equiv) 0] 0] ycﬁ
. OH
AcOH (13 equiv)
J\HJ\/\( RJ\ w * RJ\N
SX

N
CH4CN, -40 °C, 30 min H ox H pxa
0]
)]\ OH )O]\ OH
Bu” N HyC Y FoC~ N

H H
P5, 77% (52%) P6, 41% (36%) P7, 84% (58%)
P5a, 13% P6a, 34% (33%)a P7a, 2%

Q OH Mn(“MMpdp) (1 mol %) O OH

H202 (35 eqUiV)
N AcOH (13 equi N
7\ cOH (13 equiv) _
— o CH4CN, -40 °C, 30 min @
S8 P8, 84% (83%)

Yields determined from crude reaction mixtures by GC or 'H NMR, isolated yields in parentheses. “P6a was
isolated with 11% yield of a non-identified impurity that could not be separated.

The lack of products derived from o-C-H oxidation can be explained on the basis of the
operation of stereoelectronic effects. Taking into account recent time-resolved kinetic studies
on HAT reactions from N-alkylamides to the cumyloxyl radical,”® we propose that the
introduction of a methyl group on the a-carbon increases the energy barrier required to reach
the most suitable conformation for HAT, where the o-C-H bond is aligned with the amide &
system (structure A in Scheme VI1.3.).

H H
L R
- JBu
tBu) N = H % — H C\\(l;B !
H H3C CHjy HsC H
A B

Scheme VI.3. Conformational equilibrium for rotation around the N-CH(CHs), bond in N-
isopropylpivalamide.

Finally, we evaluated the oxidation of the N-1-(3-methylbutyl) derivatives. In this series of
compounds, oxidation can occur from two different sites: the methylene group o to nitrogen
and the remote tertiary y-C-H bond. With the pivalamide (S9) and acetamide (S10)
derivatives, the a-hydroxylated product was obtained in good isolated yield, accompanied by
the formation of very low amounts of the product deriving from remote oxidation. This
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behavior can be explained on the basis of a stronger activation of the a-C-H bond as compared
to the remote tertiary y-C-H bond. The different proximal/remote ratios obtained for
substrates S9 and $10 (4.7:1 and 33:1, respectively, normalized for the different number of
hydrogens, Scheme VI.4.) reflects the steric hindrance of the tBu group as compared to the
methyl one. Very interestingly, the presence of an EWG group on the amide moiety led to a
dramatic change in selectivity. With the trifluoroacetamide and phthalimide substrates, S1
and $12, predominant or exclusive formation of the product derived from remote oxidation
was obtained in moderate to good isolated yield and good to outstanding selectivity (1:22
and <1:99, for S11 and S12, respectively).

Scheme VI.4. Oxidation of different N-1-(3-methylbutyl) derivatives.

Mn(9MMpdp) (1 mol %)

jj)\ /\)\ H,0, (3.5 equiv) O OH O 0
AcOH (13 equiv) )\)\ + k H
R™ N > RAN RJ\”/\

Ho o CHSCN, -40 °C, 30 min H
proximal PXb remote PXc
i M Y I /\/k
OH
. S N W
H H H
P9b, 66% (64%) P10b, 66% (65%) P11b, 7%
P9c, 7% P10c, 1% Pi1c, 77% (48%)
pr=4.7:1 p:r = 33:1 p:rr=1:22

3 /\)\ e (o) (2 ot %) i /a\)<OH
N H202 (35 eqUiV) N
AcOH (13 equiv)

L

CH3CN, -40 °C, 30 min
S12 P12, 68% (65%)

<1:99 auy

Yields determined from crude reaction mixtures by GC or 'H NMR, isolated yields in parentheses.

Finally, the poor reactivity obtained with the iron complexes was further investigated
(Scheme VI.5.). Oxidation of the amide substrates where oxidation takes place at the remote
position occurred with improved yields (Scheme VI.5., entries 1 and 4). We hypothesized that
the a-hydroxylated product may inhibit the catalyst through chelation via the carbonyl and
the a-OH group. Following this hypothesis, no oxidation products were observed when
substrate S10 (50 equiv) and product P10 (50 equiv) were submitted to oxidation in the
presence of Fe(pdp). Furthermore, the reaction mixture of the oxidation of substrates S1, S9
and S10 with Fe(pdp) turned intense purple-blue after addition of H,0,, suggesting the
formation of an iron species that exhibits low-energy charge transfer transitions.”* >
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Scheme VI.5. Oxidation reactions with Fe(pdp) complex.

cat (3 mol %)
o H,05 (2.5 equiv) 0

N/\/\/ AcOH (1.5 equiv) - N/\/\ﬂ/

o sS4 CH4CN, 0 °C, 30 min o P4 (0]
Entry Substrate Conv (%)? Yield (%)*
1 S4 10 8

cat (3 mol %)

O H50, (2.5 equiv) O OH o)
L /\/K ACOH (1.5 equiv) Py )\)\ Ps /\)<OH
RN ~ R7°N T RTON

CH3CN, 0 °C, 30 min H H
SX PX_b PX_c
Entry Substrate Conv (%)® Yield (%) PX_b Yield (%) PX_c
2 S9 <2 - -
3 S10 <2 - -
4 S11 55 11 36

*Conversions and yields determined from crude reaction mixtures by GC and "H-NMR.

High-resolution mass spectrometry monitoring of the reaction of $10 with Fe(pdp) under
standard conditions showed cluster ions at m/z 261.1294 that can be assigned to
[Fe(pdp)($10) + O-H]**ions (Figure VI.2.).

Intens. +MS, 11.2-59.4s #(11-59)
x105
261.1294

44 va:’E 201,120

34 1

29 g

11 130.1245 ’ 261.807%

S I I O | 4 o oo

100 200 300 400 500 600 700 800 miz

Figure V1.2. ESI-MS spectrum of [Fe(pdp)(S10)+0-H]**.The spectrum was obtained by adding a solution
of H,0, in CH3CN (1.0 equiv) to an acetonitrile solution at 0 2C of S10 (1 equiv), Fe(pdp) (1 mol %) and
AcOH (13 equiv). Sample was taken after 10 minutes of peroxide addition, and analyzed by high
resolution mass spectroscopy (HRMS).

With these results in hand, we applied the reaction protocol to the oxidation of amide and
phthalimide derivatives of more complex bioactive molecules characterized by the presence
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of primary amine functionalities, such as pregabalin (Lyrica) and antiviral drug rimantadine
(Flumadine) (Scheme VI.6). Oxidation of the pivalamide derivative of pregabalin occurred
preferentially at the more activated a position yielding amido y-lactone (P13_a), while the
amido d-lactone (P13_b) resulting from the remote tertiary C-H bond was recovered in lower
amount. When the pivaloyl moiety was replaced with the more electron-withdrawing
phthalimido group only remote oxidation occurred (P14) in good yield (60%). On the other
hand, the nature of the amine protecting group did not affect the site selectivity of
rimantadine derivatives (P15, P16 and P17).

Scheme VI.6. Oxidation of bioactive molecules.

----'-----------'--" O O O
NH, . tBU_{ (S,S)-Mn-(MMpdp) (2 mol %) tBu—% tBU—q
H O NH H,0, (3.5 equiv) NH NH

1 ‘ 0 i

1 WOH : w AcOH (13 ecfuw) . o H .\ H
1 ' CH3CN, -40 °C, 30 min

; Pregabalin | OH [e)

"""""""""" S13 78% conv (o) o
P13_a 27% yield P13_b 7% vyield
d.r.=5.2:1 -

(e} (S,S)-Mn-(9MMpdp) (2 mol %)?

°

) Ng

(0] N H,0, (3.5 equiv) ﬁio
0" ™o

w AcOH (13 equiv)
—_—
OH CH:CN, 40 °C, 30 min

$14  88% conv P14  60% yield
| NH, °
: N
' P16
(0]
i Rimantadine HO OH
"""""""" OH
>99% conv. 80% conv. 70% conv.
55% yield (+25% dioxidation) 45% yield 42% yield (+18% trioxidation)

“Iterative addition (3x): cat (2 mol %), H,0, (3.5 equiv), AcOH (13 equiv) in CH5CN at -40 °C during 30 min. Isolated
yields.
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VI.2. Highly Enantioselective Oxidation of Nonactivated Aliphatic C—H Bonds with Hydrogen
Peroxide Catalyzed by Manganese Complexes

As discussed in the introduction, examples of enantioselective sp® C-H oxidation with non-
enzymatic systems are rare and limited to weak C-H bonds (benzylic, allylic and adjacent to

26-39

heteroatom) commonly with low substrate conversion. Moreover examples of

enantioselective oxidation of nonactivated aliphatic C-H bonds remain exclusive to
enzymes.*®* To achieve this challenging goal, we developed biologically inspired transition
metal catalysts with sterically demanding tetradentate amino-pyridine ligands, that, in the
presence of suitable oxidants, form high valent metal-oxo species. This approach was based
in the fact that during the last decade this class of complexes have been applied successfully

44-46 4748 Figure VI.3. displays the iron and

in asymmetric epoxidation and cis-dihydroxylation.
manganese complexes employed in the oxidation reactions. Taking the pyridine characterized
by the presence of bulky group like tris-(isopropyl)silyl (TIPS) on position 3 as the basic
structural motif, we synthesized different manganese complexes modifying the mcp

backbone, in particular the N-alkyl group (Figure VI1.4.).

Mx Ri R, Rs
Fe(pdp) -H -H -H
Mn(pdp) -H -H -H
Fe(mcp) -H -H -H
Mn(mcp) -H -H -H
Mn(MMmcp) -Me -OMe  -Me
Mn('mcp) -H -Cl -H
Mn(Me2Npdp) -H -NMe,  -H
Fe(TPSmcp) -H H  -si(Pr)
Mn(™PSmcp) -H H  -Si(Pr),
Mn(TPSpdp)  -H H  -Si(Pr);
Mn(B2mpdp) -Bzlm?

Mn(®F®mcp) -H H  -Ph(CFj),

Figure VI.3. Structures of the iron and manganese complexes studied. “Benzimidazole instead of
pyridine.

P e e pd
1 S A 8

—z
(e}
3
—h

- n
- | Yorf | Yot

A N S 70

Mn(TPSecp) Mn(TPScpcp) AT Mn(TPSchcp) A Mn(T'PStBucp) A

\Nl g ]

N N
XN\ | OTf AN | 0Tt A | OTf A\
i L L\ Ll

Figure VI.4. Structures of the manganese complexes studied changing the mcp backbone.
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The screening of the different catalysts for the oxidation of tert-butylcyclohexane (S1) is
shown in Table VI.2. Site-selectivity, quantified on the basis of the normalized product ratio
(K3/Ky) is also reported. Standard conditions involved syringe pump delivery of H,0, (3.5
equiv) to a CHsCN solution of the catalyst (1 mol %) and AcOH (17 equiv) at -40 2C during 30
min. For all catalysts oxidation occurred preferentially at C3 over C4 methylene sites to
produce the corresponding ketone products, formed via initial hydrogen atom transfer (HAT)
mediated C-H hydroxylation, followed by fast oxidation of the resulting secondary alcohol.**”
> Using the catalysts bearing unsubstituted pyridine rings, moderate to good yields and poor
enantioselectivities were obtained (Table VI.2., entries 1-4). K3/K4 product ratios, comprised

50, 52-55

between 2.0 and 2.3, are in line with previously reported values. The best results were

obtained introducing the bulky TIPS on the pyridine ring of the complex, in particular in the

"PSmcp), improving the level of enantioselectivity up to 44% ee (Table VI.2., entry

case of Mn(
11). This behavior suggests that the steric demand imposed by the TIPS groups is at the basis
of the improved enantioselectivity. Similar results have been obtained with Mn(""*ecp).

Table VI.2. Oxidation of tert-butylcyclohexane (S1) with different catalysts.

Cat (1 mol %)
H202 (3.5 equiv)

AcOH (17 equiv) (0] Bu
Bu—\—"\ - BuTID, ¢ BT
K3 0]

CH3CN, -40 °C, 30 min

S1 P1(Ks) P1(Ks)
Entry  Cat Conv (%)  Yield (%) Ks (Ks) Ks/Ks® Ee (Ks) (%)

1° Fe(mcp) 62 37 (9) 2.1 2
2° Fe(pdp) 48 25 (6) 2.0 6

3 Mn(mcp) 46 32(7) 2.3 9

4 Mn(pdp) 86 56 (13) 2.2 3
5° Fe("*mcp) 73 61 (10) 3.1 33
6° Fe(" pdp) 88 53 (17) 1.6 15
7 Mn("*2"pdp) 37 13 (3) 2.2 8

8 Mn(*"pdp) 93 50 (11) 2.3 8

9 Mn(**"pdp) 79 50 (11) 2.3 11
10 Mn(“®mcp) 55 22 (5) 2.2 2
11 Mn("*mcp) 77 53 (19) 1.4 a4
12 Mn("*pdp) 51 22 (7) 1.6 34
13°  Mn("ecp) 87 51 (15) 1.7 43
14 Mn("*cpcp) 68 32 (12) 1.3 32
15 Mn("chcp) 45 10 (6) 1.0 6
16 Mn("*tBucp) 48 8(5) 1.0 Rac

“Conversions and yields determined from crude reaction mixtures by GC. Ee’s determined by GC with chiral
stationary phase. ®Normalized ratio. “Reaction conditions: Fe catalyst (3 mol %), H,0, (2.5 eq.), AcOH (1.5 eq.) in
CH1CN at 0 °C during 30 min. %(,5’)-Mn-(""ecp) (2 mol %).

On the basis of these results, Mn("">mcp) was selected as the catalyst of choice for the
oxidation of a series of monosubstituted cyclohexanes, in order to evaluate the effect of the
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substituent on the reaction vyield, site-selectivity and enantioselectivity. When the tBu is
replaced by a pivalate group (S2) comparable yields and site-selectivity were observed (Ks/Ks
= 2.0, entry 2, Table VI.3.), and ee’s increased up 54% ee. The use of S3, characterized by the
presence of trimethylsilyl substituent, provides moderate yields and lower enantioselectivity
(23% ee, entry 3, Table VI.3.). As compared to tert-butylcyclohexane (S1), with cyclohexanes
bearing electron withdrawing substituents such as methyl cyclohexanecarboxylate (S4),
cyclohexanecarboxylic acid (S5) and cyclohexyl methyl ketone (S6), a decrease in the Ks/K,4
ratio was observed, indicating that such substituents can strongly influence the interaction of
the substrate with the electrophilic active oxidizing species. Interestingly, in the presence of
an amide substituent, such as acetamido (S7), the reaction proceeded with excellent yield,
strongly improved selectivity towards C3 (K3/Ks = 12) and good enantioselectivity (63% ee,
entry 7). Furthermore, an exquisite site-selectivity (Ks3/Ks = 45) and very good
enantioselectivity (76% ee) were observed on moving to an amide substrate characterized by
a bulky acyl moiety such as N-cyclohexylpivalamide (S8, entry 9). These results suggest the
occurrence of a strong interaction of these amide substrates with the manganese-oxo
species, where the substrate Lewis basicity plays a role in providing the optimal substrate
orientation for site-selective and enantioselective C-H oxidation. The enantioselectivity was

TIPS

further improved by using Mn( ""ecp) as catalyst (entries 8 and 11, for S7 and S8,

respectively).

Table VI.3. Oxidation of different cyclohexane derivatives.

(R,R)-Mn(TPSmcp) (1 mol %)
H202 (35 eq.) O

R@ AcOH (17 eq.) - R/©% N R/%mo

CH3CN, -40 °C, 30 min

Conv  Yield (%) Ks

Entry R %)’ (Ka) Ka/Ks" Ee (Ks) (%)
1 -t-Bu (S1) 77 53 (19) 1.4 44

2 -OPiv (S2) 80 41 (10) 2.0 54

3 -Si(Me); (S3) 95 42 (13) 1.6 23
4° -CO,CHs (S4) 88 47 (20) 1.2 11

5 -CO,H (S5) 45 20 (11) 0.9 9°
6° -COCH; (S6) 95 47 (19) 1.2 8

7 -NHCOCH; (S7) 93 74 (3) 12 (+)63"
8° -NHCOCH; (57) 94 75 (3) 12 (-)78
9 -NHCOtBu (S8) >99 90 (1) 45 (+)76
10° -NHCOtBu (S8) >99 90 (1) 45 (-)76
11° -NHCOtBu (S8) >99 90 (1) 45 (-)85

“Conversions and yields determined from crude reaction mixtures by GC or 'H-NMR. °Normalized ratio. “(s,8)-
Mn-(T'PSecp) (2 mol %). d(S,S)-Mn-(T'PSmcp). ®Ee’s determined after esterification of isolated products. ’Absolute
configuration was determined on the basis of the crystal structure of the product obtained from S10 (see Digital
Supporting Info) and optical rotation (see Experimental Section). Ee’s determined by GC with chiral stationary
phase.
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We also carried out the screening of different carboxylic acids, to obtain information on the
impact of acid structure on the reaction stereoselectivity, using N-cyclohexylpivalamide (S8)
as the substrate and Mn(“psmcp) as catalyst (Scheme VI.7.). With the exclusion of 2-
chloroethanoic acid, cyclohexanecarboxylic acid and acids containing long alkyl chains,
comparable ee’s between 73% and 81% were obtained. The lower enantioselectivity
observed with 2-chloroethanoic acid (55% ee), presumably reflects a weaker interaction of
the acid to the metal center due to the electron withdrawing character of the chlorine
substituent. The lack of or very low conversion obtained in the last three examples reported
in Scheme VI.7., can be explained in terms of a favorable competition with the substrate for
the oxidizing species, as show above in Table VI3, entry 5, for the case of
cyclohexanecarboxylic acid, that is oxidized under the experimental conditions.’® To explore
matching-mismatching effects between the chirality of the catalyst and carboxylic acid, (S)-
(+)-2-methylbutanoic acid was also studied. The combination of this acid with (R,R)-
Mn("*mcp) and (S,S)-Mn("mcp) provided similar ee’s but decreased product yields. More

tipsecp) as catalyst in combination with acetic, propanoic or

interestingly, by using Mn(
cyclopropanecarboxylic acid a substantial increase in enantioselectivity was observed (85-
90% ee), while retaining the excellent yield. The rigid cyclopropanecarboxylic acid provides
the best results (90% yield, 90% ee). Considering that high valent species [Mn(O)(O,CR)] are
likely the C-H cleaving agents (see below), we can speculate that the combination of the
tipsecp)
catalyst can create a robust oxidation site capable of carrying out highly enantioselective

rigidity of this acid and the highly structured and sterically demanding cavity of the Mn(

oxidation of the strong aliphatic C-H bond of nonactivated methylene groups.
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Scheme VI.7. C-H oxidation reactions using different carboxylic acids and N-cyclohexylpivalamide (S8).

(R,R)-Mn("PSmcp) (1 mol %)

) RCO,H (17 equiv) 0 o
tBu)J\N ~\ H,0, (3.5 equiv) tBu)LN/m
H CHiCN, -40°C, 30 min H

(0] (0] o)
)J\OH *J\OH OH \)J\OH

90%, 79% ee 51%, 75% ee 80%, 73% ee 70%, 81% ee
90%32, 85% ee 90%32, 90% ee 79%2, 89% ee

0 o] O
Cl\)OJ\OH )\/“\OH o~ Ao ﬁ)kOH

86%, 55% ee 42%, 81% ee 73%, 78% ee 41%, 81% ee
25°/ob, 82% ee

0 o o
OH J\/\/\k P
op o T
5%, - 0%, - 0%, -

TIPS TIPS

Yields determined by GC analysis. “(S,S)-Mn(" " ecp) (2 mol %). b(S,S)-Mn(

K4 yield is in all the cases <1%.

mcp). Ee’s determined by chiral GC.

Finally, we explored the role of the structure and electronic properties of the amide substrate
on the site-selectivity and enantioselectivity of the reaction (Scheme VI1.8.). Excellent isolated
yields and outstanding ee’s (up to 96%) have been obtained (P11, Scheme VI.8.). The use of
an amide substrate that bears a chiral center (S14) does not lead to any improvement in
enantioselectivity, however the ee’s obtained with both (S,5)-Mn(""*ecp) and (R,R)-
Mn(""ecp) are excellent (91% and 86% ee, respectively). Increasing the electron withdrawing
ability of the amide group (S16-S19, Scheme VI.8.) led to a decrease in the K3/K,4 product ratio
due to the electronic deactivation of the proximal C3 position (with N-
cyclohexyltrifluoroacetamide and N-cyclohexylphthalimide: Ks3/Ks = 2 and 0.8 respectively,
Scheme VI.8.). A decrease in enantioselectivity was also observed with these two substrates
(65 and 62% ee, respectively). Interestingly, oxidation of a racemic mixture of $21 (Scheme
VI.8.), results in a chiral resolution, giving product K3 in 39% isolated yield and 55% ee,
accompanied by recovery of the enantiomerically enriched (38% ee) starting substrate.
Unfortunately, a decrease in isolated yield and enantioselectivity was observed by using N-
cyclopentyl derivative P22 as substrate (Scheme VI.8.), highlighting the sensitivity of the
reactions to the ring size.
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Scheme VI.8. Impact of the structure of the acyl moiety in site-selective and enantioselective C-H
oxidation of N-cyclohexyl amides with (S,5”)-Mn(""*ecp) as catalyst.

