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Chapter 1 — General introduction and Objectives

Most of the pharmaceuticals, materials, and other chemicals important to modern society are
procured by synthetic organic chemistry. The heart of this discipline is the construction of
carbon-carbon bonds, yet reactions that achieve this goal often require undesirable starting
materials or inefficient strategies. There is a need, thus, to find new synthetic transformations
to expand the chemical space. In this sense, the development of new chemical reactions with
a low environmental impact is a major concern for the chemists. Efficiency of a process can
be defined in terms of complexity, selectivity and atom economy. Catalysis meets all these

criteria and is a key technology for green chemistry.'

In parallel to this, the prevalence of chiral stereocenters in many natural products, drugs and
pharmaceuticals has attracted a growing interest in the development of enantioselective
methods. The need of optically pure substances is mainly driven because of the different
behavior and biological responses of the two enantiomers: when interacting with one
enantiomer, a chiral drug may have a desired beneficial effect while the other may be inactive
or cause serious and undesirable side effects.” Among all the approaches for gaining access
to enantiomerically pure compounds, asymmetric catalysis is considered as one of the
ultimate solutions as it provides an efficient, clean and atom economical approach, usually
using transition metals in combination with chiral ligands. Due to the increasing number of
available methodologies, the scope of asymmetric catalysis® has greatly expanded to include
a broad range of chemical transformations. Ideally, an asymmetric catalytic reaction should
provide high yields and selectivity (chemo-, diastereo- and enantioselectivity) for a wide range
of substrates, whilst being sustainable and with a high catalytic efficiency (low catalyst loading
for a high TON). Therefore, the design of novel chiral catalysts and the development of new

asymmetric methodologies for the synthesis of biologically active compounds are urged.

At the Unitat de Recerca en Sintesi Asimetrica (URSA) research group, the design, synthesis
and catalytic evaluation of novel P-stereogenic ligands have been carried out during the last
decades.” These ligands were typically coordinated to transition metals such as cobalt,
rhodium or iridium. Particularly, the resulting metal complexes were tested in catalytic
reactions such as the Pauson-Khand reaction and asymmetric hydrogenation. Due to the

expertise of the group in this field, this doctoral thesis is focused on:

- The development of new synthetic protocols for the catalytic and stoichiometric Pauson-

Khand reaction (PKR) to afford PK adducts with enhanced yields and selectivity.
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- The design of new synthetic strategies based on (asymmetric) isomerization reactions of
allylic and heterocyclic compounds.
- The application of iridium-P,N complexes on the asymmetric hydrogenation of

minimally functionalized olefins.

Moreover, and in all the chapters, the atom economy is taken into account, following the
green chemistry principles, in order to minimize reagents or solvents that may have
hazardous effects on human health and the environment. Regarding to this, isomerization
and hydrogenation reactions perfectly accomplishes this requirement. Overall, this doctoral
thesis describes innovative catalytic platforms to improve the means by which a variety of
important chemicals are accessed, which would impact public health as well as into a number

of other sectors that rely on fine chemicals.

1.1. The Pauson-Khand Reaction

The Pauson-Khand Reaction, first discovered by P. L. Pauson and I. U. Khand, is formally
a [2+2+1] cycloaddition between an alkyne, an alkene and a carbon monoxide molecule,
usually promoted by a cobalt (0) complex, in stoichiometric or catalytic manner.” The
reaction leads to the formation of a cyclopentenone, with three new carbon-carbon bonds
and, if the alkene is disubstituted, two new stereocenters are formed, thus enhancing its
synthetic potential. This reaction can proceed in stoichiometric (by quantitative formation of
alkynyl-hexacarbonyl dicobalt complexes) or catalytic manner (using CO pressure and

catalytic amount of metal complex).

O
R4
S (610 X
1_— pRp2 1
Co (0) R4 *
R2

Scheme 1.1. General scheme for the Pauson-Khand reaction (PKR).

In fact, the Pauson-Khand reaction is a textbook method for the construction of
cyclopentanic rings® and has been typically employed for the synthesis of a wide variety of
natural products or bioactive compounds’ containing a cyclopentenone as structural core

motif, mostly in the intramolecular fashion. However, our research group has exploited the



Chapter 1 — General introduction and Objectives

intermolecular PKR for the synthesis of other bioactive compounds, such as (+)-brefeldine-

A* 13-epi-12-0x0-PDA,’ (-)-carbovit'’ and deoxy-J1-phytoprostanes,'' dPPJ;-I and dPPJ;-11

(Figure 1.1).
{\/
0O O

=z (0] o~
HOm ’II//\/\)—
COOH
(+)-brefeldina-A 13-epi-12-oxo-PDA
HO
NH; S y
N=— Z4
NH
Tj§§_§ COOH
N
N ¢)
(-)-carbovir dPPJ4-I

Figure 1.1. Some products of biological interest synthesized by the PKR.

The asymmetric version of the Pauson-Khand has been investigated in our research group
during the last decades.” The introduction of chirality in the PKR began with the use of
chiral auxiliaries attached either to the alkene or the alkyne. Our group has a long-standing
experience in the development of asymmetric approaches for the intermolecular PKR using
cither chiral auxiliaries or ligands. Particularly, hemilabile chiral bidentate N-phosphino
sulfonamides (PNSO) were tested with high efficiency in the enantioselective, intermolecular

12a,b

PKR of terminal alkynes'™" and disubstituted internal alkynes'™ (Scheme 1.2). In the
intramolecular fashion, our group also described the asymmetric, catalytic, intramolecular
Pauson-Khand reaction of several 1,6-enynes, catalyzed by [Rh(COD)(MaxPHOX)|BF.."”

PK-adducts were afforded in moderate yields and selectivities of up to 86% ee (Scheme 1.3).

OC/)A/, coO rR H (+)
up to 97:3 er

Scheme 1.2. Asymmetric Intermolecular PKR of symmetrically substituted alkynes.
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M © ©
HN. "Rh
R N/ N\ R

X/% 1 tBU/ | 2 1

tBu "H
\/§ >
CO, A, DME X
X =0, NTs, C(CO,Et), T up to 86% ee

Scheme 1.3. Rh-catalyzed asymmetric and intramolecular catalytic PKR.

However, and despite all the efforts, the intermolecular Pauson-Khand reaction with a wide
substrate scope in high enantioselectivities remains as one of the current challenges in this
field, and our group reported, in 2015, the precedent with best results reported so far
(Scheme 1.4) using the ThaxPHOS catalyst.

H O
o, -

T™S cat. (10 mol%) @j}ms e, N0
I+ 2 ~ W 2L

H - — -
CO, A, toluene 0OC-CoCo-CO

up to 97% ee ocC , CO
H H

Scheme 1.4. Co-catalyzed asymmetric and intermolecular catalytic PKR.

On the other hand, the regiochemical outcome of the intermolecular Pauson-Khand reaction
is an issue to take into account. Whereas terminal alkynes afford cyclopentenones with the
substituent in « to the carbonyl group, asymmetrical internal alkynes can lead to a mixture of
regioisomers."* It must be also highlighted that the PKR is sensitive to stetic and electronic
effects of both the alkene and the alkyne. Sterically hindered substrates tend to be low
yielding, and terminal alkynes are known to react easier that internal alkynes. In terms of
electronic effects, non-symmetrical internal alkynes tend to afford cyclopentenones with the

EDG groups in « to the carbonyl group and EWG groups in § position (Scheme 1.4).

_____________________

R large; RZ small '
R': EDG; R%EWG

_____________________

Scheme 1.4. General regiochemical outcome of the PKR.
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When executed in intramolecular fashion, the Pauson-Khand reaction has been the most
used version of this reaction as it leads to complex polycyclic structures in very few synthetic
steps and it shows minor reactivity requirements. However, and despite its great synthetic
potential, the intermolecular PKR has been less investigated. One of the main reasons for
this is that the intermolecular PKR shows a small range of applicability regarding the alkene.
Only small alkenes, such as ethylene, or strained alkenes, such as norbornene, norbornadiene

or cyclopropane, react with synthetically useful yields.

Regarding to this, there are few examples of intermolecular PKR using poor-coordinating or
non-strained alkenes, with the exception of ethylene. Baran and co-workers reported, in
2011, the total synthesis of ()-Axinellamines A and B (Scheme 1.5)."” During the course of
this work, they proposed that one of the key steps was an ethylene glycol assisted Pauson-
Khand cycloaddition. To promote the reaction, they employed N-methyl morpholine N-
oxide (NMO) as activator. The Pauson-Khand reaction has been typically activated by
heating, displacing the CO molecules from the cobalt complex and thus allowing alkene
coordination. However, and in some cases, this methodology suffered from low yields or
poor selectivity. For that reason, N-oxides emerged as promising alternative to perform the
reaction at room temperature while enhancing the reaction activity.'* Moreover, at that work,
the use of ethylene glycol as an additive was highlighted to be essential. Otherwise, the
reaction did not proceed due to the poor reactive alkene employed. However, and since that
reportt, the effect of ethylene glycol had not been further investigated when we started our

work (present thesis).

™
TMsO™ S OTMS

0 PKR
TMSO NHBoc : +
1 steps TMSO_ C0,(CO)g
P NMO, DCM ///\NHBOC
HO
~"0H

Scheme 1.5. Total synthesis of ()-Axinellamines A and B (Baran et al., 2017).

At that point, our group considered that a study about the role that ethylene glycol can have
as additive in the Pauson-Khand reaction, both in intramolecular and intermolecular fashion,
would be beneficial for the field. Moreover, the impact of ethylene glycol in the catalytic

version would be in high demand to explore uncovered reactivity.
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Therefore, the first objective of this thesis was to investigate the effects that ethylene glycol
produce to the outcome of the PKR in stoichiometric manner, as explained in Chapter 2.
Afterwards, the role of ethylene glycol in the catalytic PKR was studied, in terms of yield,

activity and selectivity, as detailed in Chapter 3.

Afterwards, we sought for a target compound that could be synthesized by means of this
methodology. Among the wide variety of cyclopentanic compounds that are biologically
activity, (R)-Sarkomycin is a nice example to illustrate the utility of our methodology (Fig.
1.2)."" Although its structure is relatively simple, with only one stereogenic center, a large
number of synthestic approaches toward sarkomycin (or sarkomycin derivatives) have been
reported.”” However, some of these syntheses addressed the racemic mixture and involved a
relatively large number of steps. In other cases, the desired enantiopurity was obtained via
(a) kinetic resolution, (b) the chiral auxiliary approach, or (c) classical racemic resolution. To
the best of our knowledge, the only precedent that employed asymmetric catalysis was the
work reported by Von Zezschwitz and co-workers (Scheme 1.6)."” They described a five-

step sequence based on the Rh-catalyzed asymmetric conjugate addition of hexenyl chain to

cyclopentenone.
COOH COOMe
(R)-Sarkomycin (R)-Sarkomycin Cyclosarkomycm
methyl ester
Figure. 1.2. (K)-Sarkomycin and some of its derivatives.
0 CP2CIZnA g, 0SiMes 0
4 st
Rh(1)/(R)-SegPHOS steps
> —_—
Me;SiCl o
=\ COOH
nBu o .
95% 19% overall yield
96% ee

Scheme 1.6. Rh-Catalyzed Asymmetric Conjugate Addition (von Zezschwitz et al., 2013)

Therefore, and following the work performed in the doctoral thesis of Dr. Héléa

Khaizourane, we envisioned that the cyclopentane ring of (K)-Sarkomycin could be rapidly
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assembled by an intermolecular Pauson-Khand reaction, followed by an asymmetric

hydrogenation using chiral iridium complexes.

Our research group has a long-standing expertise in the synthesis of P-stereogenic ligands,
which are coordinated to transition metals (Rh, Co or Ir), and their application to asymmetric
catalysis, with special emphasis in asymmetric hydrogenation. We recently developed a novel
route to bulky P-stereogenic phosphine ligands through Sx2@P reactions.” This synthetic
strategy provided access to a library of phosphine-oxazoline ligands that were coordinated
to iridium, thus generating the Ir-MaxPHOX family (Fig 1.3).” The general structure of Ir-
MaxPHOX catalyst is depicted in Scheme 1.7. A feature of this ligand system (MaxPHOX)
is that it contains three stereogenic centers that can be introduced from three simple building
blocks: an amino alcohol, an amino acid, and a P-stereogenic phosphinous acid. One of the
key advantages of the MaxPHOX ligands is the structural diversity arising from its possible
configurations and substitution patterns, which can be adapted to a specific reaction, and

modulating the steric hinderance by modifying the oxazoline substituent.

_| BArE \('\ | BAR \(y\ ]| BAR _I BAre
S/ N /P‘ 't Bu </ S/

N /P"t Bu ) "t Bu N, P"t-Bu
A O A A
(SRSp) (RRRp) (RRSp) (SRRp)
; = j-Pr, t-Bu, Ph

Figure. 1.3. The four diastereoisomers of the Ir-MaxPHOX family of catalysts.

amino alcohol amino acid P*-phosphinous acid
* _| BArg ' _________________ noae ' pp'u '
O NH ! I N :
' I  — : NH oo : ! ?He, i
" ! * 1 Il i il
* N\Ir/P\"Me ! HO/\/ 2 ! ' HO\[H*\NH ' ' p.iMe
_/ \ t-Bu [ir(cod)CI], : 5 i I 2 L HO” sy

Scheme 1.7. General structure of the Ir-MaxPHOX catalysts.

These Ir-MaxPHOX complexes have been successfully applied to the asymmetric
hydrogenation of cyclic enamides®, and aryl* and alkyl imines,” showing excellent activities
and enantioselectivities for all cases. However, we were prompted to find other

enantioselective catalytic applications for these catalysts.
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Consequently, the third aim of this thesis was the total synthesis of (R)-Sarkomycin (or
derivatives) by means of regioselective intermolecular PKR using ethylene glycol as additive

and asymmetric catalysis using iridium MaxPHOX complexes. This total synthesis is detailed

in Chapter 4.

1.2. Isomerization processes

Isomerization reactions constitute an important field in homogeneous catalysts, as they offer
excellent atom economy while providing useful synthetic transformations. Proof of this, the
rhodium-catalyzed asymmetric isomerization of allylic amines into the corresponding
enamines stands out as one of the major achievements in asymmetric catalysis.” This
transformation, first developed by Noyori, became a breakthrough towards the enantiopure

synthesis of menthol in the industry.

Apart from allylic amines, during the last decades, some efforts have been put towards the

asymmetric isomerization of other substrates, such as allylic alcohols (Scheme 1.8).”

o - : : :' “BAF !
Asymmetric isomerization of primary allylic alcohols N N
! CySP\Ir/ '

R VORINTTT :

)\/\ > S L :

Ry OH Ry™ * e} . .

o) Q 0 _P(oTol i
:>—tBu r(/ P NPTz |
H\N N N OMe _N :
t-Bu”™ \ E

~t-Bu
t—Bu/P\t'BU t-Bu P

Mazet, 2009 Mazet, 2010 Mazet, 2010 Andersson, 2011

______________________________________________________________________________________________

Scheme 1.8. Chiral P,N-ligands used in asymmetric isomerization of allylic alcohols.

In contrast, the isomerization of heterocyclic compounds has been less explored if
compared to allylic compounds. Heterocyclic compounds are present in numerous
pharmaceuticals, materials and natural products. They present at least one heteroatom in
their chemical structure. Particularly, in this thesis, we envisaged the isomerization of strained

heterocycles (epoxides, oxetanes and aziridines).

10
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Epoxides are oxygenated 3-membered rings which are versatile and highly useful synthetic
intermediates in organic synthesis.”® Epoxides are inherently reactive due to the strained ring,
which makes them feasible to be interconverted into other functional groups. Regarding to
rearrangement processes, the selective isomerization to the carbonyl group, avoiding the
formation of other byproducts or side reactivity is highly desired. This reaction, that bears
substantial synthetic potential, is also called Meinwald rearrangement,” and it is usually
catalyzed by Lewis acids, such as BF;-Et,O, lithium salts and MgBr,. Other catalysts were
also described to perform the reaction selectively: InCls,” IrCli* and copper salts.” However,
a number of limitations due to the toxicity or high catalyst loadings remain to be addressed
when employing catalytic conditions. In this sense, several organometallic complexes have
been designed and applied to the selective isomerization of epoxides. Particularly, Mazet and
co-workers reported the most relevant breakthrough using novel palladium® and iridium™

complexes. However, high temperatures were needed in both cases (Scheme 1.9).

: 2+ E

Me catalyst Me ' PP _

o —> o ! 2 2:(OTf);

Ph THF[0.25] N i .PP’Pd_P’Prz ;
85 °C H poiPry L :
= LT i :
i 5 F o iProP :
: CysP N BAT o | iPry '
: \/ D H—Pld—P |
- &k 1NN
! H Mazet, 2014 11 2015  Pr2 5

Scheme 1.9. Pd- and Ir-catalyzed selective isomerization of epoxides (Mazet, 2014-2015).

Moreover, the Meinwald rearrangement can lead to cascade or tandem reactions, taking
advantage of the carbonyl group formed to generate other synthetically useful compounds.
For example, Otte and co-workers reported, in 2016, a B(CFs)s-catalyzed tandem Meinwald
rearrangement — reductive amination.” As result, several B-alkyl amines were synthesized
starting for readily available epoxide substrates. However, the scope was limited to the use

of anilines.
Therefore, the fourth aim of this doctoral thesis was to find a suitable metal catalyst for the

regioselective isomerization of epoxides using mild conditions and to perform a tandem

process. The results and discussion are found in Chapter 5.

11
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Nitrogenated heterocyclic compounds have also found widespread use, as they are present
in multiple drug candidates and key synthetic intermediates. For this reason, studying their
both synthesis and reactivity is crucial. There are several synthetic protocols in the literature
to afford aziridines in good yields. The reactivity of aziridines is mainly focused in ring
opening reactions, ring expansion or 1,3-dipolar cycloadditions. Surprisingly, a general
synthetic protocol for the selective isomerization of aziridines, or the aza-version of the
Meinwald rearrangement, has received little attention.”* There were only few works related
to this, but lacked of synthetic potential. For example, in 2002, Nakayama and co-workers
described the BF;-promoted aza-pinacol rearrangement of various N-tosyl aziridines to give
the corresponding N-tosyl imines.” Later on, in 2003, Ney and co-workers reported a
palladium-catalyzed isomerization of monosubstituted N-tosyl aziridines to sulfonyl

ketimines (Scheme 1.10).%

Pd(PC oo TTTTmmT T !

NTs (PCya)2 _ NTs | W up to 74% yield |
R/</ )J\ + @ only 6 examples :
Toluene R B Jimited scope !

70 °C N e ,

Scheme 1.10. Palladium-catalyzed isomerization of monosubstituted N-tosyl aziridines to

sulfonyl ketimines (Ney, 2003).

The ring strain, the facility of preparation and the further utility of the potential products

make aziridines the ideal substrates to study new catalytic isomerization reactions.

Therefore, and disclosed in the Chapter 6, the sixth aim of this doctoral thesis was the
discovery of an unprecedented selective isomerization of N-sulfonyl aziridines, to afford
synthetically useful organic intermediates that can be further interconverted into valuable

compounds.

Finally, another important class of oxygenated heterocyclic compounds are oxetanes,”” which

are four-membered strained rings.

The reactivity of oxetanes is mainly focused on ring-opening and ring-expansion reactions.™
C-H functionalization of oxetanes has been also reported.” However, the selective
isomerization of oxetanes still remains a challenge and, to the best of our knowledge, there

was no precedent in the literature. Probably, the easy polymerization of oxetanes,” has

12
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prevented the scientific community to disclose their isomerization to monomeric

compounds.

The following aim of this doctoral thesis, therefore, was the catalyst screening and further
reaction optimization for the selective isomerization of 2,2-disubstituted oxetanes, followed
by the scope evaluation to find the strengths and weakness of the methodology. This will be

detailed in Chapter 7.

1.3.  Asymmetric Hydrogenation

Metal-catalyzed asymmetric hydrogenation has attracted considerable interest because it is
one of the best methods for the preparation of optically active compounds.” From an
industrial perspective, the direct hydrogenation of unsaturated compounds is a much more
desirable process compared to hydrosilylations,* transfer-hydrogenation reactions® or acid-
catalyzed reductions.” Moreover, catalytic hydrogenation is an excellent process in terms of

atom economy, low catalyst loadings, mild reaction conditions and sustainability.

In the literature, numerous efficient catalytic systems based on Ru, Rh and Ir provide
excellent selectivity in the hydrogenation of various prochiral alkenes. However, for some
substrates, attaining high (enantio)selectivity remains a challenge. One of these types of
substrate are unfunctionalized, or minimally functionalized, olefins.” In the absence of a
coordinating group, rhodium and ruthenium generally show low reactivity and unsatisfactory
enantioselectivity. Thus, their application is restricted to certain class of propetly
functionalized substrates. However, iridium can overcome these limitations and, in fact, it
emerged as an alternative to those metals. In the late ninetees, Pfaltz and co-workers used
phosphinooxazoline ligands to design a chiral analogue of Crabtree’s catalyst, that showed
high enantioselectivities when using prochiral imines. Since then, many iridium-based
catalysts bearing chelating P,N donors as stereodirecting ligands were designed,” that were

able to hydrogenate with high enantioselectivities even in compounds lacking of coordinating

groups.
Focusing in minimally functionalized olefins, 1,1-disubstituted olefins containing a

neighboring polar group have been successfully hydrogenated in enantioselective manner

using iridium-P,N chiral complexes. As shown in Scheme 1.11, Pfaltz, Diéguez and

13
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Andersson pioneered this enantioselective transformation for different substrates, such
allylic alcohols, allylic acetates and allylic silanes with excellent results.” However, the

asymmetric hydrogenation of 1,1-disubstituted allylic amines using iridium catalysis was still

50 bar H,

Ir-UbaPHOX
Pfaltz, 2002

Ir/L* (phosphite oxazoline)
Diéguez & Andersson, 2009

undisclosed.
catalyst
X H, X
—_— *
R solvent R
E Bn Bn | BATF Ph_Ph - | BAr
: 0 ¥ /\%O R=H :
. O i R=Cl 0 L0 O 0 '
; N_ _PC _ b N_ P X=0H, 95% ee '
E Ph>¢ N Y2 X= OH, 88% ee ' Pr?; I O X=OAc, 91% ee |
: 0°C § :

Scheme 1.11. Asymmetric hydrogenation of 1,1-disubstituted terminal olefins containing a

neighboring polar group using iridium-P,N chiral complexes.

Many active natural products, pharmaceuticals and agrochemicals contain chiral amines. In
this regard, there is considerable interest in developing catalytic methods that provide single
enantiomers, thus avoiding the use of inefficient racemate resolutions. Particularly, chiral
amines bearing a 3-methyl group on the chiral center and their derivatives are key structural

elements in a wide variety of bioactive compounds.* Some examples are depicted in Figure

1.4.
CH; o
@G"“ )
HN
cl N N — N/\\o
H,C N
o]
(R)-Lorcaserin OTS514 Akt/PBK phosphorylation inhibitor
3
NH,-HCl
\\
LY-404187 NPS-1392

Figure 1.4. Examples of biologically active compounds containing 3-methyl chiral amines.
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The asymmetric hydrogenation of imines, enamides and allyl amines is a direct strategy to
afford enantioenriched compounds containing chiral amines. Whereas the enantioselective
hydrogenation of the former ones has been well-established, also employing iridium catalysis,
allyl amines remain unexplored. Particularly, and as best of our knowledge, there are scarcely
few methods for the asymmetric hydrogenation of terminal 1,1-disubstituted allyl amines. In
2005, Zhang and co-workers reported an efficient method for the asymmetric synthesis of
B-methyl chiral amines using a Ru-Cs;-TunePhos catalyst with excellent enantioselectivities
(67-98% ee),” as shown in Scheme 1.12. However, this transformation suffered from some
limitations, such: i) harsh conditions: extremely high H» pressure for a terminal alkene and
heating, ii) long reaction times, iii) the R substituent was limited to alkyl groups. When the

substituent was an aryl group, the enantiomeric excess dropped dramatically.

o catalyst o) - O Ph,

H, (100 atm) b0 Pk
J}\/N }\/N : (CH\Z)3 /i ueh

R MeOH R™* l o) ‘ PPhy

o 80 °C, 48 h ° : 5

R= Alkyl group; up to 98% ee (S)-C5-TunePhos
R= Ph; 55% ee |

____________________________

.

Y

Scheme 1.12. Ru-catalyzed asymmetric hydrogenation of allyl phthalimides (Zhang, 2005).

Consequently, the development of new asymmetric methodologies for the catalytic
hydrogenation of 2-aryl allyl N-protected amines is in high demand. In this sense, our
research group envisioned that the highly modular Ir-P,N MaxPHOX family would be
suitable catalysts for this transformation to afford enantioenriched products containing chiral

amines.

Therefore, in Chapters 8 and 9, the last two objectives of this thesis will be presented. The
asymmetric hydrogenation of 1,1-disubstituted allyl amines using chiral Ir-P,N complexes,
with a particular emphasis to MaxPHOX ligands, has been studied. To showcase the utility

of the developed methodology, several bioactive compounds have been synthesized.
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Chapter 2 — Ethylene Glycol Assisted Intermolecular PKR

The Pauson-Khand reaction (PKR)' is one of the few direct methods to synthesize five-
membered ring carbocycles from acyclic precursors. When executed in an intramolecular
fashion, this cobalt-mediated [2+2+1] cyclization is an extremely efficient way to build up
complex cyclopentane polycycles."” The intermolecular PKR has found more limited use due
to the narrow scope of the alkene. In fact, only strained olefins, such as norbornadiene or
cyclopropene’ ot highly unhindered alkenes such as ethylene* gave high yields. However, the
intermolecular version has a great potential since it allows cyclopentenones to be built up

from very simple starting materials, namely an alkene, an alkyne and carbon monoxide.’

During recent decades, much efforts has been devoted enhancing the yields of this
reaction using a vatiety of promoters or additives.® In 1990, Schreiber and co-workers
discovered that the PKR, which was typically performed at high temperatures (60-110 C),
could also be promoted using N-oxides’ such as N-methylmorpholine-N-oxide (NMO) in
methylene chloride.® These conditions allowed the reaction to take place at room temperature

and often gave better yields.’

In 2011, Baran and co-workers reported the total syntheses of (¥)-Axinellamines A and
B." The starting material of these synthesis was a cyclopentenone prepared by an
intermolecular PKR using 1,4-bis((trimethylsilyl)oxy)-2-butene (Scheme 2.1). The success of
the PKR with this unstrained olefin was possible only when using NMO as promoter and
adding monoethylene glycol (MEG)" and 4A MS to the reaction. Under these conditions, a
remarkable 46-58% yield was obtained (without MEG, yields dropped to 15-25%).
Although Baran and co-workers stated that ethylene glycol was an essential additive, to the
best of our knowledge, these conditions have not been used in any other PKR reported to
date. We envisioned that, using this novel methodology, other olefins might give better yields

and therefore a wider range of alkenes could be used.

Here we studied the role that ethylene glycol displays in the stoichiometric N-oxide
promoted intermolecular PKR. We have tested the effect of Baran’s conditions when
performing the reaction with strained alkenes such as norbornadiene, poorly reactive

cyclopentenes'” and several ethylene synthetic equivalents."”
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so” NN OTHS o
C05(CO)s NMO
* MEG. 4AMs  TMSO NHBoc
NHBoc CHCl TMSO—
/ 46-58%

Scheme 2.1. Ethylene glycol-assisted intermolecular PKR used in Baran’s synthesis of

Axinellamines.

We first tested the new protocol with norbornadiene (NBD) which is the most relevant
alkene substrate in intermolecular PKR. We observed that in all cases, the yields using
ethylene glycol and molecular sieves (MS) as additives were substantially higher (entries 2, 4,
6 and 8; table 2.1). The reaction is usually steroselective affording the exo adduct as the major
stereoisomer. In the case of the reactions with ethylene glycol, the stereoselectivity towards
the exo further increased slightly. The presence of ethylene glycol lowered the reaction rate
and sometimes more than 6 equivalents of NMO were needed to complete the reaction. The
reaction crudes using Baran’s conditions were easier to work-up because the ethylene glycol

trapped the cobalt by-products, thus affording a cleaner crude.

Table 2.1. Intermolecular Pauson-Khand reactions of terminal and internal
alkynehexacarbonyldicobalt complexes with norbornadiene. The reactions were performed
in CH2Cl. 6-10 equiv. of NMO was added in one portion.

NMO-H,0 H
Addltlves B
I ed 2
S w=E @ﬁ @@
COz(CO)G CH,Cly, RT R2

2-1a-d 2-exo-2a-d 2-endo-2a-d
Additi Time Yield exo:
1 2
entry R R Alkyne ves (h) Product (%) endo
1 CH,SPh H 2-1a - 4 2-2a 8 >99
MEG, >99
2 CH,SPh H 2-1a AA MS 17 2-2a 51
3 CH:NHBoc H 2-1b - 17 2-2b 65 91:9
MEG, 93.7
4 CH:NHBoc H 2-1b AA MS 24 2-2b 85
5 TMS H 2-1c - 2 2-2¢ 72 96:4
MEG, 98:2
6 TMS H 2-1c 4A MS 48-72 2-2¢ 89
7  #(CH»),CH; CH,OTBS  2-1d - 24 2-2d 79 99:1
MEG 99:1
8 n-(CH2)>CH3 CH,OTBS 2-1d 4A Mé 48-72 2-2d 95
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Another type of strained alkenes that showed satisfactory reactivity in the intermolecular
PKR were medium-sized #rans-cycloalkenes." The PKR of these alkenes offered a modular,
regioselective and straightforward entry to #rans fused [n.3.0] bicylic scaffolds.” In general,
good to excellent yields were achieved using few equivalents of alkene and NMO as
promoter. However, when using protected propargylic alcohols such as 2-1e the yield of the
corresponding cyclopentenone dropped. We have found that under Baran’s protocol the

yield of 2-3e increased from 38 to 60% as shown in Table 2.2.

Table 2.2. Comparative study of the intermolecular Pauson-Khand reaction using terminal
alkyne 2-1e with #rans-cyclooctene.

O
%\OTBS Conditions <
CO — ores
Co,(CO)g CH.Cl,, RT L
2-1e 2-3e
Entry Alkyne Conditions Product Yield (%)

1 2-1e 0 °C to RT, 2h, 6 equiv. NMO 2-3e 3814
2 2-1e 48 h, 10 equiv. NMO, MEG-4A MS 2-3e 60

Ethylene (2-4) is a useful alkene in intermolecular PKR. It has been used in the synthesis
of Taylorione" and Phytoprostanes B1,'* among others."” Its main drawbacks are the need
of the equipment to manipulate a gas and its relatively low solubility. The later issue can be
improved by adding molecular sieves'® and/or by slowly adding NMO. Thermal activation
or other promoters usually worsened the reaction yields. Several alternatives to the use of
ethylene gas have been described. For example, the use of supercritical ethylene was applied
in the twofold PKR of cyclic diynes' or in a catalytic version of the intermolecular PKR.”
In 1999, W. J. Kerr and P. L. Pauson" reported the use of vinyl esters such as vinyl benzoate
(2-5) as ethylene surrogates in the PKR (Table 2.3). Therefore, we tested Baran’s protocol

on several ethylene equivalents as alkenes.

Terminal alkynes 2-1b-c were reacted with ethylene under the standard N-oxide
promoted PKR conditions (Table 2.3). For the sake of comparison, we used the standard
protocol with vinyl benzoate adding NMO in a single portion. Under these conditions the
corresponding cyclopentenones 2-7b,c were obtained in significantly lower yields than with
ethylene. However, when using vinyl benzoate in the presence of ethylene glycol and 4A MS
as additives, also adding NMO in a single portion, the yields recovered or were higher than

those achieved with ethylene. We also attempted, for the first time, the use of vinyl
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trimethylsilane (2-6) as ethylene surrogate (entries 4 and 12). Olefin 2-6 showed good
reactivity under these conditions, and the yields were comparable to those obtained with
vinyl benzoate. However, a treatment with fluoride to cleave the silylated cyclopentenones

was required.

Again, using Baran’s conditions the work-up was much cleaner and all cobalt residues
were easily removed by a simple decantation. In terms of reactivity, vinyl benzoate proved
to be the most useful ethylene equivalent. The yields were comparable to those achieved with
ethylene, and in some cases even improved (entries 3, 9 and 11). The presence of additives

did not affect the C-O cleavage to take place, which still occurred spontaneously.

Table 2.3. Intermolecular Pauson-Khand reactions of internal alkynehexacarbonyldicobalt
complexes with ethylene and ethylene equivalents. The reactions were performed in CH2Cl.
6 equiv. of NMO was added in one portion.

NMO-H,0 o
R X Additives 2-7b; R = CH,NHBoc
Co,(CO) ﬁ —_— R 2.7¢;R=TMS
2vEe CH,Cl,, RT 2-7e; R = CH,OTBS
24, X = H 2-7f; R = CH,NHTs
2-1b-c 2.5, X = OBz
2-1e-f 2.6, X= TMS
Entry R Alkyne X Alkene Additives Time Product Yf,eld
(h) (%)
1 CH,NHBoc 2-1b H 2-4 - 4 2-7b 63
2 CH,NHBoc 2-1b OBz 2-5 - 5 2-7b 36
3 CH,NHBoc 2-1b OBz 2-5 MEG, 4A MS 17 2-7b 67
42 CH,NHBoc 2-1b TMS 2-6 MEG, 4A MS 17 2-7b 57
5 TMS 2-1c H 2-4 - 4 2-Tc 67
6 TMS 2-1c OBz 2-5 - 5 2-Tc 15
7 TMS 2-1c OBz 2-5 MEG, 4A MS 24 2-Tc 43
8 -CH,OTBS 2-1e H 2-4 - 3 2-7e 20
9 -CH,OTBS 2-1e OBz 2-5 MEG, 4A MS 17 2-Te 40
10 -CH,NHT's 2-1f OBz 2-4 - 5 2-7f 54
11 -CHoNHTS 2-1f OBz 2-5 MEG, 4A MS 17 2-7f 72
12a -CH,NHT's 2-1f TMS 2-6 MEG, 4A MS 17 2-7f 64

= Once finished, the reaction was quenched with catalytic amount of HF-pyr.

Ethylene glycol can help to extend the scope of alkynes available for this transformation.
In this regard, when internal alkynes are used in the intermolecular PKR reactivity decreases.
To the best of our knowledge, there is no precedent in which internal alkynes have been used

to synthesize o,B-substituted cyclopentenones via regioselective’ PKR with ethylene
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surrogates. We observed (Table 2.4) that when using ethylene equivalents with Baran’s
protocol, reaction yields were comparable to those obtained with ethylene in most cases
(entries 5, 9 and 11). Only for the one bearing an alkyl chain, the reactivity decreased

considerably (entry 2).