(S,S")-Mn(™PSecp) (2 mol %)

O H202 (35 eq.) O
Py [>-coH (17eq) Q
/% > J\ + Ky
R N R N
CH3CN, -40 °C, 30 min K3
P7, 61% (12), 78% ee P9, 60% (9 88%ee P8, 84% (45 ), 91% ee P10, 85% (43), 94% ee

P11, 45% (23), 96% ee P12, 8% (4), 90% ee P13, 69% (>99), 94% ee P14, 50% (25), 91% ee
P14, 61% (25), 86% eed

ot I Ve St

P15, 75% (38), 91% ee P16, 66% (8.2), 65% ee P17, 65% (2), 65% ee

oQ I?M

P18, 37%Y (0.8), 62% ee P19, 40%Y -e
O (0] o] 0]
0 A °
N N 0 (e} (o} tBu N
H N Bu (0] N
P20, 52%, 76% ee P21,939%, 55% ee  P2,h145%, 61% ee P1,hd50%, 64% ee P22,/ 25%, 26% ee
TIPS

Isolated yields and normalized ratio (Ks/K4) in parentheses. °(R,R)-Mn("" ecp). ®Acetic acid (17 eq.) instead of
cyclopropanecarboxylic acid. “Yield determined by GC. “Products isolated as mixture of (K3+Ks). °Ee not
determined. f(S,S)-Mn(T'PSecp) (2 mol %). g(S,S)-Mn(T'PSmcp). Q(S,S)-Mn(npsecp) and acetic acid. h(R,R)-Mn-
(T'PSmcp) and cyclopropanecarboxylic acid. i(R,R)-Mn-(T'PSmcp) and acetic acid. Ee’s determined by chiral GC and

HPLC.
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VI.3. Aliphatic C-H Bond Oxidation with Hydrogen Peroxide Catalyzed by Manganese
Complexes: Directing Selectivity through Torsional Effects

In this work, it was explored the site selective and enantioselective oxidation of a series of N-
cyclohexyl amides and diamides catalyzed by manganese complexes, taking into account the
influence of electronic, steric, stereoelectronic and torsional effects, highlighting in particular
the role of this latter effect. The chiral complexes used in this work, namely Mn(pdp),
Mn("*mcp) and Mn("ecp) are displayed in Figure VI.5. The oxidation of cis and trans
diamides derived from 1,2-, 1,3- and 1,4-cyclohexanediamides was initially studied in order
to evaluate the effect of substrate structure on selectivity (Scheme VI.9.).

7

pg
~

R[]
N= | ~oTf

S
R = -CH3, Mn(TPSmcp) Si 7/
R = -CH,CH3, Mn(T'Psecp))\

Mn(pdp)

Figure VI.5. Structures of the catalysts used.

Results of previous studies on HAT-based functionalization of cyclohexane derivatives,” %

have shown that tertiary equatorial C-H bonds are activated toward abstraction, while
tertiary axial C-H bonds are deactivated. This behavior has been rationalized in terms of
torsional effects associated to the planarization of an incipient carbon radical in the HAT
transition state. The activation of tertiary equatorial C-H bonds is a well-known concept that
has been explained on the basis of a release of 1,3-diaxial strain in the HAT transition state as

>"39 The concept of tertiary axial C-H bond deactivation has been

reported in Figure VI.6.A.
instead rationalized in terms of an increase in torsional strain in the HAT transition state
where the substituent is forced toward an eclipsed interaction with the equatorial C-H bonds

>7. 80 such deactivation depends on the steric

on the adjacent positions (Figure VI.6.B).
hindrance of the substituent and also extends to the adjacent secondary positions, where
planarization associated to HAT from this position forces the remaining C-H bond toward an

eclipsed interaction with the substituent (Figure VI.6.C).
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¥ X ¥ [ kS
A . B t . C H .

H o\ H
H 2N TS ZMz
ZM W | |2 A RN
H H H X

release of 1,3-diaxial strain increase in torsional strain increase in torsional strain

Figure VI.6. Transition structures for HAT from tertiary equatorial and axial C-H bonds of disubstituted
cyclohexanes to a generic HAT reagent X'.

Standard conditions involved syringe pump delivery of H,0, (2.0-4.5 equiv) to a CHsCN
solution of the catalyst Mn(pdp) or Mn(""*mcp) (1-3 mol %) and AcOH (17 equiv) at -40 °C
during 30 min. Starting from the pivaldiamides derived from cis- and trans-1,4-
cyclohexanediamine (Scheme VI.14., cis-3 and trans-3, respectively), oxidation of cis-3 led to
the formation of N-(4-oxocyclohexyl)pivalamide (3a) (63% conversion, 51% yield, Scheme
V1.9, a) as the exclusive oxidation product. Formation of 3a can be rationalized by considering
an initial tertiary equatorial C-H bond hydroxylation via HAT from this bond to a high valent
manganese-oxo species, followed by a hydroxyl rebound to give an a-hydroxo-amide
product, that then undergoes hydrolytic cleavage. In contrast, no reaction was observed for
trans-3 that was instead quantitatively recovered from the reaction mixture pointing toward
a low reactivity of both the tertiary axial and secondary C-H bonds of this substrate.

a)
H (S,S)-Mn("PSmcp) (1 mol %) 0
Bu H,0, (3.5 equiv)
i Q} \ﬂ/ AcOH (17 equiv) )(i g
(0] >
tBu” N . CHyCN, 40°C, 30min B4~ N
H cis-3 = ’ H 35
b)
H B (S,S)-Mn("PSmcp) (1 mol %)
RN U  H,0, (3.5 equiv)
)O]\ Q \[OW/ AcOH (17 equiv)
> no reaction
Bu H trans-3 CH4CN, -40 °C, 30 min

Scheme VI.9. Oxidation of cis and trans 1,2-cyclohexanediamides.

We then analyzed the oxidation of 1,2- and 1,3-cyclohexanediamides following analogous
procedures (Scheme VI.10.). Oxidation of the pivaldiamide derived from trans-1,3-
cyclohexanediamine (trans-2), led to the formation of N-(3-oxocyclohexyl) pivalamide (2a) as
the exclusive oxidation product in 61% isolated vyield, following HAT from the tertiary
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equatorial C-H bond. The corresponding cis isomer (cis-2) and the pivaldiamide derived from
trans-1,2-cyclohexanediamine (trans-1), characterized by the presence of two tertiary axial
C-H bonds, were also unreactive, in line with the results discussed above on the oxidation of
trans-3. Oxidation of the pivaldiamide derived from cis-1,2-cyclohexanediamine, cis-1, took
place selectively at position 4 and not at the tertiary equatorial C-H bond, providing 1ain 74%
isolated yield and 80:20 enantiomeric ratio (er). The lack of reaction at the tertiary position
can be again rationalized in terms of an increase in torsional strain in the HAT transition state,
where planarization of an incipient tertiary radical would force the two bulky pivalamido
groups toward an unfavorable eclipsed interaction. The lack of reactivity of trans-1, cis-2 and
trans-3, deserves special consideration. It has been observed that while oxidation of N-
™ mcp) led to the formation of N-(3-
oxocyclohexyl)pivalamide in 84% isolated vyield (see above, Scheme VI.10.),** only small

cyclohexylpivalamide catalyzed by Mn(

amounts of this product were observed when N-cyclohexylpivalamide was oxidized in the
presence of an equimolar amount of trans-1, cis-2 or trans-3 (Scheme VI.10.). On the basis of
these results, it seems reasonable to propose that these substrates can inhibit the oxidizing
ability of the manganese catalyst, probably through chelation of the metal by the two amide
groups (see Experimental Section for additional information).

Scheme VI.10. Oxidation reactions of cyclohexane-derived pivaldiamides.

Substrate Product
o | o) -0
tBu)J\N ; tBu)J\N
H o 3 H N o
cis-1 B v 1a,274% Y
“ 3 80:20er BY
2 O g L
tBu)J\N "’NJ\tBu Bu” "N o
H H H
trans-2 2a, 61%
H Bu (o]
ORI TO]
tBu)J\N °© tBu)J\N
H H
cis-3 3a, 46%
2 L0
tBu)LH v
HN.__O 1
trans-1 \? '
tBu
o o)
)J\ J\ ; no reaction
tBu N N tBu |
H H 3
cis-2

ZT

BUCRS

H
trans-3

“Iterative addition (2x): cat. (1 mol %), H,0, (4.5 equiv). Isolated yields.
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The results displayed in Scheme VI.10. suggest that resolution of cis and trans couples of N-
cyclohexylamide derivatives bearing a substituent at C4 may be possible on the basis of their
distinct reactivity patterns in Mn-catalyzed C-H oxidation. For this purpose, a series of cis-
trans mixtures of 4-X-substituted N-cyclohexylamides (X = Et, Pr, iPr, tBu, CF3) were oxidized
under standard conditions. As mentioned above, the cis isomers are converted to the 4-X-
substituted cyclohexanone product and the valuable trans isomers are recovered in good to
excellent yield (66-96%, Scheme VI.11.).

Scheme VI.11. Oxidation Reactions of cis:trans mixtures of 4-X substituted N-cyclohexyl amides.

X .
o ! o X
)]\ Mn(TPSmcp) (1 mol %) )]\
R N AcOH (17 equiv) R N
H ' trans H20, (2085 equiv) H  S99%dr
+ CHLCN, -40°C,30min T
A 0
cis .
from cis
2T 2 O 2 O -
Bu” N tBu)kN tBu)]\N
H H
trans-5 (68% yield) trans-6 (91% yield) trans-7 (75% yield)
Ji Q“k i Q“k 2 O
tBu N Hsc)kN tBu)k N
H H H
trans-8 (66% yield) trans-92 (84% vyield) trans-10 (96% yield)

a(S,S)-Mn(T'PSecp) and cyclopropanecarboxylic acid. Isolated yields.

We also observed that substituents at C4 of a cyclohexane ring can have a profound effect on
the reaction selectivity (Scheme VI.12.). The presence of a methyl, ethyl or propyl group
provides good isolated yields of the ketone product deriving from oxidation at C3 and
remarkable enantioselectivity (4a (78% vyield, 89:11 er), 5a (65% vyield, 93:7 er) and 6a (42%
yield, 95:5 er), respectively). Oxidation of the tertiary axial C-H bond at the remote position
4b is only observed as a minor product (14%) for X = methyl, indicating that with this substrate
tertiary C-H bond activation determined by the substituent competes with deactivating
torsional effects. In the presence of ethyl and propyl groups at C4, very small amounts of
products deriving from oxidation at the secondary exocyclic C-H bonds were also observed
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(5b and 6b, 13% and 4% vield, respectively). The presence of an isopropyl group at C4 results
in a change in site-selectivity, with C-H bond oxidation that now takes place preferentially at
the most activated tertiary isopropyl C-H bond to give product 7a in 45% yield, accompanied
by a lower amount of product 7b (14% vyield) resulting from oxidation at C3. More
interestingly, the presence of the bulky tert-butyl group at C4, drastically changed the site-
selectivity, deactivating the C-H bonds at C3 and directing oxidation at C2. The product was
obtained in good isolated yield and er both for the pivalamide and acetamide derivatives (8a
and 9a). Furthermore, the presence of the electron withdrawing trifluoromethyl group also
directs oxidation towards C2 position, presumably by electronic deactivation of the proximal
position (C3), providing the corresponding product 10a with modest yield and er (17% vyield,
70:30 er).

Scheme VI.12. Enantioselective oxidation of trans-4-X substituted N-cyclohexyl amides.
(S,S)-Mn(TPSmcp)

0] Q~“X AcOH (17 equiv) 0 Q‘\\X
)J\ H50, (x equiv) o )]\
’ K3

CH4CN, -40 °C, 30 min R H %O

4a@ (78% yield, 89:11 er) 5aP (65% vyield, 93:7 er)
4ba (14% yield K4) 5bb (13% yield Ks)

: N @H
6a’ (42% yield, 95:5 er) 7ac (45% yield)
6b? (4% yield K5) 7b¢ (14% vyield K5, 52:48 er)

L L CFs
0 . o) . o .
)k HSC)kN tBU)J\N

N

H
H o H o

8a? (34% yield, 85:15 er) 9a&f(43% yield, 73:27 er) 10a& (17% vyield, 70:30 er)

tBu

“Iterative addition (2x): cat. (1 mol %), H,0, (3.5 equiv). Pcat. (3 mol %), H,0, (3.5 equiv). “cat. (3 mol %), H,0,
(3.5 equiv). d(S,S)-Mn(pdp) (1 mol %), H,0, (4.5 equiv). ‘Iterative addition (3x): cat. (1 mol %), H,0, (3.5 equiv).
Nield determined by 'H-NMR analysis. Er's determined by GC with chiral stationary phase.
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GENERAL CONCLUSIONS

In the last decade, selective oxidation reactions of aliphatic C-H bonds has substantially
advanced, becoming a powerful and useful tool for organic synthesis. Instead, the
enantioselective oxidation of non-activated C-H bonds still remains a challenge. In this thesis,
several chiral manganese complexes have been synthetized and characterized as potential C-
H oxidation catalysts. Furthermore, their activity towards aliphatic C-H oxidation has been
studied. Particular interest, has been devoted to investigate the site-selectivity and
enantioselectivity of their catalytic C-H oxidation reactions.

Particularly, in Chapter lll, the oxidation of N-alkylamides and phthalimides with aqueous
H,0, using iron and manganese catalysts is described. A superior tolerance of manganese
complexes in comparison with the iron parent is observed in the oxidation of substrates
bearing the amide functional group. By playing on the electronic, steric and stereoelectronic
properties of the amide functional group, a change in the site-selectivity of the reaction have
been achieved. The higher is the electron-withdrawing ability of the amide moiety, the
stronger is the deactivation of the proximal positions. In particular, the powerful electron
withdrawing character of the phthalimido group, completely deactivates proximal C-H bonds
and directs oxidation towards the most remote position (>99% selectivity, up to 83% isolated
yield). Interestingly, considering that traditional methodologies for oxidizing the a position of
the amide nitrogen atom provide imides, our method constitutes a unique tool to synthesize
a-hydroxylated amides. The control over the site-selectivity disclosed in these studies, led to
the site-selective oxidation of compounds with a pharmaceutical relevance, such as
pregabalin (Lyrica) and rimantadine (Flumadine).

In Chapter IV a new family of chiral sterically demanding manganese complexes characterized
by the presence of the bulky tris-(triisopropyl)silyl group (TIPS) on the ligand has been
prepared. These oxidatively robust manganese catalysts have been studied in the oxidation
of nonactivated aliphatic C-H bonds of monosubstituted cyclohexanes, using hydrogen
peroxide as the oxidant in the presence of a carboxylic acid. The site-selectivity and
enantioselectivity of the reaction have been investigated. In particular, it has been discovered
that methylene oxidation in the presence of an amide group proceeds with impressive
enantioselectivity (up to 96% ee) and exquisite site-selectivity (up to Ks/Ks > 99). These results
represent the first examples of highly enantioselective nonenzymatic oxidation of
nonactivated methylenic sites in simple alkanes but also in molecules that contain different
functional groups such as esters, carboxylic acids, ketones and amides. The principles of
catalyst design disclosed in this work constitute a very solid platform for further development
of stereoselective C-H oxidation reactions in terms of substrate scope.

Finally, in Chapter V it has been shown that the oxidation reactions of substituted N-

cyclohexylamides are directed by torsional effects. In this way, it was possible to selectively
oxidize cis-1,4-, trans-1,3-, and cis-1,2-cyclohexanediamides over the corresponding
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diastereoisomers. Taking advantage of this effect, kinetic resolution of cyclohexane
derivatives by means of selective C-H oxidation has been accomplished. From competitive
oxidation of cis-trans mixtures of 4- substituted N-cyclohexylamides quantitative conversion
of the cis-isomers can be accomplished, allowing isolation of the trans-isomers in good to
excellent yield. The trans isomers can be further converted into densely functionalized
oxidation products with excellent site-selectivity and good enantioselectivity.
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Materials

Reagents and solvents used were of commercially available reagent quality unless stated
otherwise. Solvents were purchased from SDS and Scharlab. Solvents were purified and dried
by passing through an activated alumina purification system (M-Braun SPS-800) or by
conventional distillation techniques.

Instrumentation

Oxidation products were identified by comparison of their GC retention times and GC/MS
with those of authentic compounds, and/or by *H and *C{*"H}-NMR analyses. Elemental
analyses were performed using a CHNS-O EA-1108 elemental analyzer from Fisons. NMR
spectra were taken on BrukerDPX300 and DPX400 spectrometers using standard conditions.
High resolution mass spectra (HRMS) were recorded on a Bruker MicroTOF-Q IITM instrument
with an ESI source at Serveis Técnics of the University of Girona. Samples were introduced
into the mass spectrometer ion source by direct infusion through a syringe pump and were
externally calibrated using sodium formate. Chromatographic resolution of enantiomers was
performed on an AgilentGC-7820-A chromatograph using a CYCLOSIL-B column and HPLC
1200 series Agilent technologies using CHIRALPAK-IA and CHIRALPAK-IC columns. The
configuration of the major enantiomer was determined by chemical correlation.

Oxidation Reactions

Hydrogen peroxide solutions employed in the oxidation reactions were prepared by diluting
commercially available hydrogen peroxide (30% H,0, solution in water, Aldrich) in
acetonitrile to achieve a 1.5 M final concentration. Commercially available glacial acetic acid
(99-100%) purchased from Riedel-de-Haén was employed. The purity of the amide substrates
synthetized as described above was in all cases >99%. Acetic acid was purchased from Aldrich.
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Experimental Section: Chapter VI.1.
Tuning Selectivity in Aliphatic C-H Bond Oxidation of

N-Alkylamides and Phthalimides Catalyzed by Manganese
Complexes
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1. Synthesis of the Complexes

The manganese complexes were prepared according to the reported procedures:

[Fe(CF3S0s)(pdp)]*

[Fe(CF3S03),(mcp)]

[Fe(CF3503)x("""**pdp)], [Fe(CFsS0s)x(""pdp)1®

[Fe(CF3S03),(""*mep)]*

[Mn(CF3S03),(mcp)]®

[Mn(CF3S0s)2(pdp)1°

[Mn(CF350s),(“"'pdp)], [Mn(CF3503),(“"mcp)], [Mn(CF3S0s)2(“mcp)],
[Mn(CF3S03),(""**"pdp)]’

[Mn(CF3S03),(""*pdp)], [Mn(CF3503)2(""*mcp)], [Mn(CF3503)2(“*mcp)®
[Mn(CF3S03),(**"pdp)1°

2. Synthesis of the Substrates

The following substrates were prepared according to the reported procedures.
516

o R'NH, (1.1 equiv) 0

)]\ Ets3N (1.1 equiv) . )J\ R

R™°Cl chenocor RN

A round-bottom flask capped with a rubber septum and kept under nitrogen was charged
with a 0.20 M solution of the amine (1.1 equiv) in dichloromethane and cooled to 0 °C.
Triethylamine (1.1 equiv) was added to the reaction flask. The acyl chloride (1.0 equiv) was
added dropwise and the reaction was stirred overnight at room temperature. At this point, a
saturated aqueous Na,CO;s; solution was added until pH~10-11 and then diluted with
dichloromethane. The organic layer was separated from the basic aqueous layer. The agueous
layer was extracted with dichloromethane (2x) and the organic layers were combined. The
organic layer was washed with 1N HCl and dried over anhydrous sodium sulfate (Na;SO4). The
organic layer was evaporated to dryness and the crude amide was purified by flash
chromatography over silica gel.

O
tBu)J\N/\/v
H N-pentylpivalamide (S1): Following the general conditions, the crude
mixture was purified by flash chromatography over silica with hexane:ethyl acetate 1:1 and
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the product was concentrated to dryness. The product was isolated as a white solid (0.65 g,
88% vyield). 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.74 (s, 1H), 3.19 (td, /= 7.2, 5.7 Hz, 2H),
1.55-1.40 (m, 2H), 1.36 — 1.22 (m, 4H), 1.16 (s, 9H), 0.93 - 0.80 (m, 3H). *C-NMR 178.3, 39.5,
38.6, 29.3, 29.0, 27.6, 22.3, 14.0. HRMS(ESI+) m/z calculated for C1gH,:NO [M+Na]+ 194.1515,
found 194.1515.

0]
H3C)LN/\/\/

H N-pentylacetamide (S2): Following the general conditions, the crude
mixture was purified by flash chromatography over silica with hexane:ethyl acetate 1:1 and
the product was concentrated to dryness. The product was isolated as a white solid (0.53 g,
60% yield).

'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 6.16 (s, 1H), 3.17 (td, J = 7.2, 5.7 Hz, 2H), 1.93 (s, 3H),
1.55—-1.38 (m, 2H), 1.37 — 1.14 (m, 4H), 0.91 — 0.78 (m, 3H). *C-NMR 170.2, 39.6, 29.2, 29.0,
23.2,22.3, 13.9. HRMS(ESI+) m/z calculated for C;H1sNO [M+Na]+ 152.1046, found 152.1047.

(0]
)LNJ\/\(
H N-(2-(5-methylhexyl)pivalamide (S5): Following the general conditions,

the crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate
1:1 and the product was concentrated to dryness. The product was isolated as a white solid
(0.48 g, 85% vield). *H-NMR (CDCls, 400 MHz, 300K) 6 ppm: 5.37 (s, 1H), 3.91 (dg, J = 8.3, 6.7
Hz, 1H), 1.51 (dq, J = 13.3, 6.6 Hz, 1H), 1.45-1.33 (m, 2H), 1.16 (s, 9H), 1.08 (d, / = 6.6 Hz, 3H),
0.85 (d, J = 6.6 Hz, 6H). *C-NMR 177.5, 45.0, 38.5, 35.1, 34.7, 27.9, 27.6, 22.5, 20.9.
HRMS(ESI+) m/z calculated for C1,H,sNO [M+Na]+ 222.1828, found 222.1832.

(0]
Hg,C)kNJ\/\(
H N-(2-(5-methylhexyl)acetamide (S6): Following the general conditions,

the crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate
1:1 and the product was concentrated to dryness. The product was isolated as a white solid
(0.43 g, 72% vield). *H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.90 (s, 1H), 3.87 (d, J = 41.8 Hz,
1H), 1.92 (s, 3H), 1.48 (dq, / = 13.3, 6.6 Hz, 1H), 1.42 — 1.31 (m, 2H), 1.20 - 1.10 (m, 2H), 1.07
(d, J = 6.6 Hz, 3H), 0.82 (d, J = 6.7 Hz, 6H). >*C-NMR 169.4, 45.4, 35.1, 34.6, 27.9, 23.4, 22.52,
22.50, 20.9. HRMS(ESI+) m/z calculated for CoH1gNO [M+Na]+ 180.1359, found 180.1360.

tBuiN/\)\

H N-1-(3-methylbutyl)pivalamide (S9): Following the general conditions,
the crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate
1:1 and the product was concentrated to dryness. The product was isolated as a white solid
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(0.44 g, 64% yield). 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.71 (s, 1H), 3.29 — 3.16 (m, 2H),
1.57 (dp, J = 13.3, 6.7 Hz, 1H), 1.43 — 1.27 (m, 2H), 1.15 (s, 9H), 0.88 (d, J = 6.6 Hz, 6H). *C-
NMR 178.3, 38.54, 38.49, 37.9, 27.6, 25.9, 22.5. HRMS(ESI+) m/z calculated for CioH,1:NO
[M+Na]+ 194.1515, found 194.1518.