Table 2.4. Intermolecular Pauson-Khand reactions of internal alkynehexacarbonyldicobalt
complexes with ethylene and ethylene equivalents. The reactions were performed in CH2Cl.
6-10 equiv. of NMO was added.

RI——=—R?2 X "/L'\gg“'\'l'éso R 2-8d; R' = n-(CH,),CH3, R? = CH,0TBS
+ W > 2-8g; R' = CH,COOEt, R? = CH,NHBoc
C0,(CO)e CHyCly, RT ,  2BhiR'=Bn R?= COOMe
2-4,X=H ’ R 2-8i; R" = CH,COOEt, R? = CH,0TBS
2-1d, g-i 2.5, X = OBz
2-6, X= TMS
Additi Time Yield
1 2
Entry R R Alkyne X  Alkene ves (h) 8 (%)
1 -(CH2):CH;  -CHOTBS 2-1d H 2-4 - 5 2-8d 65
2 CH,).CH CH,OTBS 2-1d OB 2-5 MEG, 36 2-8d 12
H(CHRRCH, - -CH ] 7T 4AMs ]
3 -CH>COOEt CHL,NHBoc 2-1g H 2-4 4 2-8¢g 75
4 -CH>COOEt CHL,NHBoc 2-1g OBz 2-5 5 2-8¢g 20
B} MEG,

5 -CH,COOEt CH,NHBoc 2-1g OBz  2-5 AA MS 17 2-8¢g 64
62 CH,COOEt | 2-1 ™S  2-6 MEG, 17 2-8 56
R CH,NHBoc <78 i 4A MS g
7 -CHzPh -COOMe 2-1h H 2-4 - 4 2-8h 57
8 -CH,Ph -COOMe 2-1h OBz 2-5 - 2-8h 11

MEG,
9 -CH,Ph -COOMe 2-1h OBz  2-5 AA MS 24 2-8h 46
10 -CH,COOEt -CH,OTBS 2-1i H 2-4 - 4 2-8i 53
. MEG, .
1 -CH,COOEt -CH,OTBS 2-1i OBz 2-5 AA MS 17 2-8i 49
. MEG .
12a -CH,COOEt -CH,OTBS 2-1i ™S  2-6 AA MS 17 2-8i 43

2 Once finished, the reaction was quenched with catalytic amount of HF-pyr

Finally, we sought to explore the effect of Baran’s conditions when using other alkenes
such as cyclopentene (2-9) or 2,3-dihydrofuran (2-10), which are pootly reactive and less
common in PKR. N-Boc propargylamine and trimethylsilyl acetylene complexes (2-1b and
2-1c) were selected due to their synthetic importance.” Using ethylene glycol as additive, the
yields of N-oxide-promoted cyclizations of cyclopentene, doubled those achieved when

using the standard protocol or when 4A MS was the only additive (Table 2.5). The reaction
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using of 2,3-dihydrofuran afforded the products with the biggest yield increase and with
completely regioselectivity (Table 2.6).

Table 2.5. Comparative study of the intermolecular Pauson-Khand reaction using terminal
alkynes and cyclopentene.

NMO-H,0 0
=R . @ Additives _ &R
Co2(CO)e CH,Cly, RT
2-1b, R = CH,NHBoc 29 2-11b R = CH,NHBoc
2-1¢c, R=TMS 2-11¢c R=TMS
Entry Alkyne Additives Time (h) Prod. Yield (%)
1 2-1b - 3 2-11b 35
2 2-1b 4A MS 3 2-11b 37
3 2-1b MEG, 4A MS 5 2-11b 60
4 2-1c - 4 2-11c 16
5 2-1c 4A MS 4 2-11c 14
6 2-1c MEG, 4A MS 48-72 2-11c 31

2 The reactions were performed in CH>Clz. NMO (6 equiv.) was added in one portion.

Table 2.6. Comparative study of the intermolecular Pauson-Khand reaction using terminal
alkynes and 2,3-dihydrofuran.

NMO-H,0 Q
%R + E\> Additives zﬁ,R
Co2(COe © CH,Cly, RT
2-1b, R = CH,NHBoc 2-10 2-12b R = CH,NHBoc
2-1c, R =TMS 2-12c R=TMS
Entry Alkyne Additives Time (h) Prod. Yield (%)

1 2-1b - 17 2-12b 40
2 2-1b MEG, 4A MS 36 2-12b 57
3 2-1c - 4 2-12¢ 21
4 2-1c MEG, 4A MS 24 2-12¢ 82

2 The reactions were performed in CH2Cl. NMO (6 equiv.) was added in one portion.

In conclusion, we have shown that the use of ethylene glycol as additive consistently
improves the N-oxide-promoted intermolecular PKR in terms of yield, stereoselectivity and
practicality. When using norbornadiene as alkene, which is the most reactive alkene in the
intermolecular PKR, a slight increase in both yield and stereoselectivity was observed. Using
ethylene surrogates such as vinyl benzoate and vinyltrimethylsilane, we obtained the
corresponding cyclopentenones with similar yields that those achieved with ethylene gas. The
greatest advantage was found when using less activated alkenes such as cyclopentene or 2,3-
dihydrofuran. This methodology greatly facilitates the work-up of the reactions because the
ethylene glycol absorbs the cobalt by-products. Moreover, since the reaction rate decreases,

the addition of the N-oxide promoter can be done in a single portion. We believe that the
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main effect of ethylene glycol is to stabilize the unsaturated cobalt complexes that are the
key intermediates of the PKR. This new protocol may help to address one of the most
important drawbacks of the intermolecular PKR, namely the limited range of reactive

alkenes.
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Experimental Section

Reactions were carried out under N2 in vials or round-bottomed flasks previously oven-dried. CH2Cl»
was degassed and dried with a solvent purification system (SPS PS-MD-3). Reactions were monitored
by TLC analysis using Merck silica gel 60 F-254 thin layer plates. Solvents were removed under
reduced pressure with a rotary evaporator. Silica gel chromatography was performed using an
automated chromatography system (PuriFlash® 430, Interchim). NMR spectra were run at 400 MHz
for '"H and at 101 MHz for 13C. Chemical shifts () are given in ppm and referenced to internal solvent
resonances and reported relative to TMS (tetramethylsilane). The coupling constants (J) are reported
in Hertz (Hz). High-resolution mass spectra (ESI) were recorded on a LC/MSD-TOF G1969A
(Agilent Technologies).

General procedure for the intermolecular Pauson-Khand Reaction using the standard
protocol.

Method A. The corresponding hexacarbonyl dicobalt complex (1.0 equiv.) was dissolved in
anhydrous CH2Cl (11 mL/mmol complex) and charged to a vial which was previously purged with
nitrogen. Alkene (5.0 equiv.; otherwise indicated) was then added. The reaction was stirred 10
minutes. A solution of NMO (6 equiv.; otherwise indicated) in anhydrous CH2Cl, was added in a
single portion. The reaction was monitored by TLC until no cobalt complex was observed. Then, the
crude was filtered through a plug of SiO» and washed with CH2Cl2 (x3). The solvent was concentrated
under vacuum and the crude was purified by column chromatography on SiO» using mixtures of
hexanes/AcOEt of increasing polatities.

General procedures for the ethylene glycol-assisted intermolecular Pauson-Khand Reaction

Method B. The corresponding hexacarbonyl dicobalt complex (1.0 equiv.) was dissolved in
anhydrous CH>Cl, (11 mL/mmol complex) and charged to a vial containing 4A MS (317 mg/mmol
complex), which was previously purged with nitrogen. Alkene (5.0 equiv.; otherwise indicated) and
ethylene glycol (1.7 mL/mmol complex) wete then added. The reaction was stitred 10 minutes. A
solution of NMO (6 equiv.; otherwise indicated) in anhydrous CH2Cl was added in a single portion.
The reaction was monitored by TLC until no cobalt complex was observed. Then, the crude was
filtered through a plug of neutral Al O3 and washed with CH2Cl, (x3). The solvent was concentrated
under vacuum and the crude was purified by column chromatography on SiO, using mixtures of
hexanes/AcOEct of increasing polarities.

Method C. The corresponding hexacarbonyl dicobalt complex (1.0 equiv.) was dissolved in
anhydrous CH,Cl (11 mI/mmol complex) and charged to a vial containing 4A MS (317 mg/mmol
complex), which was previously purged with nitrogen. Vinyltrimethylsilane (5.0 equiv.) and ethylene
glycol (1.7 mL/mmol complex) were then added. The reaction was stirred 10 minutes. A solution of
NMO (6 equiv.; otherwise indicated) in anhydrous CH>Cl> was added in a single portion. The reaction
was monitored by TLC until no cobalt complex was observed. Once finished, the reaction was
quenched with catalytic amount of HF - pyridine and it was stirred 10 minutes. Afterwards, the mixture
was quickly filtered by a short plug of neutral Al>Os. The solvent was concentrated under vacuum
and the crude was purified by column chromatography on SiO; using mixtures of hexanes/AcOEt
of increasing polarities.
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(3aR,4S,7R,7aR)-2-((Phenylthio)methyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one,
2-2a.

0]

SPh

Starting from 0.33 mmol of Co complex 2-1a. Isolated yield. Method A: 7 mg, 8%; Method B: 46
mg, 51% (off white solid). TH NMR (400 MHz, CDCl3) 8 7.33 — 7.21 (m, 5H), 7.20 — 7.14 (m, 1H),
6.24 (dd, ] = 5.6, 3.1 Hz, 1H), 6.18 (dd, ] = 5.6, 3.0 Hz, 1H), 3.74 — 3.58 (m, 2H), 2.91 (p, ] = 1.4 Hz,
1H), 2.68 (dhept, | = 5.4, 1.3 Hz, 1H), 2.57 (dt, ] = 2.9, 1.5 Hz, 1H), 2.31 (dt, /] = 5.0, 1.4 Hz, 1H),
1.30 (dp, ] = 9.4, 1.6 Hz, 1H), 1.07 (dd, ] = 9.4, 1.6 Hz, 1H). The analytical data for this compound
were in excellent agreement with the reported.??

Tert-butyl (((32R,4S,7R,7aR)-1-0x0-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-2-
yl)methyl)carbamate, 2-2b.

0]

Starting from 0.30 mmol of Co complex 2-1b. Isolated yield. Method A: 54 mg, 65%; Method B: 70
mg, 85% (off white solid). 'TH NMR (400 MHz, CDCls) 8 7.33 (d, ] = 2.6 Hz, 1H), 6.27 (dd, ] = 5.0,
3.1 Hz, 1H), 6.18 (dd, ] = 5.6, 3.0 Hz, 1H), 5.04 (br s, 1H), 3.85 (t, ] = 6.5 Hz, 2H), 2.89 (t, ] = 1.8
Hz, 1H), 2.74 (ddp, | = 5.3, 2.6, 1.3 Hz, 1H), 2.70 — 2.65 (m, 1H), 2.29 (dt, ] = 5.1, 1.4 Hz, 1H), 1.41
(s, 9H), 1.38 — 1.33 (m, 1H), 1.21 — 1.16 (m, 1H). The analytical data for this compound were in
excellent agreement with the reported data.?

(3aS,4S,7R,7aR)-2-(Trimethylsilyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one, 2-2c.

Starting from 0.36 mmol of Co complex 2-1c. Isolated yield. Method A: 69 mg, 72%; Method B: 53
mg, 89% (white solid). TH NMR (400 MHz, CDCl;) 8 7.59 (d, ] = 2.5 Hz, 1H), 6.27 (dd, ] = 5.7, 3.1
Hz, 1H), 6.20 (dd, ] = 5.6, 3.0 Hz, 1H), 2.91 (d, ] = 2.8 Hz, 1H), 2.83 (s, 1H), 2.69 (s, 1H), 2.28 (d, ]
=5.2Hz, 1H),1.37 (d,] = 9.3 Hz, 1H), 1.19 (d, ] = 9.3 Hz, 1H), 0.17 (s, 9H). The analytical data for
this compound were in excellent agreement with the reported data.??

(3aS,4S,7R,7aR)-3-((( Tert-butyldimethylsilyl)oxy)methyl)-2-propyl-3a,4,7,7a-tetrahydro-1H-
4,7-methanoinden-1-one, 2-2d.

H OTBS

Starting from 0.27 mmol of Co complex 2-1d. Isolated yield. Method A: 69 mg, 79%; Method B: 84
mg, 95% (off white solid). 10 equiv. of NMO were used in both cases. TH NMR (400 MHz, CDCls)
5 6.19 (dd, ] = 5.6, 3.1 Hz, 1H), 6.12 (dd, ] = 5.6, 2.9 Hz, 1H), 4.51 (d, ] = 15.1 Hz, 1H), 4.41 (dd, |
=15.1, 1.0 Hz, 1H), 2.83 (dd, ] = 3.0, 1.6 Hz, 1H), 2.81 — 2.75 (m, 2H), 2.19 (dd, ] = 5.2, 1.5 Hz,
1H), 2.13 — 2.08 (m, 1H), 2.02 (dt, ] = 7.5, 6.2 Hz, 1IH), 1.37 — 1.26 (m, 3H), 1.10 (dtd, ] = 9.2, 1.4,
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0.7 Hz, 1H), 0.87 (s, 9H), 0.80 (d, ] = 7.3 Hz, 3H), 0.04 (s, 6H). The analytical data for this compound
were in excellent agreement with the reported.?!

(3aS,9aR)-2-(((tert-butyldimethylsilyl)oxy)methyl)-3a,4,5,6,7,8,9,9a-octahydro-1H-
cyclopenta[8]annulen-1-one, 2-3e.

0O

H

H

Starting from 0.22 mmol of Co complex 2-1e. Isolated yield. Method A: 38%'4; Method B (using 10
equiv. of NMO): 31 mg, 60% (colourless oil). In both cases, 3 equiv. of alkene were used. 'TH NMR
(400 MHz, CDCl3) 8 7.28 (q, /] = 2.0 Hz, 1H), 4.34 (dd, ] = 2.9, 1.9 Hz, 2H), 2.68 (dq, ] = 12.3, 3.0
Hz, 1H), 2.20 — 1.20 (m, 13H), 0.91 (s, 9H), 0.07 (s, 6H). The analytical data for this compound were
in excellent agreement with the reported data.!4

Tert-butyl ((5-oxocyclopent-1-en-1-yl)methyl)carbamate, 2-7b.

Starting from 0.23 mmol of Co complex 2-1b. Isolated yield. Method A: 17 mg, 36%; Method B: 32
mg, 67%; Method C: 28 mg, 57% (pale orange oil). 'TH NMR (400 MHz, CDCl3) 8 7.49 (s, 1H), 5.02
(brs, 1H), 3.91 (d, ] = 6.7 Hz, 2H), 2.69 — 2.55 (m, 2H), 2.47 — 2.38 (m, 2H), 1.44 (s, 9H). 3C NMR
(101 MHz, CDCl3) 8 209.22, 159.29, 155.81, 143.05, 79.43, 36.09, 34.81, 28.33, 26.61. HRMS (ESI)
calculated for C11H17NNaO3 234.1101, found 234.1099 [M+Na|*. IR (ATR-FTIR) vmax = 3368, 2981,
2928, 1735, 1698 cm™.

2-(trimethylsilyl)cyclopent-2-en-1-one, 2-7c.

? /_
Si
N

Starting from 0.22 mmol of Co complex 2-1c. Isolated yield. Method A: 6 mg, 15%; Method B: 16
mg, 43% (colourless oil). 'TH NMR (400 MHz, CDCls) 8 7.79 (t, | = 2.6 Hz, 1H), 2.66 (dt, ] = 7.5,
2.5 Hz, 2H), 2.37 — 2.30 (m, 2H), 0.18 (s, 9H). The analytical data for this compound were in excellent
agreement with the reported data.?2

2-((( Tert-butyldimethylsilyl)oxy)methyl)cyclopent-2-en-1-one, 2-7e.
o)

Q/OTBS

Starting from 0.41 mmol of Co complex 2-1e. Isolated yield. Method B: 36 mg, 40% (coloutless oil).
H NMR (400 MHz, CDCl3) 6 7.53 (ddd, J = 4.6, 2.7, 1.9 Hz, 1H), 4.37 (td, ] = 2.8, 1.8 Hz, 2H),
2.66 — 2.57 (m, 2H), 2.54 — 2.42 (m, 2H), 0.92 (s, 9H), 0.08 (s, 6H). The analytical data for this
compound were in excellent agreement with the reported data.?+
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4-Methyl-N-((5-oxocyclopent-1-en-1-yl)methyl)benzenesulfonamide, 2-7f.

Starting from 0.22 mmol of Co complex 2-1f. Isolated yield. Method B: 43 mg, 72%; Method C: 38
mg, 64% (colourless oil). TH NMR (400 MHz, CDCl3) 6 7.73 — 7.68 (m, 2H), 7.41 (tt, ] = 2.7, 1.3
Hz, 1H), 7.32 — 7.27 (m, 2H), 5.14 (t, ] = 6.4 Hz, 1H), 3.80 (dtd, ] = 6.6, 1.8, 1.2 Hz, 2H), 2.51 — 2.45
(m, 2H), 2.42 (s, 3H), 2.28 — 2.24 (m, 2H). 3C NMR (101 MHz, CDCls) & 208.98, 160.31, 143.48,
140.71, 136.93, 129.60, 127.24, 39.18, 34.53, 26.87, 21.49. HRMS (ESI) calculated for Ci3HisNOsS
266.0845, found 266.0844 [M+H]*. IR (ATR-FTIR) vmex = 3270, 3017, 1689 cm.

3-((( Tert-butyldimethylsilyl)oxy)methyl)-2-propylcyclopent-2-en-1-one, 2-8d.

(@)

Starting from 0.18 mmol of Co complex 2-1d. Isolated yield. Method B (using 10 equiv. of NMO):
6 mg, 12% (coloutrless oil). TH NMR (400 MHz, CDCls) 6 4.54 (s, 2H), 2.59 (dtd, J = 7.1, 2.3, 1.2
Hz, 2H), 2.41 — 2.33 (m, 2H), 2.21 — 2.10 (m, 2H), 1.39 (dq, ] = 14.8, 7.4 Hz, 2H), 0.92 (s, 9H), 0.87
(t, ] = 7.4 Hz, 3H), 0.10 (s, 6H). BC NMR (101 MHz, CDCls) 8 210.07, 171.72, 139.49, 61.36, 34.19,
27.09, 25.96, 25.20, 21.91, 18.47, 14.20, -5.29. HRMS (ESI) calculated for CisH20O,Si 269.1931,
found 269.193 [M+H]*. IR (ATR-FTIR) vima = 2950, 1770, 1464, 840 cm™".

Ethyl 2-(2-(((tert-butoxycarbonyl)amino)methyl)-5-oxocyclopent-1-en-1-yl)acetate, 2-8g.

Starting from 0.23 mmol of Co complex 2-1g. Isolated yield. Method A: 14 mg, 20%; Method B: 43
mg, 64%; Method C: 37 mg, 56% (coloutrless oil). 'TH NMR (400 MHz, CDCls) & 5.05 (br s, 1H),
4.17 — 4.10 (m, 2H), 4.12 (s, 2H), 3.30 (s, 2H), 2.69 — 2.58 (m, 2H), 2.48 — 2.40 (m, 2H), 1.46 (s, 9H),
1.25 - 1.28 (m, 3H). BC NMR (101 MHz, CDCl3) 8 208.04, 172.77, 171.21, 170.73, 156.13, 134.01,
80.01, 61.29, 60.46, 40.85, 33.90, 28.42, 21.11, 14.27. HRMS (ESI) calculated for Ci5H24NOs
298.1649, found 298.1650 [M+H]*. IR (ATR-FTIR) v = 3359, 2972, 1701, 1693, 1650 cm™".

Methyl 2-benzyl-3-oxocyclopent-1-ene-1-carboxylate, 2-8h.

0
OMe

0

Starting from 0.36 mmol of Co complex 2-1h. Isolated yield. Method A: 9 mg, 11%; Method B: 36
mg, 46% (colourless oil). 'TH NMR (400 MHz, CDCls) & 7.30 (ddt, ] = 7.6, 1.5, 0.7 Hz, 2H), 7.27 —
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7.21 (m, 2H), 7.20 — 7.14 (m, 1H), 3.91 (s, 2H), 3.87 (s, 3H), 2.81 — 2.75 (m, 2H), 2.50 — 2.4 (m, 2H).
13C NMR (101 MHz, CDCl3) 8 209.03, 165.57, 154.54, 149.60, 138.28, 129.00, 128.36, 126.32, 52.14,
33.97, 29.65, 26.65. HRMS (ESI) calculated for Ci4H;505 231.1016, found 231.1022 [M+H]*. IR
(ATR-FTIR) vy = 2976, 2954, 1715, 1709 cm'.

Ethyl 2-(2-(((tert-butyldimethylsilyl)oxy)methyl)-5-oxocyclopent-1-en-1-yl)acetate, 2-8i.
0]
OEt

TBSO

Starting from 0.22 mmol scale of Co complex 2-1i. Isolated yield. Method B: 34 mg, 49%; Method
C: 29 mg, 43% (colourless oil). 'TH NMR (400 MHz, CDCls) & 4.58 (s, 2H), 4.12 (q, ] = 7.1 Hz, 2H),
3.32 (s, 2H), 2.64 (dtd, ] = 7.1, 2.3, 1.2 Hz, 2H), 2.44 — 2.39 (m, 2H), 1.25 (t, ] = 7.1 Hz, 3H), 0.92 (s,
9H), 0.10 (s, 6H). BC NMR (101 MHz, CDCl5)  208.41, 174.71, 170.44, 132.66, 62.44, 61.04, 33.80,
28.67, 27.55, 25.95, 18.46, 14.30, -5.40. HRMS (ESI) calculated for CisH2004Si 313.1830, found
313.1834 [M+H]*. IR (ATR-FTIR) vimax = 2958, 2923, 2856, 1734, 1702 cm.

Tert-butyl ((1-ox0-1,3a,4,5,6,6a-hexahydropentalen-2-yl)methyl) carbamate, 2-11b.

ot

Starting from 0.23 mmol of Co complex 2-1b. Isolated yield. Method A: 20 mg, 35%; Method B: 35
mg, 60% (coloutrless oil). TH NMR (400 MHz, CDCls) 8 7.32 — 7.26 (m, 1H), 5.02 (br s, 1H), 3.86
(d, ] = 6.2 Hz, 2H), 3.33 — 3.18 (m, 1H), 2.74 (ddd, / = 10.1, 5.6, 1.8 Hz, 1H), 1.91 — 1.83 (m, 1H),
1.75 - 1.65 (m, 2H), 1.63 — 1.54 (m, 2H), 1.42 (s, 9H), 1.19 (qt, ] = 12.4, 6.5 Hz, 1H). 3C NMR (101
MHz, CDCls) 8 212.36, 162.22, 155.79, 143.11, 79.44, 50.51, 44.25, 36.04, 30.07, 29.35, 28.33, 23.55.
HRMS (ESI) calculated for C14H22NO; 252.1594, found 252.1591 [M+H]*. IR (ATR-FTIR) vimax =
2937, 2869, 1724, 1525, 758 cm™.

2-(Trimethylsilyl)-4,5,6,6a-tetrahydropentalen-1(3aH)-one, 2-11c.
O
Si—
N

Starting from 0.23 mmol of Co complex 2-1c. Isolated yield. Method A: 7 mg, 16%; Method B: 14
mg, 31% (coloutless oil). 'TH NMR (400 MHz, CDCls) 8 7.57 (d, ] = 2.6 Hz, 1H), 3.30 (ddt, ] = 8.5,
5.4,2.5Hz, 1H), 2.71 — 2.62 (m, 1H), 1.89 (dd, ] = 12.7, 6.3 Hz, 1H), 1.75 — 1.61 (m, 2H), 1.56 (dt, |
=12.5,6.0 Hz, 2H), 1.13 (ddq, ] = 18.8, 12.5, 6.4 Hz, 1H), 0.16 (s, 9H). 3C NMR (101 MHz, CDCl3)
5 216.84, 174.91, 147.66, 50.81, 47.85, 30.60, 29.75, 23.50, -1.64. HRMS (ESI) calculated for
Ci1H19OSi 195.1200, found 195.1197 [M+H]*. IR (ATR-FTIR) vm. = 2918, 2850, 1734, 1215, 758

cml,
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Tert-butyl ((6-0x0-3,3a,6,6a-tetrahydro-2H-cyclopenta[b]furan-5-yl)methyl)catbamate, 2-

12b.
ok
9 HN/§O

O

Starting from 0.23 mmol scale of Co complex 2-1b. Isolated yield. Method A: 23 mg, 40%; Method
B: 33 mg, 57% (coloutless oil). 'H NMR (400 MHz, CDCls) 8 7.35 (d, ] = 2.7 Hz, 1H), 5.02 (br s,
1H), 433 (d, ] = 5.6 Hz, 1H), 3.96 (ddd, ] = 9.3, 7.4, 2.0 Hz, 1H), 3.88 (d, ] = 6.9 Hz, 2H), 3.56 —
3.48 (m, 1H), 3.46 — 3.38 (m, 1H), 2.07 (dddd, ] = 10.9, 7.5, 3.4, 2.2 Hz, 1H), 1.79 (ddt, ] = 12.6, 5.4,
2.1 Hz, 1H), 1.41 (s, 9H). BC NMR (101 MHz, CDCl3) 8 206.00, 159.05, 155.76, 143.56, 80.48, 67.48,
42.88, 35.96, 30.06, 28.31. HRMS (ESI) calculated for CisHxNO4 254.1387, found 254.1382
[M+H]*. IR (ATR-FTIR) vmax = 2955, 2917, 2850, 1715, 1168, 758 cm.

5-(trimethylsilyl)-2,3,3a,6a-tetrahydro-6H-cyclopenta[b]furan-6-one, 2-12c.
)

I+
Si—
\

Starting from 0.23 mmol scale of Co complex 2-1c. Isolated yield. Method A: 9mg, 21%; Method B:
35 mg, 82% (coloutless oil). 'TH NMR (400 MHz, CDCl3) 8 7.62 (d, | = 2.7 Hz, 1H), 4.28 (d, ] = 5.7
Hz, 1H), 3.95 (ddd, ] = 9.3, 7.4, 2.0 Hz, 1H), 3.52 — 3.41 (m, 2H), 2.08 (dddd, ] = 12.5, 10.9, 9.8, 7.4
Hz, 1H), 1.79 (ddt, ] = 12.5, 5.5, 2.0 Hz, 1H), 0.18 (s, 9H). 3C NMR (101 MHz, CDCls) & 210.18,
171.32, 148.39, 80.92, 67.25, 46.04, 30.41, -1.80. HRMS (ESI) calculated for CioH17O28i 197.0992,
found 197.0996 [M+H]*. IR (ATR-FTIR) vima = 2955, 2859, 17006, 1248, 841 cm-1.
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'H NMR and ”C NMR spectra
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Chapter 3 — Catalytic PKR in Ethylene Glycol - Toluene

The Pauson-Khand reaction (PKR),"” a metal-catalysed [2+2+1] cycloaddition coupling
an alkyne, an alkene and CO is one of the most powerful synthetic tools with which to
prepare cyclopentenones.™ The stoichiometric version of the reaction uses large amounts of
dicobalt octacarbonyl with the subsequent drawbacks of price, residue disposal and difficult
purification of the final product. In this regard, the development of catalytic methodologies
to reduce the amount of metal are required for large scale preparations. Several catalytic
versions of the PKR involving the use of other metals such as Ti,” Ru,’ Rh,” Ni® and It” or
bimetallic species, have been described."” However, the use of cobalt complexes is probably
the most practical and economical approach. Although the catalytic system can be prepared
in sitn by reducing CoBr; with Zn under CO pressure,'" dicobalt octacarbonyl continues to

be the most common catalyst.12

Many additives have been described to improve the yields in the cobalt-catalysed PKR.
Ureas such as tetramethyl thiourea (TMTU),"” phosphites,' triphenylphosphines,” hard
Lewis bases'® and sulphides'” are the most relevant. However, the use of large amounts of

additives usually hinders the purification of the product.

Catalyst recycling is cleatly desirable. Several heterogeneous catalytic systems such as
colloidal cobalt nanoparticles (NPs),” cobalt on charcoal” or cobalt Raney’'have been
described for the PKR.". However, to the best of our knowledge, there are no precedents
of catalyst recycling in homogenous systems.

a

Based on a previous methodology developed by Baran and co-workers,” our group
recently reported that, ethylene glycol (MEG) can enhance the alkene range in the
stoichiometric N-Oxide promoted intermolecular PKR (Scheme 3.1).” In the present study
we report that this additive also has a positive effect on cobalt-catalysed PKR, allowing the
reaction to be performed with very low catalyst loadings, reducing undesired by-products,

facilitating the purification of the final product and permitting the catalyst recycling by

simple liquid-liquid separation.
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X (o]
R! [ W Co,(CO)g (1 equiv) R
% N NMO (6equiv) .~~~

y

R? A oH  * 2
R
@ Oc Ho” "

CH,CI,

Scheme 3.1. Previous work of MEG-assisted intermolecular PKR.

We chose three standard enynes 3-la-c to test the intramolecular catalytic PKR. As
expected, the reaction proceeded smoothly in toluene using 5 mol % of Co,(CO)s to afford
the corresponding bicyclic cyclopentenones in moderate to good yields. The yields of the
oxygen-containing enyne 3-1c were slightly lower than those of 3-1a and 3-1b. Under the
same conditions but using MEG/toluene (15% v/v) instead of pure toluene (entries 1-3,
Table 3.1) the yields consistently increased by approximately 10 points. Although the increase
in yield was moderate, the reaction crudes were much cleaner in MEG-toluene, thus allowing

easier work-up and purification.

We then, turned our attention to the intermolecular version. Terminal alkynes 3-1d-j were
reacted with norbornadiene (NBD) or norbornene (entries 1-7 and 8, respectively, Table 3.2)
under CO pressure using dicobalt octacarbonyl as catalyst affording cyclopentenones 3-2d-
j in good to excellent yield. Except in one case (entry 7) the yields clearly improved when
using the MEG/toluene mixture. Moreover, a significant improvement in terms exo:endo
selectivity was also achieved in all cases. In entry 4, for instance, only traces of trimerization
of phenylacetylene —a common byproduct in catalytic PKR that is usually avoided by adding
triphenylphosphine- was detected. In addition, no endo adduct was observed. It is worth
noting that 3-2d and 3-2e are the most interesting substrates from the synthetic point of

view since they have been used in the synthesis of several biologically active compounds.*
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Table 3.1. Catalytic Intramolecular Pauson-Khand Reaction.”

Entry Enyne Cyclopentenone Yield (%)°
EtoOC < — Et00C A: 81
1 Etooc 7 Etooc%c’ B: 90
3-1a
3-2a
” oo
TsN A: 83
TsN 0
2 v ) B: 91
3-1b 3-2b
9 (>
o o o A: 47
5 7 B: 60
3-1c
3-2¢

aReaction conditions A: enyne (100 mg, 1.0 equiv.), Co2(CO)s (0.05 equiv.) in toluene at 80 °C under
CO (1 atm), overnight. Reaction conditions B: Same but using MEG—toluene (15% v/v) as additive.
b Isolated yields.

Table 3.2. Catalytic Intermolecular Pauson-Khand Reaction.”

Entry Alkyne Cyclopentenone exo:endo Yield (%)°
H i A: 93:7 A: 75
TMS
1 Il w B: 93.7 B: 99
3-1d 3-2d
NHBoc o
A: 83:17 A: 60
2 H NHBoc B: 93:7 B: 93
3-1e 3-2¢
SPh o
3 Iﬁ Ph A: 93:7 A: 79
B: 96:4 B: 93
3-1f 3-21

A Q‘ O A: 98:2 A: 89

l | B: >99 B: 91
3-2g
3-1g
_NHTs °
A: 93:7 A: 80
5 I I NHTs
B: 95:5 B: 85
3-1h 3-2h
_oTBs °
6 l l oras A: 93:7 A: 56
B: 95:5 B: 70
31i 3-2i
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o
7 A:93:7 A: 75
I I B: >99 B: 72

34 32
T™MS o
g I l ™S A:86:14 A: 94
B: >99 B: 98
3-1d 33

2 Reaction conditions. A: norbornadiene (5.0 equiv.), alkyne (100 mg, 1.0 equiv.), Co2(CO)s (0.05
equiv.) in toluene at 80 “C under CO (1 atm), overnight. B: Ethylene glycol (15% v/v) was added as
additive.  Norbornene was used as alkene.

Apart from the effect of MEG on the yield and exo/endo selectivity, the addition of this
compound to the reaction mixture also gave a much cleaner crude product. In fact, after
completion of the reaction, two phases were clearly observed: a slightly coloured upper
toluene layer and a dark red lower MEG layer (Figure 3.1). Therefore, when the reaction
finished, toluene and MEG formed two immiscible liquid layers. We assumed that most of
the product remained in the organic phase whereas most of the cobalt species were trapped

in the MEG layer.

Figure 3.1. Reaction crude of 3-3 after 17 hours of heating (entry 8, Table 3.2). With MEG
as additive (left) and without MEG (right).

To test this assumption, the upper layer was separated and a solution of alkyne and alkene
in toluene was added to the MEG phase. Heating at 80°C under CO (1 atm) the PKR
proceeded again thereby proving that the cobalt species that remain into the MEG phase
were catalytically active. This observation prompted us to use the novel methodology to test
the recycling of Cox(CO)s. For this purpose, 3-1d and N-protected propargyl amine
acetylenes 3-1e and 3-1h were selected as alkynes and norbornadiene as alkene. The reaction

was petformed using an initial loading of 10 mol% of Co2(CO)sin MEG/toluene (15% v/v).
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The reaction mixture was stirred at 80 “C overnight under CO (1 atm). Then, the reactor was
depressurized and the supernatant organic layer was separated. A fresh toluene solution of
alkyne and NBD was added to the MEG layer containing the cobalt complexes. The second
catalytic cycle finished after 36 h (monitored by TLC) and the operation was repeated. Finally,
the third catalytic cycle lasted 72 h. Each of the toluene layers was collected, evaporated and
chromatographed affording the corresponding PK-adducts (Table 3.3). The overall yields
were excellent and less than 10% of the product was found in the final MEG layer. Therefore,
it was possible to perform up to three catalytic cycles (Table 3.3). In this case, the exo:endo

selectivities were similar to those obtained with the previous methodology.

Table 3.3. Catalytic Recyclability.”