H3C)OLN&)\

H N-1-(3-methylbutyl)acetamide ($10): Following the general conditions,
the crude mixture was concentrated to dryness without further purification. The product was
isolated as a white solid (0.65 g, 57% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.33 (s,
1H), 3.25 - 3.08 (m, 2H), 1.91 (s, 3H), 1.56 (dp, J = 13.3, 6.7 Hz, 1H), 1.33 (q, / = 7.1 Hz, 2H),
0.85 (d, J = 6.6 Hz, 6H). >C-NMR 170.3, 38.3, 37.9, 25.8, 23.1, 22.4. HRMS(ESI+) m/z calculated
for C;H15sNO [M+Na]+ 152.1046, found 152.1047.

0
tBu%
NH

J SR

flash chromatography over silica with hexane:ethyl acetate 5:1 and the product was

OH (S13): Following the general conditions, the crude mixture was purified by

concentrated to dryness. The product was isolated as a white solid (0.19 g, 72% yield). ‘H-
NMR (CDClz, 400 MHz, 300K) 6, ppm: 6.22 (s, 1H), 3.44 —3.10 (m, 2H), 2.37 (dd, J = 15.0, 4.4
Hz, 1H), 2.27 (dd, J = 15.0, 7.8 Hz, 1H), 2.20 - 2.08 (m, 1H), 1.70 (dt, J = 13.4, 6.7 Hz, 1H), 1.22
(s, 9H), 1.18 (dd, J = 7.2, 1.2 Hz, 2H), 0.92 (dd, J = 9.3, 6.6 Hz, 6H). >*C-NMR 179.8, 176.8, 43.4,
41.7, 38.8, 37,6, 33.4, 27.5, 25.2, 22.7, 22.6. HRMS(ESI+) m/z calculated for C;3HsNOs
[M+Na]+ 266.1727, found 266.1734.

tBu O
\14

NH

(S15): Following the general conditions, the crude mixture was purified by flash
chromatography over silica with hexane:ethyl acetate 1:1 and the product was concentrated
to dryness. The product was isolated as a white solid (0.99 g, 98% yield). *H-NMR (CDCls, 400
MHz, 300K) 8, ppm: 5.46 (d, J = 9.6 Hz, 1H), 3.69 (dqg, J = 9.6, 6.9 Hz, 1H), 1.97 (p, J = 3.2 Hz,
3H), 1.77 — 1.56 (m, 6H), 1.55 — 1.39 (m, 6H), 1.19 (s, 9H), 0.99 (d, J = 6.9 Hz, 3H). *C-NMR
177.4,52.3, 38.8, 38.4, 37.1, 35.9, 28.3, 27.7, 14.5. HRMS(ESI+) m/z calculated for C;7H,5NO
[M+Na]+ 286.2141, found 286.4144.
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tBu O
\14

NH

(S17): Following the general conditions, the crude mixture was purified by flash
chromatography over silica with hexane:ethyl acetate 2:1 and the product was concentrated
to dryness. The product was isolated as a white solid (0.42 g, 98% yield). *H-NMR (CDCls, 400
MHz, 300K) 6, ppm: 5.68 (s, 1H), 2.95 (d, J = 6.3 Hz, 2H), 1.98 (q, J = 3.2 Hz, 3H), 1.80 — 1.57
(m, 6H), 1.48 (d, J = 2.8 Hz, 6H), 1.22 (s, 9H). >*C-NMR 178.3, 50.7, 40.3, 38.9, 37.0, 33.8, 28.2,
27.8. HRMS(ESI+) m/z calculated for C;6H,7NO [M+Na]+ 272.1985, found 272.1988.

O O EtsN (1.0 equiv) O

M+ R-NH, > JU R

F3C O CF; Et,0, rt, 2h F3C H

A round-bottom flask equipped with a septum and kept under nitrogen was charged with the
amine (1.0 equiv) and solubilized in diethylether (1.4 M). Triethylamine (1.0 equiv) was added
to the reaction flask. Trifluoroacetic anhydride (1.0 equiv) in diethylether (1.4 M) was added
dropwise and the reaction was stirred for 2 hours at room temperature. At this point H,O was
added and the basic aqueous layer was separated. The organic layer was extracted with
NaHCOs, saturated with NH4Cl and dried over anhydrous sodium sulfate (Na,SO4). The organic
layer was evaporated to dryness and the crude amine was purified by flash chromatography
over silica gel and the product was concentrated to dryness.

(0]

FgC)J\N/\/\/

H N-pentyltrifluoroacetamide (S3): Following the general conditions, the
crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate 1:1
and the product was concentrated to dryness. The product was isolated as a white solid (0.37
g, 73% yield).
'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.73 (s, 1H), 3.47 —3.22 (m, 2H), 1.67 — 1.51 (m, 2H),
1.44 —1.20 (m, 4H), 0.99 — 0.80 (m, 3H). *C-NMR 157.5, 121.6, 117.8, 114.0, 40.0, 28.7, 28.5,
22.2,13.8. HRMS(ESI+) m/z calculated for C;H1,FsNO [M+Na]+ 206.0763, found 206.0769.

(@]
FSC)LNJ\/\(
H N-(2-(5-methylhexyl)trifluoroacetamide (S7): Following the general

conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.55 g, 64% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.44 (s,
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1H), 4.09 - 3.87 (m, 1H), 1.53 (td, /=12.7,11.7, 7.0 Hz, 3H), 1.22 (d, J = 6.6 Hz, 4H), 1.17 (d, J
= 6.7 Hz, 1H), 0.88 (d, J = 6.8 Hz, 6H). *C-NMR 156.8, 121.6, 117.8, 114.0, 46.8, 34.9, 34.0,
27.8, 22.4, 20.2. HRMS(ESI+) m/z calculated for CgHicFsNO [M+Na]+ 234.1076, found
234.1075.

0
F3CJ\N K)\

H N-1-(3-methylbutyl)trifluoroacetamide (S11): Following the general
conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.56 g, 71% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.68 (s,
1H), 3.45 — 3.31 (m, 2H), 1.75 — 1.56 (m, 1H), 1.56 — 1.42 (m, 2H), 0.94 (d, J = 6.6 Hz, 6H). **C-
NMR 157.5, 121.6, 117.8, 114.0, 38.3, 37.6, 25.7, 22.2. HRMS(ESI+) m/z calculated for
C7H12F3NO [M+Nal+ 206.0763, found 206.0762.

O

0
O + R-NH, — ©:;<N—R
0

0

Phthalic anhydride (1.5 equiv) was added to a solution of the amine (1.0 equiv) in DMF and
refluxed overnight at 155° C for 12 hours. The reaction was cooled to room temperature and
poured into 50 mL of 1M HCI and extracted with Et,0. The organic layer was then dried with
magnesium sulfate and concentrated under reduced pressure. The crude phthalimide was
purified by flash chromatography over silica gel.

O

(L

crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate 5:1

N-pentylphthalimide (S4): Following the general conditions, the

and the product was concentrated to dryness. The product was isolated as a white solid (0.67
g, 90% vyield). *H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 7.86 — 7.73 (m, 2H), 7.72 — 7.59 (m,
2H), 3.72 — 3.54 (m, 2H), 1.74 — 1.54 (m, 2H), 1.37 — 1.20 (m, 4H), 0.93 — 0.73 (m, 3H). *C-
NMR 168.4, 133.8, 132.1, 123.1, 38.0, 28.9, 28.2, 22.2, 13.9. HRMS(ESI+) m/z calculated for
C13H1sNO, [M+Na]+ 240.0995, found 240.0995.
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N

0]
N-(2-(5-methylhexyl)phthalimide (S8): Following the general

conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 5:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.43 g, 95% yield). *"H-NMR (CDCls, 400 MHz, 300K) &, ppm: 7.87 —
7.73 (m, 2H), 7.76 — 7.62 (m, 2H), 4.29 (ddt, J = 13.0, 9.3, 6.9 Hz, 1H), 2.03 (dddd, J = 13.5,
11.1,9.3, 5.1 Hz, 1H), 1.71 (dddd, J = 13.6, 11.3, 6.0, 5.3 Hz, 1H), 1.58 — 1.48 (m, 1H), 1.45 (d,
J=7.0Hz, 3H), 1.28 = 0.96 (m, 2H), 0.82 (dd, J = 6.6, 3.4 Hz, 6H). *C-NMR 168.5, 133.7, 132.0,
123.0, 47.7, 35.9, 31.6, 27.8, 22.6, 22.4, 18.7. HRMS(ESI+) m/z calculated for Ci5H19NO;
[M+Na]+ 268.1308, found 268.1309.

O

N_\_<

0 N-1-(3-methylbutyl)phthalimide (S12): Following the general
conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 5:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.54 g, 96% yield). *"H-NMR (CDCls, 400 MHz, 300K) &, ppm: 7.85 —
7.73 (m, 2H), 7.72 — 7.59 (m, 2H), 3.74 — 3.55 (m, 2H), 1.66 — 1.44 (m, 3H), 0.92 (d, /= 6.3 Hz,
6H). *C-NMR 168.3, 133.8, 132.1, 123.0, 35.3, 36.4, 25.8, 22.3. HRMS(ESI+) m/z calculated
for C13H15sNO, [M+Na]+ 240.0995, found 240.1003.

S

flash chromatography over silica with hexane:ethyl acetate 5:1 and the product was

OH (s14): Following the general conditions, the crude mixture was purified by

concentrated to dryness. The product was isolated as a white solid (0.29 g, 70% yield). ‘H-
NMR (CDCls, 400 MHz, 300K) &, ppm: 7.95 — 7.79 (m, 2H), 7.79 — 7.59 (m, 2H), 3.79 — 3.53 (m,
2H), 2.45 (dtd, ) = 8.2, 6.6, 4.9 Hz, 1H), 2.40 — 2.25 (m, 2H), 1.78 (dq, J = 13.5, 6.7 Hz, 1H), 1.33
—1.20 (m, 2H), 0.95 (dd, J = 20.5, 6.6 Hz, 6H). *C-NMR 177.2, 168.7, 134.0, 131.9, 123.3, 41.8,
41.6, 37.2, 32.7, 25.3, 22.7, 22.5. HRMS(ESI+) m/z calculated for CigH1sNO4; [M+Na]+
312.1206, found 312.1213.

S11



EXPERIMENTAL SECTION

3. Reaction Protocol for Catalysis

An acetonitrile solution (400 uL) of the substrate (0.25 M) and the pertinent complex (2.5
mM) was prepared in a vial (10 mL) equipped with a stirring bar and cooled at -40 °C, in a
CH3CN/N,(liq) bath. Acetic acid (13 equiv) was added directly to the solution. Then hydrogen
peroxide in CH3CN (3.5 equiv) was added by syringe pump over a period of 30 min. At this
point, an internal standard was added and the solution was quickly filtered through a basic
alumina plug, which was subsequently rinsed with 2 x 1 mL AcOEt. GC or *H-NMR analysis of
the solution provided substrate conversions and product yields relative to the internal
standard integration.

3.1 Reaction Protocol for Product Isolation

25 mL round bottom flask was charged with: catalyst (6 umol, 1.0 mol%), substrate (1.0
equiv.), CH3CN (3.3 mL) and a magnetic stirring bar. Acetic acid was then added (13 equiv.)
and the mixture was cooled at -40 °C in an CH3CN/N,(lig) bath under magnetic stirring. Then,
1.4 mL of hydrogen peroxide solution in CH3CN (3.5 equiv.) were added by syringe pump over
a period of 30 min at -40 °C. At this point, 15 mL of an aqueous NaHCO; saturated solution
were added to the mixture. The resultant solution was extracted with CH,Cl, (3 x 10 mL). The
organic fractions were combined, dried over MgSQ,, and the solvent was removed under
reduced pressure to afford the oxidized product. This residue was filtered by silica gel column
to obtain the pure product.

4. Characterization of the Isolated Products

0] OH
tBu)J\N)\/\/

H N-(1-hydroxy)pentylpivalamide (P1): Following the general conditions,
the crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate
1:1 and the product was concentrated to dryness. The product was isolated as a white solid
(61 mg, 48% vield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.26 (d, J = 5.2 Hz, 1H), 5.28 (q, J
=6.7 Hz, 1H), 4.37 (s, 1H), 1.73 - 1.61 (m, 1H), 1.55 (tdt, /= 11.7, 9.4, 6.2 Hz, 1H), 1.36 (tddd,
J=11.2,9.4,5.6, 2.0 Hz, 4H), 1.18 (s, 9H), 0.90 (td, J = 6.2, 5.5, 1.8 Hz, 3H). *C-NMR 179.7,
74.4, 38.6, 34.9, 27.3, 27.0, 22.3, 13.9. HRMS(ESI+) m/z calculated for C1oH,1:NO, [M+Na]+
210.1465, found 210.1468.
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O OH
H3C)J\N)\/\/

H N-(1-hydroxy)pentylacetamide (P2): Following the general conditions,
the crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate
1:1 and the product was concentrated to dryness. The product was isolated as a white solid
(40 mg, 36% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.46 (d, J = 7.8 Hz, 1H), 5.29 (td,
J=8.6,4.5Hz, 1H), 4.34 (d, ) = 3.5 Hz, 1H), 2.00 (s, 3H), 1.74 — 1.62 (m, 1H), 1.62 — 1.50 (m,
1H), 1.46 —1.26 (m, 4H), 0.97 — 0.85 (m, 3H). >C-NMR 171.6, 74.3, 34.9, 27.0, 23.3, 22.3, 13.9.
HRMS(ESI+) m/z calculated for C;H1sNO, [M+Na]+ 168.0995, found 168.0991.

(0] O
H3C)J\NJ\/\/

H N-(1-oxo)pentylacetamide (P2_i): Following the general conditions,
the crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate
1:1 and the product was concentrated to dryness. The product was isolated as a white solid
(39 mg, 36% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 9.24 (s, 1H), 2.51 (t, J = 7.5 Hz,
2H), 2.34 (d, J = 23.9 Hz, 3H), 1.61 (p, J = 7.5 Hz, 2H), 1.35 (h, J = 7.3 Hz, 2H), 0.91 (t, ) = 7.4 Hz,
3H). BC-NMR 174.3, 172.7, 37.0, 26.5, 25.1, 22.2, 13.7. HRMS(ESI+) m/z calculated for
C;H13NO; [M+Na]+ 166.0838, found 166.0843.

O
N

0]
O  N-(4-oxo)penthylphthalimide (P4) Following the general conditions,

the crude mixture was purified by flash chromatography over silica with hexane:ethyl acetate
2:1 and the product was concentrated to dryness. The product was isolated as a white solid
(53 mg, 41% vield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 7.78 (s, 2H), 7.70 (s, 2H), 3.66 (s,
2H), 2.47 (s, 2H), 2.11 (s, 3H), 1.89 (s, 2H). *C-NMR 208.1, 168.8, 134.1, 131.9, 123.3, 40.5,
37.1, 30.2, 22.6. HRMS(ESI+) m/z calculated for Ci3H:3NOs [M+Na]+ 254.0785, found
254.0785.

j.J\ OH
tBu” N
H N-(2-(5-hydroxy-5-methylhexyl)-pivalamide (P5): Following the general

conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (69.3 mg, 52% vield). *H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.55
(s, 1H), 4.04 —3.87 (m, 1H), 2.26 (s, 1H), 1.59 - 1.42 (m, 4H), 1.19 (s, 6H), 1.17 (s, 9H), 1.11 (d,
J=6.6 Hz, 3H). *C-NMR 177.9, 70.4, 45.3, 39.4, 38.6, 31.6, 29.5, 29.3, 27.6, 21.1. HRMS(ESI+)
m/z calculated for C1,H,5sNO, [M+Na]+ 238.1778, found 238.1779.
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SR
HsC~ °N
H N-(2-(5-hydroxy-5-methylhexyl) acetamide (P6): Following the

general conditions, the crude mixture was purified by flash chromatography over silica with
ethyl acetate and 8% of methanol the product was concentrated to dryness. The product was
isolated as a white solid (61.4 mg, 34% vield). *H-NMR (CDCls, 400 MHz, 300K) §, ppm: 5.55
(d,J=8.3 Hz, 1H), 4.10 - 3.89 (m, 1H), 1.98 (s, 3H), 1.59 — 1.46 (m, 4H), 1.22 (s, 6H), 1.15 (d, J
= 6.6 Hz, 3H). >C-NMR 169.6, 70.6, 45.6, 39.5, 31.6, 29.5, 29.4, 23.5, 21.2. HRMS(ESI+) m/z
calculated for CoH19NO, [M+Na]+ 196.1308, found 196.1316.

0O O

A

Hsc” N
H (P6_a): Following the general conditions, the crude mixture was purified by

flash chromatography over silica with hexane:ethyl acetate 1:1 — ethyl acetate and the
product was concentrated to dryness. The product was isolated as a white solid with 11%
yield of an impurity that could not be separated (38 mg, 33% yield). *H-NMR (CDCls, 400 MHz,
300K) &, ppm: 5.71 (d, J = 8.3 Hz, 1H), 2.73 — 2.68 (m, 1H), 2.06 — 1.99 (m, 2H), 1.93 (s, 3H),
1.82—1.77 (m, 1H), 1.33 (s, 3H), 1.22 (s, 1H). *C-NMR 168.5, 93.5, 82.9, 37.8, 36.8, 29.7, 28.8,
26.4, 24.2. HRMS(ESI+) m/z calculated for CoH17NO, [M+Na]+ 194.1151, found 194.1157.

(@]
J\ OH
FsC~ N
H N-(2-(5-hydroxy-5-methylhexyl)trifluoroacetamide (P7): Following

the general conditions, the crude mixture was purified by flash chromatography over silica
with hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (76.1 mg, 58% vield). *H-NMR (CDCls, 400 MHz, 300K) §, ppm: 7.23
(s, 1H), 3.97 (s, 1H), 2.25-2.10 (m, 1H), 1.73 - 1.59 (m, 2H), 1.57 — 1.42 (m, 2H), 1.23 (s, 3H),
1.21 (s, 7H). *C-NMR 157.0, 120.2, 117.4, 114.5, 70.6, 46.8, 38.9, 30.4, 29.4, 29.3, 20.1.
HRMS(ESI+) m/z calculated for CoH16FsNO, [M+Na]+ 250.1025, found 250.1026.

O

N
OH
0]
N-(2-(5-hydroxy-5-methylhexyl)phthalimide (P8): Following the

general conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (54.9 mg, 83% vield). *H-NMR (CDCls, 400 MHz, 300K) §, ppm: 7.81
(dd, J = 5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 4.40 — 4.27 (m, 1H), 2.17 (dddd, J = 13.5,
12.2,9.6, 4.7 Hz, 1H), 1.83 (dddd, J = 13.5, 12.3, 5.8, 4.6 Hz, 1H), 1.56 — 1.50 (m, 1H), 1.49 (d,
J=6.9 Hz, 3H), 1.35 (ddd, J = 13.4, 12.3, 4.7 Hz, 1H), 1.19 (s, 6H). >*C-NMR 168.5, 133.8, 131.9,
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123.1, 70.6, 47.9, 40.8, 29.4, 29.0, 28.7, 18.9. HRMS(ESI+) m/z calculated for C;5H19NO3
[M+Na]+ 284.1257, found 284.1257.

tBu)J\N

H N-1-(1-hydroxy-3-methylbutyl)-pivalamide (P9_b): Following the
general conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (65.5 mg, 64% yield). *H-NMR (CDCls, 400 MHz, 300K) §, ppm: 6.27
(d,J=7.8 Hz, 1H), 5.37 (td, J = 7.5, 5.8 Hz, 1H), 4.55 (s, 1H), 1.73 (ddt, J = 13.0, 7.6, 6.5 Hz, 1H),
1.59 (ddd, J = 13.8, 7.4, 6.5 Hz, 1H), 1.36 (ddd, J = 13.5, 7.7, 5.8 Hz, 1H), 1.16 (s, 9H), 0.93 —
0.84 (m, 6H). *C-NMR 179.5, 72.9, 44.1, 38.5, 27.3, 24.5, 22.8, 22.2. HRMS(ESI+) m/z
calculated for C;gH,:NO;, [M+Na]+ 210.1465, found 210.1466.

H3C)kN

H N-1-(1-hydroxy-3-methylbutyl)acetamide (P10_b): Following the general
conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 1:4 and the product was concentrated to dryness. The product was
isolated as a white solid (74.3 mg, 65% yield). *H-NMR (CDCls, 400 MHz, 300K) §, ppm: 6.68
(d, J=8.2 Hz, 1H), 5.38 (td, J = 7.7, 5.9 Hz, 1H), 4.64 (s, 1H), 1.97 (s, 3H), 1.81 — 1.66 (m, 1H),
1.57 (dt, J=13.8, 7.1 Hz, 1H), 1.43 —1.33 (m, 1H), 0.91 (dd, J = 6.6, 2.8 Hz, 6H). >*C-NMR 171.4,
72.6,44.1,29.7,24.4,23.3,22.2. HRMS(ESI+) m/z calculated for C;H15sNO, [M+Na]+ 168.0995,
found 168.0992.

o)
OH
F3C)LN%

H N-1-(3-hydroxy-3-methylbutyl)trifluoroacetamide (P11_c): Following
the general conditions, the crude mixture was purified by flash chromatography over silica
with hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (46 mg, 48% yield). *H-NMR (CDCls, 400 MHz, 300K) &8, ppm: 7.98 (s,
1H), 3.61 —3.42 (m, 2H), 2.28 (s, 1H), 1.84 — 1.63 (m, 2H), 1.30 (s, 6H). *C-NMR 157.2, 120.2,
117.4, 114.5, 71.8, 39.5, 36.5, 29.6. HRMS(ESI+) m/z calculated for C;H;,FsNO, [M+Na]+
222.0712, found 222.0713.

0]

N
‘\—<OH
o N-1-(3-hydroxy-3-methylbutyl)phthalimide (P12): Following the
general conditions, the crude mixture was purified by flash chromatography over silica with
hexane:ethyl acetate 2:1 and the product was concentrated to dryness. The product was
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isolated as a white solid (57 mg, 65% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 7.86 —
7.74 (m, 2H), 7.74 — 7.60 (m, 2H), 3.91 — 3.75 (m, 2H), 2.29 (s, 1H), 1.92 - 1.80 (m, 2H), 1.30
(s, 6H). *C-NMR 168.5, 133.9, 132.2, 123.2, 69.8, 41.4, 34.0, 29.3. HRMS(ESI+) m/z calculated
for C13H15sNOs [M+Na]+ 256.0944, found 256.0948.

(P13_a): Following the general conditions, the crude mixture was purified by
flash chromatography over silica with hexane:ethyl acetate 2:1 and the product was
concentrated to dryness. The product was isolated as a white solid (24 mg, 26% yield). ‘H-
NMR (CDCls, 400 MHz, 300K) 8, ppm: 6.53 (d, J = 9.7 Hz, 1H), 5.89 (dd, J = 9.7, 7.5 Hz, 1H),
2.78 (dd, J =17.0, 8.1 Hz, 1H), 2.46 — 2.36 (m, 1H), 2.29 (dd, J = 17.0, 10.2 Hz, 1H), 1.59 (dt, J
=13.3, 6.7 Hz, 1H), 1.54 — 1.38 (m, 2H), 1.23 (s, 9H), 0.93 (dd, J = 11.0, 6.5 Hz, 6H).">*C-NMR
178.9, 174.4, 86.0, 41.4, 40.0, 40.1, 38.9, 35.8, 27.2, 26.1, 22.7, 22.3. HRMS(ESI+) m/z
calculated for C;3H,3NO3 [M+Na]+ 264.1570, found 264.1588.

0" o (P13_b): Following the general conditions, the crude mixture was purified by

flash chromatography over silica with hexane:ethyl acetate 2:1 and the product was
concentrated to dryness. The product was isolated as a white solid (7 mg, 7% vield). *H-NMR
(CDCls, 400 MHz, 300K) 6, ppm: 5.81 (s, 1H), 3.37 — 3.09 (m, 2H), 2.66 (ddd, J =17.7, 5.6, 2.1
Hz, 1H), 2.38 — 2.32 (m, 1H), 2.06 (dd, J = 17.7, 11.7 Hz, 1H), 1.85 (ddd, J = 13.7, 3.6, 2.1 Hz,
1H), 1.47 (s, 3H), 1.39 (s, 3H), 1.23 (s, 9H). *C-NMR 178.9, 170.5, 81.9, 44.2, 38.8, 38.5, 33.6,
30.7, 29.8, 27.63, 27.58. HRMS(ESI+) m/z calculated for C;3H,3NOs [M+Na]+ 264.1570, found
264.1555.

0" ™o (P14) Following the general conditions, the crude mixture was purified by flash

chromatography over silica with CH,Cl, and 2% of MeOH and the product was concentrated
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to dryness. The product was isolated as a white solid (58 mg, 60% yield). *H-NMR (CDCls, 400
MHz, 300K) &, ppm: 8.00 — 7.84 (m, 2H), 7.84 — 7.65 (m, 2H), 3.68 (d, ) = 6.7 Hz, 2H), 2.68 (ddd,
J=17.4,5.5, 2.2 Hz, 1H), 2.60 (dddd, J = 11.6, 10.4, 5.7, 3.6 Hz, 1H), 2.24 —2.09 (m, 1H), 1.88
(ddd, J = 13.8, 3.6, 2.2 Hz, 1H), 1.47 (s, 3H), 1.38 (s, 3H), 1.28 (s, 1H). *C-NMR 169.9, 168.4,
134.3, 131.7, 123.5, 81.7, 42.4, 38.5, 33.6, 30.7, 29.2, 27.6. HRMS(ESI+) m/z calculated for
C16H17NO4 [M+Na]+ 310.1050, found 310.1061.

tBu (@)
NH

HO
OH (P15_a): Following the general conditions, the crude mixture was purified by

flash chromatography over silica with ethyl acetate and 10% of MeOH and the product was
concentrated to dryness. The product was isolated as a white solid (47 mg, 25% yield). H-
NMR (MeOD, 400 MHz, 300K) &, ppm: 6.87 (d, J = 9.6 Hz, 1H), 3.86 (dq, ) = 9.6, 7.0 Hz, 1H),
2.32 (p,J=3.2 Hz, 1H), 1.71-1.52 (m, 6H), 1.43 (s, 4H), 1.39 - 1.31 (m, 2H), 1.22 (s, 9H), 1.09
(d, J = 7.0 Hz, 3H). *C-NMR 179.2, 69.78, 69.72, 51.4, 44.8, 44.7, 42.8, 41.7, 38.4, 36.0, 30.6,
26.6, 13.4. HRMS(ESI+) m/z calculated for C;7H,9NO3 [M+Na]+ 318.2040, found 218.2049.

tBu 0]
Y

NH

HO OH
OH (P15_b): Following the general conditions, the crude mixture was purified by

flash chromatography over silica with ethyl acetate and 10% of MeOH and the product was
concentrated to dryness. The product was isolated as a white solid (109 mg, 55% vyield). *H-
NMR (MeOD, 400 MHz, 300K) 6, ppm: 6.94 (d, J = 9.5 Hz, 1H), 4.04 — 3.83 (m, 1H), 3.52 - 3.50
(m, 1H), 1.75 - 1.47 (m, 6H), 1.39 (s, 6H), 1.22 (s, 9H), 1.11 (d, J = 7.0 Hz, 3H). *C-NMR 179.3,
70.1, 50.9, 50.5, 43.9, 41.3, 38.4, 26.5, 13.5. HRMS(ESI+) m/z calculated for C;7H,9NO4
[M+Na]+ 334.1989, found 334.1989.

)

O

HO OH

OH (P16): Following the general conditions, the crude mixture was purified
by flash chromatography over silica with ethyl acetate and 10% of MeOH and the product was
concentrated to dryness. The product was isolated as a white solid (55 mg, 41% yield). ‘H-
NMR (MeOD, 400 MHz, 300K) 6, ppm: 7.85—7.69 (m, 4H), 4.22 (q,J =7.3 Hz, 1H), 1.67 (s, 1H),
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1.64—-1.59 (m, 4H), 1.55 (d, J = 1.5 Hz, 4H), 1.53 (d, ] =3.0 Hz, 3H), 1.45 (t, J = 2.2 Hz, 2H), 1.42
(t,J = 2.3 Hz, 1H). *C-NMR 168.9, 134.6, 131.3, 122.3, 70.0, 55.2, 50.2, 44.9, 44.2, 42.4, 42.2.
HRMS(ESI+) m/z calculated for CyoH23NOs [M+Na]+ 380.1468, found 380.1468.

tBu 0]
hd

NH

HO
OH (P17_a) Following the general conditions, the crude mixture was purified by

flash chromatography over silica with ethyl acetate and 10% of MeOH and the product was
concentrated to dryness. The product was isolated as a white solid (82 mg, 42% yield). ‘H-
NMR (MeOD, 400 MHz, 300K) &, ppm: 7.44 (m, 1H), 3.05 (s, 2H), 1.68 — 1.54 (m, 7H), 1.40 (s,
4H), 1.32 (m, 2H), 1.22 (s, 9H). *C-NMR 180.1, 69.7, 51.4, 48.7, 46.3, 42.8, 39.6, 38.5, 37.8,

tBu 0]
Y

NH

HO OH

OH (P17_b) Following the general conditions, the crude mixture was purified by
flash chromatography over silica with ethyl acetate and 10% of MeOH and the product was
concentrated to dryness. The product was isolated as a white solid (37 mg, 18% yield). ‘H-
NMR (MeOD, 400 MHz, 300K) &, ppm: 7.49 (m, 1H), 3.10 (s, 2H), 1.67 — 1.57 (m, 6H), 1.46 (s,
6H), 1.32 (m, 2H), 1.22 (s, 9H). *C-NMR 180.2, 70.0, 50.4, 45.5, 39.1, 38.5, 26.6. HRMS(ESI+)
m/z calculated for C;H,7NO3 [M+Na]+ 304.1883, found 304.1876. HRMS(ESI+) m/z calculated
for C16H7NO,4 [M+Na]+ 320.1832, found 320.1819.
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Experimental Section: Chapter VI.2.
Highly Enantioselective Oxidation of Nonactivated Aliphatic C—H

Bonds with Hydrogen Peroxide Catalyzed by Manganese
Complexes

S19



EXPERIMENTAL SECTION

1. Synthesis of the Complexes

Pyridine synthons TPSpycHO? and 5-(2,6-bis(trifluoromethyl)phenyl)-2-
(chloromethyl)pyridine)™ were synthetized following previously described procedure.

Si | X NaBH, )\9 N
/\ - ” CTl
N EtOH abs, 4 h, r.t. \(NJVOH
o)

TPSpyCH,OH: "PyCHO (5 g, 19 mmol) was dissolved in absolute ethanol (45 ml) and NaBH,4
(2 eqg., 38 mmol) was directly added as a solid in little portions. The reaction mixture was

stirred for 4 hours at room temperature and then 10 ml of water were slowly added. After 10
minutes of stirring, the solvent was removed under reduced pressure and 10 ml of water were
added. The mixture was extracted with 3 x 20 ml of CH,Cl,, the combined organic phases were
dried with anhydrous MgS0O4 and the solvent was removed under reduced pressure to yield
the desired product, (2.57 g, 9.68 mmol, 51% yield). *H-NMR (400 MHz, CDCls, 300 K) &, ppm
8.62 (dd, J = 1.7, 1.0 Hz, 1H), 7.78 (dd, J = 7.7, 1.8 Hz, 1H), 7.28 (dd, J = 7.7, 0.9 Hz, 1H), 4.78
(s, 2H), 1.42 (hept, J = 7.4 Hz, 3H), 1.08 (d, J = 7.5 Hz, 18H)."*C{*"H}-NMR 159.3, 154.1, 143.7,
128.3, 120.1, 64.2, 18.4, 10.9, 10.6. HRMS(ESI-MS) m/z calculated for CisH,7NOSi[M+H]+
266.1935, found 266.1941.

SOCl,

)\Si N _ Si | SN
( | i \ = Cl
N/ OH  CHyCI, ahn, overnight, N r.t. N
HCI

TPSpyCH,CI-HCI: ""°PyCH,0H (2.50 g, 9.42 mmol) was dissolved in 167 ml of anhydrous CH-Cl,
and a solution of SOCI, (5 equiv., 47.1 mmol) in anhydrous CH,Cl, (20 ml) was slowly added at
0°C under inert atmosphere. The reaction mixture was stirred overnight at room temperature
and then the solvent was removed at reduced pressure to yield the desired product, (2.95 g,
9.2 mmol, 98% vyield). 'H-NMR (400 MHz, CDCls, 300 K) 6, ppm 8.61 (s, 1H), 8.19 (d, J=7.2 Hz,
1H), 7.82 (d, J = 7.5 Hz, 1H), 5.03 (s, 2H), 1.47 (hept, J = 7.4 Hz, 3H), 1.10 (d, J = 7.4 Hz, 18H).
BC{'H}-NMR 152.6, 151.3, 144.6, 136.3, 126.2, 39.5, 18.3, 18.2, 18.1, 10.7, 10.4, 10.1.
HRMS(ESI-MS) m/z calculated for C;5H,6NOSICI[M+H]+ 284.1596, found 284.1591.
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1.1 Synthesis of the Ligands

N,N-1,2-cyclohexanediamine derivatives were prepared according to the reported

12 TIPS

procedures. mcp and "**pdp ligand was prepared according to the reported procedures.*

R
Q . 1 | X Na,CO3; TBABr R\Q,R

_ Cl N N
R—-NH HN-R N CH3CN ahn, Ny —
HCI \ N
/ _
(S,S) or (R,R)
1
R: -Me R: -Si(’Pr)

(S,S)or (RR)
-Et -Ph(CF3),

-CHc-(C3Hs)

-CHac-(CgH11)

-CH,CH,C(CH3);

Koy
—T -

(S,5)-""ecp: (S,S)-N,N-Diethyl-1,2-cyclohexanediamine (0.5 g, 2.9 mmol), ""*PyCH,CI-HCI
(2.08 g, 6.5 mmol), Na,COs (11 g, 104 mmol) and TBABr (10 mg) was dissolved in anhydrous
CH3CN (100 ml). The reaction mixture was refluxed overnight under N,. At this point, the
crude reaction was filtered and the solvent was evaporated under reduced pressure. NaOH
(50 ml) was added and the organic layer was separated from the basic aqueous layer. The
aqueous layer was extracted with CH,Cl;, (3x) and the organic layer were combined and dried
over Na,SQ4. The obtained brown oil was purified by silica column (CH,Cl,:MeOH:NH3 95:4:1)
and the collected fractions were removed under reduced pressure to provide 1.1 g (1.65
mmol, yield 57%) of a brown-yellow oil that turns solid after drying under vacuum. *H-NMR
(400 MHz, CDCls, 300 K) &, ppm: 8.45 (t, J = 1.3 Hz, 2H), 7.58 (d, J = 7.7 Hz, 2H), 7.52 (dd, J =
7.8, 1.8 Hz, 2H), 3.83 (d, /= 15.2 Hz, 2H), 3.55 (d, J/ = 15.2 Hz, 2H), 2.65 (d, J = 7.3 Hz, 2H), 2.49
(ddt, J=20.1,12.8, 6.6 Hz, 4H), 1.97 (d, J = 10.2 Hz, 2H), 1.67 (m, 3H), 1.59 (m, 2H), 1.37-1.24
(m, 6H), 1.00 (dd, J = 7.5, 1.1 Hz, 36H), 0.92 (t, J = 7.1 Hz, 6H).*C{*H}-NMR 165.5, 154.1,
142.83, 142.75, 127.2, 126.7, 122.7, 122.6, 60.8, 56.4, 53.4, 44.1, 26.1, 25.9, 18.4, 14.3, 10.9,
10.6, 10.4. HRMS(ESI-MS) m/z calculated for C4oH7,N4Si,[M+H]+ 665.5368, found 665.5366.
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v

(S,S)-T'Pscpcp: Following the previous conditions, the crude mixture was purified by flash
chromatography over silica using CH,Cl,:MeOH:NH3 96:3:1 and the product was concentrated
to dryness. The product was isolated as a yellow oil (0.230 g, 61% yield). *H-NMR (400 MHz,
CDCl3, 300 K) &, ppm: 8.49 (d, J = 1.6 Hz, 2H), 7.76 (d, J = 7.8 Hz, 2H), 7.58 (dd, / = 7.8, 1.8 Hz,
2H), 4.05 (d, J = 15.1 Hz, 2H), 3.59 (d, J = 15.1 Hz, 2H), 2.95 (d, J = 7.3 Hz, 2H), 2.63 (dd, J =
13.0, 5.4 Hz, 2H), 2.24 (dd, J = 13.0, 7.5 Hz, 2H), 2.06 (d, J = 10.4 Hz, 2H), 1.75 (d, J = 10.4 Hz,
2H),1.36 (q,/=7.4 Hz, 6H), 1.18 (d, /= 11.8 Hz, 4H), 1.05 (d, J = 7.8 Hz, 36H), 0.76 (qd, J = 8.0,
6.7, 3.8 Hz, 2H), 0.36 (tt, J = 8.8, 4.6 Hz, 2H), 0.24 (tt, J = 8.9, 4.6 Hz, 2H), 0.02 (dqg, /=9.5, 4.9
Hz, 2H), 0.09 (dg, J = 9.5, 4.9 Hz, 2H). *C{*"H}-NMR 162.4, 154.1, 142.6, 126.6, 122.9, 61.2,
56.3, 55.6, 26.1, 25.5, 18.5, 10.6, 5.5, 2.8. HRMS(ESI-MS) m/z calculated for
CasH76N4Si;[M+H]+ 717.5681, found 717.5676.

OO
—T T

(S,5)-""chcp: Following the previous conditions, the crude mixture was purified by flash
chromatography over silica using CH,Cl,:MeOH:NHs 95:4:1 and the product was concentrated
to dryness. The product was isolated as a yellow oil (0.130 g, 41% yield). *H-NMR (400 MHz,
CDCls, 300 K) 6, ppm: 8.53 (s, 2H), 7.67 (d, J = 1.5 Hz, 4H), 4.03 (d, J = 15.2 Hz, 2H), 3.63 (d, / =
15.2 Hz, 2H), 2.85 - 2.72 (m, 2H), 2.42 (dd, J = 6.8, 3.2 Hz, 4H), 2.14 — 2.05 (m, 2H), 1.76 (m,
4H), 1.65 - 1.48 (m, 8H), 1.40 (p, J = 7.5 Hz, 6H), 1.34 - 1.21 (m, 6H), 1.08 (d, / = 7.4 Hz, 36H),
1.04 — 0.95 (m, 6H), 0.66 (dtd, J = 23.5, 11.8, 8.6 Hz, 4H)."*C{*H}-NMR 162.4, 154.2, 142.7,
126.6, 122.6, 61.9, 58.9, 36.3, 32.14, 32.09, 26.7, 26.3, 26.2, 26.0, 18.4, 10.6. HRMS(ESI-MS)
m/z calculated for CsoHggN4Si.[M+H]+ 801.6620, found 801.6605.
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(S,5)-""*tBucp: Following the previous conditions, the crude mixture was purified by flash
chromatography over silica using CH,Cl,:MeOH:NHs 95:4:1 and the product was concentrated
to dryness. The product was isolated as a brown-yellow oil (0.170 g, 23% yield). *H-NMR (400
MHz, CDCls, 300 K) 6, ppm: 8.53 (s, 2H), 7.66 (d, J = 7.8 Hz, 2H), 7.60 (dd, J = 7.8, 1.8 Hz, 2H),
3.96 (d, J = 15.2 Hz, 2H), 3.64 (d, J = 15.2 Hz, 2H), 2.76 (d, J = 7.7 Hz, 2H), 2.61 — 2.44 (m, 4H),
2.15-2.00 (m, 2H), 1.80 — 1.77 (m, 2H) 1.46 — 1.38 (m, 6H), 1.36 — 1.22 (m, 4H), 1.07 (d, J =
7.4 Hz, 36H), 1.02-0.94 (m, 4H), 0.74 (s, 18H). *C{*H}-NMR 162.4, 154.1, 142.7, 126.7, 122.7,
61.3, 56.5, 46.8, 42.8, 29.8, 29.4, 26.3, 26.2, 18.4, 10.6. HRMS(ESI-MS) m/z calculated for
CagHgsN4Sir[M+H]+ 777.6620, found 777.6603.

CF; FsC

(S,5)-*mcp: Following the previous conditions, the crude mixture was purified by flash
chromatography over silica using CH,Cl,:MeOH:NH3 97:2:1 and the product was concentrated
to dryness. The product was isolated as a yellow oil (0.210 g, 44% yield). *H-NMR (400 MHz,
CDCls, 300 K) 8, ppm: 8.39 (s, 2H), 7.99 (dd, J = 8.1, 3.7 Hz, 4H), 7.68 (q, J = 7.9 Hz, 4H), 7.55 —
7.45 (m, 2H), 4.04 (d, J = 14.5 Hz, 2H), 3.87 (d, J = 14.5 Hz, 2H), 2.70 (d, J = 9.1 Hz, 2H), 2.35 (s,
6H), 2.05 (d, J = 12.3 Hz, 2H), 1.81 (d, J = 8.6 Hz, 2H), 1.41 - 1.27 (m, 2H), 1.20 (m, 2H). *c{*H}-
NMR 161.6, 148.5, 137.6, 137.0, 131.9, 129.3, 128.5, 127.9, 124.4, 121.3, 64.3, 60.0, 36.8,
25.8, 25.4. HRMS(ESI-MS) m/z calculated for CsgH3,F1,N4 [M+H]+ 749.2508, found 749.2518.
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1.2 Synthesis of the Complexes

[Fe(CF3S03)x(mcp)],” [Fe(CFsS0s)a(pdp)],”* [Fe(CFsS0s)("*mcp)],* [Fe(CFsSOs)("*pdp)],*
[Mn(CF3S0s),(mcp)],° [Mn(CF350s),(pdp)],° [Mn(CF3505),("""'mcp)],’
[Mn(CF3S0s),("**"pdp)]’ and [Mn(CF3S0:)>(**™pdp)]** complexes were prepared according
to the reported procedures.

R
|
Mn(OTf "\ WOTf
n(OTf),, - %NNT\M“;
THF, N, = | Torf
N

(S,S)or (R.R)

R: -Si('Pr)3
-Ph(CF3),

(R,R)-IMn(CF350s),("*mcp)]: Under N, atmosphere, a suspension of
Mn(CF3SO3), (83.1 mg, 0.24 mmol) in anhydrous THF (1 mL) was added drop-wise to a
vigorously stirred solution of (R,R)- "">mcp (150 mg, 0.24 mmol) in THF (1 mL). After a few
second the solution became cloudy and a white precipitate appeared. After stirring for 4
hours the solution was filtered off and the resultant white solid dried under vacuum. This
solid was dissolved in CH,Cl, (3 mL) and the solution filtered off through Celite©. Slow diethyl
ether diffusion over the resultant solution afforded, in a few days, white crystals (158 mg,
0.16 mmol, 67% yield). Anal. Calcd for C4oHgsFsMnN4O6S,Sis: C, 48.52; H, 6.92; N, 5.66 Found:
C, 48.65; H, 6.95; N, 5.76 %. FT-IR (ATR) v, cm™: 2943 — 2866 (C-H)sp®, 1592, 1459, 1311, 1233,
1211, 1164, 1026, 882, 701, 635, 567, 514. ESI-HRMS calcd. for C3gHgsN4Si,MnCF3SO3 [M-
OTf]+: 840.3878, found: 840.3888.
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(S,5)-IMn(CF3S0s),(“®*mcp)]: Following the previous conditions,
white crystals were obtained after slow diethyl ether diffusion in CH,Cl,. (286 mg, 0.26 mmol,
68% yield). Anal. Calcd for CagH3,F1sMnN4QOgS,: C, 41.43 H, 2.93; N, 5.09 Found: C, 41.20; H,
2.91; N, 4.84 %. FT-IR (ATR) v, cm™*: 3458 — 2945 (C-H)sp>, 1612, 1459, 1293, 1127, 1067, 1030,
822, 761, 677, 635, 513. ESI-HRMS calcd. for C3gH3,N4F1,MNnCF3SO3 [M-OTf]+: 952.1331,
found: 952.1346.