. Opverall yield
b
Entry Alkyne Cyclopentenone Yield (cycle) ChF
0
e s 95 (first)
1 Iil 90 (second) 85 % (90:10)
314 s 71 (third)
NHBoc o 99 (f )
irst 0
2 |H @ANHBW 93 (second) (Zig’
16 220 85 (third) %)
NHTs o
99 (first) 0
3 Iﬁ @A NHTs 92 (second) 3@?
85 (third) 05:5)
3-1h 3-2h

aReaction conditions C. Three cycles of alkyne (200 mg, 1.0 equiv.) and norbornadiene (5.0 equiv.),
were run with Co2(CO)s (10 mol%) MEG-toluene (15% v/v) at 80 *C under CO (1 atm); PYield after
each catalytic cycle. <Isolated overall yield. In parentheses, overall exv:endo ratio.

The MEG-phase containing the cobalt residues degraded during each catalytic cycle, until
it became inactive (Figure 3.2). As far as we know, this is the first example of catalyst recycling
done homogeneously by simple liquid-liquid separation. In this regard, the amount of cobalt

catalyst was reduced to 3 mol%.
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Figure 3.2. Catalytic intermolecular PKR of 3-1e with NBD recycling the catalyst that
remain in the MEG phase. After the first cycle (left), after the second cycle (center) and

after the third cycle (right).

The process was scaled up to gram scale, and catalyst loading was reduced to 1 mol%
without the need of catalyst recycling (Scheme 3.2). To the best of our knowledge, this is

the lowest catalyst loading successfully used in the intermolecular PKR.

(o)
NHBoc
Co0,(CO)g (1 mol%)
+ NHBoc
| | toluene:MEG 5:1
31e 5.0 equiv. 2 atm CO, 80 °C,
overnight 3-2¢
gram scale 91% isolated yield

Scheme 3.2. Gram-scale intermolecular PKR using MEG/toluene as solvent. Alkyne 3-1e
(1g), norbornadiene (5.0 equiv.) and 1 mol% of Co,(CO)swere used.

In summary, we have demonstrated that the mixture of MEG-toluene (15% v/v)
enhances the PKR allowing the use 1mol% of Co,(CO)s as catalyst under low CO pressure
(1 atm). When the reactions were finished, the toluene and MEG formed immiscible layers
thus facilitating the work-up because the toluene layer contained most of the product. Since
the MEG layer contains most of the cobalt species it can be reused by adding a fresh solution
of alkyne and alkyne. This new synthetic protocol for catalytic PKR is efficient, practical and

has the lowest catalyst loading reported to date in cobalt-catalysed PKR.
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Experimental Section

Reactions were carried out under CO in an oven-dried pressure tube. Anhydrous toluene was
obtained from commercial suppliers. Reactions were monitored by TLC analysis using Merck silica
gel 60 F-254 thin layer plates. Solvents were removed under reduced pressure with a rotary
evaporator. Silica gel chromatography was performed using an automated chromatography system
(PuriFlash® 430, Interchim). NMR at 400 MHz for 'H and at 101 MHz for '3C. Chemical shifts (8)
are given in ppm and referenced to internal solvent resonances and reported relative to
tetramethylsilane (TMS). Coupling constants (]) are reported in Hertz (Hz). High-resolution mass
spectra (ESI) were recorded on a LC/MSD-TOF G1969A (Agilent Technologies). Enynes 3-1a,7 3-
1b7¢ and 3-1c?? were prepared following the literature. Terminal alkynes 3-1h and 3-1e were prepared
by following our previously reported procedure.?’

General procedure for the catalytic Pauson-Khand Reaction.

Method A. In a flame-dried pressure tube containing a magnetic stirrer, the corresponding 1,6-enyne
(100 mg, 1.0 equiv.) or alkyne (100 mg, 1 equiv) was dissolved in anhydrous toluene (0.3 M). Co2(CO)s
(5 mol% or 1 mol% as indicated) was added. In intermolecular reactions norbornadiene or
norbornene (5.0 equiv) were also added. The pressure vessel was first purged with N2 and then with
CO (x3). Finally, it was charged with 1-2 bar of CO and heated to 80 °C. The reaction was stirred
overnight. The CO was removed using the vacuum line and the biphasic solution was concentrated
under reduced pressure. The crude was purified by column chromatography using hexanes:EtOAc

mixtures of increasing polarity.

Method B. Same procedutre but MEG (15% v/v) was added to the mixture

General procedure for catalyst recycling in catalytic ethylene glycol-assisted Pauson-Khand
Reaction (Method C).

In a flame-dried pressure tube containing a magnetic stirrer, the corresponding alkyne (200 mg, 1.0
equiv.) and alkene (5.0 equiv.) were dissolved in anhydrous toluene (0.3 M). Then, MEG (15% v/v)
and Coz(CO)s (10 mol%) were added. The pressure vessel was first purged with N2 and then with
CO (x3). Finally, it was charged with 1-2 bar of CO and heated it up to 80 °C. The reaction was left
stirring overnight. Afterwards, the CO was removed in the vacuum line. The biphasic solution was
separated and the supernatant phase was collected. The MEG-containing phase was kept in the
pressure tube and alkyne (200 mg, 1.0 equiv.), alkene (5.0 equiv.) and freshly anhydrous toluene were
added. The same procedure as above was carried out and the reaction was left during 36 h (second
cycle). For the third cycle, the methodology was repeated again and the reaction was stirred for 48-
72 h. Finally, each organic phase was concentrated under reduced pressure and purified by column
chromatography using hexane:EtOAc mixtures of increasing polarity.
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Diethyl 6-methyl-5-0x0-3,3a,4,5-tetrahydropentalene-2,2(1H)-dicarboxylate, 3-2a.
0]
Me

EtOOC COOEt
Starting from 0.40 mmol of alkyne 3-1a; isolated yield; Method A: 91 mg (81%); Method B: 101 mg
(90%); colourless oil. 'TH NMR (400 MHz, CDCls) & 4.23 (dq, / = 15.8, 7.1 Hz, 4H), 3.28 — 3.13 (m,
2H), 2.97 (s, 1H), 2.78 (dd, ] = 12.7, 7.4 Hz, 1H), 2.65 (ddd, ] = 17.9, 6.3, 0.8 Hz, 1H), 2.08 (dd, ] =
17.9, 3.1 Hz, 1H), 1.72 (ddd, ] = 2.5, 1.7, 1.0 Hz, 3H), 1.65 (t, ] = 12.6 Hz, 1H), 1.27 (dt, ] = 9.8, 7.1
Hz, 6H). The analytical data for this compound were in excellent agreement with the reported data.”
6-Methyl-2-tosyl-2,3,3a,4-tetrahydrocyclopenta[c]pyrrol-5(1H)-one, 3-2b.
O

Me

N
Ts

Starting from 0.38 mmol of alkyne 3-1b; isolated yield; Method A: 92 mg (83%); Method B: 101 mg
(91%); off white solid. TH NMR (400 MHz, CDCl3) 8 7.78 — 7.69 (m, 2H), 7.40 — 7.33 (m, 2H), 4.24
(d, ] =16.1 Hz, 1H), 4.00 (dd, ] = 6.8, 2.5 Hz, 1H), 3.97 (d, ] = 2.7 Hz, 1H), 3.01 (s, 1H), 2.65 — 2.54
(m, 2H), 2.44 (s, 3H), 2.07 — 1.98 (m, 1H), 1.68 (ddd, ] = 2.5, 1.7, 0.9 Hz, 3H). The analytical data for
this compound were in excellent agreement with the reported data.”

6-Methyl-3a,4-dihydro-1H-cyclopenta[c]furan-5(3H)-one, 3-2c.
0]

O

Starting from 0.91 mmol of alkyne 3-1c; isolated yield; Method A: 59 mg (47%); Method B: 75 mg
(60%); pale orange oil. 'TH NMR (400 MHz, CDCl;) 8 4.63 — 4.44 (m, 2H), 4.31 (d, ] = 5.0 Hz, 1H),
3.18 (d, ] = 3.8 Hz, 2H), 2.71 — 2.62 (m, 1H), 2.12 (dd, J = 18.0, 2.6 Hz, 1H), 1.76 (s, 3H). The
analytical data for this compound were in excellent agreement with the reported data.?*

(4S,7R)-2-(Trimethylsilyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one, 3-2d.

Starting from 1.02 mmol of alkyne 3-1d; isolated yield; Method A: 167 mg (75%); Method B: 220 mg
(99%); oft-white solid. Method C: 15t cycle: 421 mg (95%); 2nd cycle: 400 mg (90%); 3 cycle 315 mg
(71%). TH NMR (400 MHz, CDCl3) 8 7.59 (dd, ] = 2.5, 0.5 Hz, 1H), 6.28 — 6.23 (m, 1H), 6.22 - 6.16
(m, 1H), 2.91 (d, ] = 2.1 Hz, 1H), 2.84 (ddt, ] = 5.2, 2.3, 1.1 Hz, 1H), 2.69 (dtt, ] = 3.1, 1.6, 0.8 Hz,
1H), 2.28 (ddd, ] = 5.2, 1.6, 1.1 Hz, 1H), 1.39 — 1.36 (m, 1H), 1.20 — 1.16 (m, 1H), 0.17 (s, 9H). The
analytical data for this compound were in excellent agreement with the reported data.??
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tert-Butyl (((4S,7R)-1-0x0-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-2-
yl)methyl)carbamate, 3-2e.

NHBoc

Starting from 0.64 mmol of alkyne 3-1e; isolated yield; Method A: 106 mg (60%); Method B: 164 mg
(93%); pale orange oil. Method C: 15t cycle: 349 mg (99%); 20d cycle: 318 mg (93%); 31 cycle 300 mg
(85%). 'TH NMR (400 MHz, CDCls) 8 7.34 (s, 1H), 6.29 (dd, ] = 5.6, 3.1 Hz, 1H), 6.20 (dd, ] = 5.7,
3.0 Hz, 1H), 5.01 (s, 1H), 3.87 (d, ] = 6.0 Hz, 2H), 2.91 (s, 1H), 2.78 — 2.72 (m, 1H), 2.72 — 2.66 (m,
1H), 2.31 (dt, /] = 5.0, 1.4 Hz, 1H), 1.43 (s, 9H), 1.30 — 1.18 (m, 2H). The analytical data for this
compound were in excellent agreement with the reported data.??

(4S,7R)-2-((Phenylthio)methyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one, 3-2f.

SPh

Starting from 0.67 mmol of alkyne 3-1f; isolated yield; Method A: 142 mg (79%); Method B: 167 mg
(93%); pale orange oil. 'H NMR (400 MHz, CDCl5) 6 7.37 — 7.21 (m, 5H), 7.20 — 7.16 (m, 1H), 6.25
(dd, ] = 5.6,3.1 Hz, 1H), 6.18 (dd, ] = 5.6, 3.0 Hz, 1H), 3.73 — 3.56 (m, 2H), 2.91 (d, ] = 2.9 Hz, 1H),
2.70 — 2.65 (m, 1H), 2.58 (d, ] = 2.9 Hz, 1H), 2.31 (dq, ] = 5.0, 1.2 Hz, 1H), 1.31 (dd, ] = 9.5, 2.1 Hz,
1H), 1.08 (d, ] = 9.4 Hz, 1H). The analytical data for this compound were in excellent agreement with
the reported data.??

(4S,7R)-2-Phenyl-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one, 3-2g.

Starting from 0.98 mmol of alkyne 3-1g; isolated yield; Method A: 194 mg (89%); Method B: 198 mg
(91%); off-white solid. 'TH NMR (400 MHz, CDCls) & 7.73 — 7.67 (m, 3H), 7.41 — 7.32 (m, 3H), 6.34
(dd, J = 5.6, 3.1 Hz, 1H), 6.26 (dd, | = 5.6, 2.9 Hz, 1H), 3.03 (s, 1H), 2.87 — 2.82 (m, 1H), 2.79 (s,
1H), 2.48 (dt, ] = 5.1, 1.4 Hz, 1H), 1.43 (dt, ] = 9.4, 1.6 Hz, 1H), 1.35 (d, ] = 9.7 Hz, 1H). The
analytical data for this compound were in excellent agreement with the reported data.?>

4-Methyl-N-(((4S,7R)-1-0x0-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-2-yl)methyl)

benzenesulfonamide, 3-2h. o
H

NHTs

Starting from 0.48 mmol of alkyne 3-1h; isolated yield; Method A: 126 mg (80%); Method B: 134 mg
(85%); pale orange oil. Method C: 1stcycle: 312 mg (99%); 20d cycle: 291 mg (92%); 31 cycle 268 mg
(85%). 'TH NMR (400 MHz, CDCl3) 6 7.71 (dd, J = 8.3, 2.0 Hz, 2H), 7.31 (d, /] = 8.8 Hz, 1H), 7.29
—7.27 (m, 2H), 6.26 (dd, ] = 5.6, 3.0 Hz, 1H), 6.17 (dd, J = 5.6, 3.0 Hz, 1H), 5.10 — 5.02 (m, 1H),
3.76 (d, ] = 5.9 Hz, 2H), 2.85 — 2.80 (m, 1H), 2.65 — 2.62 (m, 2H), 2.41 (s, 3H), 2.18 (dt, ] = 4.9, 1.4
Hz, 1H), 1.32 (dt, ] = 9.6, 1.5 Hz, 1H), 1.06 — 0.99 (m, 1H). 3C NMR (101 MHz, CDCl;) & 209.07,
161.35, 144.81, 143.55, 138.43, 136.99, 136.78, 129.70, 127.19, 52.83, 48.106, 43.55, 42.76, 41.13, 39.16,
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21.49. HRMS (ESI): 7/z [M+H]* caled for CisH2oNOsS: 330.1158; found: 330.1165. IR (ATR-
FTIR): 3270, 2977, 2371, 2256, 1692, 1325, 1160 cm-.

(4S,7R)-2-(((tert-Butyldimethylsilyl)oxy)methyl)-3a,4,7,7a-tetrahydro-1H-4,7-
methanoinden-1-one, 3-2i.

Starting from 0.59 mmol of alkyne 3-1i; isolated yield; Method A: 96 mg (56%); Method B: 120 mg
(70%); coloutless oil. 'TH NMR (400 MHz, CDCls) 8 7.38 (q, ] = 2.2 Hz, 1H), 6.29 (dd, ] = 5.6, 3.1
Hz, 1H), 6.20 (dd, ] = 5.6, 3.0 Hz, 1H), 4.35 (td, ] = 2.1, 0.9 Hz, 2H), 2.91 (s, 1H), 2.77 (s, 1H), 2.71
(s, 1H), 2.35 — 2.30 (m, 1H), 1.40 (d, ] = 9.3 Hz, 1H), 1.27 — 1.24 (m, 1H), 0.92 (s, 9H), 0.08 (s, 6H).
The analytical data for this compound were in excellent agreement with the reported data.??

(4S,7R)-2-Cyclopropyl-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one, 3-2j.

Starting from 1.51 mmol of alkyne 3-1j; isolated yield; Method A: 211 mg (75%); Method B: 203 mg
(72%); coloutrless oil. TH NMR (400 MHz, CDCls) 8 6.85 (d, ] = 2.8 Hz, 1H), 6.26 (dd, J = 5.6, 3.0
Hz, 1H), 6.19 (dd, J = 5.6, 3.0 Hz, 1H), 2.90 (p, ] = 1.5 Hz, 1H), 2.69 — 2.57 (m, 2H), 2.29 (dt, ] =
5.0, 1.4 Hz, 1H), 1.56 (dddt, ] = 9.4, 8.5, 5.2, 1.0 Hz, 1H), 1.35 (dp, ] = 9.2, 1.6 Hz, 1H), 1.19 (dt, J
=9.3, 1.6 Hz, 1H), 0.86 — 0.77 (m, 2H), 0.60 (ddt, | = 6.6, 3.8, 1.3 Hz, 2H). The analytical data for
this compound were in excellent agreement with the reported data.?+

(4R,7S)-2-(Trimethylsilyl)-3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoinden-1-one, 3-3.

Starting from 1.02 mmol of alkyne 3-1d; isolated yield; Method A: 211 mg (94%); Method B: 220 mg
(98%); coloutless oil. TH NMR (400 MHz, CDCls) 8 7.56 (d, ] = 2.6 Hz, 1H), 2.65 (dd, ] = 5.4, 2.5
Hz, 1H), 2.38 (s, 1H), 2.17 (d, ] = 4.2 Hz, 1H), 2.12 (d, ] = 5.3 Hz, 1H), 1.66 (ddd, ] = 16.5, 8.5, 4.1
Hz, 1H), 1.60 — 1.57 (m, 1H), 1.54 (s, 9H), 1.27 (d, / = 10.0 Hz, 3H), 0.17 (s, 9H). The analytical data
for this compound were in excellent agreement with the reported data.2

62



Chapter 4

Total synthesis of (R)-Sarkomycin Methyl
Ester Via Regioselective Intermolecular
Pauson-Khand Reaction and Iridium-
Catalyzed Asymmetric Isomerization






Chapter 4 — Total Synthesis of (R)-Sarkomycin methyl ester

(R)-Sarkomycin 4-1, first isolated in 1953 from the soil microorganism Streptomyces
erythrochromaogenes,' is a cyclopentenone that rapidly gained relevance not only for its antibiotic
activity, but also for its strong inhibitory effect on several human tumors and carcinoma cell
lines.> Due to its chemical instability, several stable derivatives such as its methyl ester” 4-2

or the cyclic lactone 4-3, so called cyclosarkomycin,’ have been developed.

o) o) o)
o O On
2 ~, /,/// O
COOH COOMe (l)r
41 4-2 4-3

Figure 4.1. Natural sarkomycin 4-1 and stable derivatives.

Although its structure is relatively simple, with only one stereogenic center,” a large
number of synthetic approaches toward sarkomycin (or sarkomycin derivatives) have been
reported, being often used as a benchmark for new synthetic methodologies. Some of the
syntheses addressed the racemic mixture and involves a relatively large number of steps.® In
other cases, the desired enantiopurity was obtained via: (a) kinetic resolution,” (b) the chiral
auxiliary approach,'’ or (c) classical racemic resolution." However, most of these processes
gave low overall yields. A recent report by Von Zezschwitz and co-workers'? was the first to
use asymmetric catalysis. They described a five-step sequence based on the Rh-catalyzed
asymmetric conjugate addition of a hexenyl chain to cyclopentenone. However, none of the
numerous syntheses of sarkomycin published so far have exploited the Pauson-Khand
reaction (PKR)," a text-book method for the construction of cyclopentanic compounds.'
In most cases, they used cyclopentanic starting material. We envisioned that the cyclopentane
ring of (R)-sarkomycin could be rapidly assembled by an intermolecular PKR" using an
appropriate internal alkyne and ethylene. The regioselectivity of internal alkynes in the PKR
has been widely studied'® and has proven useful in the synthesis of natural compounds such

as prostaglandins and phytoprostanes B1."

We hypothesized that the PKR of alkyne 4-4 with ethylene would afford adduct 4-5. The
underlying challenge was the regioselective control of the reaction. In the PKR of internal
alkynes with similar steric hindrance for each substituent, regioselectivity is influenced mostly
by electronic factors.'® According to previous studies, the most electron-withdrawing group
(the methoxycarbonyl, in this case) should go to the 3 position. Therefore, we assumed that,

using 4-4 as alkyne, the major isomer would be enone 4-5. We hypothesized that the
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asymmetric hydrogenation would lead to cyclopentanone 4-6, which after hydrolysis and

elimination, would afford (R)-sarkomycin methyl ester 4-2 (Scheme 4.1).

Q O NHBoc o NHBoc NHBoc

O =07 = =|
“CoOMe “CoOMe COOMe COOMe
4-2 4-6 4-5 4-4

Scheme 4.1. Retrosynthetic analysis of (R)-Sarkomycin methyl ester 4-2.

Here, we report a total five-step synthesis of (R)-sarkomycin methyl ester from acyclic
precursors, using a regioselective intermolecular PKR. During our search for appropriate
asymmetric hydrogenation conditions, we uncovered an unprecedented iridium-catalyzed
asymmetric isomerization of allylcarbamate 4-5 that allowed us to obtain (R)-sarkomycin
methyl ester in excellent enantiomeric excess. The iridium-catalyzed isomerization of allyl
amides' has received very little attention in comparison to other substrates such as allyl
alcohols and allyl amines."”** Moreover, to the best of our knowledge, this is the first example

of an asymmetric isomerization of allyl carbamates to date.

The starting material 4-4, according to our retrosynthetic analysis, was prepared in a
straightforward manner in multigram scale by carboxylation of N-Boc-propargyl amine with

CO,, followed by esterification in 74% overall yield (Scheme 4.2).

NHBoc 4y h.BuLi, THF, -78°C NHBoc
|ﬂ 2) COZ (g)| rt | |
3) CH3l, NaHCO;
H DMF, reflux COOMe
74% overall yield 4-4

Scheme 4.2. Synthesis of internal alkyne 4-4 from N-Boc-propargyl amine.

With alkyne 4-4 in hand, its cobalt hexacarbonyl complex was quantitatively prepared by
treatment with Co(CO)s in toluene. After concentration z vacuo, the complex was submitted
to several PKR conditions (Table 4.1). Although the standard thermal conditions under 6
barG pressure of ethylene gave only trace amounts of the product, we were pleased to see

that by using N-methylmorpholine N-oxide (NMO) as promoter it was obtained in 60-75%
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yields with complete regioselectivity (Table 4.1, entry 1). Inspired by Baran’s work," we
recently reported a new synthetic protocol for intermolecular PKR using ethylene glycol
(MEG) as an additive.” Adding 15% v/v of ethylene glycol to the reaction mixture, the yield
increased up to 85% (Table 4.1, entry 2). Moreover, the crude material was cleaner and the
work-up much easier. We believe that the ethylene glycol behaves as a chelating agent
reducing the activating effect of NMO and allowing coordination of the alkene before

decomposition of the complex.

Table 4.1. Synthesis of cyclopentenone 4-5 using Pauson-Khand reaction with ethylene.

o)
NHBoc 1) Co,(CO)g, toluene NHBoc

| | 2) ethylene (6 barG)

CO,Me CH,Cl,, conditions COyMe
4-4 4-5
entry conditions additives yeld (%o)
1 NMO (10 equiv), rt, 4 h - 60-75
2 NMO (6 equiv), tt, 4 h 4 A MS, MEG 85

l2l Isolated yield.

With the Pauson-Khand adduct 4-5 in hand, we then studied its hydrogenation into the
corresponding cyclopentanone 6. Catalytic hydrogenation using Pd/C afforded the racemic
methyl ester 4-6 (Table 4.2, entry 1). Somewhat surprisingly for a tetrasubstituted olefin, the
hydrogenation took place in quantitative yield at 3 barG or even with a hydrogen balloon.
The stereochemistry of the hydrogenated product was determined to be #rans by 2D-NMR
spectroscopy. In some occasions we have observed the presence of a mixture of ¢s and #rans
stereoisomers. However, the former equilibrates to the more stable #ans under acid catalysis

and even on standing in chloroform solution.
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Table 4.2. Hydrogenation/isomerization of 4-6.

O

O NHBoc H, (3 bar) NHBoc O NHBoc
catalyst _ é// or éﬂ
&// solvent “, -
CO,Me COzMe TO,Me
4.5 4-6 4-7
entry  catalyst  mol % solvent conv (%) yield! ee (%o) 2
1 Pd/C 20 CH.CL, 100 4-6, 100 -
20l 4-8 5 CH.Cl, 53 4-6, nd (R)-49
3kl 4-9 5 CH.Cl, 100 4-6, nd (R)-51
4 4-10a 7 THF 15 nd nd
5 4-11a 7 THF 21 nd nd
6 4-12a 7 THF 70 4-7, 56 (R)-93
7 4-13a 7 THF 55 4-7, 45 (R)-71
gl 4-12a 7 THF 68 4-7, 50 (R)-93
9 4-12b 7 THF 75 4-7, 64 (R)-95
10 4-12¢ 7 THF - - -
11 4-12b 12 THF 88 4-7,70 (R)-95
12 4-12b 12 CH,Cl, 93 4-7,73 (K)-99

[50 barG of H, were used. "Measured by HPLC Chiralpak TA on compound 4-6. [Tsolated yield.

_| CF.S0C P
3 3 il 1Pr
iPr —| BArpe —I BAr,:
O
Rh® S/N\%a Ry -Bu N\®/P\M'tBu
A A
4-8 4-10a-c 4-11a-c
O iPr P
—\— | &, o —|BArF =T TeAr®
S g y
Rh 'tB </N ® P
tBus .~ ® N tBU ! NS B
UI«'P\ /P tBu R \ Me
Me g - —\—
N A ' A
H
4-9 4-12a-c 4-13a-c

Scheme 4.3. Catalysts used in the hydrogenation screening. a: R = Pr; b: R = Ph; c: R = £
Bu.

With pure 4-5 in hand, we performed a catalyst screening for the corresponding
asymmetric hydrogenation. We chose as standard conditions: 50 barG of hydrogen, 5 mol %
catalyst loading and stirring overnight at room temperature. Rh[(R,R)Et-DuPhos
(COD)]CFsS80s3 4-8, the standard Rh catalyst for asymmetric hydrogenation, afforded poor
conversion (53%) with moderate enantiomeric excess (49%) (Table 4.2, entry 2). Using

[Rh(COD)(R-MaxPHOS)|BF, 4-9,** full conversion was achieved, but with moderate
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enantiomeric excess (51%) (Table 4.2, entry 3). We then selected the iridium complexes of
the P,N- ligands MaxPHOX developed by our group (Scheme 4.3), which are highly active
for the asymmetric hydrogenation of cyclic enamides and imines, giving excellent yields and
enantioselectivities.” These modular P,N ligands have three stereogenic centers, thus
allowing the optimization of the stereoselectivity by playing with the four possible
diastereoisomers. We started our hydrogenation study with the four diastereomers 4-10-13a
with isopropyl substituents as catalysts. Two of them (4-10a and 4-11a) showed very low (15-
20%) conversion. However, unexpectedly, the hydrogenation of 4-5 using 4-12a and 4-13a
afforded substantial conversion (45-56%) into exocyclic enamine 4-7 with no traces of the
hydrogenation product 4-6. This observation indicates that an unprecedented isomerization
process had taken place.”” Enamine 4-7 was hydrogenated using Pd/C to the desired
cyclopentanone 6, which showed remarkable enantiomeric excess. Comparing the two best
catalysts, 4-12a (Table 4.2, entry 6) outperformed 4-13a both in terms of conversion and
enantioselectivity (Table 4.2, entry 7). An increase of hydrogen pressure to 50 bar, produced
only traces of hydrogenated product; enamine 4-7 was still the major product without erosion
of the enantioselectivity (Table 4.2, entry 8). We concluded that the ¢is configuration of the
two bulky groups (in the oxazoline and the phosphorous atom) was necessary for the
isomerization to occur. Of the two catalysts with such a requirement, 4-12a gave the best
enantioselectivity; therefore, its configuration was considered optimum. We then modified
the substituent in the oxazoline ring. An increase in steric hindrance by placing a fer+butyl
group at the oxazoline fragment (catalyst 4-12¢), did not lead to conversion (entry 10).
However, when a phenyl group was placed at the oxazoline (catalyst 4-12b), the conversion
increased and, after conversion into 4-6, the enantiomeric excess rose to 95% ce (Table 4.2,
entry 9). Since the reaction was not complete, we increased the catalyst loading to 12 mol %
(Table 4.2, entry 11). Finally, when performing the reaction in dichloromethane (Table 4.2,
entry 12), 4-6 was obtained in an enantiopure form after hydrogenation of 4-7 with Pd/C
(ee >99).

At first sight, there was no evident driving force for the reaction to occur since the
isomerisation led to a seemingly less conjugated product. In order to gain insight into the
isomerisation process, DFT calculations were performed (more details in the Experimental

26

Section — Computational details).” We found that the isomerization is, in fact, an exergonic

process, AG = -5.4 kcal'mol’. The counterintuitive formation of product 7 can be
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rationalized by considering two key factors, namely: 7) conjugation, and 7) formation of a

strong intramolecular hydrogen bond (Figure 4.2).

In contrast with product 4-5, in which the nitrogen atom had a slightly pyramidalized
geometry, the nitrogen atom in product 4-7 was completely planar. This implies that the
nitrogen p-orbital can overlap with the n-orbitals of the double bond. Therefore, there is no
actual loss of conjugation upon isomerization, since the fragment that goes from the carbonyl
of the cyclopentanone ring to the carbonyl of the Boc group is a completely planar,
conjugated m-system. Inspection of the frontier molecular orbitals clearly illustrates this
point, with the HOMO and LUMO being a combination of all the aforementioned p-orbitals

forming an extended, conjugated n-system.

HOMO (88% p-character) LUMO (83% p-character)

Figure 4.2. (a) Structures of the products before and after isomerisation. The planar
conjugated systems are depicted in blue. Hydrogen bonds are shown in magenta. (b)
Schematic representation of the conjugated n-system of product 4-7. (c) HOMO and

LUMO of product 4-7 and major atomic contributions to the molecular orbitals.

Intramolecular hydrogen bonds are also responsible for the stabilisation of product 4-7.
The strong hydrogen bond explains the experimental observation of the Z-isomer of the
enamide as the only product. Although product 4-5 also has an intramolecular hydrogen

bond, NBO calculations and NCI (non-covalent interactions) analysis showed that it is
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significantly weaker than the hydrogen bond in product 4-7. This could also be observed by
IR (Scheme 4.4): the NH frequency of 4-7 (3301 cm-1) appears at a shorter wavelength than
4-5 (3401 cm-1) and 4-6 (3439 cm-1).

o 'f o H o---H
NBoc :/4 NBoc f/ \NBoc
E - H
CO,Me CO,Me to,Me
4-5 4-6 4-7
IR NH frequency (cm-1): 3401 3439 3301

Scheme 4.4. IR frequencies of the NH. The shortest wavelength corresponds to the

strongest hydrogen bond.

With the enantiopure compound 4-6 in hand, we then proceeded to perform the last steps
(Scheme 4.5). Boc-deprotection was first attempted using TFA or HCI in MeOH. However,
a considerable amount of base was then required to neutralize the solution. We realized that
the chiral position was easily racemized in basic media and that neutral conditions were
required. After much experimentation we found that TMSCl in MeOH were the best reaction
conditions for the cleavage of the Boc protecting group. After evaporation of the solvent,
the crude product was dissolved in DMF, and NaHCOs; (4.0 equiv) and Mel (4.0 equiv) were
added to form the quaternary ammonium salt which eliminated spontaneously. When the
reaction was completed by TLC, it was treated with water and extracted with diethyl ether.
Due to the volatility of 4-2, great care had to be taken to evaporate the solvent. The desired
(R)-sarkomycin methyl ester (4-2) was obtained in 45% yield. An enantiomeric excess of 98%

was determined by HPLC analysis.

®  NHBoc 1y4426,H, |  NHBoc Q
CH,Cly % / 1) TMSCI, MeOH %
_— >
2) Pd/C, H, 5 2) CHgl, NaHCO; 5
CO,Me TO,Me DMF, rt ‘To,Me
4-5 73% 4-6 45% 4-2

Scheme 4.5. Final steps to afford (R)-sarkomycin methyl ester 4-2.
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In summary, we have described an innovative, short and enantioselective synthetic route
to the antibiotic (R)-sarkomycin methyl ester 4-2. We were able to concisely build a
significant degree of molecular complexity using a novel approach based on high-yielding
and remarkably selective steps. Starting from acyclic precursors, the regioselective
intermolecular PK afforded the tetrasubsituted enone in excellent yields. The use of ethylene
glycol as additive improved the yield significantly. The PK adduct was then subjected to an
unprecedented asymmetric isomerization catalyzed by an Ir-MaxPHOX complex. The
resulting exocyclic enamine was subsequently hydrogenated and deprotected. Spontaneous
elimination of the quaternary ammonium salt afforded the desired natural product as a
methyl ester. The unexpected isomerization process catalyzed by a P,N-iridium complex is
unprecedented and paves the way to new catalytic isomerization methodologies. The scope

of this new transformation is currently being addressed by our group.
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Experimental Section

Materials

Unless otherwise indicated, materials were obtained from commercial suppliers and used without
further purification. All reactions that required anhydrous conditions were performed in dried
glassware under a dry nitrogen atmosphere. Anhydrous and deoxygenated dichloromethane used in
the Pauson-Khand reaction was taken from a solvent purification system (SPS PS-MD-3). Solvents
were removed under reduced pressure with a rotary evaporator. Silica gel chromatography was
performed using an automated chromatography system (PuriFlash® 430, Interchim). MBraun
UNILAB glove box system was used for the iridium-catalyzed asymmetric isomerization. Synthesis
of phosphinous acid borane was carried out as previously described by us.!

Instrumentation

NMR spectroscopy: 'H, 3C, 3P and 2D-NMR spectra were recorded on the NMR spectrometers
of the Centres Cientifics i Tecnologics de la Universitat de Barcelona. The employed spectrometers were a
Varian Mercury 400 MHz. Chemical shifts (3) were referenced to internal solvent resonances and
reported relative to TMS (tetramethylsilane). The coupling constants (J) are reported in Hertz (Hz).
The following abbreviations are used to define multiplicities: s (singlet), d (doublet), t (triplet), q
(quadruplet), dd (doublet of doublets), ddd (doublet of doublets of doublets), dt (doublet of triplets),
td (triplet of doublets), tdt (triplet of doublets of triplets), dq (doublet of quadruplets), m (multiplet),
br s (broad signal). The peaks marked with a * correspond to residual solvents.

High Resolution Mass Spectrometry: High resolution ESI-MS spectra were recorded in an
LC/MSD-TOF G1969A (Agilent Technologies) of the Centres Cientifics i Tecnologics de la Universitat de
Barcelona.

IR spectroscopy: IR spectra were measured in a Thermo Nicolet 6700 FT-IR spectrometer using
an ATR system, of the Department of Inorganic and Organic Chemistry of the Universitat de
Barcelona.

Optical rotations were measured at room temperature (25°C) using a Jasco P-2000 iRM- 800
polarimeter. Concentration is expressed in g/100 mL. The cell sized 10 cm long and had 1 mL of

capacity, measuring A was 589 nm, which corresponds to a sodium lamp.

Melting points were determined using a Biichi melting point apparatus and were not corrected.

1 (a) Ledn, T.; Riera, A.; Verdaguer, X. . Am. Chem. Soc. 2011, 133, 5740-5743 (b) Verdaguer, X.; Orgué, S,;
Flores, A.; Biosca, M.; Pamies, O.; Diéguez, M.; Riera, A. Chem. Commun. 2015, 57, 17548-17551 (c) Salomé, E.;
Orgué, S.; Riera, A.; Verdaguer, X. Angew. Chem. Int. Ed. 2016, 55 (28), 7988-7992.