(S,5)-IMn(CF3S0s),(™*pdp)]: Under N, atmosphere, a suspension of Mn(CF3S03), (86.5 mg,
0.25 mmol) in anhydrous THF (1 mL) was added drop-wise to a vigorously stirred solution of
(S,S)- "™*pdp (159 mg, 0.25 mmol) in THF (1 mL). After a few second the solution became
cloudy and a white precipitate appeared. After stirring for 4 hours the solution was filtered
off and the resultant white solid dried under vacuum. This solid was dissolved in CH,Cl, (3 mL)
and the solution filtered off through Celite©. Slow diethyl ether diffusion over the resultant
solution afforded, in a few days, white crystals (155 mg, 0.16 mmol, 64% yield). Anal. Calcd
for C40HesFsMNnN4O6S,Sis: C, 48.62; H, 6.73; N, 5.67 Found: C, 48.83; H, 7.05; N, 5.81 %. FT-IR
(ATR) v, cm™: 2944 — 2866 (C-H)sp?, 1593, 1463, 1307, 1229, 1030, 983, 882, 760, 682, 636,
514. ESI-HRMS calcd. for C3gHgsN4Si,MNnCF3SO3 [M-OTf]+: 838.3721, found: 838.3723.
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2. AgOTf, CH3CN, N,

(S,S)or (R.R) (8,5) or (R,R)

R: -CHQCHg
-CHzc-(C3Hs)
-CHac-(CeH11)
-CHZCHztBU

Y

Si

N

\ N
M 'rN\M/n“\\\OTf
’
N | ~NOTf
N

(S,5)-IMn(CF3S0;),("*ecp)]: Under N, atmosphere, a suspension of
MnCl, (30.5 mg, 0.24 mmol) in anhydrous CH3CN (1 mL) was added drop-wise to a vigorously
stirred solution of (S,5)- ""ecp (161 mg, 0.24 mmol) in CHsCN (1 mL). After 4 hours 2 equiv.
of AgCF3S03(123.3 mg, 0.48 mmol) were added to the solution. After 2 hours, the reaction
mixture was filtered through Celite© and dried under vacuum. The solid was crystallized by
layering CH,Cl, solution of the complex with hexane to yield the desired white/brown
complex (163 mg, 0.16 mmol, 68% yield). Anal. Calcd for C4,H72FsMnN4OgS,Si»: C, 49.54; H,
7.13; N, 5.5 %. Found: C, 49.71; H, 7.35; N, 5.80 %. FT-IR (ATR) v, cm™: 2944 — 2866 (C-H)sp°,
1592, 1462, 1309, 1211, 1163, 1111, 1028, 882, 683, 636, 568, 514. ESI-HRMS calcd. for
Ca0H72N4Si;MnCF3SO3 [M-OTf]+: 868.4191, found: 868.4200.
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“
<\ ﬂ A
ﬂ _ | WOTf

M
/n‘OTf
N

Z
1y “\‘Z

(S,5)-IMn(CF3S0s),(™*cpcp)]: Following the previous conditions, white
crystals were obtained by layering CH,Cl, solution of the complex with hexane. (153 mg, 0.14
mmol, 48% yield). Anal. Calcd for C46H76FsMnN4OgS,Si»: C, 51.62; H, 7.16; N, 5.23 %. Found: C,
51.32; H, 7.06; N, 5.29 %. FT-IR (ATR) v, cm™: 2944 — 2866 (C-H)sp?, 1592, 1462, 1311, 1233,
1210, 1163, 1025, 882, 704, 682, 634, 569, 513. ESI-HRMS calcd. for C44H76N4Si,MnCF3SO3 [M-
OTf]+: 920.4504, found: 920.4482.

Y

Si

|

%”’ Nu: / WOTf

N
[n‘OTf
N

(S,5)-IMn(CF3S0s),(™*chcp)]: Following the previous conditions, white
crystals were obtained by layering CH,Cl, solution of the complex with hexane. (127 mg, 0.11
mmol, 51% yield). Anal. Calcd for Cs,HgsFsMnN4OgS,Si: C, 54.10; H, 7.68; N, 4.85 %. Found: C,
49.71; H, 7.50; N, 4.98 %. FT-IR (ATR) v, cm™: 2944 — 2866 (C-H)sp>, 1592, 1462, 1311, 1233,
1210, 1163, 1025, 882, 704, 682, 634, 569, 513. ESI-HRMS calcd. for C5oHggN4SioMnCF3SO3 [M-
OTf]+: 1004.5443, found: 1004.5470.

(S,5)-IMn(CF3S0s),("*tBucp)]: Following the previous conditions,
white/ brown crystals were obtained by layering CH,Cl, solution of the complex with hexane.
(98 mg, 0.087 mmol, 41% vyiel). Anal. Calcd for C5oHggFsMnN4OgS,Si>: C, 53.12; H, 7.85; N, 4.96
%. Found: C, 53.50; H, 8.05; N, 4.91 %. FT-IR (ATR) v, cm™: 2944 — 2866 (C-H)sp>, 1592, 1463,
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1311, 1209, 1165, 1025, 881, 682, 635, 569, 514. ESI-HRMS calcd. for C49HggN4Si,MNnCF3SO3
[M-OTf]+: 980.5448, found: 980.5451.

2. Synthesis of the Substrates

The following substrates were prepared according to the reported procedures. All the
remaining ones are commercially available.

5215
5316
S8, $9, S10, S11, S12, S13, S15"7
518
s19%°
$20, S21, $22%°
)k EtsN (1.1 eq) )k R
> ~IN2
R; Cl DCM, 0°C to rt, overnight R H

A round-bottom flask equipped with a septum and kept under nitrogen was charged with a
0.20 M solution of the amine (1.1 equiv) in dichloromethane and cooled to 0 °C. Triethylamine
(1.1 equiv) was added to the reaction flask. The acyl chloride (1.0 equiv) was added dropwise
and the reaction was stirred overnight at room temperature. At this point, a saturated
aqueous Na,COs solution was added until pH~10-11 and then diluted with dichloromethane.
The organic layer was separated from the basic aqueous layer. The aqueous layer was
extracted with dichloromethane (2x) and the organic layers were combined. The organic layer
was washed with 1N HCl and dried over anhydrous sodium sulfate (Na,SO4). The organic layer
was evaporated to dryness and the crude amine was purified by flash chromatography over
silica gel.

5O

mixture was purified by flash chromatography over silica using hexane:ethyl acetate 1:1 and

N-Cyclohexylpivalamide (S8): Following the general conditions, the crude

the product was concentrated to dryness. The product was isolated as a white solid (0.38 g,
79% vyield).

'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.46 (bs, 1H), 3.75 - 3.73 (m, 1H), 1.92 - 1.86 (m, 2H),
1.73-1.57 (m, 3H), 1.44 - 1.30 (m, 3H), 1.18 (s, 9H), 1.14 — 1.04 (m, 2H). *C-NMR 177.4, 47.9,
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38.5,33.1, 27.6, 25.6, 24.9 HRMS(ESI+) m/z calculated for C11H,:NO [M+Na]+ 206.1515, found
206.1512.

4

mixture was purified by flash chromatography over silica using hexane:ethyl acetate 1:1 and

N-Cyclohexylisobutyramide (S9): Following the general conditions, the crude

the product was concentrated to dryness. The product was isolated as a white solid (0.43 g,
83% vyield).

'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.34 (bs, 1H), 3.82 - 3.70 (m, 1H), 2.35 - 2.28 (g, 1H),
1.94 -1.88 (m, 2H), 1.74 - 1.60 (m, 3H), 1.43 - 1.31 (m, 2H), 1.23 - 1.21 (m, 1H), 1.15 (d, 6H),
1.10 - 1.0 (m, 2H). *C-NMR 176.0, 47.8, 35.8, 33.2, 25.6, 24.9, 19.7. HRMS(ESI+) m/z
calculated for C;gH19NO [M+Na]+ 192.1359, found 192.1358.

2
e
H N-(cyclohexyl)-2,2-dimethylbutanamide (S10): Following the general

conditions, the crude mixture was purified by flash chromatography over silica using
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.56 g, 97% yield). "H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.45 (bs,
1H), 3.86 - 3.66 (m, 1H), 1.96 — 1.80 (m, 2H), 1.75 - 1.55 (m, 4H), 1.51 (q, /= 7.5 Hz, 2H), 1.44
—1.27 (m, 2H), 1.22 — 1.14 (m, 1H), 1.12 (s, 6H), 1.10 — 1.02 (m, 1H), 0.82 (t, J = 7.5 Hz, 3H)
13C-NMR 176.6, 47.9, 42.1, 33.9, 33.2, 25.6, 25.0, 24.9, 9.1. HRMS(ESI+) m/z calculated for
C1oH3NO [M+Na]+ 220.1672, found 220.1673.

g )
/j)L”
N-(cyclohexyl)-2-ethylbutanamide (S11): Following the general conditions,

the crude mixture was purified by flash chromatography over silica using hexane:ethyl
acetate 1:1 and the product was concentrated to dryness. The product was isolated as a white
solid (0.65 g, 84% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.62 (bs, 1H), 3.78 (tdt, J =
10.7, 8.1, 3.9 Hz, 1H), 1.87 (dd, J = 12.5, 3.8 Hz, 2H), 1.79 (tt, / = 9.3, 5.1 Hz, 1H), 1.67 (dt, J =
13.2, 3.6 Hz, 2H), 1.62 — 1.50 (m, 3H), 1.46 — 1.26 (m, 4H), 1.18 — 1.05 (m, 3H), 0.88 — 0.80 (t,
J = 7.4 Hz, 6H). ®C-NMR 174.6, 51.4, 47.8, 33.3, 25.8, 25.5, 24.9, 12.0. HRMS(ESI+) m/z
calculated for C1,H,3NO [M+Nal+ 220.1672, found 220.1673.
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2,

N
H

N-(cyclohexyl)-2-propylbutanamide (S12): Following the general
conditions, the crude mixture was purified by flash chromatography over silica using
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.53 g, 80% yield). "H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.39 (bs,
1H), 3.90 - 3.70, (m, 1H), 2.04 — 1.81 (m, 3H), 1.76 — 1.51 (m, 5H), 1,45 — 1.19 (m, 8H), 1.12
(ddd, J = 23.0, 12.1, 3.4 Hz, 3H), 0.88 (t, J = 7.1 Hz, 6H). *C-NMR 174.9, 47.9, 47.8, 35.4, 33.4,
25.6, 24.9, 20.8, 14.1 HRMS(ESI+) m/z calculated for Ci4H,7NO [M+Na]+ 248.1985, found
248.1981.

0 /O

>‘\)J\N

H N-(cyclohexyl)-3,3-dimethylbutanamide (S13): Following the general
conditions, the crude mixture was purified by flash chromatography over silica using
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.75 g, 85% yield). "H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.26 (bs,
1H), 3.84 - 3.77 (m, 1H), 2.02 (s, 2H), 1.99 - 1.86 (m, 2H), 1.77 - 1.55 (m, 3H), 1.47 - 1.28 (m,
2H), 1.25 — 1.07 (m, 3H), 1.04 (s, 9H). *C-NMR 170.6, 50.9, 48.0, 33.3, 30.8, 29.8, 25.6, 24.9
HRMS(ESI+) m/z calculated for C1,H,3NO [M+Na]+ 220.1672, found 220.1667.

e
N
O)LH
N-Cyclohexylcyclohexanecarboxamide (S15): Following the general

conditions, the crude mixture was purified by flash chromatography over silica using
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.32 g, 53% yield). "H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.34 (bs,
1H), 3.85-3.64 (m, 1H), 2.02 (tt,/=11.7, 3.4 Hz 1H), 1.93 - 1.58 (m, 10H), 1.47 - 1.03 (m, 10H).
B3C-NMR 175.1, 47.7, 45.7, 33.3, 30.9, 29.7, 26.5, 25.8, 24.9 HRMS(ESI+) m/z calculated for
C13H»3NO [M+Na]+ 232.1672, found 232.1678.

CH,Cl, ahn, rt, overnight H

O 0
HOBt (1.1 eq), EDC (1.1 eq)
OH + NH2 > /Y‘L

S30



EXPERIMENTAL SECTION

N-(cyclohexyl)-(S)-(+)-2-methylbutanamide (S14): Following the traditional methodology
used for peptide synthesis, the product was isolated as a white solid (0.85 g, 85% vyield).
'H-NMR (CDCls, 400 MHz, 300K) §, ppm: 5.41 (bs, 1H), 3.79 (tdt, J = 12.2, 8.1, 3.9 Hz, 1H), 2.02
(dg, J=13.5,6.8 Hz, 1H), 1.92-1.88 (m, 2H), 1.73 - 1.56 (m, 4H), 1.49 — 1.28 (m, 4H), 1.21-1.17
(m, 2H), 1.12 (dd, J = 12.4, 7.9 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H). *C-NMR 175.4, 47.8, 43.3,33.4,
27.4, 25.6, 24.9, 17.6, 11.9. HRMS(ESI+) m/z calculated for Ci;H,:NO [M+Na]+ 206.1515,
found 206.1517.

£i wor 9 ()
sN(U.7eq)
o o)kca + QNHZ -~ FsC)L

N
EtO,, rt, 2h H

N-Cyclohexyltrifluoroacetamide (S17): A round-bottom flask equipped with a septum and
kept under nitrogen was charged with cyclohexylamine (1.0 equiv, 0.24 g, 2.4 mmol) and
solubilized in diethylether (1.4 M). Triethylamine (0.7 equiv) was added to the reaction flask.
Trifluoroacetic anhydride (1.0 equiv, 0.5 g, 2.4 mmol) in diethylether (1.4 M) was added
dropwise and the reaction was stirred for 2 hours at room temperature. At this point H,O was
added and the basic aqueous layer was separated. The organic layer was extracted with
NaHCOs, saturated with NH4Cl and dried over anhydrous sodium sulfate (Na,SO4). The organic
layer was evaporated to dryness and the crude amine was purified by flash chromatography
over silica gel using hexane:ethyl acetate 1:1 and the product was concentrated to dryness.
The product was isolated as a white solid (0.25 g, 1.3 mmol 54% yield). *"H-NMR (CDCls, 400
MHz, 300K) &, ppm: 6.24 (bs, 1H), 3.94 - 3.69 (m, 1H), 2.08 — 1.88 (m, 2H), 1.87 - 1.59 (m, 3H),
1.52 — 1.08 (m, 5H). *C-NMR 156.5, 117.8, 113.9, 100.0, 49.2, 32.4, 25.2, 24.6 HRMS(ESI+)
m/z calculated for CgH1,FsNO [M+Na]+ 218.0763, found 218.0762.

F 0 F 0
F F
o + QNHz — NO
F F
F 0] F 0]
N-Cyclohexyltetrafluorophthalimide (S19): Tetrafluorophthalic anhydride (0.5 g, 2.3 mmol,
1.2 eq.) was added to a solution of cyclohexylamine (0.19 g, 1.9 mmol, 1.0 eq.) in glacial acetic
acid and refluxed overnight. The solvent was removed under reduced pressure and the
reaction mixture was refluxed in acetic anhydride for 12 h. The solvent was evaporated and
the crude amide was purified by flash chromatography over silica gel with hexane:ethyl
acetate 3:1 and the product was concentrated to dryness. The product was isolated as a

yellow solid (0.24 g, 82% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 4.08 (t, J = 12.4 Hz,
1H), 2.26 —2.06 (m, 2H), 1.87 (d, /= 13.0 Hz, 2H), 1.70 (d, J = 12.0 Hz, 3H), 1.47 — 1.13 (m, 3H).
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BC-NMR 162.5, 146.2, 144.5, 143.5, 141.9, 113.8, 51.9, 29.6, 25.9, 24.9. HRMS(ESI+) m/z
calculated for C14H11F4NO,(CH30H) [M+Na]+ 356.0880, found 356.0885.

0 NOH NH,
NH,OH LiAIH,
- R > <R > —-R
EtOH, reflux, 5h THF, reflux, 3h

Hydroxylamine hydrochloride (1.2 equiv) followed by pyridine (3.0 equiv) was added to a
solution of ketone (a) (1.0 equiv) in absolute ethanol and the reaction mixture was heated to
reflux temperature under stirring for 5 hours. The reaction was then quenched with water
and the product extracted with ethyl acetate (2 x 50 mL). The organic fractions were washed
with water and dried over anhydrous MgSQ,. The solvent was removed under vacuum to
obtain the oxime (b) that was used in the next step without further purification. To a stirred
solution of lithium aluminium hydride (0.5 equiv) in anhydrous THF under N, was added a
solution of intermediate b drop wise. The reaction was slowly heated to reflux temperature
for 3 hours. After this, the reaction mixture was quenched with 1M NaOH solution at 5°C.
After filtration through Celite© and extraction with ethyl acetate (2 x 50 mL) the organic
fractions were dried over anhydrous MgSQ,, the solvent removed under vacuum and the
obtained intermediate ¢ was used in the next acylation step without further purification to
give the corresponding amide.

0 /OL
>
H N-(4,4-dimethylcyclohexyl)pivalamide (S20): Following the general
conditions, the crude mixture was purified by flash chromatography over silica using
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.39 g, 94% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.49 (s,
1H), 3.68 (tt, J = 9.2, 4.8 Hz, 1H), 1.75-1.72 (m, 2H), 1.38 — 1.17 (m, 6H), 1.17 (s, 9H), 0.91 (s,
6H)."*C-NMR 177.6, 48.1, 38.5, 37.6, 31.5, 29.5, 28.7, 27.6, 25.1. HRMS(ESI+) m/z calculated
for C13H5sNO [M+Na]+ 234.1828, found 234.1822.

T

H N-(3,3-dimethylcyclohexyl)pivalamide (S21): Following the general
conditions, the crude mixture was purified by flash chromatography over silica using
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was

isolated as a white solid (0.38 g, 70% yield). *"H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.32 (d,
J=7.0 Hz, 1H), 3.88 (tdt, J = 12.0, 8.0, 4.1 Hz, 1H), 1.95 - 1.92 (m, 1H), 1.64 — 1.46 (m, 4H),
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1.35-1.31 (m, 1H), 1.15 (s, 9H), 1.09 — 0.99 (m, 2H), 0.94 (s, 3H), 0.91 (s, 3H), 0.88-0.84 (m,
1H)."*C-NMR 177.5, 46.0, 45.2, 38.53, 38.46, 33.3, 33.0, 31.7, 27.6, 24.7, 21.3. HRMS(ESI+)
m/z calculated for C13H,sNO [M+Na]+ 234.1828, found 234.1826.

O

N

>HLH N-(3,3,5,5-tetramethylcyclohexyl)pivalamide (S$22): Following the
general conditions, the crude mixture was purified by flash chromatography over silica using
hexane:ethyl acetate 1:1 and the product was concentrated to dryness. The product was
isolated as a white solid (0.41 g, 55% yield). *H-NMR (CDCls, 400 MHz, 300K) &, ppm: *H NMR
(300 MHz, Chloroform-d) 6 5.35 (d, J = 7.5 Hz, 1H), 4.07 (dtd, J = 12.0, 8.2, 3.9 Hz, 1H), 1.70
(dddd, J=11.4,3.7,2.2,1.3 Hz, 2H), 1.36 - 1.19 (m, 2H), 1.18 (s, 9H), 1.07 (s, 6H), 0.91 (s, 6H),
0.84 (d, J = 12.0 Hz, 2H)."*C-NMR 177.6, 51.7, 46.1, 43.3, 38.5, 35.1, 32.2, 27.6, 27.3.
HRMS(ESI+) m/z calculated for C15H,9NO [M+Na]+ 262.2141, found 262.2139.

3. Reaction Protocol for Catalysis

An acetonitrile solution (400 pL) of the substrate (0.25 M) and the corresponding complex
(2.5 mM) was prepared in a vial (10 mL) equipped with a stir bar cooled at -40 9C, in a
CH3CN/N,(liq) bath. 98 pL (neat, 17 equiv.) of acetic acid were added directly to the solution.
Then, 236 puL of a 1.5 M hydrogen peroxide solution in CH3CN (3.5 equiv.) were added by
syringe pump over a period of 30 min. At this point, an internal standard (biphenyl) was added
and the solution was quickly filtered through a basic alumina plug, which was subsequently
rinsed with 2 x 1 mL AcOEt. GC analysis of the solution provided substrate conversions and
product yields relative to the internal standard integration. Isomer ratio was determined by
GC or 'H-NMR. Commercially unavailable products were identified by a combination of H,
B3C{*H}-NMR analysis, and HRMS. The oxidized products were identified by comparison to the
GC retention time of racemate products.

Attempts to trap the alcohol product were performed by carrying out catalytic reactions in
the presence of acetic anhydride or trifluoroacetic anhydride. Unfortunately, under these
conditions oxidation did not take place. Reactions performed using substoichiometric
amounts of oxidant, providing low conversion of the substrate did not result in the
accumulation of the alcohol, indicating that this initial product is much more reactive against
oxidation than the starting material, and cannot accumulate in solution.
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Table S1. Oxidation of N-(cyclohexyl)pivalamide (S8) with (S,S)-[Mn(CFsSO0s).(" *cpcp)],
(S,5)-IMn(CF3503), ("**chcp)] and (S,S)-[Mn(CF3S0;3), (" *tBucp)]

Cat (1 mol%)

o) O H,0, (3.5€eq.) _ o) Ji:\l\
tBu)J\ AcOH (17 eq.) tBu)J\ 0

N CH4CN, -40°C N
S8 P8
Entry Cat. Conv (%)? Yield (%)? Ee %
1 Mn("*cpcp) 85 60 80
2 Mn("chcp) 22 10 86
3 Mn(""*tBucp) 31 20 56

Conversions and yields determined from crude reaction mixtures by GC.
Ee’s determined by GC with chiral stationary phase

Table S2. Oxidation of N-(cyclohexyl)pivalamide (S8) with (R,R)-[Mn(CFsSOs), (""*mcp)]
using different equivalents of acetic acid

Cat (1 mol%)

0 O H,0, (3.5 eq.) 0 Ji:\l\
tBu)J\ AcOH (x eq.) tBu)J\ 0

N CH4CN, -40°C N
S8 P8
Entry x (equiv) Conv (%)? Yield K3 (%)? Ee %
1 50 >99 90 72
2 25 >99 90 73
3 17 >99 90 79
4 13 >99 84 79
5 10 80 74 74
6 8 86 74 78
7 5 33 28 75

Conversions and yields determined from crude reaction mixtures by GC.
Ee’s determined by GC with chiral stationary phase
3.1 General Procedure for Product Isolation
25 mL round bottom flask was charged with: catalyst (6 umol, 1.0 mol%), substrate (1 equiv.),
CH3CN (3.3 mL) and a magnetic stir bar. The carboxylic acid of choice was the added (17

equiv.) and the mixture was cooled at -40 2C in an CH3CN/N,(lig) bath under magnetic stirring.
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Then, 1.4 mL of a 1.5 M hydrogen peroxide solution in CH3CN (3.5 equiv.) were added by
syringe pump over a period of 30 min at -40°C. At this point, 15 mL of an agueous NaHCO3
saturated solution were added to the mixture. The resultant solution was extracted with
CH,Cl, (3 x 10 mL). Organic fractions were combined, dried over MgSQ,4, and the solvent was
removed under reduced pressure to afford the oxidized product. This residue was filtered by
silica gel column to obtain the pure product.

4. Characterization of the Isolated Products

The oxidation products obtained after oxidation of substrates S1, S3, S4, S5, $6, S18 and S19
(P1, P3, P4, P5, P6, P18, P19, respectively) were collected as mixtures of C3 and C4 oxidation
products.

tBuQO 3-tert-butylcyclohexanone (P1 (Ks3)) purification by flash chromatography
(SiOy; hexane:AcOEt 5:1) gave the product as a white solid (50% total yield (Ks+K4), 64% ee
Ks); *"H-NMR (CDCls, 400 MHz, 300K) 6, ppm: 2.45-2.43 (m, 1H), 2.37-2.35 (m, 1H), 2.23 (dt, J
= 6.0, 13.5 Hz, 1H), 2.12-2.08 (m, 1H), 2.04 (t, J = 12.0 Hz, 1H), 1.96-1.91 (m, 1H), 1.59-1.45
(m, 2H), 1.32 (qd, J = 3.6, 12.8 Hz, 1H), 0.89 (s, 9H). HRMS(ESI+) m/z calculated for C;9H130
[M+Na]+ 177.1250, found 177.1250. Chiral GC analysis with CYCLOSIL-B. Spectroscopic data
are in agreement with a previous literature report.21

4-tert-butylcyclohexanone (P1 (Ks)) *H-NMR (CDCls, 400 MHz, 300K) §, ppm: 2.41-2.39 (m,
1H), 2.33-2.31 (m, 1H), 2.23 (dt, J = 6.0, 13.5 Hz, 1H), 2.12-2.08 (m, 1H), 2.04 (t, J = 12.0 Hz,
1H), 1.96-1.91 (m, 1H), 1.59-1.45 (m, 2H), 1.32 (qd, J = 3.6, 12.8 Hz, 1H), 0.89 (s, 9H). *C-NMR
212.9, 49.4, 43.6, 41.3, 32.7, 27.2, 26.2, 25.6. Spectroscopic data are in agreement with a
previous literature report.21

PivO/@O 3-oxocyclohexylpivalate (P2 (Ks3)) purification by flash chromatography
(SiO,; hexane:AcOEt 5:1) gave the product as a white solid (36% vyield, 61% ee); ‘*H-NMR
(CDCls, 400 MHz, 300K) 6, ppm: 5.18 (tt, /= 5.7, 3.0 Hz, 1H), 2.57 (ddd, J = 15.8, 10.2, 6.1 Hz,
2H), 2.42 — 2.36 (m, 2H), 2.19 — 2.02 (m, 4H), 1.26 (s, 9H). >C-NMR 209.9, 177.8, 68.0, 39.0,
37.2,30.4, 27.2. HRMS(ESI+) m/z calculated for C;1H1503 [M+Na]+221.1148, found 221.1146.
[a]p>* +9.3 (CHCl3, ¢ 0.333). Chiral GC analysis with CYCLOSIL-B.

4-oxocyclohexylpivalate (P2 (Ks)) white solid product (9% yield); *H-NMR (CDCls, 400 MHz,
300K) &, ppm: 5.28 (tt, J = 5.5, 2.8 Hz, 1H), 2.64 (dd, J = 14.8, 4.2 Hz, 1H), 2.56 — 2.35 (m, 4H),
2.07 (dd, J = 11.3, 4.6 Hz, 1H), 1.98 (d, J = 7.9 Hz, 1H), 1.93 — 1.85 (m, 1H), 1.20 (s, 9H). *C-
NMR 208.3, 177.5, 71.2, 46.4. 41.0, 29.7, 29.1, 27.1, 20.9. HRMS(ESI+) m/z calculated for
C11H1803 [M+Na]+ 221.1148, found 221.1140.
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L, Or
(Me)3Si O (Messi

P3 (Ks) P3 (Kg)  (P3 (Ks+Ka), (R,R")-Mn-(""mcp) as catalyst and
cyclopropanecarboxylic acid) purification by flash chromatography (SiO,; hexane:AcOEt 3:1)
gave the product as a white solid (49% total yield, 34% ee); *H-NMR (CDCls, 400 MHz, 300K)
8, ppm: 1.81 - 1.70 (m, 8H), 1.29 — 1.21 (m, 5H), 1.10 (q, J = 12.7 Hz, 4H), 0.67 — 0.48 (m, 1H),
-0.03 (s, J = 0.7 Hz, 18H). *C-NMR 28.1, 27.4, 27.0, 26.2, -3.6. HRMS(ESI+) m/z calculated for
CoH150Si [M+Na]+ 193.1019, found 193.1019. Chiral GC analysis with CYCLOSIL-B.

H3CO,C O methyl-3-oxocyclohexanecarboxylate (P4 (Ks)) purification by flash

chromatography (SiO;; hexane:AcOEt 4:1) gave the product as a white solid (52% total yield
(Ks+Ka), 11% ee K3); *H-NMR (CDCls, 400 MHz, 300K) §, ppm: 3.69 (s, 3H), 2.84-2.75 (m, 1H),
2.55 (d, J = 8.0 Hz, 2H), 2.40-2.29 (m, 2H), 2.13-2.02 (m, 2H), 1.87-1.81 (m, 1H), 1.77-1.69 (m,
1H). HRMS(ESI+) m/z calculated for CgH1,03 [M+Na]+ 179.0679, found 179.0680. Chiral GC
analysis with CYCLOSIL-B. Spectroscopic data are in agreement with a previous literature
report.”

methyl-4-oxocyclohexanecarboxylate (P4 (Ks)) *H-NMR (CDCls, 400 MHz, 300K) &, 3.71 (s,
3H), 2.83- 2.75 (m, 1H), 2.50-2.46 (m, 2H), 2.40-2.29 (m, 2H), 2.23-2.19 (m, 2H), 2.13-2.02 (m,
2H). Spectroscopic data are in agreement with a previous literature report.?

@\ °

P5 (Ks3) PS5 (K4) (P5 (K3+Kj3)) purification by flash chromatography
(SiO,; hexane:AcOEt 2:1) gave the product as a white solid (30% total yield, 9% ee Ks); ‘H-
NMR (CDCls, 400 MHz, 300K) 6, ppm: 2.93-2.80 (m, 2H), 2.61-2.58 (m, 2H), 2.56-2.50 (m, 2H),
2.44-2.36 (m, 4H), 2.30-2.23 (m, 2H), 2.22-2.16 (m, 1H), 2.14-2.03 (m, 3H), 1.96-1.87 (m, 1H),
1.84-1.74 (m, 1H). *C-NMR 209.9, 209.0, 180.4, 179.4, 42.9, 42.7, 40.9, 40.3, 39.6, 29.7, 28.2,
27.5, 24.3. HRMS(ESI+) m/z calculated for C;H9O3 [M] 141.0546, found 141.0563. Chiral GC
analysis with CYCLOSIL-B. Spectroscopic data are in agreement with a previous literature
report.* The ee was determined after esterification following a reported procedure.?*

O T
H3COC @) H,COC

P6 (Ks) P6 (Ky) (P6 (K3+Kj3)) purification by flash chromatography
(SiO,; hexane:AcOEt 4:1) gave the product as a white solid (66% total yield, 8% ee Ks); ‘H-
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NMR (CDCls, 400 MHz, 300K) 6, ppm: 2.90 — 2.80 (m, 1H), 2.79 — 2.72 (m, 1H), 2.47-2.36 (m,
3H), 2.34 —2.22 (m, 4H), 2.17 (s, 3H), 2.14 (s, 3H), 2.07-1.97 (m, 3H), 1.89-1.79 (m, 1H), 1.75-
1.59 (m, 2H). *C-NMR 210.0, 209.8, 209.7, 208.5, 50.8, 48.4, 42.3, 40.8, 39.7, 28.17, 28.15,
27.8,27.1, 24.7. HRMS(ESI+) m/z calculated for CgH1,0, [M+Na]+ 163.0730, found 163.0738.
Chiral GC analysis with CYCLOSIL-B.

H N-(3-oxocyclohexyl)acetamide (P7), purification by flash
chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid; (61% yield, 78%
ee); 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.79 (bs, 1H), 4.30 - 4.25 (m, 1H), 2.72-2.68 (m,
1H), 2.47-2.38 (m, 2H), 2.28 (m, 2H), 2.09 (m, 1H), 1.98 (s, 3H), 1.78 — 1.69 (m, 2H). *C-NMR
209.0, 169.4, 48.5, 47.6, 41.0, 30.8, 23.4, 22.1. HRMS(ESI+) m/z calculated for CgH13NO;
[M+Nal]+ 178.0838, found 178.0839. [a]p** -6.1 (CHCls, ¢ 0.312). Chiral GC analysis with
CYCLOSIL-B.

O,

H N-(3-oxocyclohexyl)pivalamide (P8), purification by flash

chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid (84% vyield, 91%
ee); 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.60 (bs, 1H), 4.33 - 4.15 (m, 1H), 2.69 (ddt, J =
13.9,4.8, 1.5 Hz, 1H), 2.49 - 2.20 (m, 3H), 2.14 - 1.97 (m, 1H), 1.99 — 1.59 (m, 3H), 1.18 (s, 6H).
13C-NMR 209.0, 177.7, 48.4, 47.6, 41.0, 38.6, 30.7, 27.5, 22.2. HRMS(ESI+) m/z calculated for
C11H1oNO, [M+Na]+ 220.1308, found 220.1307. [a]p>* -2.9 (CHCls, ¢ 0.272). Chiral GC analysis
with CYCLOSIL-B.

O,

chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid (60% yield, 88%
ee); 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.57 (bs, 1H), 4.35 - 4.17 (m, 1H), 2.69 (ddt, J =
13.9,4.8, 1.4 Hz, 1H), 2.48 — 2.18 (m, 4H), 2.14 — 1.92 (m, 2H), 1.86 — 1.62 (m, 2H), 1.14 (dd, J
= 6.9, 1.0 Hz, 6H). *C-NMR 209.0, 176.3, 48.2, 47.6, 41.0, 35.6, 30.7, 22.1, 19.6, 19.5
HRMS(ESI+) m/z calculated for CioH17NO, [M+Na]+ 206.1151, found 206.1152. [a]p>* -6.5
(CHCl3, ¢ 0.232). Chiral GC analysis with CYCLOSIL-B.

N-(3-oxocyclohexyl)isobutyramide  (P9), purification by flash

2,1
et I
H (S)-N-(3-oxocyclohexyl)-2,2-dimethylbutanamide (P10), purification
by flash chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid; (85%
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yield, 94% ee); 'H-NMR (CDCls, 400 MHz, 300K) 6, ppm: 5.81 (d,J=6.3 Hz, 1H), 4.25-4.08 (m,
1H), 2.60 (d, J = 13.6 Hz, 1H), 2.38 - 2.26 (m, 1H), 2.26 — 2.13 (m, 2H), 2.00 — 1.90 (m, 1H), 1.65
(q,J=12.0, 10.7 Hz, 2H), 1.46 (q, J = 7.3 Hz, 2H), 1.07 (s, 6H), 0.76 (t, J = 7.3 Hz, 3H). >*C-NMR
208.9, 176.9, 48.3, 47.6, 42.2, 40.8, 33.8, 30.8, 24.84, 24.82, 22.2, 9.1. HRMS(ESI+) m/z
calculated for C1,H2:NO, [M+H]+ 234.1465, found 234.1464. [a]p>* -5.2 (CHCls, ¢ 0.302). Chiral
GC analysis with CYCLOSIL-B. Structure was confirmed by X-Ray diffraction analysis.

i Ji\Al\
ﬁ)kﬂ °
N-(3-oxocyclohexyl)-2-ethylbutanamide (P11), purification by flash

chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid; (45% yield, 96%
ee); 'H-NMR (CDCls, 400 MHz, 300K) 6, ppm: 5.71 (d, J = 6.9 Hz, 1H), 4.31 (qt, J = 8.8, 4.4 Hz,
1H), 2.69 (dd, J=14.1, 4.9 Hz, 1H), 2.45 - 2.22 (m, 2H), 2.12 - 1.93 (m, 2H), 1.83 (ddd, J = 14.1,
9.1, 5.1 Hz, 1H), 1.79-1.60 (m, 2H), 1.62 — 1.53 (m, 2H), 1.52 — 1.40 (m, 2H), 0.87 (td, /= 7.4,
3.4 Hz, 6H). *C-NMR 209.0, 175.0, 51.3, 48.3, 47.8, 40.9, 30.9, 25.8, 25.7, 22.1, 12.05, 12.02.
HRMS(ESI+) m/z calculated for C1,H2:NO, [M+Na]+ 234.1465, found 234.1459. [a]p>* -5.17
(CHCls, ¢ 0.6). Chiral GC analysis with CYCLOSIL-B.

OQO

N
H

N-(3-oxocyclohexyl)-2-ethylbutanamide (P12), purification by flash
chromatography (SiO;; hexane:AcOEt 1:1) gave the product as a white solid; (8% yield, 90%
ee); 'H-NMR (CDCls, 400 MHz, 300K) 6, ppm: 5.46 (d, J = 7.3 Hz, 1H), 4.32 (qt, J = 8.5, 4.3 Hz,
1H), 2.71(dd, J = 14.1, 4.9 Hz, 1H), 2.46 - 2.37 (m, 1H), 2.30 (dt, J = 14.2, 7.9 Hz, 2H), 2.09 (dd,
J=12.8, 3.4, Hz, 1H), 1.98 (ddd, /= 12.7, 8.7, 5.1 Hz, 2H), 1.86 — 1.66 (m, 3H), 1.65 — 1.54 (m,
2H), 1.43 — 1.29 (m, 6H), 0.94 — 0.89 (m, 6H). *C-NMR 208.9, 175.3, 48.3, 47.77, 47.76, 41.0,
35.3, 35.2, 30.9, 29.7, 22.2, 20.8, 20.7, 14.1. HRMS(ESI+) m/z calculated for Cy4HsNO,
[M+Nal+ 262.1778, found 262.1781. [a]p** -2.0 (CHCls, ¢ 0.204). Chiral GC analysis with
CYCLOSIL-B.

0 Q

S A

H N-(3-oxocyclohexyl)-3,3-dimethylbutanamide (P13), purification by
flash chromatography (SiO,; hexane:AcOEt 1:2) gave the product as a white solid (69% yield,
94% ee); 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.18 (d, J=7.7 Hz, 1H), 4.21 - 4.12 (m, 1H),
2.59 (dd, J = 14.0, 4.8 Hz, 1H), 2.39 - 2.16 (m, 3H), 1.97 (s, 4H), 1.74 — 1.56 (m, 2H), 0.96 (s,
9H). *C-NMR 209.1, 171.0, 50.2, 48.2, 47.7, 40.8, 30.9, 30.8, 29.8, 22.1. HRMS(ESI+) m/z
calculated for C15H,1NO, [M+Na]+ 234.1465, found 234.1472. [a]p** -7.3 (CHCl3, ¢ 0.94). Chiral
GC analysis with CYCLOSIL-B.
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¥el

by flash chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid; (50%
yield, 91% ee); 'H-NMR (CDCls, 400 MHz, 300K) 6, ppm:5.97 (d,J=7.2 Hz, 1H), 4.28 - 4.15 (m,
1H), 2.65 (dd, J = 14.1, 4.8 Hz, 1H), 2.36 (d, J = 14.6 Hz, 1H), 2.30 — 2.20 (m, 2H), 2.05 (dt, J =
16.4, 8.2 Hz, 2H), 1.97 - 1.94 (m, 1H), 1.74-1.67 (m, 2H), 1.65 - 1.58 (m, 1H), 1.43 -1.36 (m,
1H), 1.08 (d, J = 6.9 Hz, 3H), 0.85 (t, J = 7.4 Hz, 3H). *C-NMR 209.0, 175.8, 48.2, 47.8, 43.0,
40.9, 30.8, 27.3, 22.1, 17.5. 11.8. HRMS(ESI+) m/z calculated for Ci;;H1sNO, [M+Nal]+
220.1308, found 220.1303. [OL]D24 +9.5 (CHCls, € 0.508). Chiral GC analysis with CYCLOSIL-B.

[ ]/ N : "0
H
N-(3-oxocyclohexyl)cyclohexanecarboxamide (P15), purification by

flash chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid (75% yield,
91% ee); 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.55 (d, J=6.6 Hz, 1H), 4.31 —4.23 (m, 1H),
2.69 (dd, /=14.0, 4.8 Hz, 1H), 2.46 - 2.35 (m, 1H), 2.30 - 2.24 (m, 2H), 2.04 (t, /= 11.7 Hz, 2H),
1.79(d,J=13.8 Hz, 4H), 1.72-1.63 (m, 2H), 1.42 (dd, /= 22.9, 12.4 Hz, 2H), 1.25 (dd, J = 17.2,
10.9 Hz, 5H). *C-NMR 209.0, 175.4, 48.2, 47.7, 45.5, 41.0, 30.7, 29.7, 29.6, 25.68, 25.66,
22.16. HRMS(ESI+) m/z calculated for C13H2:NO, [M+Na]+ 246.1465, found 246.1473. [a]p>” -
2.7 (CHCIs, ¢ 0.412). Chiral GC analysis with CYCLOSIL-B.

WO
F3CJ\N (@]
H N-(3-oxocyclohexyl)trifluoroacetamide (P17), purification by flash

chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid (65% yield, 65%
ee); 'H-NMR (CDCls, 400 MHz, 300K) 6, ppm: 7.19 (s, 1H), 4.21 (s, 1H), 2.69 (dd, J = 14.3, 4.9
Hz, 1H), 2.50 — 2.35 (m, 2H), 2.35-2.19 (m, 1H), 2.19 - 1.98 (m, 2H), 1.88 — 1.67 (m, 2H). *C-
NMR 207.9, 156.8, 49.2, 46.5, 40.5, 38.8, 30.0, 21.8. HRMS(ESI+) m/z calculated for
C10HsF3sNO, [M+H]+ 232.0580, found 232.0560. [al]p>* -5.6 (CHCls, ¢ 0.54). Chiral GC analysis
with CYCLOSIL-B.

CyQ OO

P18 (K3) P18 (K,)

N-(3-oxocyclohexyl)-(S)-(+)-2-methylbutanamide (P14), purification

N-(3-oxocyclohexyl)phthalimide (P18 (K3+Kjs)), purification by flash chromatography (SiO;;
hexane:AcOEt 3:1) gave the product as a white solid; (37% total yield, 62% ee Ks); "H-NMR
(CDCls, 400 MHz, 300K) 6, ppm: 7.90 — 7.80 (m, 3H), 7.78 — 7.67 (m, 3H), 4.64 (tt,/=12.1,4.1

S39



EXPERIMENTAL SECTION

Hz, 1H), 4.57 —4.43 (m, 1H), 3.41-3.27 (m, 1H), 2.83 - 2.63 (m, 1H), 2.58 — 2.49 (m, 5H), 2.20
—2.11 (m, 2H), 2.09 — 2.05 (m, 1H), 1.99 — 1.95 (m, 1H), 1.69 (ddddd, J = 17.5, 12.7, 10.4, 6.6,
3.5 Hz, 1H). >C-NMR 208.8, 207.8, 168.1, 167.9, 134.2, 134.1, 131.8, 131.7, 123.34, 123.26,
49.0, 48.3, 44.8, 40.4, 39.8, 28.6, 22.4. HRMS(ESI+) m/z calculated for C14H13NO3 [M+Na]+
266.0788, found 266.0783. HPLC analysis. Spectroscopic data are in agreement with a
previous literature report.25

F 0] F o)
F F
N N4<:>:O
Qe
F o} o} F o}
P19 (K3) P19 (K,)

N-(3-oxocyclohexyl)tetrafluorophthalimide (P19 (Ks+K;)) purification by flash
chromatography (SiO,; hexane:AcOEt 3:1) gave the product as a white solid; (40% total yield);
'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 4.62 (tt, J = 12.1, 4.1 Hz, 1H), 4.53 — 4.44 (m, 1H),
3.28 (ddd, /= 13.5, 12.4, 0.9 Hz, 1H), 2.68 (qd, J = 12.7, 5.5 Hz, 2H), 2.57 — 2.37 (m, 8H), 2.20
—2.00 (m, 1H), 2.13 — 2.03 (m, 2H), 1.96 (dtt, J = 12.9, 3.9, 2.2 Hz, 1H), 1.78 — 1.65 (m, 1H).
3C-NMR 146.4, 144.8,143.8,142.1, 113.5, 49.8, 49.2, 44.4, 40.3, 39.6, 28.3, 22.2. HRMS(ESI+)
m/z calculated for C;4HgF4NO3 [M+Na]+ 338.0411, found 338.0417. HPLC analysis.