75



Chapter 4 — Total Synthesis of (R)-Sarkomycin methyl ester

Experimental procedures of Sarkomycin synthesis

Methyl 4-((tert-butoxycarbonyl)amino] but-2-ynoate, 4-4

/\NHBOC

MeOZC

A solution of N-Boc-propargylamine? (1 g, 6.84 mmol, 1 equiv) in dry THF (23 mL) was placed in a
Schlenk flask. #-Butyl lithium, 2.5M (3 mL, 7.52 mmol, 1.1 equiv) was added dropwise at -78 °C. The
resulting mixture was stirred for 30 min and allowed to warm up to 0 °C. Then, a flow of CO; was
bubbled into the mixture through a needle. The gas -generated by evaporation of dry ice pellets- was
dried bubbling through conc. HoSO4. The reaction was allowed to warm to 0 °C under stirring. After
1 hour stirring at 0°C, the reaction mixture was allowed to warm to room temperature and stirred 2-
3 additional hours. When the reaction was complete by TLC, it was quenched with NH4Cl, diluted
with H>O and washed with EtOAc (x3), to ensure the removal of starting material. Then, the aqueous
phase was acidified with HCI 1M to pH = 2, and extracted with EtOAc (x3). The organic layers were
dried (MgSO4) and concentrated. The crude, without further purification, was dissolved in anhydrous
DMF (30 mL). NaHCOs3 (6.86g, 82 mmol, 2.55 equiv) and Mel (6.50 mL, 106 mmol, 3.3 equiv) wete
added. The mixture was stirred at reflux overnight. Once the reaction was complete, it was quenched
with water and extracted with Et2O (x3). The organic layer was washed with brine, dried over MgSOy4
and concentrated under reduced pressure. Putification over SiO using hexane/EtOAc mixtures of
increasing polarity afforded 74% yield of a colotless oil (1.1g, 5.06 mmol).

H NMR (400 MHz, CDCls) 8 1.45 (s, 9H), 3.78 (s, 3H), 4.07 (br s, 2H), 4.74 (br s, 1H) ppm. The
analytical data for this compound were in excellent agreement with the reported data.3

Methyl 2-(((tert-butoxycarbonyl)amino)methyl)-3-oxocyclopent-1-ene-1-carboxylate, 4-5

0O
NHBoc

CO,Me

A solution of 4-4 (360 mg, 1.68 mmol, 1.0 equiv) in toluene (2 mL) was added dropwise to a round-
bottom flask containing Co2(CO)s (1.05 equiv) under stirring. The mixture was stirred at room
temperature under nitrogen until the starting alkyne was completely consumed, monitoring by TLC
(30-45 minutes, approximately). The crude product was evaporated to dryness and purified by silica
gel chromatography with hexanes as eluent. Pure alkyne hexacarbonyl dicobalt complex was obtained
in quantitative yield (840 mg, 1.68 mmol).

The corresponding dicobalt complex was dissolved in anhydrous CH2Cl, (11 mL/mmol) and charged
to a pressure reactor. Ethylene glycol,* (1.71 mL/mmol) and 4A molecular sieves (317 mg/mmol)
were also added. The reactor was purged with nitrogen and charged with ethylene at 5 barG. The
reaction was stirred during 30 minutes. A solution of NMO (1.18 g, 10.08 mmol, 6 equiv) in 3 mL of
anhydrous CHCl, was added in a single portion to the reaction mixture. The reaction was monitored
by TLC until completion, when no cobalt complex was observed. Afterwards, the crude was quickly
filtered by a short plug of neutral Al,O3 and washed three times with EtOAc to eliminate cobalt
residues. The solvent was concentrated at low temperature and the crude was purified by column

2 Chachignon, H.; Scalacci, N.; Petricci, E.; Castagnolo, D. J. Org. Chem. 2015, 80 (10), 5287-5295.
3 Trost, B. M,; Taft, B. R.; Masters, J. T.; Lumb, J.-P. J. An. Chem. Soc. 2011, 133 (22), 8502—850
4 Cabré, A.; Verdaguer, X.; Riera, A. Synthesis 2017, 49, 3945-3951.
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chromatography on SiO; using mixtures of hexanes/EtOAc of increasing polarity to afford 4-5 as a
colorless oil (389 mg, 85%).

tH NMR (400 MHz, CDCL) 8: 5.46 (s, 1H), 4.27 (s, 2H), 3.90 (s, 3H), 2.90 — 2.72 (m, 2H), 2.59 —
2.39 (m, 2H), 1.42 (s, 9H) ppm. BC NMR (101 MHz, CDCl;) &: 208.84, 165.21, 156.39, 155.45,
146.19, 79.40, 52.52, 34.76, 34.15, 28.33, 26.68 ppm. HRMS (ESI) Calculated for CisHioNOs
[M+H]*: 270.1338; Found: 270.1336. IR (ATR) vimas = 3436, 3401 (NH), 2977, 1706 cm!.

Methyl 2-(((tert-butoxycarbonyl)amino)methyl)-3-oxocyclopentane-1-carboxylate, 4-rac-6.
0]

:/4 NHBoc

CO,Me
Pd/C 20% (12.7 mg, 20 mol %) was added to a solution of compound 4-7 (160 mg, 0.594 mmol, 1.0
equiv) in CH:Clz (2 mL). The suspension was introduced into a pressure reactor which was purged
and charged with 3 barG of Ha. After stirring overnight at room temperature, the crude was filtered
through a 0.2 um HPLC Nylon filter and evaporated yielding 4-rac-6 as a colotless oil (161 mg,
quantitative yield).

H NMR (400 MHz, CDCls) 8: 4.95 (br s, 1H), 3.76 (s, 3H), 3.54 — 3.31 (m, 2H), 2.91 (td, /] = 10.9,
0.9 Hz, 1H), 2.73 — 2.58 (m, 1H), 2.48 (ddt, ] = 18.8, 9.0, 1.8 Hz, 1H), 2.40 — 2.29 (m, 1H), 2.20 (ddd,
J=19.2,10.8, 8.9 Hz, 1H), 1.97 (dtd, ] = 12.4, 10.8, 8.8 Hz, 1H), 1.43 (s, 9H) ppm. 3C NMR (101
MHz, CDCls) &: 216.73, 174.22, 155.94, 79.35, 53.40, 52.24, 44.59, 39.05, 37.48, 28.33, 24.59 ppm.
HRMS (ESI) calculated for C13H21NOs 272.1498, found 272.1503 [M+H]|*. IR (ATR-FTIR) vimax =
3439 (NH), 2967, 1733, 1704 cm!

Methyl (1R,2R)-2-(((tert-butoxycarbonyl)amino)methyl)-3-oxocyclopentane-1-carboxylate,
4-(R)-6 (via asymmetric hydrogenation).
)

:/4 NHBoc

Co,Me
Rh[(R)-MaxPHOS) (COD)|BF4 4-9 (3 mg, 5 mol %) compound 4-7 (29 mg, 0.107 mmol, 1.0 eq.) in
CH:Cl, (1 mL). The suspension was introduced into a pressure reactor which was purged and charged
with 50 barG of Ha. After stirring overnight at room temperature, the crude was filtered through a
small plug of silica and evaporated yielding 4-6 as only product (100% conversion). The enantiomeric
excess was measured by HPLC (52% ce).

Methyl (1R,2R)-2-(((tert-butoxycarbonyl)amino)methyl)-3-oxocyclopentane-1-carboxylate,
4-(R)-6 (via asymmetric isomerization and hydrogenation).

a) Methyl (R,Z)-2-(((tert-butoxycarbonyl)amino)methylene)-3-oxocyclopentane-1-carboxylate, 4-7.
O

:/4 NHBoc
H

EOzMe

Compound 5 (1.0 equiv) and catalyst 4-14b (12 mol %) were placed in a glass tube inside a dry box
and dissolved in anhydrous CH>Cl, (0.1 M). The mixture was introduced into a pressure reactor
which was purged and charged with Hz (3 barG). The reaction was stirred 48 hours at room
temperature. The crude product was concentrated under vacuum and chromatographed on SiO»
using mixtures of hexanes/AcOEt of increasing polarity affording 4-7 as an oil in 73% yield..
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1H NMR (400 MHz, CDCl3) 8: 10.23 (d, ] = 11.5 Hz, 1H), 7.31 (d, ] = 11.6 Hz, 1H), 3.73 (d, ] = 0.5
Hz, 3H), 3.69 (ddd, | = 8.0, 4.9, 1.5 Hz, 1H), 2.64 — 2.49 (m, 1H), 2.40 — 2.24 (m, 2H), 2.22 — 2.10
(m, 1H), 1.50 (s, 9H) ppm. 3C NMR (101 MHz, CDCLy) &: 207.34, 174.15, 135.89, 82.48, 52.46,
4423, 37.84, 28.21, 24.43 ppm. HRMS (ESI) calculated for C13H;sNOs 270.1336, found 270.1341
[M+H]*. IR (ATR-FTTR) vomas = 3301 (NH), 3025, 1731, 1689, 1606 cm-!.

b) Hydrogenation of optically enriched 4-7.

Pd/C 20% (12.7 mg, 20 mol %) was added to a solution of compound 4-7 (160 mg, 0.594 mmol, 1.0
eq.) in MeOH (2 mL). The suspension was introduced into a pressure reactor which was purged and
charged with 50 barG of Ha. After 48 h stirring at room temperature, the crude was filtered through
2 0.2 um HPLC Nylon filter and evaporated yielding 4-6 as a colotless oil (161 mg, quantitative yield).
The enantiomeric excess was measured by HPLC. (99% ce).

[]p: -19.0 (c 0.25, CHCI5).
HPLC: CHIRALPAK IA. Heptane/EtOH 90:10, 1 mL/min, A = 210 nm. tg) = 17.2 min, ts = 20,3
min.

VWD A, Wavelength=210 nm (CICHENGZBDATAI1 701_HPAI0 1701238 2017-01-23 12-19-12116682_ACMZURAC D] VWD A, Wavelengih=210 nm (C\CHEM32@DATATI701_HPAA00 1701238 2017-01-23 12-19-12,16664_ACMA258.D)
mAU 2 mAU 2

)

# |Meas. R |Pea | Width | Area |Height |Area & | # IMeas. R |Pea | Width | Area |Height |Area % |

1] 17.361 |BB | 0.450 | 774.443 | 26.489 | 52.899|
2| 20.615 MM | 0.535 | 689.566 | 21.466 | 47.101|

1| 17.210 (BB | 0.594 | 822.478 | 22.128 | 99.740|
2| 20.351 |MM | 0.254 | 2.147 | 0.102 | 0.260]

Methyl (R)-2-methylene-3-oxocyclopentane-1-carboxylate, 4-2.

)

L

CO,Me

In a glass vial closed with a septum, compound 4-(£)-6 (174 mg, 0.64 mmol, 1 equiv) was dissolved
in MeOH (5 mL). Trimethylsilyl chloride (5.0 equiv) was added via syringe and the mixture stirred
overnight at room temperature. Then, the solvent was evaporated. The crude was dissolved in DMF
and NaHCO; (4.0 equiv) and Mel (4.0 equiv) were added. The suspension was stirred at room
temperature. After 17 hours, the reaction mixture was diluted with H>O was extracted (x2) with
diethyl ether. The organic phase was evaporated with Nz due to the volatility of the product.
Compound 2 was obtained in 45% yield (determined by NMR using 1,4-dimethoxybenzene as
internal standard). Starting from 99% ee 4-(R)-6, the enantiomeric excess of 4-(£)-2 was 98% ee.
The product can be putified by chromatography on SiO; using pentane/ether (3:1) as eluent.
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[«]p:-36.0 (c 0.1, CHCls). 'H NMR (400 MHz, CDCls) 8: 6.19 — 6.14 (m, 1H), 5.59 (dd, ] = 2.4, 0.7
Hz, 1H), 3.78 — 3.70 (m, 4H), 2.62 — 2.51 (m, 1H), 2.41 — 2.34 (m, 1H), 2.33 — 2.26 (m, 1H), 2.24 —
2.12 (m, 1H) ppm. BC NMR (101 MHz, CDCls) 8: 204.51, 172.80, 142.29, 120.39, 52.33, 45.79,
36.66, 22.99 ppm. HRMS (ESI) calculated for [CsHi0O3Na] 177.0522, found: 177.0529. HPLC:
CHIRALPAK IA. Heptane/EtOH 90:10, 1 mL/min, A = 210 nm. t®) = 7.99 min, ts) = 9.02 min.
The analytical data for this compound were in excellent agreement with the reported data.

VWD A, Wavelengih=270 nm (CICHEMBZ3DATA804_F 33-45120701_ACMBOIRAC D) VIWDTA, 10 nm (CICHEM3Z\3DATA'1803 | 2018-03-22 13-44-26¢ _ACMBO3DCM.D)

mAU

7.990

7.848
8936

13 E} 85 9 mi

4 IMeas. B |Pea | Width | Ares |Height |Area % | # |Meas. R |Pea | Width | Area |Height |Area % |

7.990 0.16 493.137 47.32 98.927
11 7.848 |BB | 0.161 | 94.716 | 9.099 | 50.789] LlTess0 0,169 HES2 LTI Loles.e2Tl
2 9.003 |MM | 0.133 | 16.1%8 | 2.488 | 1.073|

2| 8.936 |[MF | 0.192 | 91.775 | 7.952 | 49.211|

Experimental procedure for the synthesis of catalyst 4-12b

Following the experimental procedure described in the literature'c 4-14b was afforded after 4
synthetic steps.

BH
1) iBUOCOCI, Etz;N 3
iPr 2) Aminoalcohol y Promso” \"tBU iPr BHs
HO 3) HCI . \
L e ey HO“r
(0] 70-85 % Ph O -20°C, bC
4-S1 34-82 % 4-32
. ©)]
1) pyrrolidine, A iPr _|BArF
1) SOCIp, DCM iPr ?Hs 2) [Ir(cod)Cl], DCM )*\/o
M Ph Nv)\N,P-\HMe 3) NaBAr: _ %ig é}\g
X
tB SUCIRY
83-93 % \<——O H ! 58-90 % Me / X Ph
4-s3 LN
4-12b

(R)-2-amino-N-((R)-2-hydroxy-1-phenylethyl)-3-methylbutanamide, 4-S1

Ph O
Ho\)\ )J\/NH2

Iz
=11

iPr

Et:N (2 eq) and isobutylchloroformate (1.1 equiv) were slowly added to a solution of the N-Boc-
protected aminoacid (1 eq, 28 mmol) in THF (0.13 M) at —30 °C (white solid was observed when
adding /BuOCOCI). The reaction mixture was stirred for 45 min at —30 °C, and then the
corresponding aminoalcohol (1.1 equiv) was added. The resulting mixture was left stirring at room

5 Westmeier, J.; Kress, S.; Pfaff, C.; von Zezschwitz, P. J. Org. Chem. 2013, 78 (21), 10718-10723.
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temperature overnight. Then the THF was removed under reduced pressure and the oily solid was
dissolved in H>O and EtOAc. The phases were separated and the aqueous layer was extracted twice
with EtOAc. The organic layers were combined, dried over MgSO4and the solvent evaporated under
reduced pressure. The crude obtained was dissolved in a 1:1 mixture of MeOH and HCI (3 M, aq)
(0.1 M) and stirred overnight at room temperature. The MeOH was removed under vacuum and the
resulting aqueous phase was extracted with EtOAc twice to remove impurities. Then EtOAc was
added over the aqueous phase and it was basified using NaOH (40%, aq) at 0 °C. The layers were
separated and the aqueous phase was extracted thrice with EtOAc. The organic phases were
combined, dried over MgSOy and the solvent was removed under reduced pressure to yield the
deprotected aminoalcohol 4-S1 as white solids (6.16 g, 92% yield). This was used on the next step
without further purification.

m.p. 128-130 °C. [«]p: -32 (c 0.8, CHCL;). tTH NMR (CDCI3, 400 MHz) &: 8.05 (s, 1H), 7.39 — 7.34
(m, 2H), 7.33 — 7.27 (m, 3H), 5.06 (q, ] = 5.9 Hz, 1H), 3.90 — 3.86 (m, 2H), 3.34 (s, 1H), 2.40 — 2.28
(m, 1H), 0.98 (d, J = 7.0 Hz, 3H), 0.78 (d, ] = 6.9 Hz, 3H) ppm. 3C NMR (101 MHz, CDCI3) &:
139.17, 129.03, 128.01, 126.85, 67.48, 56.32, 19.98, 16.15 ppm. HRMS (ESI) Calculated for
CisH21N202 [M+H]*: 237.1598; Found 237.1599. IR (ATR-FTIR) v = 3324, 2892, 2834, 1645.
1543, 1055 cm-.

(R)-2-(((R)- tert-butyl(methyl) phosphanyl)amino)-N-((£)-1-hydroxy-2-phenyl)-3-
methylbutanamide borane, 4-S2

HO\)P\h JOJVH i
N B \P‘tBu
H >

A solution of optically pure zrz-butyl(methyl)phosphinous acid borane (1 equiv, 7.90 mmol) and
methansulfonic anhydride (1.2 equiv) in CH>Clz (0.2M) was cooled to —20 °C. To this solution,
anhydrous NEt; (2.5 eq) was slowly added, and the mixture was stitred 1 h at —20 °C. The
corresponding amine (1.5 equiv) was then added and the solution was stirred overnight at —20 °C.
Water was added and the mixture was allowed to warm to room temperature. The organic layer was
separated and the aqueous phase was extracted twice with CH2Cl. The combined extracts were
washed with brine and concentrated under reduced pressure. Purification by column chromatography
(81O, hexanes:EtOAc) yielded the corresponding compounds as white solids. 4-S2 was obtained as
a white solid (1.42 g, 51% yield).

m.p. 126 - 128 °C. [a]p: -40 (c 0.5, CHCL). TH NMR (CDCI3, 400 MHz) &: 7.38 — 7.34 (m, 4H),
7.31 = 7.27 (m, 1H), 6.66 (d, ] = 7.5 Hz, 1H), 5.06 (dt, ] = 7.5, 5.1 Hz, 1H), 3.87 (d, ] = 5.1 Hz, 2H),
3.52 (ddd, ] = 10.8, 8.5, 7.0 Hz, 1H), 2.47 — 2.28 (m, 1H), 2.14 (dd, ] = 10.8, 5.1 Hz, 1H), 1.93 (h, ]
= 6.8 Hz, 1H), 1.12 (d, J = 14.3 Hz, 9H), 1.06 (d, | = 8.9 Hz, 3H), 0.99 (d, ] = 2.5 Hz, 3H), 0.98 (d,
] = 2.6 Hz, 3H) ppm. 3C NMR (101 MHz, CDCI3) 8: 174.19, 138.66, 128.80, 127.87, 126.84, 66.22,
62.72, 55.85, 32.99 (d, ] = 7.6 Hz), 30.64, 30.18, 24.38 (d, | = 2.5 Hz), 19.52, 18.53,10.32 (d, ] = 31.8
Hz) ppm. 3P NMR (202 MHz, CDCl3) § 68.9 - 68.5 (m, P-BH3) ppm. HRMS (ESI) calculated for
C1sHasBNLO,P 353.2523, found 353.2528 [M+H]*. IR (ATR-FTIR) vmax = 3310, 3266, 2968, 2383,
2361, 1652, 1556 cm-.

(R)-1- tert-butyl-1-methyl- N-(( K)-2-methyl-1-((R)-4-phenyl-4,5-dihydrooxazol-2-yl)propyl)
phosphanamine borane, 4-S3
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i-Pr BH3
|
@H\H/P;mu
N

The corresponding aminophosphane (1 eq, 2.90 mmol) was dissolved in CH2Cl, (0.08 M) and SOCl,
(2.4 equiv) was added drop wise at 0 °C. The solution was stirred 4 h at room temperature. The
solution was then cooled down to 0 °C and NaHCOj3 saturated aqueous solution was added slowly
until pH 8-9. The mixture was left stirring for 15 min at room temperature. The two phases were
separated and the aqueous phase was extracted twice with CH2Clz. The combined organic layers
were washed with brine. The organic layer was dried over MgSO4 and concentrated on a rotary

evaporator under reduced pressure. Purification by column chromatography (SiO»,
hexanes:EtOAc) yielded the desired product 4-83 as an oil (0.95 g, 98% yield).

[e]p: +20 (c 0.5, CHCl5). TH NMR (CDCI3, 400 MHz) 8: 7.39 — 7.33 (m, 2H), 7.29 (tdd, ] = 5.5,
1.7,0.9 Hz, 3H), 5.14 (dd, ] = 10.1, 8.4 Hz, 1H), 4.66 (dd, ] = 10.1, 8.5 Hz, 1H), 4.20 (t, ] = 8.5 Hz,
1H), 4.08 — 3.98 (m, 1H), 2.13 — 2.03 (m, 2H), 1.30 (d, ] = 9.0 Hz, 3H), 1.14 (d, ] = 14.2 Hz, 9H),
1.04 d, ] = 6.9 Hz, 3H), 0.94 (d, ] = 6.9 Hz, 3H) ppm. 3C NMR (101 MHz, CDCI3) 8: 170.35,
141.81, 128.72, 127.70, 126.80, 75.36, 69.48, 56.51, 32.71 (d, ] = 6.3 Hz), 30.88, 30.43, 24.50 (d, ] =
2.7 Hz), 19.44, 17.26,10.32 (d, ] = 33.1 Hz) ppm. 3P NMR (202 MHz, CDCL) 8 70.3 — 69.3 (m,
P-BH3) ppm. HRMS (ESI) calculated for CisHzBN,OP 335.2418, found 335.2420 [M+H]*. IR
(ATR-FTIR) Ve = 2959, 2366, 1650, 747 cm-L.

[Ir((R,R,S)-Phe MAXPHOX)(COD)]BArg, 4-12b

i-Pr —| BAr,:@
0

(RI™NH
NSk
'1t-Bu
SRS e

A Schlenk tube containing the corresponding borane protected ligand (1 equiv., 0.16 mmol) was
evacuated and purged with Na, dissolved in freshly distilled pyrrolidine [0.06 M] and stirred for 16 h
at 90 °C. Afterwards, and keeping the vessel under inert atmosphere, pyrrolidine was removed 7
vacuo. When no pyrrolidine remained, the crude was further dried under vacuum for 30 min at 50 °C
(the crude was under N2 during all the procedure). Then, a solution of [Itf(COD)(CD)]2 (0.5 equiv.) in
CH:Cl, [0.06 M] was added to the free ligand vz cannula. The resulting mixture was stirred for 40
min at room temperature. NaBAr (1 equiv.) was then added and the solution was stirred 1 h more

at room temperature. The resulting crude was filtered through a small plug of silica gel, (first washed
with Et2O) under Ny, eluting with hexanes:CH2Cl (50-100%). The intense orange fraction was
collected and concentrated to yield the corresponding Ir complex 4-12b as an orange solid (140 mg,
59% yield).

m. p. 226 - 230 °C (descomposition). [e]p: -25 (c 0.6, CHCL). TH NMR (CDCI3, 400 MHz) 8: 7.71
(s, 10H), 7.53 (s, 5H), 7.36 (dd, ] = 5.1, 2.0 Hz, 3H), 7.24 — 7.17 (m, 2H), 5.24 — 5.11 (m, 1H), 5.06
(dd, ] = 9.0, 6.0 Hz, 1H), 4.76 (td, ] = 9.8, 9.4, 5.6 Hz, 3H), 3.57 — 3.42 (m, 5H), 2.46 (h, | = 6.7, 6.2
Hz, 1H), 2.23 (dq, | = 14.1, 8.4 Hz, 6H), 2.12 (dd, ] = 13.9, 7.0 Hz, 1H), 2.00 (h, ] = 8.2 Hz, 1H),
1.75 — 1.62 (m, 2H), 1.28 (d, ] = 7.7 Hz, 3H), 1.21 (t, ] = 7.0 Hz, 2H), 1.07 (d, ] = 6.4 Hz, 3H), 0.97
(d, ] = 6.7 Hz, 3H), 0.84 (d, ] = 15.5 Hz, 9H) ppm. 3C NMR (101 MHz, CDCI3) 8: 175.54, 162.40,
161.90, 161.41, 160.91, 137.29, 134.77, 129.99, 129.49, 129.32, 129.01, 128.67, 128.39, 127.13, 125.88,
123.17, 120.46, 117.49, 117.42, 117.39, 117.35, 109.99, 92.51, 92.40, 91.98, 91.85, 67.72, 65.83, 63.50,
60.48, 58.57, 40.04, 39.97, 36.47, 36.06, 34.28, 34.25, 30.60, 30.58, 30.55, 27.39, 26.32, 26.27, 19.81,
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18.45, 15.25,10.25, 9.95 ppm. 3P NMR (202 MHz, CDCl3) & 55.2 ppm. HRMS (ESI) calculated for
CasHuN2OPIr 621.2580, found 621.2581 [M+H]*. IR (ATR-FTIR) vmax = 1353, 1273, 1120 cm.
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Computational details

Methods

The geometries of products were optimized using the Gaussian09 program package.® NBO analysis
was performed using the NBO 6.0 version program.” QTAIM analysis was conducted with the
AIMAII package.® Non-covalent interactions were analyzed with the NCIPLOT 3.0 program.”

Stationary points were characterized as minima of the Potential Energy Surface (PES) due to the
absence of imaginary frequencies. The B3LYP hybrid functional was used for all calculations due to
its proven accuracy for simple organic molecules. The double-£ aug-cc-pVDZ basis set was used. A
comparison with the split-valence 6-311++G(d,p) basis set was also performed and the differences
in geometry and energy were negligible. For this reason, the slightly larger aug-cc-pVIDZ basis set was
selected.

Tight convergence criteria (opt=tight) was used for all optimizations. The default numerical
integration grid was also improved using a pruned grid with 99 radial shells and 590 angular points
per shell (int=ultrafine). Dispersion effects were included and modelled using Grimme’s D3
correction with Becke-Johnson damping (EmpiricalDispersion=GD3B]J).1° Solvent effects were not
included since the reactions are carried out in rather nonpolar solvents.

Analysis of the intramolecular hydrogen bonds
Geometrical analysis

The strength of hydrogen bonds depends decisively on their geometry. There are many geometrical
parameters that play a relevant role,'" but the most important ones are the O----H distance, which
has an average value of approximately 2 A, the N-H-++O angle, which tends to linearity (180°), and
the C=0---H angle, which has to be bigger than 90°.12 Some relevant parameters obtained from the
optimized structures of products 4-5 and 4-7 are summarized in Table 4.S1.

The short distance of the hydrogen bond for product 4-7 is indicative of a significantly stronger
interaction. The strength of these interactions is slightly limited due to a certain lack of directionality,
as indicated by the N-H----O angle. Nevertheless, the geometrical parameters suggest that these
interactions, especially for product 4-7 might be significant. Further computational analysis supports
this hypothesis.

¢ Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.;
Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A.
F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L..; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida,
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro,
F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene,
M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C,; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, . W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth,
G. A,; Salvador, P.; Dannenberg, J. ].; Dapprich, S.; Daniels, A. D.; Farkas, O’; Foresman, J. B.; Ortiz, J. V,;
Cioslowski, J.; Fox, D. J. Gaussian 09, Revision D.01; Gaussian, Inc., Wallingford, CT, 2009.

7 NBO 6.0. Glendening, E. D.; Badenhoop, J. K; Reed, A. E.; Carpenter, J. E.; Bohmann, J. A.; Morales, C. M.;
Landis, C. R.; Weinhold, F. Theoretical Chemistry Institute, University of Wisconsin, Madison (2013).

8 AIMAI (Version 13.10.19), Todd A. Keith, TK Gristmill Software, Overland Park KS; USA, 2013
(aim.tkgristmill.com).

% Johnson, E. R.; Keinan, S.; Mori—Szlnchez, P, Contreras—Garcia, J.; Cohen, A. J.; Yang, W. J. An. Chem. Soc.
2010, 732, 6498-6506.

10 Grimme, S.; Ehrlich, S.; Goerigk, L. | Comp. Chem. 2011, 32, 1456—1465.

" Torshin, I. Y.; Weber, 1. T.; Harrison, R. W. Protein Eng. Des. Sel. 2002, 15, 359-3063.

12 Steiner, T. Angew. Chem. Int. Ed. 2002, 41, 49-76.
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Table 4.S1. Selected geometrical parameters of the hydrogen bonds in products 4-5 and 4-7.
Distances in A and angles in degrees.

4-5 (allylamine) 4-7 (enamide)
O----H distance 2.25 1.96
N-H:+-O angle 118.36 131.06
C=0----H angle 113.22 100.75
C=0----H-N dibedral 30.92 -0.06

NCI analysis

The non-covalent interactions (NCI) were analyzed with the NCIPLOT 3.0 program. This program
allows facile qualitative analysis of the non-covalent interactions of molecules, depicted as colored
surfaces. Red indicates strongly repulsive interactions, yellow indicates slightly repulsive interactions,
green indicates slightly attractive interactions and blue indicates strongly attractive interactions.

For both products, the aforementioned hydrogen bonds (and two irrelevant weak hydrogen bonds
between the carbonyl of the Boc group and the Zer#butyl substituents) were the only remarkable
interactions.

Figure 4.5S1. Plots for products 4-5 and 4-7 with a representation of the non-covalent
interactions (colored surfaces).

W

v
Consistent with the geometrical analysis, the interaction in product 4-5 is only slightly attractive
(green) whereas the interaction in product 4-7 is strongly attractive (deep blue).

QOTAIM analysis

The same interactions can be identified by Bader’s Quantum Theory of Atoms In Molecules
(QTAIM). As expected, there is significant electron density (o) in the O---H bond. Positive values of
the laplacian of the electron density (VZ) indicate regions of charge density depletion, which is
indicative of a significant ionic character of the bonding. This is consistent with the established fact
that hydrogen bonds have an important electrostatic contribution.

84



Chapter 4 — Total Synthesis of (R)-Sarkomycin methyl ester

Table 4.S2. Selected values at the bep of the hydrogen bond.

| 0 V2o v G
4-5 (allylamine) | 0.0151 0.055 0.0132 0.0135
47 (enamide) | 0.0236 0.1054 0.0247 0.0255

The values for the electron density (g), the laplacian of the electron density (V2g) and the energy
density (H)!? at the bond critical points (bcp) are consistent with standard values reported in the
literature for hydrogen bonds.!* Further analysis is beyond the scope of this work.

Figure 4.52. Molecular graph of product 4-5. Bond critical points (bcp) are represented as
green dots and ring critical points as red dots.

Figure 4.S3. Molecular graph of product 7. Bond critical points (bcp) are represented as
green dots and ring critical points as red dots.

13 The energy density H is defined as the sum of the potential energy density V and kinetic energy density G.
14 2) Ju, Z.; Xiao, W.; Lu, X,; Liu, X.; Yao, X.; Zhang, X.; Zhang, S. RSC Adp. 2018, 8, 8209-8219. b) Hilal,
R.; Aziz, S. G.; Alyoubi, A. O.; Elroby, S. Procedia Comput. Sci. 2015, 57, 1872—1877.
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NBO analysis

Despite the important electrostatic character of hydrogen bonds, NBO calculations can complement
the bonding description of these interactions.

For instance, the Wiberg Bond Indices (WBI) reveal a bonding interaction between the oxygen and
the hydrogen atoms. Particularly, the WBI for compound 4-7 (0.0364) is around five times higher
than the WBI for compound 4-5 (0.0076), suggesting a significantly stronger interaction. This
difference can be further appreciated with the Second Order Pertubation Theory analysis, which
quantifies the donor-acceptor interactions. The interactions cotrresponding to the hydrogen bonds
are mainly donations from the oxygen lone pairs into the N-H o* antibonding orbital. The
stabilization energy associated with these donations is also roughly 5 times higher for compound 4-7
(2 interactions of 2.6 and 8.3 kcal-mol", respectively) compared to compound 4-5 (2 interactions of
1.1 and 0.8 kcal-mol, respectively).

Hence, we have provided a detailed picture of the bonding configuration of the two hydrogen bonds
in product 4-5 and 4-7, and shown both qualitatively and quantitatively that the hydrogen bond in
product 4-7 is significantly stronger. Therefore, this seems to be an important contribution to the
exergonic nature of the isomerization process.

Coordinates

- allylamine_2.log

SCF (B3LYP-D3) = -937.922785167

HOK)=  -937.610698
HE298K)=  -937.590062
GRISK)=  -937.663137

Lowest Frequency = 8.0977 cm!

-2.063433  2.745206 -0.328512
-0.089607 2.920221 -1.744843
-0.983217 3.722879 -0.782760
-3.037415 3.004612 0.349205
-0.115999  0.419120 -2.536839
-0.618214 -0.681502 -2.683347
1.034047 0.787831 -3.140675
1.645040 -0.216770 -3.973745

000000 O0O
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1.892698 -1.102612 -3.377442
2.548608 0.249593 -4.373830
0.962183 -0.504146 -4.781661
-0.934880 -0.749699 1.032397
-1.000887 0.211979 1.783213
-0.071469 -1.788212 1.137121
0.901743 -1.842994 2.241448
1.857852 -0.652231 2.155749
2.316445 -0.605478 1.159248
2.659400 -0.780024 2.895160
1.337827 0.287849 2.357115
0.171370 -1.906873 3.582935
0.902286 -2.085954 4.382717
-0.547588 -2.736101 3.583340
-0.358801 -0.973622 3.790096
1.640843 -3.150391 1.964115
2127492 -3.117630 0.981218
0.944057 -3.997476 1.980410
2409164 -3.313406 2.730453
-1.749588 -0.932037 -0.051899
-1.404130 -1.562180 -0.763287
-0.098859  3.322347 -2.766959
0.962959 2.899593 -1.433935
-0.440630 4.074854 0.104490
-1.451059 4.600075 -1.245711
-0.671777 1.521455 -1.717844
-1.741415 1.401150 -0.898465
-2.550513  0.191086 -0.515806
-3.142257 -0.158308 -1.369887
-3.242275 0.496800 0.277016

ITO0OO I I TZII I IO I TOT I ZIOO0O0OO T T T

- enamideZ_2log

SCF (B3LYP-D3) = -937.933102859
HO K)= -937.620612

H(298 K)= -937.600339

G(298 K)= -937.671670
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Lowest Frequency = 16.3862 cm'!

IIITT I ITZIOIITOII IO ZTOOO0O0OIT T ZOOCOOOOOOO0

-1.062227
-1.564131
-2.779703
-3.220491
-1.947208
-0.081507
-2.365869
-2.088602
-2.300805
-1.814431
-2.472878
-1.818354
-0.799882
0.716439
0.308276
1.774577
2.605740
1.756500
1.258935
2.410892
1.001806
3.247814
3.967635
3.790807
2499314
3.658587
3.186253
4.230842
4.3518066
-0.980378
-1.352467
0.124151
-3.569400
0.504287
-3.952881
-3.688787
-1.414073
-2.118646

2.558991
1.446518
1.893302
3.199142
3.772012
2.521082
2.136759
3.212777
0.971404
1.068075
1.710700
0.044590
1.483529
-1.336655
-2.262385
-1.330218
-2.544044
-3.670632
-3.333810
-4.514365
-4.013962
-2.925491
-3.736721
-2.069170
-3.265307
-2.074647
-1.755305
-1.232378
-2.896319
0.219441
-0.595276
-0.081319
1.132144
0.667641
2.940468
3.897403
4.437631
4.325393

0.722612
-0.086013
-0.882084
-0.171614

0.477201

1.469447
-2.324830
-2.810397
-3.006406
-4.359886
-4.955565
-4.743598
-4.367928

0.601778
-0.073467

1.425998

1.600698

2.187061

3.105422

2.442380

1.474423

0.267838

0.438284
-0.152036
-0.452989
2.600953

3.538039

2.193150

2.819959
-0.117092
-0.736591

0.627299
-0.883342

1.209968

0.603949
-0.871952
-0.217997

1.407326
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'H NMR and "C NMR spectra

NHBoc

Co,Me 45

IH NMR (400 MHz, Chloroforah5 5.46 (s, 1H), 4.27 (s, 2H), 3.90 (s, 3H), 2.81 (@dt6.4, 4.9, 1.7
Hz, 3H), 2.59 - 2.39 (m, 3H), 1.42 (s, 9H). F 1400
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0
NHBoc

4 H

COo,Me 47

A
IH NMR (400 MHz, Chlorofora)5 10.23 (dJ = 11.5 Hz, 1H), 7.31 (@ 11.6 Hz, 1H), 3.73 (4=
0.5 Hz, 3H), 3.69 (ddd~ 8.0, 4.9, 1.5 Hz, 1H), 2.64 — 2.49 (m, 1H), 2.40 — 2.24 (m, 2H), 2.22 - 2.10 1600
(m, 1H), 1.50 (s, 10H).
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NOESY Experiment.

To confirm the Z-configuration of 4-7, a 2D-NMR experiment (NOESY) was acquired. As
indicated below, there is an interaction between the alkenyl proton and the proton in a-position
to ester group.

0O

://{ NHBoc
H

Co,Me 47

i i . L“LJMJ__

ro

1

2

3

s

6

7

r8

A

T T T T T T T T T

5
f2 (ppm)
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NHBoc

COZMG 4-6

IH NMR (400 MHz, Chlorofora)5 4.95 (s, 1H), 3.76 (s, 3H), 3.54 — 3.31 (m, 2H), 2.91£d0.9,
6.9 Hz, 1H), 2.73 — 2.58 (m, 1H), 2.48 (d€t]8.8, 9.0, 1.8 Hz, 1H), 2.40 — 2.29 (m, 1H), 2.20.{ddd,
=19.2,10.8, 8.9 Hz, 1H), 1.97 (dtd; 12.4, 10.8, 8.8 Hz, 1H), 1.43 (s, 9H).

650
600

550

-
s J / S SIS S 500

60 k450

40 400

350

300

T T T T T T 1
3.0 2.8 2.6 2 2.2 2.0 1.8

4
1
(ppm) L 250

200

150

r 100

50

r-50

1 07
2.94]

7 2 05{
o

ol

:
9.44T

T T
1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

32000

216.73
174.22
155.94
37.48

79.35
_-53.40
~52.24
— 44.59

39.05
2833
— 24.59

s

30000
28000
13C NMR (101 MHz, cc!!dlé 216.73, 174.22, 155.94, 79.35, 53.40, 52.24, 44.59, 39.05, 37.48, 28.33, 26000
24.59.
I 24000
22000
20000
18000
16000
- 14000
12000
10000
8000

6000

! 4000

2000

r-2000

T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

92



Chapter 4 — Total Synthesis of (R)-Sarkomycin methyl ester

CO,Me

4-2

IH NMR (400 MHz, Chlorofora)d 6.19 — 6.14 (m, 1H), 5.59 (dd5 2.4, 0.7 Hz, 1H), 3.78 — 3.70
(m, 4H), 2.62 — 2.51 (m, 1H), 2.41 — 2.34 (m, 1H), 2.33 — 2.26 (m, 1H), 2.24 — 2.12 (m, 1H).
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Ph O
Ho\)\NJ\/NHZ
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= 6.9 Hz, 3H).
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N™ Y “P~ig
H z -, BU  4-82
iPr -
IH NMR (400 MHz, Chlorofora)-d 7.38 — 7.34 (m, 4H), 7.31 — 7.27 (m, 1H), 6.66<d.5 Hz, 1H),
5.06 (dt,J=17.5, 5.1 Hz, 1H), 3.87 fd= 5.1 Hz, 2H), 3.52 (ddd= 10.8, 8.5, 7.0 Hz, 1H), 2.47 — 2.28 1000
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Chapter 5 — Iridium-Catalyzed Isomerization of Epoxides

Epoxides can be interconverted into a variety of functional groups and are thus valuable
synthetic intermediates.'! The high reactivity of the strained 3-membered ring of epoxides
commonly enables a wide range of stereospecific nucleophilic ring opening reactions.” The
isomerization into the corresponding carbonyl analogs is usually referred to as the Meinwald
rearrangement.” Due to its excellent efficiency and atom economy, this reaction has gained

[4a]

relevance for the synthesis of carbonyl compounds,® ting expansion reactions,">? and

tandem processes./*

The Lewis acid-promoted Meinwald rearrangement has found
application in fine chemistry and industrial processes.”) However, the regiochemical outcome
is a common issue since it depends on the promoter and the migratory capacity of the
substituents.” The use of stoichiometric amounts of Lewis acids such as BFs*Et,O, ! lithium
salts”! and magnesium bromide® are the most widely used conditions. The catalytic version
using copper salts,”) indium chloride!"” or iridium chloride!"! has also been described.
However, a number of limitations, namely moderate product selectivity, high temperature

and catalyst loading, and toxicity of the catalysts, remain to be addressed when employing

catalytic conditions.

In recent years, other alternative procedures have been reported such as the use of metal-
free self-assembled organic supramolecular capsules'” or heterogeneous mesoporous
aluminosilicate materials.” In the organometallic field, Mazet and co-workers reported the
most relevant breakthrough using novel palladium and iridium!"! catalysts. However, high

temperatures (85-140°C and 100°C respectively) were needed in both cases.

Encouraged by this result we envisioned that other more accessible iridium catalysts (such
as Crabtree’s catalyst,'™'""! which is user-friendly and commercially available) could also
promote the isomerization of epoxides using milder conditions. We found that, after
activation,® Crabtree’s catalyst isomerized terminal epoxides into aldehydes. One of the
drawbacks of this transformation was the handling of the resulting aldehydes. Therefore, we
set up a one-pot reductive amination procedure using primary amines to isolate stable, easy

to handle amines.

Here, we describe the isomerization of terminal epoxides into aldehydes using Crabtree’s
catalyst, followed by the reductive amination of the 7z situ formed aldimines to afford
synthetically useful amines (Scheme 5.1). Our one-pot procedure gave excellent selectivity.
The resulting amines, containing an alkyl group in the B position, are important motifs in

numerous drugs and biologically active compounds.!"”
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Qd - Q_//O PR Q_//NR - Q_/NHR
HiC HsC HC HyC
6-1a 6-2a 6-5a 6-6a

Scheme 5.1. One-pot procedure of the Meinwald rearrangement and reductive

amination.

2-Methyl-2-phenyloxirane 5-1a, easily synthesized by the Corey-Chaykosvky reaction,””
was selected as model substrate. Isomerization of 5-1a can, a prior;, afford aldehyde 5-2a or
allylic alcohol 5-3a (Table 5.1). We first tested Crabtree’s catalyst (5-4A) in 1 mol %, without
activation in dichloromethane. After 17 h, only 35% of conversion was detected by "H NMR
(Table 5.1, entry 1). Aldehyde was selectively formed as the major product. We then activated
the catalyst with Ha, to form a putative dihydride species.”"! Overnight stirring at room
temperature increased the conversion up to 68% (Table 5.1, entry 2). Gratifyingly, the
aldehyde was not affected by the presence of Ha. Therefore, we increased the catalyst loading
up to 3 mol %. The reaction went to completion after 17 h, and an aldehyde/alcohol ratio
of 80:20 was achieved (Table 5.1, entry 3). We then performed a solvent screening. Diethyl
ether or toluene did not improve the results (Table 5.1, entries 4 and 5). This result could be
explained by the low solubility of Crabtree’s catalyst in these organic solvents. Therefore, we
replaced PFs by BAr" as counter ion. Using the Pfaltz’s version of Crabtree’s catalyst (5-
4B)" in toluene we were pleased to see that full conversion was achieved after 17 h and with
a slight improvement in selectivity (Table 5.1, entry 6). Finally, using either activated catalyst
5-4A or 5-4B in THF the reaction was complete after overnight stirring at room temperature
reaching a selectivity of 93:7. Of note the selectivity in THF was similar in both cases (Table
5.1, entries 7 and 8). Since the hydrogen is only necessary to activate the catalyst the pressure
is not important. We used 3 bars as standard procedure but the reaction can be done using
hydrogen at atmospheric pressure (balloon). Purging the vessel to degas H, once the catalytic
active species was formed did not affect neither the reactivity nor the selectivity (Table 5.1,

entry 9).
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Table 5.1. Optimization of the isomerization reaction.

Cy3Pm,,| i@
5-4A; X=PFg
3 mol % 5-4B; X= BAr

H,;C H, conditions, rt, overnight
5-1a 5-2a 5-3a
entry Cat.  Solvent  Conv. Yield 5-2a (%) (ratio 5-2a: 5-3a)

1 bl A CH.Cl, 35% -
2 [ A CH.Cl, 68% -

3 A CH-Cl, >99 75 (80:20)

4 A EtO 30% -

5 A Toluene 33% -

6 B Toluene >99 79 (86:14)

7 A THF >99 85 (94:6)

8 B THF >99 84 (93:7)
9 A THF >99 84 (94:0)

Reactions were performed in a pressure tube, at room temperature and stirring overnight. The catalyst
(3 mol %) and substrate were weighted, brought to a dry box, dissolved in anhydrous solvent and
charged with hydrogen. 1 NMR yield using 1,4-dimethoxybenzene as internal standard. A small
percentage of diol was observed in case of air moisture. Pl 1 mol % of catalyst was used. [ Without
external activation. [ Hy for 1 minute; then degas.

Once the optimal conditions for the isomerization reaction had been determined, we
proceeded to study the reductive amination. Otte and co-workers pioneered a tandem
Meinwald rearrangement-reductive amination using B(C¢Fs);*! However, the scope of the

amine was limited to anilines.

We reasoned that benzhydrylamine would be a convenient amine since it can be
considered a synthetic equivalent of ammonia due to its easy hydrogenolysis. Therefore, we
devised a two-step procedure that could be done 7 situ. To avoid the use of reagents such as
TiCly or Ti(iPrO)s, which are usually required for imine formation and could interfere with
our catalyst of choice we selected the aminocatalytic procedure developed by Cid and co-
workers.™ The addition of 10 mol % of pyrrolidine led to the formation of the aldimine of
benzhydrylamine 5-5a with total conversion after 2 h. With the optimal conditions for the
imine formation in hand, we sought a reducing agent. Since the reduction could not be
performed by hydrogen due to deactivation of iridium catalyst by the amine, we tested
sodium cyanoborohydride (Table 5.2, entry 1). Conversion after 2 h was low, so we then

tested a stronger reductant, NaBH,, and added MeOH to the mixture. Under these
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conditions the reaction went to completion and amine 5-6a was afforded in an isolated yield
of 67 % (Table 5.2, entry 2). The optimized protocol was scaled up to 1g of epoxide using
only 1 mol % of iridium catalyst 5-4B, yielding a remarkable 51% overall yield for the three

steps.

Table 5.2. Optimization of the reductive amination.

NH,

PN

Ph Ph
Ph iee Ph
(o] 5-4A (3 mol%) conditions N—( conditions HN—(
r / Ph|— oh

H3C THF, 3 bar Hy, rt H3C HsC
5-1a 5-5a 5-6a
entry Conditions Conversion™ (3-step yield)™

1) pyrrolidine (10 mol%o)
2) NaBH;CN in THE, 2h
1) pyrrolidine (10 mol%o)
2) NaBH, in MeOH, 2h

1 Detected by 'H NMR. [Pl Isolated yield. I Isolated yield in gram scale, using 1 mol% of catalyst 5-
4B.

5-6a: 70% (54%)

2 5-6a: 100% (67%0;51%)

We then proceeded to study the scope of the reaction. To this end, a set of 13 2,2-
disubstituted epoxides (5-1(b-n)) were tested (Table 5.3). The substituent pattern slightly
altered the optimal conditions found for the isomerization reaction. We observed that the

use of electron-withdrawing substituents was well tolerated.

Amine 5-6b derived from 2-(4-fluorophenyl)-2-methyloxirane 5-1b was obtained with an
overall yield of 57 % (Table 5.3, entry 1). The isomerization reaction starting from the p-
chlorophenyl oxirane 5-1b (Table 5.3, entry 2), took place in only 2 h and the corresponding
amine 5-6¢ was obtained in 67 % isolated yield. In the case of p-Br and p-I derivatives 5-1(d-
e) the reaction lasted longer (48 h). However, this drawback could be solved by modifying
the counter ion from PF, to BAr". In these cases, the reaction times were reduced to 12 h
and the alcoholic species were minimized. After the reductive amination procedure, the
resulting amines 5-6(d-e) were obtained in synthetically useful yields (63-74 %, Table 5.3,

entries 3-4).

We then studied the effect of electron-donating groups (methyl and methoxy) in or#bo or
para-position of the aromatic ring. Using the optimized conditions, all reactions were

completed after 12 h (Table 5.3, entries 6-8) with the exception of the o7#ho-methyl compound
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5-1f which due to steric hindrance, lasted 48 h (Table 5.3, entry 5). The ratio of alcoholic
species formed were minimal in all cases, thus demonstrating the high selectivity of this
transformation. The 2-naphthy substituent 5-1j afforded the corresponding amine 5-6j in
62 % vyield (Table 5.3, entry 9) using standard conditions. To prove the versatility of this
reaction, the methyl group was also modified. When using an ethyl substituent, the amine 5-
6k was afforded in 70 % yield and no alcoholic species were detected after the isomerization

reaction (Table 5.3, entry 10).

For the branched alkyl substituent, catalyst 5-4B was necessary for completion of the
reaction. The isomerization reaction showed excellent selectivity towards the aldehyde and
5-61 and 5-6m were afforded in 57 % and 75 % yield, respectively (Table 5.3, entries 11-12).
Finally, as an example of dialkyl epoxide, the phenethyl oxirane 5-1n was also studied. In this
regard, when using 5 mol % of 5-4B, the reaction went to completion after 12 h with only
few traces of alcohol species and afforded the corresponding amine 5-6n in 79% yield (Table

5.3, entry 13).

The benzhydrylamine moiety can be easily removed by hydrogenolysis to afford free

amines that can be further derivatized (Scheme 5.2).

O H, (25 bar)

HN > NHAc

O Pd(OH),/C, Ac,0

5-6a 5-10

Scheme 5.2. Reaction scheme for the benzhydrylamine deprotection.
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Table 5.3. Epoxide scope of the reaction. All reactions were performed in a pressure
tube. Ratio 5-2: 5-3 is the selectivity towards the aldehyde when the isomerization reaction
is finished, measured by 'H NMR..

CySP’h,,I W
1) benzhydrylamine,

» : :g i EZGF %fr'(’)tlidine (10 mol%), ” HN—(Ph
4 | e
R? THF, 3 bar Hy, rt o) NaBHain MeOH, g2
5-1(b-n) 5-2(b-n) 5-6(b-n)
entry 5-1 R' R? cat.; time!"! ratio  yield
5-2: 5-3 (%)
1 5-1b p-F-Ph Me 5-4A;17 h 94:6 57
2 5-1c p-Cl-Ph Me 5-4A; 2h 95:5 67
3 5-1d p-Br-Ph Me 5-4B; 12h >99 74
4 5-1e p-1-Ph Me 5-4B; 12h 92:8 63
5 5-1f 0-Me-Ph Me 5-4A: 48h 97:3 80
6 5-1g p-Me-Ph Me 5-4A; 12h 94:6 45
7 5-1h 0-MeO-Ph Me 5-4A; 12h 98:2 71
8 5-1i p-MeO-Ph Me 5-4A; 12h >99 45
9 5-1j 2-Naphth Me 5-4A; 12h 91:9 62
10 5-1k Ph Et 5-4A; 12h >99 70
11 5-11 Ph iPr 5-4B; 3h >99 57
12 1 nsl Ph Cy 5-4B; 12h >99 75
13* 5-1n PhCH,CH. Me 5-4B; 12h 98:2 79

a5 mol % of catalyst 5-4B was used. PlIsometization time. [ Overall isolated yields.

The isomerization reaction also took place in epoxides with different substitution
patterns. Using 1 mol % of 5-4B in dichloromethane, 2-methyl-3-phenyloxirane 5-1o
isomerized to methyl ketone 5-20 in excellent yield (Scheme 5.3A). In the case of
trisubstituted epoxide 5-1p, instead of hydride migration we observed phenyl migration
yielding aldehyde 5-2p as a single product (89% isolated yield), as shown in Scheme 5.3B.
Again, the hydrogen pressure did not affect the reaction. 2,2-Diaryloxiranes are extremely
reactive. 2-(4-Chlorophenyl)-2-phenyloxirane (5-1q) gave 30% yield of the corresponding
aldehyde (5-2q), along with 65% of demethylenation product in only 2 h of reaction and
using 1 mol % of 5-4A (Scheme 5.3C).
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A
) o 5-4B (3 mol %) 0o
v ©/\?
CH, CH,Cl,, 3 bar H rt CH;
5-10 96% 5-20
B) 5-4B (3 mol %) _0
> )
CH,Cl, 3 bar H, rt Hs
89% 5-2p
5-4A (1 mol %)
THF, 2h, H, (3 bar)
-2q
30% 65%

Scheme 5.3. Iridium-catalyzed isomerization of 1,2-di- and trisubstituted epoxides.

On the other hand, the amine scope could also be expanded. p-Methoxyaniline (Table 5.4,
entry 1), benzylamine (Table 5.4, entry 2) and enantiomerically pure (R)-(+)-1-phenylethan-
I-amine (Table 5.4, entry 3) were successfully tested with synthetically useful yields. In the
latter example, the separation of the two diastereoisomers enabled the formation of

enantioenriched amines after hydrogenolysis.

Table 5.4. Amine scope of the reaction. Reactions were performed in a pressure tube, using
5-4B (5 mol %) as catalyst and 1.1 equiv. of amine.

1) RNH,,
O 5-4B (5 mol %) 0 pyrrolidine (10 mol %)
/ > NHR
THF, 3 bar Hy rt

H,C HyC 2) NaBH,4, MeOH, rt H,C
5-1a 5-(7a-9a)
entry amine Yield (%)™
1 p-OMe-aniline 5-7a, 64%
2 Benzylamine 5-8a, 55%
3 (R)-(+)-1-Phenylethylamine 5-9a, 56% (3:2 dr)

[ Isolated yields.
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To gain a thorough understanding of the isomerization step, we performed a DFT study
of its reaction mechanism using the B3LYP-D3™ functional and a continuum model of the

THF solvent” (see Experimental Part - Computational details).

We initially studied the activation of the Crabtree’s catalyst, entailing hydrogenation of
the COD ligand and cyclooctane release and formation of the unsaturated dihydride
complex. This step is very exergonic (AG= -30.6 kcal-mol ) and generates the catalytic active
specie [It'"'(H)2(py)(PCy3)]" in a octahedral arrangement with two vacancies. Several possible
isomers were evaluated for this species, concluding that the most stable configurations are
those with the H and PCys; ligands mutually s and the second hydride in the axial position.
An isomer with the hydride #ans to the phosphine ligand was found cz. 17.0 kcal-mol ™ above.
The equatorial hydride can be coordinated #uns a vacancy or frans pyridine with very similar
energies (AG of 1.1 kcal'mol™) and easy interconversion (Gibbs energy barrier 9.0 kcal-mol
" highlighting a fast equilibrium between these two relative orientations (Scheme 5.SI1 of
the Experimental Part). Between them, the species with H #uans pyridine can better

accommodate the incoming substrate and has been taken as the catalytic configuration.

The O-coordination of 5-1a at the empty equatorial position generates intermediate I at

1.9 kcal'mol " and gives rise to the catalytic cycle depicted in Scheme 5.4.

The associated Gibbs energy profile can be found at the Experimental Part —
Computational details (Figure 5.SI1). Subsequent concerted ring-opening and C-
coordination leads to the formation of a five-member ring metallacycle, II, with a relative

energy of 11.2 kcal'mol”, overcoming an energy batrier of 19.9 kcal'mol”, TSru (Figure

5.2a). This transition state is the highest point in the Gibbs energy profile, making the ring-
opening step the rate-determining step. Intermediate II is a highly distorted octahedron with
the oxygen in the axial position and the equatorial hydride close to the B-carbon of 1a (Cg
--HIr 2.219 A). From this intermediate an easy hydride insertion to the y-carbon-Ir bond
opens the metallacycle leading to Intermediate III, falling at 2.4 kcal-mol™. This is practically
a barrietless process with its transition sate (T'Spm, Figure 5.2b) at the same energy (11.1
kcal'mol™) than intermediate II. According to this mechanism the reaction should proceed
with retention of configuration. This was confirmed experimentally. Starting from
enantiomerically pure 5-(R)-1a, enantiomerically enriched 5-(S)-2a was obtained, albeit with

low ee (26% ee) due to substantial racemization of the aldehyde in the reaction conditions

(Scheme 5.5)."
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Scheme 5.4. DFT computed mechanism (B3LYP-D3 in THF) for the Ir-catalysed
isomerization of epoxide 5-1a to aldehyde 5-2a. Relative Gibbs energies (in purple) in
kcal'mol™ are referred to the separated catalytically active species [It""(H)2(py)(PCys)] " and
substrate 5-1a; transition state energies are shown in parenthesis and blue.

Me, (o] Ir- Crabtree NaBH4 I\=Ile
’, @/'\/0H
5-(R)-1a (99% ee) 5-(S)-2a 5-(R)-2a 5-(S)-2a’ (low ee)

Scheme 5.5. Isomerization of enantiomerically enriched epoxides.

To complete the isomerization, a hydrogen from the substrate must end up at the metal.
Consequently, 3-hydride elimination is the last step of the isomerization process. Previously,
substrate reorientation in intermediate III is required to place the § H near to the vacant
equatorial position at iridium. The rotation process occurs barrierless and leads to the more

stable conformation of intermediate IV at -8.5 kcal'mol® (8H:--Ir 2.927 A). B-hydride
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elimination from intermediate IV is a two-step process in which, first a strong BH-Ir agostic
interaction takes place (BH:--Ir 1.736 A, V, -7.0 kcal'mol™), followed by the B-H-C
elimination, with relative Gibbs energies of -2.8 and -6.3 kcal'mol" for TSiv.v and TSv.vi,
respectively (Figures 5.2c and 5.2d). Finally, from intermediate VI (-17.4 kcal'mol™) the

replacement of the aldehyde by a reactant molecule closes the catalytic cycle.

Figure 5.2. Transition state optimised geometries for: ring opening, TSyn; hydride transfer,
TSt (Ce-H)-Ir agostic formation, TSiv.v; 8-H elimination, TSv.vi. The most important
distances are also reported in A. Hydrogen atoms and cyclohexyl (Cy) groups have been

omitted for clarity.

The general reaction sequence we have computed is equivalent to the mechanism
proposed by Mazet and co-workers for the Pd-hydride catalyzed isomerization of epoxides
to aldehydes."" Initially the metal breaks the epoxide ring and then successive hydride
migration to the y-carbon and $ hydride elimination yields the aldehyde. Despite this general
mechanistic similarity, some differences arise between the palladium and iridium hydride-
catalysed epoxide isomerization. First, ring-opening of the epoxide is notably easier in
presence of the iridium catalyst (Gibbs energy barriers in THF of 24.0 and 19.9 kcal mol”
for the Pd and Ir complexes, '*" respectively). This behaviour can be related to the highly

unsaturated nature of the Ir-catalyst, which has two vacant sites. This feature also allows the
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stabilization of a metallocycle intermediate (II) absent in the palladium system.
Correspondingly, the overall barrier for the isomerization is lower for the Ir-catalyst than for
Pd (19.9 5. 26.4 kcal mol") in agreement with the milder conditions at which the reaction

takes place (room temperature, see Tables 5.1 and 5.3).

In conclusion, the selective isomerization of terminal epoxides to aldehydes has been
accomplished using low catalyst loadings (up to 1 mol%) of the readily available Crabtree’s
reagent. The pre-catalyst requires activation with hydrogen but there is no need to degas the
vessel afterwards. The reaction occurs under milder conditions than in previous reports were
high temperatures were required. DFT calculations reveal that the isomerization takes place
via a hydride mechanism similar to that described for a palladium hydride complex,"* but
with a considerably lower barrier, in agreement with the milder reaction conditions (room
temperature). The reductive amination of the resulting aldehydes can be performed 7 situ.
We have optimised a one-pot protocol based on the imine formation catalysed by pyrrolidine
followed by reduction with NaBH,. Using benzhydrylamine, up to 14 amines have been
synthesized in good to excellent yields. The reaction can be easily scaled up. Other aryl or

alkyl amines —including chiral ones- have been successfully used.
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Experimental Part

General procedures and materials

Unless otherwise indicated, materials were obtained from commercial suppliers and used without
further purification. All reactions that required anhydrous conditions were performed in dried
glassware under a dry nitrogen atmosphere. Dichloromethane and THF were degassed and
anhydrised with a solvent purification system (SPS PS-MD-3). Anhydrous dichloroethane and DMF
were used from Sigma Aldrich. Solvents were removed under reduced pressure with a rotary
evaporator. Silica gel chromatography was performed using an automated chromatography system
(PuriFlash® 430, Interchim).

Instrumentation

NMR spectroscopy: 'H and 13C were recorded on the NMR spectrometers of the Centres Cientifics i
Tecnologics de la Universitat de Barcelona. The employed spectrometers were a Varian Mercury 400 MHz.
Chemical shifts (8) were referenced to internal solvent resonances and reported relative to TMS
(tetramethylsilane). The coupling constants (f) are reported in Hertz (Hz). The following
abbreviations are used to define multiplicities: s (singlet), d (doublet), t (triplet), q (quartet), dd
(doublet of doublets), ddd (doublet of doublet of doublets), ddd (doublet of doublet of triplets), dddd
(doublet of doublet of doublet of doublets), dt (doublet of triplets), td (triplet of doublets), ddq
(doublet of doublet of quartets), dtd (doublet of triplet of doublets), dq (doublet of quartets), tt
(triplet of triplets), qt (quartet of triplets), m (multiplet), br s (broad signal).

High Resolution Mass Spectrometry: High resolution ESI-MS spectra were recorded in an
LC/MSD-TOF G1969A (Agilent Technologies) of the Centres Cientifics i Tecnologics de la Universitat de

Barcelona.

IR spectroscopy: IR spectra were measured in a Thermo Nicolet 6700 FT-IR spectrometer using
an ATR system, of the Department of Organic Chemistry in the Universitat de Barcelona.

Optical rotations were measuted at room temperature (25°C) using a Jasco P-2000 iRM- 800
polarimeter. Concentration is expressed in g/100 mL. The cell sized 10 cm long and had 1 mL of

capacity, measuring A was 589 nm, which corresponds to a sodium lamp.

Melting points were determined using a Biichi melting point apparatus and were not corrected.
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Experimental procedures and characterization

Preparation of substrates

General procedure (GP1)

Me3SOI
KOtBu
ﬁ
DMSO
rt, 17 h

(o)

In an oven dried flask, DMSO (1.6 mL/mmol) was added to trimethylsulfoxonium iodide (1.5 equiv.).
The suspension was cooled to 0 °C, KOtBu (1.2 equiv.) was added and the resulting yellow
suspension was stirred at 0 °C for 10 min. To this suspension, a solution of ketone (1.0 equiv.) in
DMSO (0.7 mL/mmol) was added dropwise and the resulting mixture was warmed gradually to t.t.
and stirred at t.t. for 16 hours. Afterwards, the reaction mixture was diluted with water and extracted
(x3) in hexanes. The organic extracts were collected, dried over MgSOy4 and concentrated to afford

the desired product which was used for the next step without further purification.

General procedure (GP2)

R mCPBA Ro
LR » R'
0 N
~ CH2C|2

In an oven dried flask, the desired alkene (1 eq.) in dissolved in anhydrous CH2Clz (0.4 M) was placed.
The vessel was purged with N2 and cooled to 0 °C. To this solution, 7-CPBA (1.1 eq.) was added in
a single portion. After completion of the reaction (TLC monitoring) the reaction mixture was
quenched with a saturated solution of NaHCOs. The aqueous phase was extracted (3x) with CH>Cl..
The organic phases were collected and dried over MgSOys. The solvent was concentrated 7 vacuo to
yield the epoxide which was directly used without any further purification.

2-methyl-2-phenyloxirane, 5-1a

o

Following GP1, the product was obtained as a colotless oil (1.05 g, 94% yield). 'TH NMR (400 MHz,
CDCls) 6 7.39 — 7.30 (m, 4H), 7.30 — 7.26 (m, 1H), 2.98 (d, ] = 5.4 Hz, 1H), 2.80 (dq, ] = 5.4, 0.8 Hz,
1H), 1.72 (d, ] = 0.8 Hz, 3H). The analytical data for this compound were in excellent agreement with
the reported data.!

2-(4-fluorophenyl)-2-methyloxirane, 5-1b
F

1 Vyas, D. J.; Larionov, E.; Besnard, C.; Guénée, L.; Mazet, C. J. Am. Chem. Soc. 2013, 135 (16), 6177-6183.
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Following GP1, the product was obtained as a light brown oil (1.05 g, 95% yield). 'TH NMR (400
MHz, CDCl3) 8 7.36 — 7.30 (m, 2H), 7.05 — 6.98 (m, 2H), 2.96 (d, ] = 5.3 Hz, 1H), 2.77 (dq, ] = 5.3,
0.7 Hz, 1H), 1.70 (d, ] = 0.6 Hz, 3H). The analytical data for this compound were in excellent
agreement with the reported data.!

2-(4-chlorophenyl)-2-methyloxirane, 5-1c

Cl
\@>&
Following GP, the product was obtained as a light yellow oil (990 mg, 91% yield). ITH NMR (400
MHz, CDCl3) 6 7.30 (d,] = 0.4 Hz, 4H), 2.97 (d, ] = 5.4 Hz, 1H), 2.76 (dt, ] = 5.3, 0.7 Hz, 1H), 1.70

(d, ] = 0.8 Hz, 3H). The analytical data for this compound were in excellent agreement with the
reported data.!

2-(4-bromophenyl)-2-methyloxirane, 5-1d

Br
Q&
Following GP1, the product was obtained as a light yellow oil (930 mg, 87% yield). 'TH NMR (400
MHz, CDCls) 8 7.48 — 7.43 (m, 2H), 7.25 - 7.21 (m, 2H), 2.97 (d, ] = 5.4 Hz, 1H), 2.75 (dq, ] = 5.4,

0.8 Hz, 1H), 1.69 (d, ] = 0.7 Hz, 3H). The analytical data for this compound were in excellent
agreement with the reported data.!

2-(4-iodophenyl)-2-methyloxirane, 5-1e

|
Q&
Following GP1, the product was obtained as a yellow solid (920 mg, 87% yield). TH NMR (400 MHz,

CDCls) 8 7.69 —7.61 (m, 2H), 7.13 — 7.07 (m, 2H), 2.97 (d, ] = 5.4 Hz, 1H), 2.74 (dq, ] = 5.4, 0.8 Hz,
1H), 1.68 (s, 3H). The analytical data for this compound were in excellent agreement with the reported

data.!
a

Following GP1, the product was obtained as a light yellow oil (950 mg, 86% yield). 'TH NMR (400
MHz, CDCl3) 6 7.39 — 7.36 (m, 1H), 7.30 — 7.23 (m, 1H), 7.20 — 7.17 (m, 1H), 7.17 — 7.12 (m, 1H),
297 (d,] = 5.4 Hz, 1H), 2.82 (dt, ] = 5.4, 0.8 Hz, 1H), 2.42 (d, ] = 0.7 Hz, 3H), 1.60 (d, ] = 0.7 Hz,
3H). The analytical data for this compound were in excellent agreement with the reported data.!

Q&

Following GP1, the product was obtained as a light yellow oil (1.08 g, 98% yield). TH NMR (400
MHz, CDCls) 8 7.28 — 7.21 (m, 2H), 7.17 = 7.11 (m, 2H), 2.96 (d, ] = 5.4 Hz, 1H), 2.79 (dq, ] = 5.5,

2-methyl-2-(o-tolyl)oxirane, 5-1f

2-methyl-2-(p-tolyl)oxirane, 5-1g
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0.8 Hz, 1H), 2.34 (s, 3H), 1.70 (d, J] = 0.7 Hz, 3H). The analytical data for this compound were in
excellent agreement with the reported data.?

2-(2-methoxyphenyl)-2-methyloxirane, 5-1h

oé)
/
O

Following GP1, the product was obtained as a yellow oil (1.02 g, 93% yield). TH NMR (400 MHz,
CDCls) 6 7.35 (ddt, ] = 7.4, 1.8, 0.5 Hz, 1H), 7.27 — 7.22 (m, 1H), 7.01 — 6.95 (m, 1H), 6.92 (tdd, | =
7.5,1.1,0.6 Hz, 1H), 3.86 (s, 3H), 2.91 (d, ] = 5.3 Hz, 1H), 2.75 (dq, ] = 5.3, 0.7 Hz, 1H), 1.61 (t,] =
0.7 Hz, 3H). The analytical data for this compound were in excellent agreement with the reported
data.

2-(4-methoxyphenyl)-2-methyloxirane, 5-1i
- O

£

Following GP1, the product was obtained as a colorless oil (723 mg, 66% yield). TH NMR (400 MHz,
CDCl) 6 7.31 — 7.26 (m, 2H), 6.89 — 6.83 (m, 2H), 3.79 (s, 3H), 2.95 (d, ] = 5.4 Hz, 1H), 2.79 (dq, J
=5.4,0.7 Hz, 1H), 1.69 (s, 3H). The analytical data for this compound were in excellent agreement
with the reported data.!

2-methyl-2-(naphthalene-2-yl)oxirane, 5-1j
S o

Following GP1, the product was obtained as a yellow solid (520 mg, 96% yield). TH NMR (400 MHz,
CDCls) 6 7.87 —7.80 (m, 4H), 7.51 — 7.43 (m, 3H), 3.06 (d, ] = 5.4 Hz, 1H), 2.90 (dq, ] = 5.4, 0.8 Hz,
1H), 1.83 (d, ] = 0.8 Hz, 3H).The analytical data for this compound were in excellent agreement with
the reported data.!