. Of
*LN ]
H N-(4,4-dimethyl-3-oxocyclohexyl)pivalamide (P20), purification by

flash chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid; (52% yield,
76% ee); 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.57 (s, 1H), 4.22 —4.13 (m, 1H), 2.70 (ddd,
J=14.1,4.9, 1.5 Hz, 1H), 2.43 (dd, J = 14.1, 9.6 Hz, 1H), 2.03 (ddtd, J = 13.4, 8.0, 4.0, 2.0 Hz,
1H), 1.87 — 1.74 (m, 1H), 1.74 — 1.61 (m, 2H), 1.20 (s, 9H), 1.15 (d, J = 9.9 Hz, 6H). *C-NMR
213.0, 177.7, 49.0, 44.5, 43.9, 38.7, 36.6, 27.5, 27.3, 25.0, 24.7. HRMS(ESI+) m/z calculated
for C13H,3NO, [M+Nal+ 248.1621, found 248.1621. [a]p** +19.5 (CHCls, ¢ 0.574). Chiral GC
analysis with CYCLOSIL-B.

O

N (@]

%H N-(5,5-dimethyl-3-oxocyclohexyl)pivalamide (P21), purification by
flash chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid; (39% yield,
55% ee); *H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.47 (d, J = 7.6 Hz, 1H), 4.28 (tddd, J = 12.0,
7.8, 5.0, 4.3 Hz, 1H), 2.69 (ddt, J = 13.7, 5.1, 1.8 Hz, 1H), 2.36 — 2.07 (m, 3H), 1.90 (ddt, J =
12.9, 4.0, 1.9 Hz, 1H), 1.59 — 1.42 (m, 1H), 1.19 (s, 9H), 1.09 (s, 3H), 0.95 (s, 3H). *C-NMR
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208.1, 177.7,54.1, 47.1, 45.2, 44.7, 38.6, 33.5, 31.7, 27.5, 25.9. HRMS(ESI+) m/z calculated
for C13H23sNO, [M+Na]+ 248.1621, found 248.1627. [a]p>* -12.0 (CHCls, ¢ 0.366). Chiral GC
analysis with CYCLOSIL-B.

o ey L0

H N-(3-oxocyclopentyl)pivalamide (P22), purification by flash
chromatography (SiO,; hexane:AcOEt 1:1) gave the product as a white solid; (25% yield, 26%
ee); 'H-NMR (CDCls, 400 MHz, 300K) &, ppm: *H NMR (400 MHz, Chloroform-d) & 5.78 (s, 1H),
4.48 (s, 1H), 2.68 (d, J = 11.3 Hz, 1H), 2.39 (d, J = 13.4 Hz, 2H), 2.27 (d, J = 10.0 Hz, 1H), 2.17 —
2.00 (m, 1H), 1.85 (s, 1H), 1.20 (s, 9H). *C-NMR 216.1, 178.5, 47.8, 45.0, 38.6, 37.3, 29.8, 27.6.
HRMS(ESI+) m/z calculated for CyoH17NO, [M+Na]+ 206.1151, found 206.1147. Chiral GC
analysis with CYCLOSIL-B.
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Experimental Section: Chapter VI.3.
Aliphatic C-H Bond Oxidation with Hydrogen Peroxide

Catalyzed by Manganese Complexes: Directing Selectivity through
Torsional Effects
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1. Synthesis of the Complexes

(,5)-[Mn(CF3503),(pdp)],° (S,5), (R,R) or the racemic mixture of [Mn(CF3S0s)(""*mcp)]® and
(S,5)-IMn(CF3S0s),("ecp)]®? complexes were prepared according to the reported
procedures.

2. Synthesis of the Substrates

The following substrates were prepared according to the reported procedures:

trans-4’
4-9°

Substrates cis/trans-1-3 were synthetized according to the following procedure:

@ BuCOCI (2.0 equiv.) 0 O o
Et3N (2.0 equiv.)
H,N . tBu)J\ ” %NJ(

NH2  pcm, 0°C to rt, overnight

A round-bottom flask equipped with a septum and kept under nitrogen was charged with a
0.20 M solution of the diamine (1.0 equiv) in dichloromethane and cooled to 0 °C.
Triethylamine (2.0 equiv) was added to the reaction flask. The pivaloyl chloride (2.0 equiv)
was added dropwise and the reaction was stirred overnight at room temperature. At this
point, a saturated aqueous Na,COs solution was added until pH~10-11 and then diluted with
dichloromethane. The organic layer was separated from the basic aqueous layer. The agueous
layer was extracted with dichloromethane (2x) and the organic layers were combined. The
organic layer was washed with 1N HCl and dried over anhydrous sodium sulfate (Na;SO4). The
organic layer was evaporated to dryness and the crude amine was purified by flash
chromatography over silica gel.

tBu (cis-1): A round-bottom flask equipped with a septum and kept under
nitrogen was charged with a 0.20 M solution of cis-1,2-diaminocyclohexane (3.7 mmol, 0.43
g, 1.0 equiv) in dichloromethane and cooled to 0 °C. Triethylamine (7.4 mmol, 1.0 mL, 2.0
equiv) was added to the reaction flask. The pivaloyl chloride (7.4 mmol, 1.0 mL, 2.0 equiv)
was added dropwise and the reaction was stirred overnight at room temperature. At this
point, a saturated aqueous Na,COs solution was added until pH~10-11 and then diluted with
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dichloromethane. The organic layer was separated from the basic aqueous layer. The agueous
layer was extracted with dichloromethane (2x) and the organic layers were combined. The
organic layer was washed with 1N HCl and dried over anhydrous sodium sulfate (Na;SO4). The
organic layer was evaporated to dryness and the crude amine was purified by flash
chromatography over silica gel using CH,Cl,/MeOH 3% and the product was concentrated to
dryness. The product was isolated as a white solid (0.81 g, 77% vyield). *"H-NMR (CDCls, 400
MHz, 300K) &, ppm: 6.51 (s, 2H), 4.08 — 3.88 (m, 2H), 1.91 (q, J = 6.9, 3.7 Hz, 2H), 1.6 - 1.41
(m, 6H), 1.20 (s, 9H). *C-NMR 179.3, 50.6, 38.8, 28.3, 27.5, 22.3. HRMS(ESI+) m/z calculated
for C16H30N,0, [M+Na]+ 305.2199, found 305.2206.

tBu (trans-1): Following the general conditions, the crude mixture was
purified by flash chromatography over silica using CH,Cl,/MeOH 2% and the product was
concentrated to dryness. The product was isolated as a white solid (0.93 g, 81% vield).
'H-NMR (CDCl3, 400 MHz, 300K) &, ppm: 6.17 (s, 2H), 3.71 — 3.54 (m, 2H), 2.07 (dt, J = 12.8,
2.7 Hz, 2H), 1.44 — 1.27 (m, 2H), 1.23 (s, 3H), 1.17 (s, 18H). *C-NMR 179.1, 53.7, 38.5, 32.4,
27.6, 24.7. HRMS(ESI+) m/z calculated for C16H3oN,0;, [M+Na]+ 305.2199, found 305.2204.

0] O\ @]
tBu)kN thBu

H H (cis-2): Following the general conditions, the crude mixture was
purified by flash chromatography over silica using hexane:ethyl acetate 3:1 and the product
was concentrated to dryness. The product was isolated as a white solid (0.71 g, 73% yield).
'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.42 (d, J = 7.7 Hz, 2H), 3.81 (tdt, J = 11.7, 7.9, 3.9 Hz,
2H), 2.28 — 2.26 (m, 1H), 2.08 — 1.92 (m, 2H), 1.81 (dp, J = 14.0, 3.4 Hz, 1H), 1.56 — 1.37 (m,
1H), 1.19 (s, 18H), 1.11 — 0.96 (m, 3H). *C-NMR 177.5, 47.4, 39.5, 38.5, 32.3, 27.6, 22.9.
HRMS(ESI+) m/z calculated for C1gH3oN,0, [M+Na]+ 305.2199, found 305.2206.

H H (trans-2): Following the general conditions, the crude mixture was
purified by flash chromatography over silica using hexane:ethyl acetate 3:1 and the product
was concentrated to dryness. The product was isolated as a white solid (0.64 g, 74% yield).
'H-NMR (CDCls, 400 MHz, 300K) 6, ppm: 5.67 (d, J = 5.6 Hz, 2H), 4.18 — 3.89 (m, 2H), 1.71 (dt,
J=11.6, 6.0 Hz, 4H), 1.62 — 1.52 (m, 2H), 1.52 — 1.37 (m, 2H), 1.20 (s, 18H). >*C-NMR 177.8,
44.6, 38.6, 36.6, 27.6, 20.1. HRMS(ESI+) m/z calculated for Ci¢H3oN,O, [M+Na]+ 305.2199 ,
found 305.2207.

S45



EXPERIMENTAL SECTION

H (cis-3): Following the general conditions, the crude mixture was
purified by flash chromatography over silica using hexane:ethyl acetate 1:1 and the product
was concentrated to dryness. The product was isolated as a white solid (0.46 g, 47% yield).
'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.69 (d, J = 7.5 Hz, 2H), 3.81 (dt, J = 7.5, 3.8 Hz, 2H),
1.67 (td, J = 7.5, 6.2, 3.9 Hz, 4H), 1.47 (qd, J = 10.7, 9.7, 4.5 Hz, 4H), 1.11 (s, 18H). *C-NMR
177.6, 45.4, 38.6, 28.3, 27.5. HRMS(ESI+) m/z calculated for C;6H3oN,0, [M+Na]+ 305.2199,
found 305.2198.

H
N

WO
tBu)J\N ©

H (trans-3): Following the general conditions, the crude mixture was
purified by flash chromatography over silica using hexane:ethyl acetate 1:2 and the product
was concentrated to dryness. The product was isolated as a white solid (0.51 g, 55% yield).
'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.42 (d, J = 8.0 Hz, 2H), 3.76 (m, 2H), 2.08 — 1.91 (m,
4H), 1.30—1.22 (m, 4H), 1.20 (s, 18H). *C-NMR 177.8, 47.5, 38.6, 31.8, 27.6. HRMS(ESI+) m/z
calculated for C;6H30N,0;, [M+Na]+ 305.2199, found 305.2197.

H (trans-4): Following the general conditions, the crude mixture was
purified by flash chromatography over silica using hexane:ethyl acetate 2:1 and the product
was concentrated to dryness. The product was isolated as a white solid (0.58 g, 83% yield).
'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.39 (s, 1H), 3.67 (ddq, J = 11.8, 8.1, 4.2 Hz, 1H), 1.96
(dt, J =7.8, 3.5 Hz, 2H), 1.71 (dt, J = 7.8, 3.5 Hz, 2H), 1.37 - 1.27 (m, 1H), 1.18 (s, 9H), 1.16 —
0.98 (m, 4H), 0.90 (d, J = 6.4 Hz, 3H). >*C-NMR 177.6, 48.2, 38.5, 33.9, 33.2, 32.0, 27.6, 22.2.
HRMS(ESI+) m/z calculated for C1,H,3NO [M+Na]+ 220.1672, found 220.1671.

0 NOH NH,
NH,OH LiAIH,
R » - R > —R
EtOH, reflux, 5h THF, reflux, 3h

Hydroxylamine hydrochloride (1.2 equiv) followed by pyridine (3.0 equiv) was added to a
solution of ketone (a) (1.0 equiv) in absolute ethanol and the reaction mixture was heated to
reflux temperature under stirring for 5 hours. The reaction was then quenched with water
and the product extracted with ethyl acetate (2 x 50 mL). The organic fractions were washed
with water and dried over anhydrous MgSQO,. The solvent was removed under vacuum to
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obtain the oxime (b) that was used in the next step without further purification. To a stirred
solution of lithium aluminium hydride (0.5 equiv) in anhydrous THF under N,, was added a
solution of intermediate b drop wise. The reaction was slowly heated to reflux temperature
for 3 hours. After this, the reaction mixture was quenched with 1M NaOH solution at 5°C.
After filtration through Celite© and extraction with ethyl acetate (2 x 50 mL) the organic
fractions were dried over anhydrous MgSQ,, the solvent removed under vacuum and the
obtained intermediate ¢ was used in the next acylation step without further purification to
give the corresponding amide.

tBu)O]\N/O/\

H (5): Hydroxylamine hydrochloride (6.7 mmol, 0.47 g, 1.2 equiv)

followed by pyridine (16.8 mmol, 1 mL, 3.0 equiv) was added to a solution of 4-
ethylcyclohexanone (a) (5.6 mmol, 0.71 g, 1.0 equiv) in absolute ethanol and the reaction
mixture was heated to reflux temperature under stirring for 5 hours. The reaction was then
guenched with water and the product extracted with ethyl acetate (2 x 50 mL). The organic
fractions were washed with water and dried over anhydrous MgSQ4. The solvent was
removed under vacuum to obtain the oxime (b) that was used in the next step without further
purification. To a stirred solution of lithium aluminium hydride (11.2 mmol, 0.43 g, 0.5 equiv)
in anhydrous THF under N,, was added a solution of intermediate b drop wise. The reaction
was slowly heated to reflux temperature for 3 hours. After this, the reaction mixture was
guenched with 1M NaOH solution at 5°C. After filtration through Celite© and extraction with
ethyl acetate (2 x 50 mL) the organic fractions were dried over anhydrous MgSQ,, the solvent
removed under vacuum and the obtained 4-ethylcyclohexylamine was used in the next
acylation step without further purification to give the amide 5. The crude mixture was purified
by flash chromatography over silica using CH,Cl,/MeOH 1% and the product was
concentrated to dryness. The product was isolated as a white solid (0.62 g, 71% vyield, cis:trans
=1:1.2).

'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.72 (s, 1H), 5.40 (s, 1H), 2.04 — 1.91 (m, 2H), 1.84 —
1.72 (m, 2H), 1.69 — 1.51 (m, 5H), 1.37 — 1.24 (m, 4H), 1.21 (s, 8H), 1.19 (s, 9H), 1.14 — 1.01
(m, 6H), 0.89 (td, J = 7.3, 6.3 Hz, 6H). >*C-NMR 177.6, 177.4, 48.6, 45.2, 38.7, 38.5, 37.5, 33.2,
31.4,29.5,29.3,28.2,27.8,27.64,27.6,11.59, 11.56. HRMS(ESI+) m/z calculated for C;3H,sNO
[M+Na]+ 234.1828, found 234.1834.

WAy

H (6): Following the general conditions, the crude mixture was purified

by flash chromatography over silica using CH,Cl,/MeOH 1% and the product was
concentrated to dryness. The product was isolated as a white solid (0.32 g, 33% vyield, cis:trans
=1:2).
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'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.70 (bs, 1H), 5.42 (d, J = 8.0 Hz, 1H), 4.00 —3.93 (m,
0.5H) 3.65 (dtt, J = 11.7, 8.1, 4.0 Hz, 1H), 2.03 — 1.84 (m, 2H), 1.73 (dt, J = 11.1, 2.3 Hz, 2H),
1.67-1.49 (m, 3H), 1.39-1.20 (m, 5H), 1.16 (d, J = 6.5 Hz, 18H), 1.09 — 0.95 (m, 4H), 0.86 (td,
J=7.1,5.9 Hz, 5H). *C-NMR 177.5, 177.3, 48.5, 45.2, 39.1, 38.6, 38.5, 37.8, 36.6, 35.3, 33.2,
31.8, 29.3, 28.1, 27.60, 27.57, 20.1, 14.31, 14.29. HRMS(ESI+) m/z calculated for Ci4H,7NO
[M+Na]+ 248.1985, found 248.1987.

@)

A

Bu N

H (7): Following the general conditions, the crude mixture was purified

by flash chromatography over silica using hexane:ethyl acetate 4:1 and the product was
concentrated to dryness. The product was isolated as a white solid (0.43 g, 85% yield, cis:trans
=1:1.4).
'H-NMR (CDCl3, 400 MHz, 300K) &, ppm: 5.79 (s, 1H), 5.48 (d, J = 8.1 Hz, 1H), 4.00 — 3.93 (m,
1H), 3.67 —3.54 (m, 1H), 1.94 — 1.88 (m, 2H), 1.74 — 1.61 (m, 4H), 1.57 - 1.33 (m, 6H), 1.23 -
1.21 (m, 1H), 1.14 (s, 9H), 1.11 (s, 9H), 1.07 —0.97 (m, 6H), 0.81 (dd, J = 10.8, 6.8 Hz, 12H). *C-
NMR 182.3, 177.7, 177.4, 48.6, 44.7, 43.2, 42.7, 38.6, 38.4, 38.3, 33.2, 32.5, 31.5, 29.6, 28.4,
27.54,27.51, 27.1, 26.4, 24.8, 19.9, 19.8. HRMS(ESI+) m/z calculated for C14H,7NO [M+Na]+
248.1985, found 248.1985.

@)

A

Bu N

H (8): Following the general conditions, the crude mixture was purified

by flash chromatography over silica using CH,Cl,/MeOH 0.5% and the product was
concentrated to dryness. The product was isolated as a white solid (2.3 g, 54% vield, cis:trans
=1:2).
'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.77 (bs, 0.5H), 5.41 (bs, 1H), 4.07 — 4.01 (m, 0.5H),
3.69 - 3.56 (m, 1H), 1.99 - 1.96 (m, 2H), 1.85 - 1.74 (m, 3H), 1.66 — 1.62 (m, 1H), 1.52-1.43
(m, 1H), 126 —1.23 (m, 2H), 1.18 (s, 4.5H), 1.15 (s, 9H), 1.08 — 1.00 (m, 5H), 0.84 (s, 4.5H), 0.82
(s, 9H). °*C-NMR 177.5, 177.3, 48.5, 47.41, 47.36, 38.7, 38.5, 33.6, 32.4, 32.3, 30.3, 27.62,
27.58, 27.55, 27.4, 27.3, 26.1, 21.8. HRMS(ESI+) m/z calculated for CisH,sNO [M+Na]+
262.2141, found 262.2142.

H (9): Following the general conditions, the crude mixture was purified
by flash chromatography over silica using hexane:ethyl acetate 1:1 and the product was
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concentrated to dryness. The product was isolated as a white solid (0.54 g, 64% yield, cis:trans
=1:1.4).

'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 6.10 (bs, 1.5H), 4.04 —4.02 (m, 0.7H), 3.61 - 3.54 (m,
1H), 1.94 (s, 3H), 1.89 (s, 3H), 1.82 - 1.71 (m, 3H), 1.60 — 1.55 (m, 1H), 1.48 — 1.39 (m, 1H),
1.07-0.98 (m, 6H), 0.81 (s, 6H), 0.78 (s, 9H). >C-NMR 169.4, 48.7, 47.7,47.2,44.2, 33.5,32.4,
32.3, 30.6, 27.5, 27.4, 27.3, 26.1, 23.5, 23.4, 21.9. HRMS(ESI+) m/z calculated for C;,H23NO
[M+Na]+ 220.1672, found 220.1671.

0 /O/CF3
tBu)k N

H (10): Following the general conditions, the crude mixture was purified

by flash chromatography over silica using hexane:ethyl acetate 2:1 and the product was
concentrated to dryness. The product was isolated as a white solid (0.46 g, 34% yield, cis:trans
=1:2.4).
'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.66 (bs, 0.5H), 5.40 (bs, 1H), 4.11 — 4.07 (m, 0.5H),
3.80-3.71 (m, 1H), 2.13 - 2.10 (m, 2H), 2.02 - 1.99 (m, 3H), 1.87 — 1.84 (m, 1H), 1.55 - 1.42
(m, 2.5H), 1.31 - 1.26 (m, 1H), 1.23 (s, 2H), 1.21 (s, 9H), 1.15 — 1.08 (m, 2H). *C-NMR 177.7,
128.9,47.4,43.8,41.0,38.5,31.4,28.2,27.53,27.49, 23.99, 23.97, 23.94, 23.91, 20.29, 20.26.
HRMS(ESI+) m/z calculated for C1,H,0FsNO [M+Na]+ 274.1389, found 274.1389.

3. Estimation of the Tertiary C-H Bond BDE of N-Cyclohexylacetamide

H O H
Hsz ANHQ H3C)L"K\

BDE = 94.6 kcal/mol BDE = 91 kcal/mol BDE = 91-93 kcal/mol

There is no value for the N-cyclohexylamides. The Luo book gives 94.6 kcal/mole for the
tertiary C-H bond of cyclohexylamine.?® The a-C-H bonds of ethylamine have a BDE of 91 kcal
mol®’ while those of the C-H bonds a- to N in N,N-diethylacetamide are between 91 and 93
kcal/mol*. If we assume that amide o-C-H bonds are about 1 kcal/mol stronger than those
of amines, and take 94.6 kcal/mole for the tertiary C-H bond of cyclohexylamine as a
reference value, we would estimate a value between 95 and 96 kcal/mol for the tertiary C-H
bond of N-cyclohexylacetamide.

4. Reaction Protocol for Catalysis

An acetonitrile solution (400 pL) of the substrate (0.25 M) and the corresponding complex
(2.5 mM) was prepared in a vial (10 mL) equipped with a stir bar cooled at -40 9C, in a
CH3CN/N,(liq) bath. 98 pL (neat, 17 equiv.) of acetic acid were added directly to the solution.
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Then, 236 pL of a 1.5 M hydrogen peroxide solution in CH3CN (3.5 equiv.) were added by
syringe pump over a period of 30 min. At this point, an internal standard (biphenyl) was added
and the solution was quickly filtered through a basic alumina plug, which was subsequently
rinsed with 2 x 1 mL AcOEt. GC analysis of the solution provided substrate conversions and
product yields relative to the internal standard integration. Isomer ratio was determined by
GC or 'H-NMR. Commercially unavailable products were identified by a combination of H,
B3C{*H}-NMR analysis, and HRMS. The oxidized products were identified by comparison to the

GC retention time of racemate products obtained with the racemic mixture of Mn(""mcp).

4.1 Optimization Experiments

The majority of the optimization experiments have been already reported in a previous

work.”
(S,S)-Mn(TPSmcp) (1 mol%) OH
(0] O/ 2x | H5O, (3.5 equiv ) 0 o N
. AcOH (17 equiv) A N A
tBu ” > tBu)J\N“ o) tBu)J\N“
CH4CN, 30 min H H
trans-4 4a 4b

T(°C) Conv (%) YieldC3 (%) Yield C4 (%) ee C3 (%)
0 08 42 1 64
-40 >99 78a 14a 78

Conversions and yields determined by GC analysis. 4solated yield.