2-ethyl-2-phenyloxirane, 5-1k

e

Following GP1, the product was obtained as a colotless oil (1.00 g, 91% yield). 'TH NMR (400 MHz,
CDCls) 6 7.38 — 7.30 (m, 3H), 7.29 — 7.24 (m, 2H), 2.97 (d, ] = 5.4 Hz, 1H), 2.74 (d,] = 5.4 Hz, 1H),
2.19 (dq,J = 15.0,7.5 Hz, 1H), 1.82 (dt, ] = 14.5, 7.4 Hz, 1H), 0.94 (t, ] = 7.5 Hz, 3H). The analytical
data for this compound were in excellent agreement with the reported data.!

2-isopropyl-2-phenyloxirane, 5-11

o

% Zhuang, M.; Du, H. Org. Biomol. Chem. 2013, 11, 1460-1462.
3 Burell, R. H.; Jean, M.; Poitier, D.; Savard, S. Can. ]. Chem. 1984, 62, 2822-2829.
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Following GP1, the product was obtained as a colotless oil (968 mg, 88% yield). 'H NMR (400 MHz,
CDCls) 6 7.38 — 7.27 (m, 4H), 2.99 (d, ] = 5.2 Hz, 1H), 2.71 (d, ] = 5.2 Hz, 1H), 2.08 (dq, ] = 13.7,
6.9 Hz, 1H), 0.95 (dd, ] = 6.9, 5.3 Hz, 6H). The analytical data for this compound were in excellent
agreement with the reported data.!

2-cyclohexyl-2-phenyloxirane, 5-1m

Following GP1, the product was obtained as a colotless oil (798 mg, 74% yield). 'H NMR (400 MHz,
CDCl) 8 7.38 — 7.30 (m, 4H), 7.30 — 7.24 (m, 1H), 3.01 (d, ] = 5.3 Hz, 1H), 2.69 (d, ] = 5.3 Hz, 1H),
1.93 - 1.82 (m, 1H), 1.78 — 1.72 (m, 3H), 1.62 (dddt, ] = 12.9, 4.9, 3.4, 1.6 Hz, 1H), 1.54 — 1.33 (m,
1H), 1.31 - 1.17 (m, 2H), 1.12 — 0.98 (m, 3H). The analytical data for this compound were in excellent

agreement with the reported data.!
2-methyl-2-phenethyloxirane, 5-1n

o)

Following GP1, the product was obtained as a colorless oil (1.01 g, 92% yield)."H NMR (400 MHz,
CDCl) 8 7.28 (t, ] = 7.3 Hz, 2H), 7.19 (t, ] = 6.1 Hz, 3H), 2.74 (dt, ] = 16.8, 7.8 Hz, 2H), 2.59 (dd, ]
=10.9,4.9 Hz, 2H), 1.96 — 1.90 (m, 1H), 1.88 — 1.80 (m, 1H), 1.38 (d, ] = 3.4 Hz, 3H).The analytical
data for this compound were in excellent agreement with the reported data.!

2-methyl-3-phenyloxirane, 5-1o0

3

Following GP2, the product was obtained as a colotless oil (576 mg, 89% yield). 'TH NMR (400
MHz, CDCl3) & 7.38 — 7.27 (m, 5H), 4.07 (d, ] = 4.2 Hz, 1H), 3.35 (qd, / = 5.4, 4.2 Hz, 1H), 1.09
(d, J = 5.4 Hz, 3H). The analytical data for this compound were in excellent agreement with the
reported data.!

2-methyl-2,3-diphenyloxirane, 5-1p
IS

Following GP2, the product was obtained as a colorless oil (210 mg, 85% yield). '"H NMR (400
MHz, CDCls) 6 7.49 —7.30 (m, 10H), 3.98 (s, 1H), 1.47 (s, 3H). The analytical data for this
compound were in excellent agreement with the reported data.*

2-(4-chlorophenyl)-2-phenyloxirane, 5-1q

CI
J

4 Geng, X.-L.; Wang, Z.; Li, X.-Q.; Zhang, C. J. Org. Chem. 2005, 70 (23), 9610-9613.
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Following GP1, the product was obtained as a colorless oil (680 mg, 73% yield). ITH NMR (400 MHz,
CDClL) 8 7.41 — 7.22 (m, 9H), 3.28 (d, J = 5.5 Hz, 1H), 3.21 (d, /] = 5.5 Hz, 1H). 3C NMR (101
MHz, CDCl3) 8 139.09, 138.36, 133.99, 128.93, 128.51, 128.49, 128.44, 128.30, 127.59, 127.31, 126.57,
124.95, 88.42, 56.92. HRMS (ESI) Calculated for C14H2ClIO [M+H]*: 231.0571; Found: 231.0564.
IR (ATR) vimax = 3057, 3022, 1489. 1090 cm.

One-pot iridium-catalyzed isomerization of epoxides and reductive amination.

General procedure (GP3)

_I X
Cy,P N\
ys \Iri 1) R3NH,, pyrrolidine
~ N’ \}
| (10 mol%), 2h, rt

R1 (o) y R1
—_— AP >
2 R?
R THF, 3 bar Hy, rt 2) NaBH, in MeOH, 2h, rt R?

A, X=PFg
B, X=BA,f

R!' NHR®

Into a glove box, the epoxide (1.0 eq.) and Crabtree’s catalyst (5-4) A or B as indicated (3 mol%,
unless otherwise indicated) were placed in a pressure tube and dissolved in anhydrous THF (0.25 M).
Then, the pressure tube was purged and charged with H» (3 bar). The reaction was stirred for 2-48
hours at room temperature. After completion by 'H-NMR monitoring, the ratio of selectivity
aldehyde:alcohols was determined. Pyrrolidine (10 mol%) and the corresponding amine (1.1 eq.) were
then added by pressure syringe. After 2 hours stirring vigorously, the hydrogen pressure was released
and NaBH4 (2.5 eq.) and MeOH (3 mL) were added. After 2 hours, the solvent was evaporated and
the mixture was dissolved in EtOAc and washed with NaHCOs (aq). The aqueous layer was further
extracted with EtOAc (x2), the combined organic layers were washed with brine, dried over NaxSOy,
filtered and concentrated i vacno. The crude was purified by flash column chromatography
(hexanes:EtOAc = 95:5) affording the desired compound.

®
HN O

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 94% of selectivity. The desired amine was obtained as an oil
(167 mg, 67% yield). When performing the reaction in gram scale and using 1 mol% of catalyst B,
the desired amine was obtained in 51% of yield after purification. ITH NMR (400 MHz, CDCl;) &
7.37 —7.15 (m, 15H), 477 (d, ] = 2.2 Hz, 1H), 2.98 (hd, ] = 7.1, 2.0 Hz, 1H), 2.78 — 2.72 (m, 2H),
1.48 (s, 1H), 1.27 (dd, J = 7.0, 2.0 Hz, 3H). 3C NMR (101 MHz, CDCls) 8: 145.60, 144.35, 144.33,
128.61, 128.55, 128.53, 127.41, 127.39, 127.36, 127.03, 127.02, 126.43, 67.44, 55.31, 40.35, 20.21.
HRMS (ESI) Calculated for C2H2sN [M+H]*: 302.1903; Found: 302.1904. IR (ATR) v = 3399,
2977,1750 cm-1.

N-benzhydryl-2-phenylpropan-1-amine, 5-6a

N-benzhydryl-2-(4-fluorophenyl)propan-1-amine, 5-6b

o O
HN ‘qii

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left

for 17 hours. Aldehyde was obtained in 94% of selectivity. The desired amine was obtained as an oil
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(106 mg, 57% vyield). 'H NMR (400 MHz, CDCls) & 7.34 (d, ] = 7.1 Hz, 2H), 7.30 — 7.22 (m, GH),
7.22 — 7.12 (m, 4H), 6.98 (t, ] = 8.7 Hz, 2H), 4.75 (s, 1H), 2.97 (s, 1H), 2.78 — 2.67 (m, 2H), 1.23 (d,
] = 7.0 Hz, 3H). 3C NMR (101 MHz, CDCl3) &: 8 162.65, 160.22, 144.14, 144.10, 141.10, 141.07,
128.62, 128.54, 128.44, 128.43, 127.24, 127.20, 126.96, 126.94, 115.28, 115.07, 67.34, 55.23, 39.59,
20.16. HRMS (ESI) Calculated for CoHosN [M+H]*: 320.1809; Found: 320.1810. IR (ATR) Vi =
3109, 3082, 3026, 2960, 2913, 1601, 1508, 1492, 1452, 1222 cm-!.

N-benzhydryl-2-(4-chlorophenyl)propan-1-amine, 5-6¢

cl O
HN 0

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left
for 2 hours. Aldehyde was obtained in 95% of selectivity. The desired amine was obtained as an oil
(178 mg, 67% yield). TH NMR (400 MHz, CDCls) 6 7.35 — 7.31 (m, 2H), 7.30 — 7.23 (m, 8H), 7.22
—7.15 (m, 2H), 7.15 - 7.10 (m, 2H), 4.75 (s, 1H), 2.93 (h, ] = 7.0 Hz, 1H), 2.73 — 2.70 (m, 2H), 1.23
(d,J = 7.0 Hz, 3H). 3C NMR (101 MHz, CDCls) 6 144.07, 144.04, 143.95, 131.86, 128.60, 128.53,
128.43, 128.42, 127.20, 127.17, 126.96, 126.93, 67.32, 54.99, 39.75, 19.97. HRMS (ESI) Calculated
for Co»HCIN [M+H]*: 336.1514; Found: 336.1506. IR (ATR) vmax = 3084, 3060, 3024, 2958, 1600,
1491, 1452 cm'!.

N-benzhydryl-2-(4-bromophenyl)propan-1-amine, 5-6d

o O
HN O

Following GP3, catalyst B and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 99% of selectivity. The desired amine was obtained as an oil
(123 mg, 74% yield). 'TH NMR (400 MHz, CDCls) 8 7.34 — 7.28 (m, 2H), 7.27 — 7.22 (m, 2H), 7.21
—7.12 (m, 6H), 7.12 — 7.06 (m, 2H), 7.00 — 6.95 (m, 2H), 4.66 (s, 1H), 2.87 — 2.77 (m, 1H), 2.67 —
2.57 (m, 2H), 1.13 (d, ] = 7.0 Hz, 3H). BC NMR (101 MHz, CDCl;) 8: 8 144.61, 144.19, 144.17,
131.60, 129.16, 128.56, 128.55, 127.33, 127.30, 127.09, 127.07, 120.04, 67.47, 55.08, 39.96, 20.05.
HRMS (ESI) Calculated for C2H2BrN [M-+H]*: 380.1008; Found: 380.1003. IR (ATR) vmax = 3069,
3024, 2961, 2910, 2819, 1561, 1483, 1453 cm-.

N-benzhydryl-2-(4-iodophenyl)propan-1-amine, 5-6e

N &
HN O

Following GP3, catalyst B and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 92% of selectivity. The desired amine was obtained as an oil
(118 mg, 63% yield). 'TH NMR (400 MHz, CDCls) 6 7.65 — 7.56 (m, 2H), 7.36 — 7.29 (m, 2H), 7.28
—7.21 (m, 6H), 7.21 = 7.12 (m, 2H), 6.98 — 6.90 (m, 2H), 4.74 (s, 1H), 2.89 (h, ] = 6.9 Hz, 1H), 2.74
—2.66 (m, 2H), 1.45 (s, 1H), 1.21 (d, / = 6.9 Hz, 3H). BC NMR (101 MHz, CDCl;) 8: 145.34, 144.21,
144.19, 137.60, 129.54, 128.58, 128.57, 127.35, 127.32, 127.11, 127.09, 91.45, 67.48, 55.05, 40.06,
20.02. HRMS (ESI) Calculated for CHzIN [M+H]*: 428.0870; Found: 428.0873. IR (ATR) vimax =
3065, 3021, 2955, 2920, 2819, 1590, 1486, 1451 cm-1.
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N-benzhydryl-2-(o-tolyl)propan-1-amine, 5-6f

®
HN O

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left
for 48 hours. Aldehyde was obtained in 97% of selectivity. The desired amine was obtained as an oil
(89 mg, 80% yield). 'H NMR (400 MHz, CDCl3) 6 7.30 — 7.26 (m, 2H), 7.23 (dt, ] = 3.1, 1.9 Hz,
2H), 7.21 — 7.15 (m, 4H), 7.13 — 6.96 (m, 6H), 4.69 (s, 1H), 3.18 (h, ] = 7.0 Hz, 1H), 2.67 (ddd, ] =
29.8, 11.7, 7.1 Hz, 2H), 2.25 (s, 3H), 1.49 (s, 1H), 1.15 (d, /] = 6.9 Hz, 3H). 3C NMR (101 MHz,
CDCls) & 144.40, 144.29, 143.66, 136.09, 130.49, 128.56, 128.54, 127.38, 127.36, 127.07, 127.03,
126.37, 125.99, 125.39, 67.52, 54.68, 35.10, 19.73, 19.68. HRMS (ESI) Calculated for C3HsN
[M+H]*: 316.2060; Found: 316.2066. IR (ATR) vmax = 3059, 3021, 2955, 1597, 1490, 1452 cm".
N-benzhydryl-2-(p-tolyl)propan-1-amine, 5-6g

®
HN O

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 94% of selectivity. The desired amine was obtained as an oil
(117 mg, 45% yield). 'H NMR (400 MHz, CDCls) 8 7.34 (qd, | = 2.3, 1.2 Hz, 2H), 7.30 — 7.23 (m,
7H), 7.20 — 7.15 (m, 2H), 7.08 (d, ] = 8.8 Hz, 4H), 4.76 (s, 1H), 2.94 (b, ] = 7.0 Hz, 1H), 2.71 (t, ] =
6.0 Hz, 2H), 2.31 (d, ] = 6.1 Hz, 3H), 1.23 (d, ] = 7.0 Hz, 3H). 3C NMR (101 MHz, CDCl;) & 144.306,
142.50, 135.88, 129.31, 128.53, 128.52, 127.42, 127.38, 127.23, 127.02, 127.00, 67.46, 55.35, 39.80,
21.15, 20.34. HRMS (ESI) Calculated for CxHasN [M+H]*: 316.2060; Found: 316.2061. IR (ATR)
vmax = 3021, 2960, 2920, 2863, 1595, 1483, 1452 cm'!.

N-benzhydryl-2-(2-methoxyphenyl)propan-1-amine, 5-6h

&

HN

g ()

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 98% of selectivity. The desired amine was obtained as an oil
(175 mg, 71% yield). 'TH NMR (400 MHz, CDCls) 8 7.37 — 7.32 (m, 2H), 7.30 — 7.15 (m, 9H), 6.76
(tdd, ] = 5.8, 5.2, 1.3 Hz, 3H), 4.76 (s, 1H), 3.79 (d, ] = 4.3 Hz, 3H), 3.00 — 2.89 (m, 1H), 2.78 — 2.68
(m, 2H), 1.24 (d, /] = 6.9 Hz, 3H). 3C NMR (101 MHz, CDCl3) 8 159.68, 147.15, 144.17, 144.13,
129.39, 128.37, 128.36, 127.24, 127.19, 126.87, 126.85, 119.64, 113.04, 111.44, 67.27, 55.11, 55.05,
40.24, 20.05. HRMS (ESI) Calculated for C23HasNO [M+H]*: 332.2009; Found: 332.2008. IR (ATR)
vmax = 3059, 3024, 2951, 2828, 1598, 1583, 1487, 1452, 1257 cm-1.

N-benzhydryl-2-(4-methoxyphenyl)propan-1-amine, 5-6i

~o ()
HN O

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 99% of selectivity. The desired amine was obtained as an oil
(50 mg, 45% yield). 'TH NMR (400 MHz, CDCl3) 8 & 7.37 — 7.33 (m, 2H), 7.30 — 7.23 (m, 6H), 7.19
(ttd, ] = 5.9, 3.3, 2.8, 1.3 Hz, 2H), 7.15 — 7.10 (m, 2H), 6.87 — 6.82 (m, 2H), 4.76 (s, 1H), 3.79 (s, 3H),
3.05 - 2.87 (m, 1H), 2.79 — 2.66 (m, 2H), 1.22 (d, ] = 7.0 Hz, 3H). 3C NMR (101 MHz, CDCl;) 3
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158.10, 128.43,128.13, 127.32,127.29, 127.00, 113.91, 67.23, 55.25, 39.06, 29.69, 20.23. HRMS (ESI)
Calculated for Ca3sHasNO [M+H]*: 332.2009; Found: 332.2005. IR (ATR) vm.x = 3021, 2951, 2932,
2825, 1601, 1512, 1453, 1246 cm'.

N-benzhydryl-2-(naphthalen-2-yl)propan-1-amine, 5-6j

Q) HN

Following GP3, catalyst B and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 91% of selectivity. The desired amine was obtained as an oil
(97 mg, 62% yield). 'H NMR (400 MHz, CDCls) 8 7.84 — 7.74 (m, 3H), 7.64 (dd, ] = 1.8, 0.8 Hz,
1H), 7.49 — 7.40 (m, 2H), 7.37 — 7.31 (m, 3H), 7.29 — 7.14 (m, 8H), 4.79 (s, 1H), 3.15 (h, ] = 7.0 Hz,
1H), 2.93 — 2.80 (m, 2H), 1.34 (d, ] = 7.0 Hz, 3H). BC NMR (101 MHz, CDCl3) § 144.23, 143.01,
133.74,132.51, 128.55, 128.54, 128.25, 127.74,127.73, 127.41, 127.39, 127.07, 127.04, 126.05, 125.94,
125.78, 125.42, 67.51, 55.11, 40.49, 20.36. HRMS (ESI) Calculated for CasHzsN [M+H]*: 352.2060;
Found: 352.2060. IR (ATR) vmax = 3062, 3021, 2961, 2917, 2809, 1593, 1491, 1452 cm''.

N-benzhydryl-2-phenylbutan-1-amine, 5-6k

Qs

Following GP3, catalyst A and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 99% of selectivity. The desired amine was obtained as an oil
(122 mg, 70% yield). '"H NMR (400 MHz, CDCl;) 8 7.26 — 7.06 (m, 15H), 4.66 (s, 1H), 2.78 — 2.58
(m, 3H), 1.64 (ddtd, | = 12.1, 9.6, 7.4, 4.9 Hz, 1H), 1.52 — 1.43 (m, 1H), 0.69 (td, ] = 7.4, 0.7 Hz, 3H).
BCNMR (101 MHz, CDCls) 6 144.32, 144.30, 143.98, 128.55, 128.53, 128.50, 128.07, 127.39, 127.37,
127.01, 126.98, 126.46, 67.45, 53.78, 48.27, 27.42, 12.19. HRMS (ESI) Calculated for CHasN
[M+H]*: 316.2060; Found: 316.20 63. IR (ATR) vmax = 3078, 3059, 3015, 2955, 2920, 2869, 1604,
1492, 1452 cmcl.

N-benzhydryl-3-methyl-2-phenylbutan-1-amine, 5-61

®
HN O

Following GP3, catalyst B and benzhydrylamine were used and the isomerization reaction was left
for 3 hours. Aldehyde was obtained in 99% of selectivity. The desired amine was obtained as an oil
(90 mg, 57% yield). 'TH NMR (400 MHz, CDCl3) 8 7.31 — 7.13 (m, 15H), 4.73 (s, 1H), 2.95 (dd, ] =
11.5,4.5 Hz, 1H), 2.78 (dd, /] = 11.5,9.9 Hz, 1H), 2.57 (ddd, ] = 9.8, 8.0, 4.5 Hz, 1H), 1.91 — 1.78 (m,
1H), 0.89 (d, ] = 6.7 Hz, 3H), 0.69 (d, ] = 6.7 Hz, 3H). BC NMR (101 MHz, CDCl) & 144.30, 144.24,
142.94, 128.78, 128.50, 128.46, 128.35, 127.43, 127.34, 127.00, 126.91, 126.43, 67.47, 53.39, 51.03,
31.70, 21.24, 20.84. HRMS (ESI) Calculated for CosH»N [M+H]*: 330.2221; Found: 330.2216. IR
(ATR) vmax = 3059, 3025, 2957, 2917, 2866, 1593, 1492, 1451 cm-1.
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N-benzhydryl-2-cyclohexyl-2-phenylethan-1-amine, 5-6m

®
HN O

Following GP3, catalyst B and benzhydrylamine were used and the isomerization reaction was left
for 12 hours. Aldehyde was obtained in 99% of selectivity. The desired amine was obtained as a white
solid (103 mg, 75% yield). m. p. 85 °C. TH NMR (400 MHz, CDCls) 8 7.22 — 7.03 (m, 15H), 4.64 (s,
1H), 2.89 (dd, ] = 11.5, 4.4 Hz, 1H), 2.70 (dd, ] = 11.4, 10.0 Hz, 1H), 2.54 (ddd, ] = 9.9, 7.9, 4.4 Hz,
1H), 1.72 — 1.54 (m, 2H), 1.49 (ddt, ] = 10.4, 7.7, 3.8 Hz, 2H), 1.40 (ddt, ] = 11.3, 7.8, 3.3 Hz, 1H),
1.35 - 1.24 (m, 2H), 1.15 - 0.92 (m, 3H), 0.87 — 0.75 (m, 1H), 0.67 (qd, ] = 12.2, 3.2 Hz, 1H). 13C
NMR (101 MHz, CDCls) & 144.27, 144.23, 142.97, 128.80, 128.48, 128.44, 128.33, 128.32, 127.41,
127.32, 126.98, 126.89, 126.37, 67.45, 52.43, 50.59, 41.50, 31.56, 31.14, 26.62, 26.59, 26.56. HRMS
(ESI) Calculated for CyyHu N [M+H]*: 370.2528; Found: 370.2529. IR (ATR) vma = 3056, 3024,
2923, 2851, 1599, 1492, 1450 cm-L.

N-benzhydryl-2-methyl-4-phenylbutan-1-amine, 5-6n

®
HN O

Following GP3, catalyst B (5 mol%) and benzhydrylamine were used and the isomerization reaction
was left for 12 hours. Aldehyde was obtained in 98% of selectivity. The desired amine was obtained
as an oil (112 mg, 79% yield). TH NMR (400 MHz, CDCls) 8 7.40 (ddd, | = 8.1, 2.9, 1.3 Hz, 4H),
7.33 — 7.24 (m, 6H), 7.24 — 7.13 (m, 5H), 4.77 (s, 1H), 2.64 (ddd, J = 13.7, 9.9, 5.6 Hz, 1H), 2.59 —
2.50 (m, 2H), 2.43 (dd, ] = 11.6, 6.8 Hz, 1H), 1.81 — 1.63 (m, 2H), 1.48 — 1.40 (m, 1H), 0.99 (d, ] =
0.6 Hz, 3H). BC NMR (101 MHz, CDCls) & 144.36, 142.84, 128.42, 128.36, 128.28, 127.30, 127.28,
126.92, 125.60, 67.66, 54.37, 36.66, 33.32, 33.11, 30.92, 18.20. HRMS (ESI) Calculated for CosHz/N
[M+H]*: 330.2213; Found: 330.2216. IR (ATR) vmax = 3082, 3062, 3018, 2961, 2930, 2863, 1590,
1492, 1452 cm'!.

4-methoxy-N-(2-phenylpropyl)aniline, 5-7a

oL

Following GP3, epoxide 5-1a (0.2 mmol), catalyst B and p-anisidine were used and the isomerization
reaction was left for 12 hours. The product was obtained as a dark oil (115 mg, 64% yield). 'H NMR
(400 MHz, CDCl3) 8 7.37 = 7.29 (m, 2H), 7.26 — 7.20 (m, 3H), 6.80 — 6.73 (m, 2H), 6.59 — 6.52 (m,
2H), 3.74 (s, 3H), 3.30 (dd, ] = 12.2, 6.1 Hz, 1H), 3.20 (dd, J = 12.2, 8.3 Hz, 1H), 3.05 (dt, ] = 8.2,
6.6 Hz, 1H), 1.33 (d, ] = 6.9 Hz, 3H). BC NMR (101 MHz, CDCl3) 5 145.05, 139.25, 128.68, 128.50,
128.35, 127.28, 127.20, 126.56, 55.94, 53.54, 39.76, 20.20. HRMS (ESI) Calculated for CisH20NO
[M+H]*: 242.1539; Found: 242.1535. The analytical data for this compound were in excellent
agreement with the reported data.>

N-benzyl-2-phenylpropan-1-amine, 5-8a
@)\, N
N /( j

5 Fleischer, S.; Zhou, S.; Junge, K; Beller, M. Chem. Asian. J. 2011, 6, 2240 — 2245.
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Following GP3, epoxide 5-la (0.2 mmol), catalyst B and benzylamine were used and the
isomerization reaction was left for 17 hours. The product was obtained as a colorless oil (103 mg,
55% yield). 'TH NMR (400 MHz, CDCls) 8 7.39 — 7.14 (m, 10H), 3.84 — 3.68 (m, 2H), 2.98 (h, J =
7.0 Hz, 1H), 2.85 — 2.73 (m, 2H), 1.50-1.41 (br s, 1H), 1.26 (d, ] = 7.0 Hz, 3H). 3C NMR (101 MHz,
CDCls) & 145.05, 139.25, 128.68, 128.50, 128.35, 127.28, 127.20, 126.56, 55.94, 53.54, 39.76, 20.20.
HRMS (ESI) Calculated for CisHaoN [M+H]*: 226.1590; Found: 226.1592. The analytical data for
this compound were in excellent agreement with the reported data.6

2-phenyl-N-((&)-1-phenylethyl)propan-1-amine, 5-(9a-9a’)

H = H
N R - N (R)
" @N

Following GP3, epoxide 5-1a (0.2 mmol), catalyst B and (R)-(+)-1-Phenylethylamine were used and
the isomerization reaction was left for 17 hours. The desired amine was obtained as a colotless oil
(106 mg in 3:2 dr, 56% yield). (R/S)(R) isomer: 'H NMR (400 MHz, CDCl3) 6 7.34 — 7.28 (m, 6H),
7.26 — 7.19 (m, 4H), 3.71 (q, ] = 6.6 Hz, 1H), 2.90 (h, ] = 6.9 Hz, 1H), 2.68 (dd, /] = 11.5, 7.8 Hz,
1H), 2.60 (dd, J = 11.5, 6.6 Hz, 1H), 1.28 (d, ] = 6.6 Hz, 3H), 1.23 (d, / = 7.0 Hz, 3H). 3C NMR
(101 MHz, CDCls) & 145.78, 145.64, 128.62, 128.49, 127.31, 126.94, 126.78, 126.42, 58.47, 55.14,
40.206, 24.53, 20.21. HRMS (ESI) Calculated for Ci7H2N [M+H]*: 240.1747; Found: 240.1752. IR
(ATR) vmax = 2963, 2249, 1493, 1451, 1373, 1126 cml. (R/S)(R) isomer: 'TH NMR (400 MHz,
CDCl3) 8 7.39 —7.33 (m, 1H), 7.32 — 7.27 (m, 4H), 7.25 — 7.21 (m, 2H), 7.15 (dt, / = 8.0, 1.2 Hz, 3H),
3.78 = 3.71 (m, 1H), 2.98 — 2.88 (m, 1H), 2.69 (dd, | = 11.6, 5.5 Hz, 1H), 2.65 — 2.55 (m, 1H), 1.28
(d, J = 6.6 Hz, 3H), 1.21 (d, ] = 7.0 Hz, 3H). BC NMR (101 MHz, CDCls) & 145.67, 145.32, 128.63,
128.49, 127.36, 126.93, 126.57, 126.48, 58.15, 54.53, 40.12, 24.46, 20.51. HRMS (ESI) Calculated for
Ci7H2oN [M+H]*: 240.1747; Found: 240.1751. IR (ATR) vmax = 30206, 2968, 2923, 2251, 1493, 1451,
1373, 1123 cm-L.

Iridium-catalyzed isomerization of di- and tri-substituted epoxides

General procedure (GP4)

Into a dry box, the epoxide (1.0 equiv.) and Crabtree’s catalyst 5-4A or 5-4B (1 mol%) were placed
in a pressure tube and dissolved in the indicated anhydrous solvent (0.1 M). The pressure tube was
purged and charged with H» (3 barG). The reaction was stirred 16 hours —otherwise indicated- at
room temperature. After completion by 'H NMR, the solvent was evaporated and the crude mixture
was filtered over celite to yield the corresponding carbonyl compound.

1-phenylpropan-2-one, 5-20
o 5-4B (3 mol %) o
r ©/\?
CH,3 CH,Cl, 3 bar Hj rt CH;
96%
Following GP4, using 2-methyl-3-phenyloxirane and catalyst B in CH>Cl,, the product was obtained
as a colotless oil (112 mg, 96% yield). TH NMR (400 MHz, CDCls) & 7.29 — 7.22 (m, 5H), 3.72 (s,

2H), 2.18 (s, 3H). The analytical data for this compound were in excellent agreement with the reported
data.”

¢ Horrillo-Martinez, P.; Hultzsch, K. C.; Gil, A.; Branchadell, V. Eur. J. Org. Chem. 2007, 3311 - 3325.
7 Zimbron, J. M.; Seeger-Weibel, M.; Hirt, H.; Gallou, F. Synthesis 2008, &, 1221 — 1226.
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C

2,2-diphenylpropanal, 5-2p

5-4B (3 mol %) _0
>
CH,Cl, 3 bar Hy, rt CH;
89%

Following GP4, using 2-methyl-2,3-diphenyloxirane and catalyst B in CHCl,, the product was
obtained as a colotless oil (134 mg, 8§9% yield). TH NMR (400 MHz, CDCl3) & 9.92 (s, 1H), 7.40 —
7.34 (m, 4H), 7.33 — 7.28 (m, 3H), 7.20 — 7.17 (m, 3H), 1.78 (s, 3H). The analytical data for this
compound were in excellent agreement with the reported data.®

2-(4-chlorophenyl)-2-phenylacetaldehyde, 5-2q

Cl
E o 5-4A (1 mol %)
O THF, 2h, H, 3bar)
5 -2q
30% 65%

Following GP4, using 2-(4-chlorophenyl)-2-phenyloxirane and catalyst A (1 mol %) in THF, the
reaction showed full conversion after only 2 hours. The product 5-2q was obtained as a colotless oil
(31 mg, 30% yield), along with 65% of demethylenation product. 'TH NMR (400 MHz, CDCl3) § 9.92
(d, ] = 2.2 Hz, 1H), 7.45 — 7.18 (m, 9H), 4.97 (d, ] = 13.2 Hz, 1H). The analytical data for this
compound were in excellent agreement with the reported data.”

Iridium-catalyzed isomerization of enantiomerically enriched epoxides.

Synthesis of the epoxide 5-(R)-1a.
fo) 1) s-Buli, -98 °C, THF

2) Mel e,
o4 g
ref. [10] @Q

5-(R)-1a

Following a literature procedure,'’ 5-(R)-la was synthesized from (K)-phenyloxirane via
stereospecific a-lithiation and trapping the reaction with Mel as electrophile (68 mg, 79% yield, 99%
ee). The enantiomeric excess was determined by chiral HPLC: CHIRALPAK IC. Heptane/IPA 99:1,
0.5 mL/min, A = 210 nm. tx) = 20.0 min, ts) = 22.0 min. The analytic data for this were in excellent
agreement with the reported data.!

8 Nagai, W.; Hirata, Y. J. Org. Chem. 1989, 54, 635-640.
9 Cul, W.; Mao, M.; He, Z.; Zhu, G. J. Org. Chem. 2013, 78 (19), 9815-9821.
10 Capriati, V.; Florio, S.; Luisi, R.; Salomone, A. Org. Lert. 2002, 4 (14), 2445-2448.
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= g

5-(R)-2a

Isomerization of epoxide 5-(R)-1a

Me O Ir- Crabtree I
l" : : l,

5-(R)-1a (99% ee)

e

S

5-(S)-2a’ (low ee)

NaBH4

5-(S)-2a

Into a glove box, the epoxide 5-(R)-1a (1.0 eq.) and Crabtree’s catalyst 5-4A as indicated (5 mol%)
were placed in a pressure tube and dissolved in anhydrous THF (0.25 M). Then, the pressure tube
was purged and charged with H» (3 bar). The reaction was stirred for 4 hours at room temperature
and reduced in situ with NaBH4 (1.5 eq.) in 1 mL of MeOH. After stirring for 2 hours, the solvent
was evaporated, redissolved with EtOAc and washed with H>O. The aqueous phase was extracted
(x2) with EtOAc. The combined organic phases were dried over MgSO4 and concentrated under
vacuum to afford the corresponding chiral alcohol 5-(8)-2a’ (50 mg, 70% yield, 26% ce). After 24 h
of reaction, the product was racemic.

HPLC: CHIRALPAK IA. Heptane/EtOH 95:5, 0.5 mL/min, A = 254 nm. ts) = 14.1 min, tr) =
16.6 min. The analytic data for this were in excellent agreement with the reported data.!

10

Wvveborgli= T84 oy (1008 P40 108 14K 20760514 1517 130697813 ACWESARAC D)

— 150

WOTA W

554 v (1605 FIPAAGG 1605 14A 501005 14 15-17-1286077

1500

—_ a2

— 11340

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Deprotection-derivatization of amine 5-6a

Into a high pressure reactor, amine 5-6a (121 mg, 0.4 mmol, 1.0 equiv.) was dissolved in CH>Cl (0.1
M). Pd(OH),/C (20 mol%, 20% w/t) and AcO (1.5 equiv.) were then added to the solution. The
pressure reactor was purged and charged with Hz (25 barG) and the reaction mixture was stirred
overnight at 40 °C. Afterwards, the solution was filtered through a plug of celite and concentrated
under reduced pressure. The crude was purified by flash column chromatography (Hexanes:EtOAc
increasing polarity) to afford 5-10 as colotless oil (52 mg, 74% yield).

]V-(Z-phenylpropyl)acetamide, 5-10

H2 (25 bar)

NHAc
Pd(OH)2/C Ac,0

5-10

TH NMR (400 MHz, CDCl3) 8 7.29 — 7.21 (m, 2H), 7.21 — 7.16 (m, 1H), 7.14 — 7.10 (m, 2H), 5.30
(s, 1H), 3.56 (ddd, ] = 13.2, 7.1, 5.9 Hz, 1H), 3.14 (ddd, ] = 13.5, 8.8, 4.8 Hz, 1H), 2.91 — 2.80 (m,
1H), 1.81 (s, 3H), 1.20 (d, ] = 7.0 Hz, 3H). BC NMR (101 MHz, CDCl3) & 170.13, 144.20, 129.04,
128.85, 128.56, 127.30, 126.85, 126.16, 46.25, 39.83, 23.41, 19.58. The analytical data for this
compound were in excellent agreement with the reported data.!!