H
N Bu Mn cat. (1 mol%) 0
i Q g H,0, (3.5 equiv ) i /©¢
AcOH (17 equiv
N 0 (17 equiv) o

N > N
H CH4CN, 30 min H
cis-3 3a

Cat. T (°C) Conv (%) Yield (%)
Mn(pdp) -40 70 48
Mn(TPSecp) -40 49 29
Mn(TPSmcp) -40 99 50
Mn(TPSmcp) 0 98 23

Conversions and yields determined by GC analysis.
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4.2 Competition Experiments
Conversions and yields determined by GC analysis using the correspondent response factor:
(S,S)-Mn(T"PSmcp) 1 mol%

)OJ\ O o) O 3.5 equiv H,0, 0 /(l
17 equiv AcOH
Bu™ NT ¥ tBu)kN tBu)]\N 0

? o

y H H
HN. 0 CH4CN, -40°C, 30 min
trans-1 Bu cyclohexylpivalamide 37% yield, 71% ee
(0.5 equiv.) (0.5 equiv.)
0% conv 45% conv

(S,S)-Mn(TPSmcp) 1 mol%

3.5 equiv H,0 0]
0 202
(0] Q\ 0] )]\ /O 17 equiv AcOH )J\ Jil
tBu)LN Mg, * Bu N >~ Bu” N 0

N B
H H ! H CH4CN, -40°C, 30 min H
cis-2 cyclohexylpivalamide 32% vyield, 64% ee
(0.5 equiv.) (0.5 equiv.)
0% conv 44% conv

(S,8)-Mn(T"PSmcp) 1 mol%

H
N tBu 0] 3.5 equiv H,O 0 /(l
o} : \ﬂ/ /O 0 €eq 20o
17 equiv AcOH
N /O O * tBu)]\N a . tBu)kN o)

tBu N H H
H CH4CN, -40°C, 30 min

trans-3 cyclohexylpivalamide 10% yield, 73% ee
(0.5 equiv.) (0.5 equiv.)
0% conv 13% conv
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4.3 Reaction optimization for the isolation of the trans isomer
The following table reports the small-scale catalysis using substrates 5-10:

(S,8)-Mn(TPSmcp) 1 mol%

o O X xequivH,0, o) QX X oxidation
17 equiv AcOH
tBu)J\N tBu)kN + OQ/ + products from

. trans isomers (P)
CH4CN, -40°C, 30 min p
cis/trans mixture trans 1

. H,0, Conv Conv Yield Yield
Sub trans:cis . ) a a o a
(equiv.) cis (%) trans (%) P1 (%) P (%)
5 1.2:1 2.0 >99 32 31 31
6 2:1 2.5 >99 30 43 24
7 1.4:1 3.0 >99 26 46 10
8 2:1 3.5 >99 0 93 -
9° 1.4:1 3.5 >99 36 78 5
10 2.4:1 3.0 >99 10 81 5

2Conversions and yields determined from crude reaction mixtures by GC and *H-NMR analysis.
"Mn("ecp) (1 mol%) and cyclopropane carboxylic acid.

4.4 General Procedure for Product Isolation

25 mL round bottom flask was charged with: catalyst (6 umol, 1.0 mol%), substrate (1 equiv.),
CH3CN (3.3 mL) and a magnetic stir bar. The carboxylic acid of choice was the added (17
equiv.) and the mixture was cooled at -40 2C in an CH3CN/N,(lig) bath under magnetic stirring.
Then, 1.4 mL of a 1.5 M hydrogen peroxide solution in CH3CN (3.5 equiv.) were added by
syringe pump over a period of 30 min at -40°C. At this point, 15 mL of an agueous NaHCO3
saturated solution were added to the mixture. The resultant solution was extracted with
CH,Cl, (3 x 10 mL). Organic fractions were combined, dried over MgSQ,4, and the solvent was
removed under reduced pressure to afford the oxidized product. This residue was filtered by
silica gel column to obtain the pure product.
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5. Characterization of the Isolated Products

A

tBu H
(0]

hd

Bu (1a), purification by flash chromatography (SiOy;
hexane:AcOEt 2:1->1:1) gave the product as a white solid (76 mg, 74% vyield,
60% ee); "H-NMR (CDCls, 400 MHz, 300K) &, ppm: 7.30 (bs, 1H), 5.93 (bs, 1H),
4.54 (s, 1H), 4.35-4.21 (m, 1H), 2.90 (dd, J = 14.5, 4.6 Hz, 1H), 2.70 — 2.52 (m,
1H), 2.50 — 2.38 (m, 2H), 1.76 — 1.65 (m, 2H), 1.22 (s, 9H), 1.20 (s, 9H). *C-NMR
208.8, 180.5, 179.4, 51.9, 51.5, 45.5, 39.0, 27.5, 27.4, 26.3. HRMS(ESI+) m/z
calculated for C;gH,5N,03 [M+Na]+ 319.1922, found 319.1983.

H (2a), purification by flash chromatography (SiO,;
hexane:AcOEt 1:1) gave the product as a white solid (55 mg, 61% yield); ‘"H-NMR
(CDCl3, 400 MHz, 300K) &, ppm: 5.60 (bs, 1H), 4.33 - 4.15 (m, 1H), 2.69 (ddt, J =
13.9, 4.8, 1.5 Hz, 1H), 2.49 - 2.20 (m, 3H), 2.14 — 1.97 (m, 1H), 1.99 — 1.59 (m,
3H), 1.18 (s, 6H). >*C-NMR 209.0, 177.7, 48.4, 47.6, 41.0, 38.6, 30.7, 27.5, 22.2.
HRMS(ESI+) m/z calculated for C;;H19sNO, [M+Na]+ 220.1308, found 220.1307.

H (3a), purification by flash chromatography (SiO,;
CH,Cl,/MeOH 3%) gave the product as a white solid (41 mg, 46% yield); "H-NMR
(CDCls, 400 MHz, 300K) 6, ppm: 5.57 (s, 1H), 4.24 (tdt, ) = 11.2, 7.7, 3.9 Hz, 1H),
2.55 — 2.33 (m, 4H), 2.33 — 2.17 (m, 2H), 1.76 — 1.56 (m, 2H), 1.21 (s, 9H). *C-
NMR 209.7, 178.0, 46.3, 39.2, 38.7, 32.0, 27.6. HRMS(ESI+) m/z calculated for
C11H1oNO, [M+Na]+ 220.1308, found 220.1307.

2L
tBu)]\ N o

H (4a), purification by flash chromatography (SiO,; hexane:AcOEt
2:1) gave the product as a white solid (86 mg, 78% vyield, 78% ee); "H-NMR
(CDCls, 400 MHz, 300K) 6, ppm: 5.59 (d, J = 7.9 Hz, 1H), 4.17 - 4.02 (m, 1H), 2.72
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(ddd, J =13.1, 4.7, 2.2 Hz, 1H), 2.36 — 2.17 (m, 3H), 2.06 (ddt, J = 12.9, 5.9, 3.5
Hz, 1H), 1.61 (tdd, J = 12.7, 11.5, 3.5 Hz, 1H), 1.45 - 1.31 (m, 1H), 1.19 (s, 9H),
1.05 (d, J = 6.5 Hz, 3H). *C-NMR 209.2, 177.5, 49.0, 47.9, 44.4, 38.6, 32.1, 31.2,
27.5, 14.2. HRMS(ESI+) m/z calculated for C;,H,:NO, [M+Na]+ 234.1465, found
234.1477.

OH

PN

H (4b), purification by flash chromatography (SiO,; hexane:AcOEt
1:1) gave the product as a white solid (16 mg, 14% vyield); "H-NMR (CDCls;, 400
MHz, 300K) &, ppm: 5.48 (d, J = 7.6 Hz, 1H), 3.74 -3.69 (m, 1H), 1.77 (dq, J = 7.6,
4.9, 4.0 Hz, 2H), 1.66 (td, ) = 10.9, 9.5, 5.5 Hz, 2H), 1.57 — 1.45 (m, 4H), 1.25 (s,
3H), 1.18 (s, 9H). *C-NMR 209.2, 177.7, 68.4, 47.5, 38.5, 37.5, 31.0, 28.3, 27.6.
HRMS(ESI+) m/z calculated for C;,H,3NO, [M+Na]+ 236.1621, found 236.1628.

0 SN

tBu)J\N/Ej

H (trans-5), purification by flash chromatography (SiOy;
hexane:AcOEt 5:1) gave the product as a white solid (66 mg, 68% yield); "H-NMR
(CDCls, 400 MHz, 300K) &, ppm: 5.41 (s, 1H), 3.75 - 3.65 (m, 1H) 2.01 — 1.89 (m,
2H), 1.83 - 1.71 (m, 2H), 1.28 — 1.20 (m, 2H), 1.18 (s, 9H), 1.13 — 0.97 (m, 5H),
0.88 (t, J = 7.4 Hz, 3H). >C-NMR 177.5, 48.5, 38.6, 38.4, 33.1, 31.4, 29.4, 27.6,
11.6. HRMS(ESI+) m/z calculated for Ci3H,sNO [M+Na]+ 234.1828, found
234.1834.

2L
tBu)]\N (0]
H (5a), purification by flash chromatography (SiO,;

hexane:AcOEt 1:1) gave the product as a white solid (60 mg, 65% vield, 86% ee);
'H-NMR (CDCls, 400 MHz, 300K) 8, ppm: 5.59 (d, J = 7.8 Hz, 1H), 4.19 — 4.01 (m,
1H), 2.71 (ddd, /=13.0,4.7, 2.1 Hz, 1H), 2.22 - 2.16 (m, 1H), 2.16 — 2.07 (m, 2H),
1.82 (ddd, J = 13.7, 7.5, 5.8 Hz, 1H), 1.60 (tdd, J = 12.3, 11.0, 3.4 Hz, 1H), 1.43 —
1.24 (m, 3H), 1.20 (s, 9H), 0.92 (t, J = 7.5 Hz, 3H). C-NMR 209.0, 177.6, 51.3,
49.1, 48.0, 38.6, 31.7, 28.5, 27.6, 21.8, 11.6. HRMS(ESI+) m/z calculated for
C13H,3NO, [M+Na]+ 248.1621, found 248.1626.

tBu
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H (5b), purification by flash chromatography (SiOy;
hexane:AcOEt 1:1) gave the product as a white solid (12 mg, 13% yield); ‘*H-NMR
(CDCls, 400 MHz, 300K) 6, ppm: 5.55 —5.29 (m, 1H), 3.72 (tdt, J = 11.8, 8.0, 4.0
Hz, 1H), 2.33 — 2.21 (m, 1H), 2.15 (s, 3H), 2.11 — 2.03 (m, 2H), 2.03 — 1.91 (m,
2H), 1.53 — 1.39 (m, 2H), 1.18 (s, 9H), 1.13-1.02 (m, 1H). >C-NMR 211.2, 177.7,
50.6,47.7,38.5,32.3,27.9,27.6,27.2,22.7, 14.1. HRMS(ESI+) m/z calculated for
C13H,3NO, [M+Na]+ 248.1621, found 248.1612.

0 SN

tBu)J\NO

H (trans-6), purification by flash chromatography (SiOy;
hexane:AcOEt 1:1) gave the product as a white solid (103 mg, 91% vyield); 'H-
NMR (CDCls, 400 MHz, 300K) &, ppm: 5.40 (d, J = 7.9 Hz, 1H), 3.68 (ddp, J = 11.7,
8.1, 4.0 Hz, 1H), 2.02 - 1.91 (m, 2H), 1.76 (dt, J = 12.5, 3.0 Hz, 2H), 1.36 — 1.22
(m, 4H), 1.21 (d, J = 2.7 Hz, 1H), 1.18 (s, 10H), 1.12 — 0.95 (m, 4H), 0.88 (t, ) = 7.3
Hz, 3H). *C-NMR 177.5, 48.5, 39.1, 38.5, 36.6, 33.2, 31.8, 27.6, 20.1, 14.3.
HRMS(ESI+) m/z calculated for C;4H,7NO [M+Na]+ 248.1985, found 248.1994.

LT
tBu)]\N (@]
H (6a), purification by flash chromatography (SiO,;

hexane:AcOEt 1:1) gave the product as a white solid (43 mg, 42% vyield, 90% ee);
'H-NMR (CDCls, 400 MHz, 300K) &, ppm: 5.60 (d, J = 7.7 Hz, 1H), 4.19 — 4.00 (m,
1H), 2.71 (ddd, /= 13.0, 4.7, 2.0 Hz, 1H), 2.23 - 2.14 (m, 2H), 2.13 - 2.04 (m, 1H),
1.78 (ddt, /= 13.4, 8.8, 5.9 Hz, 1H), 1.60 (tdd, J = 12.6, 11.1, 3.6 Hz, 1H), 1.42 —
1.20 (m, 5H), 1.19 (s, 9H), 0.91 (t, J = 7.3 Hz, 3H). °C-NMR 209.1, 177.6, 49.5,
49.1,47.9,38.6,31.6,31.0, 28.9, 27.5, 20.2, 14.2. HRMS(ESI+) m/z calculated for
Ci4H5sNO, [M+Na]+ 262.1778, found 262.1777.

0]
RN
tBui NJij

H (6b), purification by flash chromatography (SiOy;
hexane:AcOEt 1:1) gave the product as a white solid (4 mg, 4% yield); ‘"H-NMR
(CDCls, 400 MHz, 300K) &, ppm: 5.38 (d, J = 7.8 Hz, 1H), 3.71 (tdt, J = 11.8, 8.0,
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4.0 Hz, 1H), 2.46 (q, J = 7.3 Hz, 2H), 2.28 (tt, J = 12.1, 3.5 Hz, 1H), 2.11 - 2.01 (m,
2H), 1.92 (dt, J = 13.2, 2.9 Hz, 2H), 1.48 (qd, J = 13.3, 3.4 Hz, 2H), 1.17 (s, 9H),
1.15 — 1.07 (m, 2H), 1.03 (t, J = 7.3 Hz, 3H). *C-NMR 213.7, 177.7, 49.7, 47.7,
38.5, 33.7, 32.4, 29.7, 27.6, 27.4, 7.7, 1.1. HRMS(ESI+) m/z calculated for
Ci4H5NO, [M+Na]+ 262.1778, found 262.1777.

H (trans-7), purification by flash chromatography (SiO,;
hexane:AcOEt 5:1) gave the product as a white solid (91 mg, 75% yield); ‘*H-NMR
(CDCls, 400 MHz, 300K) 6, ppm: 5.38 (d, J = 7.6 Hz, 1H), 3.61 (dtq, J = 11.7, 8.1,
4.0 Hz, 1H), 1.93 (dt, J = 11.1, 3.7 Hz, 2H), 1.69 (dt, J = 10.7, 3.0 Hz, 2H), 1.45 —
1.31 (m, 1H), 1.13 (s, 9H), 1.09 — 0.93 (m, 5H), 0.81 (d, J = 6.9 Hz, 6H). *C-NMR
177.5, 48.5, 43.3, 38.4, 33.3, 32.5, 28.4, 27.6, 19.8. HRMS(ESI+) m/z calculated
for Ci4H,7NO [M+Na]+ 248.1985, found 248.1985.

Q)H
el
tBu)kN

H (7a), purification by flash chromatography (SiO,;
hexane:AcOEt 2:1) gave the product as a white solid (37 mg, 45% yield); ‘"H-NMR
(CDCl3, 400 MHz, 300K) &, ppm: 5.40 (s, 1H), 3.69 —3.67 (m, 1H), 2.00 (dd, J =
12.3, 3.6 Hz, 2H), 1.89 — 1.77 (m, 2H), 1.55 (s, 1H), 1.24 — 1.20 (m, 3H), 1.14 (s,
15H), 1.11-0.98 (m, 2H). >C-NMR 177.6, 72.6, 48.4, 48.3, 38.5, 33.2, 27.6, 27.1,
26.2. HRMS(ESI+) m/z calculated for Ci4H,;NO, [M+Na]+ 264.1934, found
264.1934.

L
tBu)OJ\N/(:\I\O

H (7b), purification by flash chromatography (SiOy;
hexane:AcOEt 2:1) gave the product as a white solid (11 mg, 14% vyield, 4% ee);
'"H-NMR (CDCl;, 400 MHz, 300K) 6, ppm: 5.48 —5.31 (m, 1H), 3.65 (dtt, ] = 11.4,
7.6, 4.0 Hz, 1H), 2.00 (dd, J =12.3, 3.6 Hz, 2H), 1.92 - 1.86 (m, 1H), 1.79 — 1.75
(m, 1H), 1.35 — 1.23 (m, 6H), 1.19 (s, 9H), 1.11 — 0.98 (m, 3H). *C-NMR 177.6,
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72.5, 48.4, 48.2, 38.5, 33.2, 27.6, 27.0, 26.2. HRMS(ESI+) m/z calculated for
C14H25N02 [M+Na]+ 2621778, found 262.1760.

H (trans-8), purification by flash chromatography (SiOy;
hexane:AcOEt 5:1) gave the product as a white solid (101 mg, 66% vyield); 'H-
NMR (CDCls, 400 MHz, 300K) §, ppm: 5.38 (d, J =7.9 Hz, 1H), 3.71—-3.61 (m, 1H),
2.09 - 1.93 (m, 2H), 1.86 — 1.70 (m, 2H), 1.19 (s, 9H), 1.17 — 1.01 (m, 4H), 0.96
(tt, ) = 11.8, 3.2 Hz, 1H), 0.86 (s, 9H). *C-NMR 177.6, 48.5, 47.4, 38.5, 33.7, 32.4,
27.61, 27.58, 26.2. HRMS(ESI+) m/z calculated for C;5sH,oNO [M+Na]+ 262.2141,
found 262.2142.

0 k
tBu)J\N(Q

O (8a), purification by flash chromatography (SiO,;
hexane:AcOEt:MeOH 99:1:0.01) gave the product as a white solid (60 mg, 34%
yield, 70% ee); "H-NMR (CDCls, 400 MHz, 300K) &, ppm: 6.68 (s, 1H), 4.40 (dtd, J
=12.3, 6.1, 1.3 Hz, 1H), 2.70 (ddt, J = 12.7, 6.3, 3.2 Hz, 1H), 2.60 (ddd, J = 12.5,
3.4,2.5Hz,1H), 2.23-2.14 (m, 1H), 1.94 (dq, /=9.5, 3.4 Hz, 1H), 1.61 - 1.53 (m,
3H), 1.23 (s, 9H), 0.93 (s, 9H). >C-NMR 208.8, 178.2, 57.7, 51.0, 42.7, 38.8, 33.9,
32.9, 27.5, 27.2, 25.1. HRMS(ESI+) m/z calculated for C;sH,;NO, [M+Nal]+
276.1934, found 276.1932.

H (trans-9), purification by flash chromatography (SiOy;
hexane:AcOEt 1:1) gave the product as a white solid (90 mg, 84% yield); ‘*H-NMR
(CDCls, 400 MHz, 300K) &, ppm: 5.42 (s, 1H), 3.67 (dtd, J = 11.4, 7.5, 4.0 Hz, 1H),
2.07 —2.00 (m, 2H), 1.96 (d, J = 0.8 Hz, 3H), 1.83 - 1.75 (m, 2H), 1.18 — 1.04 (m,
4H), 0.85 (d, J = 0.9 Hz, 9H). *C-NMR 169.2, 48.8, 47.3, 33.7, 32.3, 27.5, 26.1,
23.6. HRMS(ESI+) m/z calculated for C;,H,3NO [M+Na]+ 220.1672, found
220.1670.
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o) k

BN

HsC” "N

"o (9a), purification by flash chromatography (SiOy;
hexane:AcOEt 1:1) gave the product collected with low amount of the substrate
(32 mg, 46% ee); "H-NMR (CDCls, 400 MHz, 300K) §, ppm: 6.42 (s, 1H), 4.49 —
4.34 (m, 1H), 2.66 (d, J = 19.0 Hz, 1H), 2.56 (d, J = 12.7 Hz, 1H), 2.16 (d, J = 25.4
Hz, 1H), 2.01 (s, 3H), 1.57 (d, J = 39.8 Hz, 2H), 1.26 (d, J = 28.8 Hz, 2H), 0.89 (s,
9H). *C-NMR 208.5, 169.8, 57.8, 50.9, 42.6, 34.0, 32.9, 27.5, 27.2, 25.1.
HRMS(ESI+) m/z calculated for C;,H,1NO, [M+Na]+ 234.1465, found 234.1468.

tBu)J\N

H (trans-10), purification by flash chromatography (SiO,;
hexane:AcOEt 5:1) gave the product as a white solid (88 mg, 96% yield); ‘"H-NMR
(CDCls, 400 MHz, 300K) &, ppm: 5.45 (d, J = 6.7 Hz, 1H), 3.72 (tdt, J = 11.8, 8.0,
4.0 Hz, 1H), 2.08 (dd, J = 12.8, 3.7 Hz, 2H), 2.02 — 1.88 (m, 3H), 1.55 - 1.32 (m,
2H), 1.17 (s, 9H), 1.15 — 1.02 (m, 2H). °C-NMR 177.8, 129.3, 47.5, 38.5, 31.4,
27.6, 23.98, 23.94. HRMS(ESI+) m/z calculated for Ci,H,0FsNO [M+Nal+
274.1389, found 274.1389.

CF
0 o 3

A

tBu N

e (10a), purification by flash chromatography (SiOy;

hexane:AcOEt 1:1) gave the product collected with the substrate (66 mg, 40%
ee); '"H-NMR (CDCl;, 400 MHz, 300K) &, ppm: 6.60 (bs, 1H), 4.48 — 4.42 (m, 1H),
2.78-2.72 (m, 2H), 2.52 -2.45 (m, 2H), 2.34—-2.22 (m, 1H), 1.84 - 1.78 (m, 2H),
1.21 (s, 9H). *C-NMR 204.0, 178.3, 131.6, 128.9, 126.1, 123.3, 57.4, 41.6, 41.3,
41.1, 40.8, 39.5, 38.8, 31.9, 27.4, 27.3. HRMS(ESI+) m/z calculated for
CioH15F3NO, [M+Na]+ 288.1182, found 288.1175.
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