11 Zhang, J.; Liu, C.; Zhang, Z.; Zhang, W. Chem. Commun. 2018, 54, 6024-6027.
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Computational Details

Theoretical calculations were performed at DFT theory level through Gaussian09 software,! using
the same methodology than that employed for the isomerization of aziridines with the Crabtree’s
reagent.? All intermediates and transition states were optimized in tetrahydrofuran solvent (THF, =
7.4257) with the SMD continuum model? using the B3LYP functional* combined with the Grimme’s
D3 correction for dispersion.> In the optimizations, the 6-31G(d,p) basis set was used for the main
group elements,® and the scalar relativistic Stuttgart-Dresden SDD pseudopotential and its associated
double-C basis set,” complemented with a set of fpolarization functions,? for the iridium atom (BS1).
Frequency calculations were carried out for all the optimized geometries in order to characterize the
stationary points as either minima or transition states. It was confirmed that transition states connect
with the corresponding intermediates by usual intrinsic reaction coordinate (IRC) calculations and
subsequent optimization to minima.

Gibbs energies in THF were computed at 298.15 K adding the thermal and entropic correction
obtained in the optimization stage to the potential energy computed as single point extending the
basis set (BS2) at 6-311++G(2d,p) basis set for the main group elements® and quadruple-C def2-
QZVP basis set for Ir.? A correction of 1.89 kcal mol! was applied to all Gibbs values to change the
standard state from the gas phase (1 atm) to solution (1 M) at 298.15 K.10

Catalyst Hydrogenation

Since the catalyst hydrogenation can leads to different isomers of the Ir-dihydride complex, a
preliminary analysis of this species was carried out. Excluding the species with #ans hydrides, among
the possible isomers, those with the equatorial hydride and cyclohexyl phosphine (PCys) in ¢/s to each
other result energetically favoured (about 17.0 kcal-mol') over #ans phosphine-hydride (Scheme
5.8I1). Concerning the relative position of hydrides, the equatorial H can be coordinated #rans py or
trans a vacancy with a Gibbs energy difference of only 1.1 kcal-mol-!. For sake of completeness the
transition state between the two most stables isomers has been computed, obtaining a low barrier of
9.0 kcal mol, which denotes a fast equilibrium between the two isomers. Between them, the species
with H #rans py can better accommodate the incoming substrate and has been taken as the active
catalyst of the cycle described in Scheme 5.3.

Scheme 5.8I1. Possible isomers of the active catalyst [Ir(H)2(py)(PCys)(COD)|*. Relative Gibbs
energy in THF reported in kcal mol! and referred to the most stable isomer taken as zero.

w1 w1 w1

CysPu,, | wH T§=9.0 CysPu,, | wH Cy3Pu, |
“Ir: _— “Ir” “Ir
N | AN AN H
0.0 '\ J 1 J 176

Active Catalyst

We have also evaluated the thermodynamics of the hydrogenation reaction that yields the dihydride
and releases cycloctane (Table 5.511).
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Table 5.SI1. Gibbs energy values for the hydrogenation of the catalyst [Lt(py) (PCy3)(COD)]* in THF
solvent. AG reported in kcal-mol.

® Ho|®
CysPr,,, CysPu,, | wH
]! +3H, ————> 'l

re r
A X |

Active Catalyst

\\\\

+ Cycloctane

Specie Grur, BS1 (a.u) Grur, BS2 (a.u)

[1r'(py) (Pcys) (COD)]* -1711.356425 -1400.870925

H» -1.179342 -1.180441

(L (H)2(py) (Pcys)]* 1 -1400.601423 -1711.696601

Cycloctane -314.333883 -314.409768

Reaction AGrar, BS1 Il AGTHUf]’ BS2
[Lr!(py) (Peys)(COD)]* +3Hz — [Ie!(H)2(py) (Peys)|
-29.4 -30.6
+Cycloctane

[l Active catalyst reported in scheme 5.S1. P! Values in kcal-mol!.

Gibbs Energy Profile for the Isomerization Reaction

s

’ 112 ETE N
/ N
[ o
W——’ 1.9 N 2.4 ‘\ TSNV .
N TR e
o 8.5 o TN
N

——
-17.4 ~

-23.4
9

Figure 5.5I1. Gibbs energy profiles in THF for the isomerization process of epoxide 5-1a to
aldehyde 5-2a. Energy values reported in kcal-mol!. The separated catalytically active species
[Lr(H)2(py)(PCys)]* and substrate 5-1a are taken as zero-energy. The Transition states and the most
representative intermediates are depicted. Cyclohexyl groups and hydrogen atoms have been
omitted for clarity.

Cartesian Coordinates and Absolute E and G energies in THF of the Optimized
Structures'!

The cartesian coordinates are published online on Advanced Synthesis and Catalysis. They can be
found in the Supporting Information file, which is available free of charge on the Wiley website at
DOI: 10.1002/adsc.201900372
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'H and ®C NMR spectra
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HN

5-6a

IH NMR (400 MHz, Chloroforad 7.38 — 7.15 (m, 15H)| 4.77 4d; 2.2 Hz, 1H), 2.98 (hd= 7.1,
2.0 Hz, 1H), 2.75 (dd,= 7.5, 1.5 Hz, 1H), 1.48 (s, 1H), 127 fdd,7.0, 2.0 Hz, 3H).
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IH NMR (400 MHz, Chloroford)d 7.37 — 7.31 (m, 2H),
7.03 - 6.92 (m, 2H), 4.75 (s, 1H), 2.97 (s, 1H), 2.79 — 2.

HN

5-6b
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Br

HN
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(m, 2H), 7.00 — 6.95 (m; 2H), 4.66 (s, 1H), 2.87 — 2.77 (m, 1H), 2.67 — 2.57 (m, 2HJ.A 7.8 &z,
3H).
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HN
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HN
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HN
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(m, 2H), 7.08 (d/= 8.8 Hz, 4H), 4.76 (s, 1H), 2.944k, 7.0 Hz, 1H), 2.71 ¢t~ 6.0 Hz, 2H), 2.31 (d,
J=6.1Hz, 3H), 1.23 (@= 7.0 Hz, 3H).
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HN
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HN

IH NMR (400 MHz, Chloroforad 7.37 — 7.33 (m, 2H), 7.30 - 7.23 (m, 6H), 7.19(#d.,9, 3.3,
2.8, 1.3 Hz, 2H), 7.15 - 7.10 (m, 2H), 6.87 — 6.82 (m, 2H), 4.76 (s, LH), 3.79 (s, 3H), 3.05 — 2.87 (m, 1H),

2.79 - 2.66 (m, 2H), 1.22 fds 7.0 Hz, 3H).
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SN

IH NMR (400 MHz, Chloroford)d 7.84 — 7.74 (m, 3H), 7/64 (dds 1.8, 0.8 Hz, 1H), 7.49 — 7.40
(m, 2H), 7.37 — 7.31 (m, 3H), 7.29 - 7.14 (m, 8H), 4.79 (4, 1H), I+57@Hz, 1H), 2.93 - 2.80 (m,
2H), 1.34 (dJ = 7.0 Hz, 3H).

/|

5-6j

/)

Iy
L4413 i :
ISEERARNEN S - -

T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 80 75 70 65 60 55 5. 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0
f1 (ppm)

oYM NYMOONTnTON
NeinnRdNRTASISIRE = - S ©
TOMNBBBNN N NN S8 o = i ]
IEROIXERRRARRNRNEALA ~ w S S
g fufagagaga ga R fa o o Baa o) & 3 € &
13C NMR (101 MHz, cdf)lﬁ 144.23,143.01, 133.74, 132.51, 128.55, 128.54, 128.25, 127.74, 127.73,
127.41,127.39, 127.07, 127.04, 126.05, 125.94, 125.78, 125.42, 67.51, 55.11, 40.49, 20.36.
T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

2300
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200

100

~-100

F-200

45000

40000

35000

30000

25000

20000

15000

10000

5000

~-5000

139



Chapter 5 — Iridium-Catalyzed Isomerization of Epoxides
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Chapter 6— Iridium-Catalyzed Isomerization of N-Sulfonyl Aziridines

Isomerization processes such as thermal rearrangements and catalytic isomerizations are
of great synthetic interest due to their perfect atom economy, which makes them ideal
transformations from the point of view of sustainability.' Terminal olefins,” allylic amines’
and allylic alcohols* are the most common substrates for catalytic isomerization reactions
using metal complexes.’” Epoxides are also excellent substrates for isomerization. The
rearrangement of epoxides to carbonyls, referred to as the Meinwald rearrangement,’ can be
promoted by Lewis acids such as BF;*Et,O, lithium salts ot iridium chloride.” More recently,
Mazet and co-workers uncovered the use of Pd and Irhydride complexes as efficient catalysts
for the isomerization of epoxides.*” The aza-version of the Meinwald rearrangement,
however, has received little attention.'’ In 2002, Nakayama et al. described the BFs-promoted
aza-pinacol rearrangement of various N-tosyl aziridines to give the corresponding N-tosyl
imines." Later on, in 2003, Ney and co-workers reported a palladium-catalyzed isomerization

of monosubstituted N-tosyl aziridines to sulfonyl ketimines."

The ring strain, the facility of preparation, and the utility of the potential products make
aziridines the ideal substrates to study new catalytic isomerization reactions. In the previous
Chapter 06, the selective isomerization of epoxides to carbonyl compounds was achieved
using Crabtree’s catalyst with H» activation. Encouraged by these promising results, we were
prompted to expand the chemical space of this useful transformation using the same iridium
catalyst (Scheme 6.1). Herein, we describe the isomerization of 2,2-disubstituted N-sulfonyl
aziridines to allylic amines catalyzed by the Crabtree’s catalyst. The process provides an
efficient synthetic strategy for the preparation of many valuable compounds since allyl
amines are versatile intermediates” in addition to being fragments of several biologically

active cornpounds.”’15

Scheme 6.1. Reaction scheme for the selective isomerization of epoxides and N-sulfonyl

aziridines.
A. Previous work (Chapter 6) B_‘ 'I_'his work . L _—
Iridium-catalyzed isomerization of terminal epoxides Iridium-catalyzed isomerization of N-sulfonyl aziridines

X - | BAFF

Cy3Pu,, CY3P, I
AP | Zad |
Z °N
@ R Ar NR S no activation
R. o H activatiol )vo ><] > NHR
><| > Ar HsC CH,CI, Ar

AY THF

R= SO,Alk, SO, Tol
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We selected 2-methyl-2-phenyl-1-tosylaziridine 6-1a, as model substrate since it can be
easily prepared from acetophenone by simple Wittig olefination and subsequent
aziridination. Aziridine 6-1a can, in principle, isomerize to allyl amine 6-2a, to imine 6-3a, in

a similar way to the Meinwald rearrangement of epoxides, or to enamine 6-4a (Table 6.1).

We started with the common catalysts used in the Meinwald rearrangement, namely
BF;-Et;O and IrCls. In both cases, a 1:1 mixture of allyl amine (6-2a) and imine (6-3a) was
obtained in moderate yield (Table 6.1, entries 1, 2). Of note, enamine 6-4a was not detected.
In our efforts to promote the reaction selectively, our next attempt involved the use of

16

Crabtree’s catalyst 6-5a (PF; salt).” This commercial Ir-PN complex is a well-known
hydrogenation catalyst."” The CH,CL solution of the catalyst was activated by hydrogenation
for few minutes and degassed as described for allylic alcohols.*** Allylic amine was obtained
in good selectivity with respect to the imine (6:1) after 3 h of reaction, using only 1 mol %
of 6-5a (Table 6.1, entry 3). The reaction was performed in a glove-box to avoid the
formation of substantial amounts of N-tosyl-1-amino-2-phenylpropan-2-ol caused by
aziridine ring-opening by moisture. We further improved the yield and selectivity using

Pfaltz’s version of Crabtree’s catalyst (6-5b, BAr" salt)' (Table 6.1, entry 4) and toluene as a
solvent (Table 6.1, entry 5).

Table 6.1. Optimization of the isomerization of 6-1a. The reactions were performed in a sealed vial,
using 0.34 mmol of 6-1a in CH,Cl [0.25 M], at room temperature.

Ts
N Catalyst @)_/N HTs ©>_/ ©>_/NHTS
6-3a

entry conditions Yield (%)" 62120/?;;;‘20%
1 BF; Et,O (10 mol %), 10 min 43 1:1:0
2 I+Cl3-xH>O (5 mol %), 3 h 40 1:1:0
3 6-5a (1 mol %),* 3 h, Hyactivation 71 6:1:0
4 6-5b (1 mol %)," 3 h, Hsactivation 76 10:1:0
594 6-5b (1 mol %), " 3 h, Hzactivation 81 95:5:0
6 6-5b (1 mol %), 3 h, no activation 85 99:1:0

aMeasured by '"H NMR. ® Isolated yield of 6-2a. < The reaction was catried out in a pressure tube and
prepared in a glove-box, charged with 1 bar of Hz and then degassed (x3) with Nz. ¢ Toluene was
used as solvent. ¢ [Ir(cod)(PCys)(Py)|PFs (6-5a). f [Ir(cod)(PCy3)(Py)] BAtF (6-5b).
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Unexpectedly, during the optimization, control experiments revealed that the
isomerization proceeded even without Hy-activation of the catalyst. Stirring the CH.Cl,
solution of aziridine 6-1a with catalyst 6-5b at room temperature allowed the isomerization
to allyl amine 6-2a with complete regioselectivity and excellent yield (Table 6.1, entry 0).
Moreover, the use of the glove-box was no longer necessary. To the best of our knowledge,
this is the first example in which Crabtree’s catalyst has been used without activation either
by hydrogen or temperature. These conditions are much simpler in terms of practicality and

scalability than the ones that involve activation of the catalyst.

Table 6.2. Scope of the iridium-catalyzed isomerization of N-sulfonyl aziridines."

BELS

C):gpzlr\ |
¢ O i
O=S|=O 6-5b (1 mol %) o_?_o
Ar% CH,Cly, 2-48 h, rt AFW_/NH
6-1a-n 6-2a-n
entry Ar R? conv. (6-2/6-3)" Yield (%0)°
1 6-1a Ph »-Tol >99 (99:1) 87"
2 6-1b »-CL.Ph p-Tol >99 (91:9) 82
3 6-1c m-Cl-Ph p-Tol >99 (98:2) 80
4 6-1d o-CL-Ph p-Tol >99 (87:13) 68
5 6-le »-MePh p-Tol >99 (92:8) 76
6 6-1f 2-naphthyl  p-Tol >99 (98:2) 79
7 6-1g +MeO-Ph  p-Tol >99 (81:19) 72
8 6-1h »F-Ph »-Tol >99 (93:7) 79
9 6-1i m-F-Ph p-Tol >99 (97:3) 82
10¢ 6-1j »-CFyPh p-Tol >99 (93:7) 67
11¢ 6-1k p-NO»-Ph p-Tol >99 (90:10) 69
12¢ 6-11 »1-Ph Py >99 (96:4) 82
13 6-1m »-Br-Ph Pr >99 (98:2) 78
14¢ 6-1n Ph Me >99 (99:1) 96

2 The reaction was performed in a sealed vial, using 0.33 mmol of substrate. » Determined by 'H
NMR. ¢Isolated yield after column chromatography. 43 mol % of 6-5b was used. ¢ The reaction was
carried out using 3 mol % of 6-5b and heating up to 40 °C. f1 gram of 6-1a and 0.5 mol % of 6-5b
were used.
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To test the scope of the reaction a collection of 2-aryl-2-methyl N-sulfonyl aziridines
were treated with catalyst 6-5b under the optimal conditions. Without activation of the
catalyst, aziridines 6-(1a-n) transposed selectively to the allyl amines 6-(2a-n) in good yields
(Table 6.2). Electron-donating (EDG) and electron-withdrawing (EWG) groups in the aryl
ring were well tolerated, although the reactivity of aziridines with the EWGs was clearly
lower. Harsher reaction conditions (3 mol % catalyst loading) were required in some cases
(Table 6.2, entries 2, 4, 13 and 14). For stronger EWG (Table 6.2, entries 3, and 10-12), in
addition, the temperature was increased to 40 °C. The reaction took place in a similar manner
when the p-toluenesulfonyl group was replaced by propanesulfonyl or methanesulfonyl

(Table 6.2, entries 12, 13 and 14, respectively).

To further expand the scope of this transformation the methyl substituent in the aziridine
was also modified. When the methyl was replaced by ethyl the reaction took place affording
a mixture of E- and Z-allyl amines 6-20 (Scheme 6.2A). When the methyl was replaced by
phenyl, the y-elimination could not be achieved so the corresponding enamine (6-2p) was

obtained instead (Scheme 6.2B).

Ls 6-5b (1 mol %) NHTs
CH,Cl,, 17 h, rt /
Et Me
6-10 2%

6-20, (E:Z=2.5:1)

Scheme 6.2A. Isomerization of N-tosyl 2-ethyl-2-phenyl aziridine (6-10)

O TS 6-5b (1 mol %) O NHTs

CH,Cly, 17 h, rt

o o~ O

6-1p 6-2p

Scheme 6.2B. Isomerization of 2,2-diphenyl-1-tosylaziridine (6-1p).

The synthetic applications of these allylic amines are numerous. Simple replacement of
the tosyl group by a methyl in 6-2a and 6-20 afforded compounds that have been reported
to be precursors of several potent herbicides." Some propargyl detivatives of 6-2a showed

activity against monoamine oxidases, which are involved in Parkinson’s disease (PD)."
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Moreover, the rich chemistry of the allyl amines can be applied to the synthesis of azepanes,

3-pyrrolidin-2-ones and 2,5-dihydropirroles among others."

The novelty of the transformation led us to perform a mechanistic study. First, given that
the catalyst was used without activation by hydrogen, we sought to determine the real
catalytic species involved. Of the three ligands of Crabtree’s catalyst we hypothesized that
pyridine would be the most labile. To test this notion, we added deuterated pyridine to a
solution of 6-5b in CD>Cl,. The signals of the free pyridine were easily detected by "H NMR
(Fig. 6.1). Moreover, we checked by 'H NMR spectroscopy that if pyridine is used as additive,

the reaction does not take place, leading to catalyst deactivation (Fig. 6.2).

Fig. 6.1. Key experiment for checking ligand lability using 'H NMR.

(a) 'H NMR spectrum of 6-4b and mesitylene as internal standard. The signals of each

ligand (pyridine, cyclooctadiene and tricyclohexylphosphine) were assigned.
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(b) To the same NMR tube, 5 equiv. of deuterated pyridine were added. After few
minutes, the signals of the free pyridine were cleatly observed proving a fast exchange
between pyridines. A 95% of decoordination was measured by "H NMR using mesitylene as
internal standard. Both cyclooctadiene and tricyclohexylphosphine remained coordinated,

proving that pyridine is the most labile ligand.
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Fig. 6.2. Key experiment for checking catalyst deactivation using 'H NMR.

(a) 10 mg of Crabtree’s catalyst 6-4b in 0.75 mL of CD:Cl.

(b) 5 equiv. of pyridine were added to the (a) NMR tube.

(c) 38 mg (1.0 equiv.) of aziridine 6-1a in CD,Cl..

(d) To the solution of 6-1a (c) was added the solution (b) —which represents 5 mol % of
catalyst loading. After 3 hours of reaction, the reaction had not taken place, whilst with the

absence of pyridine, the conversion was complete.
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DFT calculations also confirmed that pyridine was the most labile ligand. In this regard,
the calculated AG of dissociation in dichloromethane for the three ligands was 7.3 kcal mol’
" (py), 21.2 kcal mol" (PCys) and 34.5 kcal mol' (cod) (B3LYP-D3 calculations, see
Computational details in the Experimental Part). In a second experiment, pyridine was added
to a solution of 6-1a and 5 mol % of 6-5b in CD,Cl, In this case, the reaction did not occur
thereby indicating that the catalyst was fully inactivated by the excess of pyridine. Therefore,
[It(PCys)(cod)] ", which is generated with a low energy cost, was identified as the catalytically

active species.
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The DFT study of the reaction mechanism indicated that it starts by approaching aziridine
6-1a to this unsaturated species, leading to intermediate I (Scheme 6.3). Several orientations
were checked for this initial approach. In this initial species aziridine was not coordinated to
the iridium center (Ir***N = 3.24 A), thereby revealing the low donating capacity of the N-
aziridine lone pair. Starting from intermediate I, aziridine ring opening followed by metal-

assisted tautomerization was expected to yield the product.

9
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Scheme 6.3. DFT computed mechanism (B3LYP-D3 in CH,Cl,) for the isomerization of
azitidine 6-1a to allyl amine 6-2a; the numbers are relative Gibbs energies in kcal mol”,
taking as zero-energy the separated catalytically active species [Ir(PCys)(cod)]” and aziridine
substrate 6-1a. The AG of dissociation of pyridine is 7.3 kcal mol™. Relative energies of
transition states are indicated in blue.

Ring-opening occurred from I with a low bartier of 9.5 keal mol™” (TSwn, 16.8 kcal mol
!, Scheme 6.3) and gave rise to the carbocation intermediate II. In addition to the breaking
of the N-C bond of the ring, this step also involved coordination of the nitrogen to the Ir.
We used a localized orbital approach to analyze the electronic rearrangements in the ring-

opening step (see computational details)."” This analysis showed the movement of the N-C
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bonding pair toward the nitrogen, concomitant with the formation of a Ir-N bond from the
N lone pair, with a positive charge remaining in C,. It also showed that the phenyl substituent
at Cg stabilizes the carbocation thus playing a key role in the ring-opening step, Accordingly,
in II the Cg-Cpn bond had a partial character of double bond (Cg- Cpr = 1.43 A Wiberg bond
order = 1.24). Indeed, for the 2,3-Me,Ph disubstituted aziridine intermediate IT was found

at 23.4 kcal mol”, largely above the 14.8 kcal mol™ of the 2,2-disubstituted substrate.

We have computed the pathways leading to the formation of secondary products for
substrate 6-1a (imine 6-3a and enamine 6-4a). The «-H elimination entails an extra rotational

barrier of 4.4 kcal mol”, sufficient to govern the selectivity toward allyl amine formation.

The metal-mediated tautomerization that occurred after ring-opening could yield three
different products (Table 6.1), depending on the hydrogen that migrates. Migration from a
C,-H (those in the Me substituent) to the nitrogen gave the allyl amine, while migration of
C.-H led to the imine or the enamine. In II, a C,-H bond, placed above the Ir, was involved
in an agostic interaction with the metal (Ir-*-H-C, = 2.18 A). This agostic C,-H bond was
already activated (1.15 A) for the y-H elimination, which was practically barrierless (TS,
13.9 kcal mol”, Figure 6.3).” The readiness of the C,-H bond in II to participate in the H

elimination step accounts for the selectivity toward the allyl amine product.

The y-H elimination step led to a notably stable amido hydride intermediate III (-1.4 kcal
mol™, Scheme 6.3). In the final step of the isomerization N-H reductive elimination from
III (TSurtv, 16.8 kcal mol”, Figure 6.3) formed the N-H bond and released the allyl amine
product 6-3a. The reductive elimination of the N-H bond entailed the highest barrier along
the catalytic cycle (18.2 kcal mol"). Computational studies of homogenous reductive
elimination of N-H bonds are much more scarce that those of C-H bonds.” Our transition
state for this step has an interesting feature in that it can be described as an ion-pair, in which
the aziridine nitrogen is completely dissociated (Ir*-*N = 3.12 A, NPA charge of the N-
fragment = -0.67) and ready to pick-up a proton from the cationic iridium moiety. Finally,

the replacement of the allyl amine product by a reactant molecule closed the catalytic cycle.
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Figure 6.3. Optimized geometries for: ring opening, TSy, y-H elimination, TSy and
N-H reductive elimination, TSurrv. The most important distances are also reported in A.
Hydrogen atoms have been omitted for clarity.

In summary, here, we have described the selective isomerization of N-sulfonyl 2,2-
disubstituted aziridines to N-sulfonyl allyl amines using the readily available Crabtree’s
catalyst. Of note, activation with hydrogen was not required and the reaction was performed
in mild conditions and with low catalyst loading (usually 1 mol %). The catalytic species as
well as a detailed reaction mechanism were studied by DFT-calculations. This novel

transformation provides a new strategy for the synthesis of complex amines.
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Experimental Part

General procedures and materials

Unless otherwise indicated, materials were obtained from commercial suppliers and used without
further purification. All reactions that required anhydrous conditions were performed in dried
glassware under a dry nitrogen atmosphere. Anhydrous and degassed dichloromethane and THF
were taken from a solvent purification system (SPS PS-MD-3). Solvents were removed under reduced
pressure with a rotary evaporator. Silica gel chromatography was performed using an automated

chromatography system (PuriFlash® 430, Interchim).

Instrumentation

NMR spectroscopy: 'H and 13C were recorded on the NMR spectrometers of the Centres Cientifics i
Tecnologics de la Universitat de Barcelona. The employed spectrometers were a Varian Mercury 400 MHz.
Chemical shifts (8) were referenced to internal solvent resonances and reported relative to TMS
(tetramethylsilane). The coupling constants (f) are reported in Hertz (Hz). The following
abbreviations are used to define multiplicities: s (singlet), d (doublet), t (triplet), q (quartet), dd
(doublet of doublets), ddd (doublet of doublet of doublets), ddd (doublet of doublet of triplets), dddd
(doublet of doublet of doublet of doublets), dt (doublet of triplets), td (triplet of doublets), ddq
(doublet of doublet of quartets), dtd (doublet of triplet of doublets), dq (doublet of quartets), tt
(triplet of triplets), qt (quartet of triplets), m (multiplet), br s (broad signal).

High Resolution Mass Spectrometry: High resolution ESI-MS spectra were recorded in an
LC/MSD-TOF G1969A (Agilent Technologies) of the Centres Cientifics i Tecnologics de la Universitat de

Barcelona.

IR spectroscopy: IR spectra were measured in a Thermo Nicolet 6700 FT-IR spectrometer using

an ATR system, of the Department of Organic Chemistry in the Universitat de Barcelona.
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Experimental procedures and characterization

General synthetic scheme

SO,R,
R1-A © Q 1 2 |
- r>:0 PhzP-CH3 Br, KOtBu  R'-Ar, R*-SO,NH, R'-Ar_ N
Mé THF Me: NBS, K,CO3 Me:
6-6(a-m) 6-1(a-0)

General procedure for the preparation of alkenes

To a suspension of methyl triphenylphosphonium bromide (1.2 equiv.) in anhydrous THF (1.6
mL/mmol) at 0 °C was added. KOtBu (1.2 equiv.) and the resulting yellow suspension was stirred 45
min at 0 °C. To this suspension, a solution of ketone (1.0 equiv.) in THF (0.7 mL/mmol) was added
dropwise and the resulting mixture was allowed to warm to r.t. and stirred for 16 hours. The reaction
mixture was filtered over Celite®. The filtrate was concentrated under reduced pressure to yield an
oil. Purification by column chromatography over silica gel using hexane as eluent afforded alkenes 6-

6 as colotless oils.

General procedure for the preparation of 2,2-disubstituted aziridines
A round-bottom flask equipped with magnetic stirring was charged with the alkene (1.0 equiv.),

CH2ClL (2.5 mL/mmol alkene), p-toluenesulfonamide or methanesulfonamide (1.0 equiv.) and
MnSO4.H>O (0.05 equiv.). N-Bromosuccinimide (NBS, 1.1 equiv.) was added, and the mixture was
stirred at r.t. under N for 17-24 hours. Then, K>COs (2.0 equiv.) was added and the mixture was
stirred at r.t. for 1-4 hours. The resulting mixture was diluted with CH>Cl and H>O, and the aqueous
layer was extracted with CH2Cl, (1x). The combined organic layer was dried over MgSO4, and the
filtrate was concentrated. The crude was purified with column chromatography (EtOAc/hexanes,
2% Et;N).

2-Methyl-2-phenyl-1-tosylaziridine (6-1a).

White solid (0.61 g, 43% yield). TH NMR (400 MHz, CDCls) 8 7.90 — 7.85 (m, 2H), 7.41 — 7.36 (m,
2H), 7.35 - 7.27 (m, 5H), 2.96 (s, 1H), 2.52 (s, 1H), 2.43 (s, 3H), 2.05 (s, 3H). The analytical data for
this compound were in excellent agreement with the reported data.?

2-(4-Chlorophenyl)-2-methyl-1-tosylaziridine (6-1b).
Cl

Ts
N
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White solid (0.507 g, 32 % yield). 'TH NMR (400 MHz, CDCl3) 8 7.87 — 7.83 (m, 2H), 7.35 — 7.26
(m, 6H), 2.95 (s, 1H), 2.48 (s, 1H), 2.44 (s, 3H), 2.02 (s, 3H). The analytical data for this compound
were in excellent agreement with the reported data.?

2-(3-Chlorophenyl)-2-methyl-1-tosylaziridine (6-1c).

Ts

Cl N

Pale yellow oil (0.714 g, 25% yield). 'TH NMR (400 MHz, CDCls) 8 7.90 — 7.83 (m, 2H), 7.36 — 7.33
(m, 2H), 7.32 (h, ] = 0.9 Hz, 1H), 7.28 — 7.21 (m, 3H), 2.96 (s, 1H), 2.50 — 2.46 (m, 1H), 2.44 (s, 3H),
2.04 (s, 3H). BC NMR (101 MHz, CDCls) 6 144.33, 143.19, 137.65, 134.45, 129.89, 129.76, 128.12,
127.67, 126.95, 124.91, 51.03, 41.99, 21.77, 20.68. HRMS (ESI) calculated for CisHi7CINO2S
322.0663, found 322.0664 [M+H]*. IR (ATR-FTIR) vma = 3021, 2928, 1592, 1320, 1158, 1085, 8706,
750 cm-1.

2-(2-Chlorophenyl)-2-methyl-1-tosylaziridine (6-1d).

Ts
N

Cl

Coloutless oil (0.49 g, 19 % yield). 'H NMR (400 MHz, CDCls) & 7.93 — 7.88 (m, 2H), 7.62 — 7.57
(m, 1H), 7.35 — 7.31 (m, 2H), 7.31 — 7.18 (m, 3H), 3.06 (s, 1H), 2.50 (s, 1H), 2.43 (s, 3H), 2.04 (s, 3H).
13C NMR (101 MHz, CDCly) 8 144.26,139.49, 137.77, 131.67, 130.69, 129.74, 129.49, 129.22,127.69,
127.22, 51.97, 42.32, 21.76, 20.19. HRMS (ESI) calculated for CioH7CINO,S 322.0663, found
322.0661 [M+H]*. IR (ATR-FTIR) vomax = 1323, 1161, 879, 568 cm-.

2-Methyl-2-(p-tolyl)-1-tosylaziridine (6-1e).

Coloutless oil (0.86 g, 42 % yield). 'H NMR (400 MHz, CDCls) & 7.88 — 7.82 (m, 2H), 7.34 — 7.26
(m, 4H), 7.15 — 7.10 (m, 2H), 2.93 (s, 1H), 2.53 (s, 1H), 2.43 (s, 3H), 2.32 (s, 3H), 2.02 (s, 3H). The
analytical data for this compound were in excellent agreement with the reported data.?

2-Methyl-2-(naphthalen-2-yl)-1-tosylaziridine (6-1f).

White solid (1.05 g, 48 % yield). Mp: 100 — 104 °C. TH NMR (400 MHz, CDCl3) & 7.92 — 7.85 (m,
2H), 7.85 — 7.76 (m, 4H), 7.53 — 7.44 (m, 3H), 7.35 — 7.29 (m, 2H), 3.04 (s, 1H), 2.64 (s, 1H), 2.43 (s,
3H), 2.14 (s, 3H). BC NMR (101 MHz, CDCly) & 143.98, 138.32, 137.69, 132.98, 132.74, 129.52,
128.27, 127.95, 127.60, 127.52, 126.31, 126.20, 125.46, 124.46, 51.93, 41.83, 21.58, 20.92. HRMS

165



Chapter 6— Iridium-Catalyzed Isomerization of N-Sulfonyl Aziridines

(ESI) calculated for C20H20NO2S 338.1209, found 332.1208 [M+H]*. IR (ATR-FTIR) vma = 1321,
1160, 713, 571 cm.

2-(2-Methoxyphenyl)-2-methyl-1-tosylaziridine (6-1g).

Ts
N

MeO

White solid (1.06 g, 56 % vield). Mp: 95 — 99 °C. TH NMR (400 MHz, CDCl;) & 7.94 — 7.87 (m,
2H), 7.42 (dd, ] = 7.5, 1.8 Hz, 1H), 7.34 — 7.30 (m, 2H), 7.26 — 7.21 (m, 1H), 6.91 (td, ] = 7.5, 1.1 Hz,
1H), 6.82 (dd, ] = 8.3, 1.0 Hz, 1H), 3.81 (s, 3H), 2.97 (s, 1H), 2.44 (s, 1H), 2.43 (s, 3H), 1.97 (s, 3H).
1BCNMR (101 MHz, CDCLy) 8 156.38, 143.91, 138.12, 129.92, 129.61, 129.49, 129.13, 127.67, 120.64,
110.53, 55.37, 51.06, 41.97, 21.73, 20.55. HRMS (ESI) calculated for CisHaNOsS 318.1158, found
318.1156 [M+H]*. IR (ATR-FTIR) vamas = 1651, 1320, 1161 cm-.

2-(4-Fluorophenyl)-2-methyl-1-tosylaziridine (6-1h).
F

Ts
N

White solid (0.56 g, 41 % yield). 'TH NMR (400 MHz, CDCls) 6 7.88 — 7.83 (m, 2H), 7.38 — 7.30 (m,
4H), 7.03 — 6.97 (m, 2H), 2.94 (s, 1H), 2.50 (s, 1H), 2.44 (s, 3H), 2.02 (s, 3H). The analytical data for
this compound were in excellent agreement with the reported data.?

2-(3-Fluorophenyl)-2-methyl-1-tosylaziridine (6-1i).

Ts
N

Colotless oil (0.57 g, 28 % yield). 'TH NMR (400 MHz, CDCls) § 7.93 — 7.82 (m, 2H), 7.37 — 7.31 (m,
2H), 7.30 — 7.25 (m, 1H), 7.17 (ddd, ] = 7.7, 1.7, 1.0 Hz, 1H), 7.07 (ddd, ] = 9.9, 2.6, 1.7 Hz, 1H),
0.96 (tdd, J = 8.4, 2.6, 1.0 Hz, 1H), 2.97 (s, 1H), 2.47 (s, 1H), 2.44 (s, 3H), 2.05 (s, 3H). BC NMR
(101 MHz, CDCls) 8 164.07, 161.63, 144.31, 143.73 (d, ] = 7.4 Hz), 137.71, 130.16 (d, ] = 8.2 Hz),
129.75, 127.66, 122.25 (d, | = 3.0 Hz), 114.88 (d, | = 21.1 Hz), 113.73, 42.18, 21.77, 20.55. HRMS
(ESI) calculated for CisHi7FNO,S 306.0959, found 306.0957 [M+H]*. IR (ATR-FTIR) vim. = 1588,
1320, 714 cm.

2-Methyl-1-tosyl-2-(4-(trifluoromethyl)phenyl)aziridine (6-1j).

FsC

Coloutless oil (0.37 g, 20 % yield). 'H NMR (400 MHz, CDCl3) & 7.87 (d, ] = 7.9 Hz, 2H), 7.61 —
7.48 (m, 4H), 7.33 (d, ] = 7.9 Hz, 2H), 2.99 (s, 1H), 2.49 (s, 1H), 2.44 (s, 3H), 2.06 (s, 3H). The
analytical data for this compound were in excellent agreement with the reported data.?

166



Chapter 6— Iridium-Catalyzed Isomerization of N-Sulfonyl Aziridines

2-Methyl-2-(4-nitrophenyl)-1-tosylaziridine (6-1k).

O,N
Qg
N

Colourless oil (0.39 g, 19 % yield). TH NMR (400 MHz, CDCl;) & 8.22 — 8.15 (m, 2H), 7.89 — 7.86
(m, 2H), 7.59 — 7.54 (m, 2H), 7.38 — 7.33 (m, 2H), 3.02 (s, 1H), 2.49 (s, 1H), 2.45 (s, 3H), 2.09 (s, 3H).
13C NMR (101 MHz, CDCl) 8 148.17, 147.54, 144.62, 137.41, 129.86, 127.78, 127.68, 123.90, 50.68,
42.12, 21.79, 20.38. HRMS (ESI) calculated for CioH17N20.4S 333.0904, found 333.0901 [M-+H]*.
IR (ATR-FTIR) vomex = 1602, 1520, 1348, 1161, 711 cm-!.

2-(4-Iodophenyl)-1-(isopropylsulfonyl)-2-methylaziridine (6-11).

|
OziPr

S
|
N

Coloutless oil (0.23 g, 26% yield). TH NMR (400 MHz, CDCl5) 8 7.71 — 7.65 (m, 2H), 7.18 — 7.12
(m, 2H), 3.34 (p, | = 6.8 Hz, 1H), 2.91 (s, 1H), 2.49 (s, 1H), 1.97 (s, 3H), 1.47 (d, ] = 6.9 Hz, 6H). BC
NMR (101 MHz, CDCLy) 8 141.01, 137.54, 128.40, 93.33, 55.78, 48.80, 42.75, 20.70, 16.41. HRMS
(ESI) calculated for C1,H7INO,S 366.0019, found 366.0023 [M+H]*. IR (ATR-FTIR) Ve = 3022,
2983, 2929, 2876, 1486, 1310, 1142, 1119, 1099, 1004, 873, 820, 737 cm-.

2-(4-Bromophenyl)-1-(isopropylsulfonyl)-2-methylaziridine (6-1m).

Br ToziPr
QA

Colotless oil (0,39 g, 45% vield). 'H NMR (400 MHz, CDCls) 8 7.49 — 7.44 (m, 2H), 7.30 — 7.26 (m,
2H), 3.33 (h, ] = 6.8 Hz, 1H), 2.91 (s, 1H), 2.49 (s, 1H), 1.97 (s, 3H), 1.47 (d, ] = 6.9 Hz, 6H). 13C
NMR (101 MHz, CDCLy) & 140.48, 131.73, 128.34, 121.90, 55.94, 48.88, 42.96, 20.93, 16.73, 16.58.
HRMS (ESI) calculated for C1,H7BrNO,S 318.0158, found 318.0162 [M+H]*. IR (ATR-FTIR) vina
= 3003, 2896, 1490, 1308, 1066 cm!.

2-Methyl-1-(methylsulfonyl)-2-phenylaziridine (6-1n)

Ms
q&

Colourless oil (0.78 g, 55 % yield). TH NMR (400 MHz, CDCls) & 7.44 — 7.39 (m, 2H), 7.38-7.33
(m, 2H), 7.31-7.27 (m, 1H), 3.13 (s, 3H), 2.94 (s, 1H), 2.61 (s, 1H), 1.9 (s, 3H). 13C NMR (101
MHz, CDCl;) §140.88, 128.49, 127.87, 126.45, 51.09, 42.32, 41.97, 20.88. . HRMS (ESI) calculated
for C1oH12NO,S 212.074, found 212.0739 [M+H]*. IR (ATR-FTIR) vamex = 1314, 1143, 749, 701

cml,
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2-Ethyl-2-phenyl-1-tosylaziridine (6-10).

Coloutless oil (0.55 g, 30 % yield). 'TH NMR (400 MHz, CDCl3) 8 7.86 — 7.79 (m, 2H), 7.36 — 7.29
(m, 7H), 2.82 (s, 1H), 2.65 (d, ] = 1.0 Hz, 1H), 2.42 (s, 3H), 2.31 — 2.22 (m, 2H), 0.95 (t, ] = 7.4 Hz,
3H). The analytical data for this compound were in excellent agreement with the reported data.?

2,2-Diphenyl-1-tosylazitidine (6-1p)

QL
9

White solid (1.0 g, 64 % yield). 'TH NMR (400 MHz, CDCl3) 6 7.75 — 7.68 (m, 2H), 7.41 — 7.35 (m,
4H), 7.32 — 7.24 (m, 8H), 3.08 (s, 2H), 2.42 (s, 3H). The analytical data for this compound were in
excellent agreement with the reported data.!

General procedure (GP) for the iridium-catalyzed isomerization of aziridines

Glass vials equipped with PTFE-coated stirring-bars were charged with the corresponding N-sulfonyl
aziridine (0.33 mmol, 1.0 equiv) and Crabtree’s catalyst 6-5b (1-3 mol %). The vial was purged with
N2 and anhydrous CHCl> (]0.25M]) was added. The reaction mixture was stirred 2-48 hours at room
temperature (otherwise indicated). After concentrated under vacuum, the crude was purified by flash
column chromatography (hexanes : ethyl acetate, 3:1) to afford the corresponding product.

4-Methyl- N-(2-phenylallyl)benzenesulfonamide (6-2a)

NHTs

White solid (80 mg, 85%) was obtained following GP, leaving the reaction stirring for 3 hours. TH
NMR (400 MHz, CDCls) 8 7.67 — 7.63 (m, 2H), 7.24 — 7.20 (m, 5H), 7.18 — 7.15 (m, 2H), 5.31 (t, J
=0.8 Hz, 1H), 5.14 (td, ] = 1.4, 0.7 Hz, 1H), 4.39 — 4.31 (m, 1H), 3.94 (ddt, ] = 6.2, 1.4, 0.8 Hz, 2H),
2.38 (s, 3H). The analytical data for this compound were in excellent agreement with the reported
data.?

N-(2-(4-Chlorophenyl)allyl)-4-methylbenzenesulfonamide (6-2b).
Cl

NHTs

1 Vyas, R.; Gao, G.-Y.; Harden, J.D.; Zhang, X.P. J. Org. Chem. 2004, 6 (12), 1907.
2 Liu, Y.; Che, C.-M. Chem. Eur. . 2010, 16, 10494,
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White solid (87 mg, 82%) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 17 hours. 'TH NMR (400 MHz, CDCl3)) & 7.73 — 7.68 (m, 2H), 7.30 (dq, /] = 7.9, 0.6 Hz,
2H), 7.24 (d, J = 2.1 Hz, 2H), 7.20 — 7.16 (m, 2H), 5.38 (t, ] = 0.6 Hz, 1H), 5.23 (q, /] = 1.3 Hz, 1H),
4.37 (t,] = 6.3 Hz, 1H), 3.99 — 3.95 (m, 2H), 2.45 (s, 3H). The analytical data for this compound were
in excellent agreement with the reported data.?

N-(2-(3-Chlorophenyl)allyl)-4-methylbenzenesulfonamide (6-2c).

cl NHTs

White solid (85 mg, 80%) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 48 hours at 40 °C. Mp: 89 — 92 °C. 'TH NMR (400 MHz, CDCls) & 7.73 — 7.67 (m, 2H),
7.30 — 7.26 (m, 2H), 7.26 — 7.18 (m, 2H), 7.13 (td, ] = 3.0, 1.6 Hz, 2H), 5.37 (s, 1H), 5.26 (d, ] = 1.4
Hz, 1H), 4.66 (t, ] = 6.2 Hz, 1H), 3.99 — 3.94 (m, 2H), 2.44 (s, 3H). B3C NMR (101 MHz, CDCl;) 3
143.77, 142.00, 139.92, 136.80, 134.60, 129.88, 129.85, 128.27, 127.33, 126.44, 124.35, 116.65, 47.03,
21.70. HRMS (ESI) calculated for CisHi7CINO2S 322.0663, found 322.0665 [M+H]*. IR (ATR-
FTIR) vmax = 3270, 2919, 1588, 1561, 1419, 1323, 1158 cm''.

N-(2-(2-Chlorophenyl)allyl)-4-methylbenzenesulfonamide (6-2d).

NHTs

Cl

Colorless oil (72 mg, 68%) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 48 hours at 40 °C. TH NMR (400 MHz, CDCls) & 7.69 — 7.65 (m, 2H), 7.32 — 7.27 (m,
2H), 7.26 — 7.23 (m, 1H), 7.22 — 7.16 (m, 2H), 7.04 — 7.00 (m, 1H), 5.45 — 5.41 (m, 1H), 5.12 (q, ] =
1.0 Hz, 1H), 4.45 (d, ] = 6.7 Hz, 1H), 3.95 (dt, ] = 6.4, 1.3 Hz, 2H), 2.42 (s, 3H). 3C NMR (101
MHz, CDCl3) 6 143.42, 138.42,136.86, 132.10, 130.81, 129.61, 129.56, 129.06, 127.08, 126.81, 118.11,
47.50, 21.51. HRMS (ESI) calculated for CisHi7CINO2S 322.0663, found 322.0663 [M+H]*. IR
(ATR-FTIR) vmas = 3284, 3017, 1330, 1222 cm-!.

4-Methyl- N-(2-(p-tolyl)allyl)benzenesulfonamide (6-2¢)

q_/N HTs

Colotless oil (75 mg, 76%) was obtained following GP, leaving the reaction stirring for 2 hours. TH
NMR (400 MHz, CDCl3) 8 7.78 — 7.68 (m, 2H), 7.33 — 7.28 (m, 2H), 7.16 — 7.08 (m, 4H), 5.37 — 5.30
(m, 1H), 5.14 (g, ] = 1.1 Hz, 1H), 4.47 (t, ] = 6.1 Hz, 1H), 4.04 — 3.95 (m, 2H), 2.44 (s, 3H), 2.33 (s,
3H). The analytical data for this compound were in excellent agreement with the reported data.’

4-Methyl- N-(2-(naphthalen-2-yl)allyl)benzenesulfonamide (6-2f)

Colotless oil (88 mg, 79%) was obtained following GP, leaving the reaction stirring for 3 hours. H
NMR (400 MHz, CDCls) 8 7.82 —7.78 (m, 1H), 7.75 (d, ] = 8.7 Hz, 1H), 7.73 — 7.69 (m, 3H), 7.61
—7.59 (m, 1H), 7.49 — 7.46 (m, 2H), 7.40 (dd, ] = 8.6, 1.9 Hz, 1H), 7.29 — 7.26 (m, 2H), 5.52 (d, ] =

()
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0.7 Hz, 1H), 5.31 (q, ] = 1.2 Hz, 1H), 4.46 (t, ] = 6.2 Hz, 1H), 4.13 (dq, | = 6.1, 0.6 Hz, 2H), 2.44 (s,
3H). The analytical data for this compound were in excellent agreement with the reported data.?

N-(2-(2-Methoxyphenyl)allyl)-4-methylbenzenesulfonamide (6-2g)

NHTs

MeO

Colorless oil (75 mg, 72%) was obtained following GP, leaving the reaction stirring for 3 hours. TH
NMR 400 MHz, CDCl3) & 7.67 — 7.60 (m, 2H), 7.27 — 7.21 (m, 3H), 6.92 (dd, ] = 7.5, 1.9 Hz, 1H),
0.84 (td, ] = 7.4, 1.1 Hz, 1H), 6.79 (dd, ] = 8.2, 1.0 Hz, 1H), 5.24 (q, ] = 1.4 Hz, 1H), 5.10 (q, / = 0.9
Hz, 1H), 4.62 (t, ] = 6.2 Hz, 1H), 4.00 (ddd, ] = 6.2, 1.4, 0.8 Hz, 2H), 3.71 (s, 3H), 2.42 (s, 3H). BC
NMR (101 MHz, CDCls) 8 156.23, 143.77, 143.08, 137.12, 130.47, 129.46, 129.31, 128.34, 127.14,
120.83,116.95, 110.58, 55.30, 47.68, 21.49. HRMS (ESI) calculated for Ci7H20NO3S 318.1158, found
318.1155 [M+H]*. IR (ATR-FTIR) vima = 3018, 2960, 2930, 1490, 1325, 1094, 813 cm-!.

N-(2-(4-Fluorophenyl)allyl)-4-methylbenzenesulfonamide (6-2h)
F

NHTs

Colotless oil (79 mg, 79%) was obtained following GP, leaving the reaction stirring for 6 hours. TH
NMR (400 MHz, CDCl3) 8 7.76 — 7.67 (m, 2H), 7.32 - 7.28 (m, 1H), 7.25 - 7.19 (m, 2H), 7.03 — 6.92
(m, 2H), 5.37 — 5.28 (m, 3H), 5.19 (dd, J = 1.3, 0.7 Hz, 1H), 4.36 (t, ] = 5.9 Hz, 1H), 3.97 (ddd, ] =
6.2,1.4,0.6 Hz, 2H), 2.45 (s, 3H). The analytical data for this compound were in excellent agreement
with the reported data.?

N-(2-(3-Fluorophenyl)allyl)-4-methylbenzenesulfonamide (6-2i).

NHTs

Colotless oil (82 mg, 82%) was obtained following GP, leaving the reaction stirring for 24 hours. TH
NMR (400 MHz, CDCl3) 8 7.74 — 7.69 (m, 2H), 7.32 — 7.27 (m, 2H), 7.26 — 7.22 (m, 1H), 7.05 — 7.02
(m, 1H), 6.97 (tdd, | = 8.3, 2.6, 1.0 Hz, 1H), 6.88 — 6.84 (m, 1H), 5.40 (t, ] = 0.7 Hz, 1H), 5.26 (d, ]
= 1.4 Hz, 1H), 4.47 (t, ] = 6.2 Hz, 1H), 3.98 (ddd, ] = 6.3, 1.4, 0.7 Hz, 2H), 2.44 (s, 3H). 3C NMR
(101 MHz, CDCl3) 6 164.02, 161.58, 143.63, 141.88 (d, ] = 2.2 Hz), 140.15 (d, ] = 6.7 Hz), 136.63,
130.00 (d, J = 8.4 Hz), 129.69, 127.19, 121.69 (d, ] = 2.8 Hz), 116.32, 114.95 (d, ] = 21.2 Hz), 113.08
(d, ] = 22.3 Hz), 46.88, 21.51. ¥F NMR (376 MHz, cdcls) 8 -112.75 (ddd, | = 10.3, 8.5, 6.0 Hz).
HRMS (ESI) calculated for CisHi7FNO:2S 306.0959, found 306.0955 [M+H]*. IR (ATR-FTIR) viax
= 3279, 3022, 1582, 1324, 1092 cm™.

4-Methyl- N-(2-(4-(trifluoromethyl)phenyl)allyl)benzenesulfonamide (6-2j)
FsC

NHTs

White solid (78 mg, 67%) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 48 hours at 40 °C. 'TH NMR (400 MHz, CDCls) & 7.72 — 7.66 (m, 2H), 7.55 — 7.50 (m,

3 Kiyokawa, K.; Kojima, T.; Hishikawa, Y.; Minakata, S. Chez. Eur. ]. 2015, 27, 15548.
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2H), 7.40 — 7.32 (m, 2H), 7.31 — 7.23 (m, 2H), 5.47 — 5.41 (m, 1H), 5.32 (d, ] = 1.4 Hz, 1H), 4.73 (t,
J =63 Hz, 1H), 4.00 (dq, ] = 6.3, 0.7 Hz, 2H), 2.43 (s, 3H). The analytical data for this compound
were in excellent agreement with the reported data.!”

4-Methyl- N-(2-(4-nitrophenyl)allyl)benzenesulfonamide (6-2k).
O,N

NHTs

Colotless oil (75 mg, 69%) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 36 hours at 40 °C. 'TH NMR (400 MHz, CDCls) & 8.17 — 8.11 (m, 2H), 7.73 — 7.69 (m,
2H), 7.48 — 7.42 (m, 2H), 7.33 — 7.29 (m, 2H), 5.56 (s, 1H), 543 (t, ] = 1.4 Hz, 1H), 4.55 (t, ] = 6.3
Hz, 1H), 4.05 — 4.00 (m, 2H), 2.45 (s, 3H). 3C NMR (101 MHz, CDCls) & 144.26, 143.87, 141.52,
136.56, 129.78, 127.15, 126.97, 123.73, 118.88, 46.87, 21.53. HRMS (ESI) calculated for
CisH17N2048 333.0904, found 333.0901 [M+H]*. IR (ATR-FTIR) vma = 3021, 2914, 2847, 1735,
1601, 1518, 1343, 1158, 855, 749 cm'!.

N-(2-(4-Iodophenyl)allyl)propane-2-sulfonamide (6-21).
I

NHS(O),iPr

White solid (99 mg, 82%) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 17 hours at 40 °C. Mp: 83 — 86 °C. 'TH NMR (400 MHz, CDCls) 8 7.72 — 7.66 (m, 2H),
7.18 —=7.13 (m, 2H), 5.48 (d, | = 0.8 Hz, 1H), 5.37 (d, ] = 1.4 Hz, 1H), 4.20 (d, / = 6.2 Hz, 1H), 4.17
—4.13 (m, 2H), 3.11 (h, /] = 6.8 Hz, 1H), 1.32 (d, ] = 6.8 Hz, 6H). 3C NMR (101 MHz, CDCl;) &
143.40, 137.93, 137.73, 128.14, 115.64, 94.12, 54.10, 47.19, 16.70. HRMS (ESI) calculated for
Ci2Hi7INO:S 366.0019, found 366.0024 [M+H]*. IR (ATR-FTIR) vmax = 3284, 2989, 1315, 1215,
1137, 748 cm.

N-(2-(4-Bromophenyl)allyl)propane-2-sulfonamide (6-2m)
Br

NHS(O),iPr

Colorless oil (82 mg, 78%0) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 17 hours. TH NMR (400 MHz, CDCls) & 7.51 — 7.47 (m, 2H), 7.30 — 7.27 (m, 2H), 5.48
(d,/ =0.8Hz, 1H), 5.38 (d, ] = 1.4 Hz, 1H), 4.25 (t, ] = 6.2 Hz, 1H), 4.15 (d, ] = 6.0 Hz, 2H), 3.12
(hept, | = 6.9 Hz, 1H), 1.31 (d, ] = 6.8 Hz, 6H). 3C NMR (101 MHz, CDCls) 8 143.29, 137.14,
131.94, 127.95, 122,51, 115.60, 54.08, 47.25, 16.69. HRMS (ESI) calculated for Ci2Hi7BrNO,S
318.0158, found 318.0157 [M+H]*. IR (ATR-FTIR) vmax = 3279, 2977, 29306, 2874, 2251, 1489, 1314

cml,

N-(2-Phenylallyl)methanesulfonamide (6-2n)

NHMs
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White solid (67 mg, 96%) was obtained following GP, using 3 mol % of 6-5b and leaving the reaction
stirring for 17 hours. 'TH NMR (400 MHz, CDCl3) 8 7.43 — 7.30 (m, 5H), 5.49 (q, ] = 0.7 Hz, 1H),
5.36 (td, ] = 1.3, 0.7 Hz, 1H), 4.57 (s, 1H), 4.21 (d, ] = 4.3 Hz, 2H), 2.88 (s, 3H). 3C NMR (101
MHz, CDCls) & 143.83, 138.09, 128.91, 128.55, 126.32, 126.30, 115.32, 47.17, 41.20. The analytical
data for this compound were in excellent agreement with the reported data.?

4-Methyl- N-(3-methyl-2-phenylbut-2-en-1-yl)benzenesulfonamide (6-20)
NHTs
CH5CH

Colorless oil —as a mixture of 2.5:1 E:Z allylic amines- (71 mg, 72%) was obtained following GP,
leaving the reaction stirring for 17 hours. TH NMR (400 MHz, CDCl3) § 7.72 — 7.66 (m, 2H), 7.63
(dd, J = 8.5, 2.0 Hz, 2H), 7.36 — 7.20 (m, 13H), 7.13 — 7.07 (m, 2H), 6.96 (dt, ] = 7.6, 1.3 Hz, 1H),
5.86 (q, / = 7.0 Hz, 1H), 5.76 — 5.65 (m, 1H), 4.35 (d, | = 4.7 Hz, 1H), 4.32 (d, ] = 5.7 Hz, 1H), 4.03
(d, ] =5.6 Hz, 2H), 3.84 (dp, ] = 6.2, 1.2 Hz, 2H), 2.45 (s, 3H), 2.43 (s, 2H), 1.72 (d, ] = 7.0 Hz, 4H),
1.52 (dt, /] = 6.9, 1.2 Hz, 3H). The analytical data for this compound were in excellent agreement with
the reported data.!0

N+(2,2-Diphenylvinyl)-4-methylbenzenesulfonamide (6-2p)

O NHTs

)

White solid (100 mg, 87%) was obtained following GP, leaving the reaction stirring for 17 hours. H
NMR (400 MHz, CDCl3) 8 7.75 — 7.70 (m, 2H), 7.34 (dddd, | = 6.8, 2.8, 1.7, 1.0 Hz, 5H), 7.26 —
7.20 (m, 3H), 7.13 — 7.08 (m, 2H), 6.94 — 6.90 (m, 2H), 6.80 (d, ] = 11.6 Hz, 1H), 6.26 (d, ] = 11.6
Hz, 1H), 2.45 (s, 3H). The analytical data for this compound were in excellent agreement with the
reported data.*

Miscellaneous

Methylation of N-Sulfonyl Allylic Amines. General procedure.
The corresponding N-sulfonyl allylic amine (0.4 mmol, 1.0 equiv.) was solved in anhydrous DMF

into a round-bottom flask previously purged with Na. The reaction was stirred at 0 °C. Then, a
solution of NaH (60% dispersion in mineral oil, 1.0 equiv.) in anhydrous DMF was added via syringe
or cannula. The reaction mixture was stirred at 0 °C during 30 minutes. Then, CHsl (2.0 equiv.) was
added dropwise. The solution was stirred overnight at room temperature. Afterwards, the reaction
was quenched with a saturated solution of NH4Cl and extracted (x3) with diethyl ether. The organic
phases were washed with brine (x1) and dried over magnesium sulfate. After evaporation under
vacuum, the crude was purified by column chromatography (70:30 Hexanes:EtOAc).

4 Selander, N.; Wortell, B. T.; Chuprakov, S.; Velaparthi, S.; Fokin, V. V. J. Am. Chem. Soc. 2012, 134 (36),
14670.
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N-methyl- N-(2-phenylallyl)methanesulfonamide (6-3a)
Me

N-Ms

Coloutless oil (70 mg, 76% yield). TH NMR (400 MHz, CDCls) 8 7.50 — 7.44 (m, 2H), 7.39 — 7.28
(m, 3H), 5.53 (q, ] = 0.8 Hz, 1H), 5.32 (q, ] = 0.9 Hz, 1H), 4.22 (dd, ] = 1.3, 0.7 Hz, 2H), 2.77 — 2.74
(m, 3H), 2.69 (d, ] = 0.7 Hz, 3H). 3C NMR (101 MHz, CDCly) 8 142.93, 138.35, 128.65, 128.38,
126.66, 116.59, 54.12, 36.06, 33.99. HRMS (ESI) calculated for CyiH;sNOLS 226.0896, found
226.0897 [M+H]*. IR (ATR-FTTR) vamex = 3025, 1324, 1151, 913, 794, 780, 704 cm-!.

N,4-dimethyl- NV-(2-phenylallyl)benzenesulfonamide (6-3n)
Me

N-Ts

White solid (89 mg, 74% yield). "TH NMR (400 MHz, CDCls) 6 7.71 — 7.65 (m, 2H), 7.53 — 7.48 (m,
2H), 7.37 = 7.27 (m, 5H), 5.52 (d, ] = 0.9 Hz, 1H), 5.22 (q, ] = 1.2 Hz, 1H), 4.02 (d, ] = 1.1 Hz, 2H),
2.58 (s, 3H), 2.44 (s, 3H). The analytical data for this compound were in excellent agreement with the
reported data.>

tert-Butyl methyl(2-phenylallyl)carbamate (6-4a)
Me

NBoc

Sodium metal (69 mg, 3 mmol) was added at room temperature to a solution of naphthalene (197
mg, 1.5 mmol) in THF (4 mL). After stirring 30 minutes, this solution was added to a solution of
sulfonamide 6-5a (105 mg, 0.348 mmol) in THF (2 mL) at -78 °C. After 10 min, few drops of
saturated aqueous NH4Cl were carefully added. The reaction mixture was allowed to warm to room
temperature and Boc2O (84 mg, 1.2 equiv.) were added under nitrogen. The reaction was stirred
overnight. The solution was then concentrated under reduced pressure and purified by column
chromatography (85:15 Hexanes:AcOEt) to afford 6-4a.

Coloutless oil (61 mg, 71% yield). 'H NMR (400 MHz, CDCl3) 8 7.48 — 7.27 (m, 5H), 5.41 (br d, J
= 25.8 Hz, 1H), 5.14 — 5.07 (m, 1H), 4.35 — 4.20 (m, 2H), 2.83 — 2.69 (m, 3H), 1.44 (s, 9H). The
analytical data for this compound were in excellent agreement with the reported data.t

> Souto, J. A.; Zian, D.; Mufiiz, K. J. Am. Chem. Soc. 2012, 134, 7242.
6 Olofsson, K.; Sahlin, H.; Larhed, M.; Hallberg, A. J. Org. Chem. 2001, 66, 544.
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Computational Details

Potential Energy Surface exploration

Theoretical calculations were performed at DFT level of theory using Gaussian09 software.! The
structures of all the intermediates and transition states were optimized in dichloromethane solvent
(DCM, &= 8.93) with the SMD continuum model? using the B3LYP functional® combined with the
Grimme’s D3 correction for dispersion.* Basis set BS1 was used for the optimizations. BS1 includes
the 6-31G(d,p) basis set for the main group elements,> and the scalar relativistic Stuttgart-Dresden

SDD pseudopotential and its associated double-C basis set,® complemented with a set of fpolatization
functions,” for the iridum atom. Frequency calculations were carried out for all the optimized
geometries in order to characterize the stationary points as either minima or transition states. It was
confirmed that transition states connect with the corresponding intermediates by usual intrinsic
reaction coordinate (IRC) calculations and subsequent optimization to minima.

Gibbs energies in DCM were calculated at 298.15 K adding to the potential energies in DCM,
obtained with single point calculations at the BS1 optimized geometries using an extended basis set
(BS2), the thermal and entropic corrections obtained with BS1. BS2 consists in the 6-311++G(2d,p)
basis set for the main group elements” and the quadruple-C def2-QZVP basis set for Ir.8 A correction
of 1.9 kcal mol! was applied to all Gibbs values to change the standard state from the gas phase (1
atm) to solution (1 M) at 298.15 K.?

Basis set calibration

Rzepa and co-workers recommended TZVP basis set to ensure that basis set superposition errors
become insignificant.!” To calibrate the basis set we employed to build up the Gibbs energy profiles
(BS2), discarding basis set superposition errors, single point calculations for the reference structures
and TSs of the pathways forming the allyl amine products (Figure 6.51) were performed using the
TZVP basis set for the main group elements, ' combined with def2-QZVP basis set for Ir.

The results obtained with both basis sets, summarized in table 6.S1, are very similar: the largest
discrepancy found in the relative Gibbs energies is 0.7 kcal mol-!', making us confident about the
reliability of the BS2 energies.

Table 6.S1: Comparison of Gibbs energy for TSs of the pathways forming the allyl amine (Figure
0.51) computed using 6-311++G(2d,p) or TZVP basis sets for the main group elements, combined
with def2-QZVP basis set for Ir.

Species G(a.u)? AG(kcal mol-t)=b
6-3114+G@2dp)  TZVP 6-3114+G(2d,p)  TZVP

6-1a -1223.345109 -1223.344063 -- --
Ir_COD_PCy3_Py -1463.383581 -1463.420583 -- -
TS -2686.698790 -2686.735626 16.8 16.2
TS -2686.703471 -2686.739159 13.8 14.0
TSurav -2686.698874 -2686.733547 16.8 17.5
TSpoP -2686.700686 -2686.736883 15.7 15.4
TSuwr® -2686.702254 -2686.737890 14.7 14.8
TSurvb -2686.692768 -2686.727617 20.7 213

2 Quadruple-C def2-QZVP basis set for Ir. b A correction of 1.9 kcal mol-! was applied to all Gibbs values to change
the standard state from the gas phase (1 atm) to solution (1 M) at 298.15 K.
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Localized Orbital Analysis

A localized orbital analysis was performed as described below to pinpoint electron rearrangements in
the ring-opening step. 12 Orbital localization of canonical Density Functional Theory orbitals was
performed with the CP2K code (www.cp2k.org). The PBE exchange-correlation functional was
used.!? The Quickstep algorithm was used to solve the electronic structure problem,!* employing a
double-C plus polatization (DZVP) basis set to represent the valence orbitals and plane waves for the
electron density (300 Ry cutoff). Goedecker-Teter-Hutter (GTH) type pseudopotentials were used
for valence-core interactions.!> Models were treated as isolated in a cubic box of 30 A edge.

Gibbs Energy Profiles

Conformational analysis of the initial intermediate

Since the reaction takes place starting from an R/S racemic mixture of substrate 6-1a, a preliminary
analysis of this species was carried out. Considering that the reaction involves a y-C-H elimination,
after the ring opening and the N-coordination is needed a favorable methyl orientation toward the
metal. In fact, as discussed in the main text, the agostic interaction in intermediate II is a key factor
for the reaction selectivity. About the possible isomers and conformations of substrate 6-1a in
intermediate I, the convenient methyl orientation is provided only when the Me and the nitrogen
lone pair are located on the same side of the plane defined by the aziridine ring (see (S)-6-1la_Me
and (R)- 6-1a_Me in Scheme 6.51).

Scheme 6.S1. Schematic representation of the four isomers of substrate 6-la and its related
coordination modes to the catalyst [Ir(PCys)(cod)]*. 6-(R)-1a and 6-(S)-1a are labelled with the suffix
Me or Ph considering the group oriented on the lone pair side of the plane defined by the aziridine
ring. The atoms and bonds involved in the steps leading to the y-C-H elimination are reported in red
dotted lines. Transition state energy reported in kcal mol-.

/32 Ph Ph_ Me

i | diastereomers

1 A * *
+[|r]’ \Ts +[Ir] OI\TS

6-(S)-1a_Me 6-(R)-1a_Ph
TS=10.1 enantiomers “
/ \ .
Me_  Ph Ph_ C._
* diastereomersA * E \

|
\

Ts/b [|I’]+ TS/ \[Ir]+
6-(S)-1a_Ph 6-(R)-1a_Me

This arrangement is possible for both R and S enantiomers considering the fluxional nitrogen
inversion with a computed relative low energetic barrier of 10.1 kcal mol-!. Keeping this conclusions
and the experimental selectivity in mind, the study of the catalytic cycle was performed starting from
the two conformations of the initial intermediate with the Me substituent in the metal side (6-(R)-
la_Me and 6-(S)-1a_Me, intermediates I and IB, respectively). The results are discussed in the next
section (see Figure 6.51).

For sake of completeness the ring-opening transition state was also computed starting from the 6-
(§)-1a-Ph coordination mode obtaining the highest value among all the computed points (21.2 kcal
mol—l, TS[-[]C).
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Isomerization of (R)- and (§)-aziridine to allylamine 6-2a

It can be noted that the reaction takes place starting from an R/S racemic mixture of substrate 6-1a.
The relative Gibbs energies commented in the main text (Scheme 6.3) correspond to the reaction of
the 6-(R)-1a enantiomer. The catalytic cycle was also studied starting from the 6-(S)-1a. With this
enantiomer the reaction takes place in the opposite side of the plane defined by the metal, the two
alkene bonds of the cod ligand and the P and N atoms of the PCys and aziridine ligands, respectively.
A comparison of the two reaction profiles is shown in Figure 6.S1. The computed pathway for 6-
(8)-1a shows intermediates and transition states (structures B in Figure 6.S1) analogues to those
found for the reaction of the (R)-aziridine. Despite their general a bit higher energy values than for
6-(R)-1a, the computed transition states are low enough to consider it a feasible pathway for 6-(S)-
1a. Therefore, the proposed mechanism is operative for both enantiomers of aziridine 6-1a.

TSyv®
TS, TS),.
. ) 11l — B TS B / -1V
I 7 B e / 16.8
% TS, T Ts .\ / \
| ,// 16.8 14.8 ]_3I_I-9"I \\ // 20.7 \\
91 15.7 15.1 14.7 \\ /,’ ‘\
14.0 \ / \
A /
\_ \
\
e \
-1.4 Vv
'2.2 IV
-13.5
-13.5

Figure 6.S1. Comparison of the two Gibbs energy profiles in DCM for the isomerization process
of (R)-aziridine 6-1a (in black) and its enantiomer (§)-aziridine (in orange) to allyl amine. Energy
values reported in kcal mol'. The separated catalytically active species [It(PCys)(cod)]* and aziridine
substrate 6-1a are taken as zero-energy.

Formation of the secondary products (imine 6-3a and enamine 6-4a)

For sake of completeness, the pathways leading to the formation of the secondary products were
computed for substrate 6-1a. The discussed pathways and transition states are reported in Figure
6.52. All the structures are reported in the Cartesian coordinates section.

The first part of the pathway (ring opening) is shared with the allyl amine formation. In fact, is the
C-H elimination taking place after the ring opening which, depending on the hydrogen involved,
defines the selectivity of the process. The direct elimination of the C,-H (those in the Me substituent),
via TSrn, followed by migration to the nitrogen, yields the allyl amine as described in the main text,
while Co-H elimination open the possibility to imine or enamine generation. To make this possible,
on intermediate II rotation of the aziridine Co-Cp bond and conformational rearrangement is needed
to approach the Cy-H to the free Ir axial position. The transition state associated to this preparatory
step (T'Si.m©) is located at 19.1 kcal mol!. This additional rotational barrier of 4.4 kcal mol! is
sufficient to govern the selectivity toward allyl amine formation. Achieved the favorable
conformation, the Co-H elimination, via T'Stv.v€, located at 15.5 kcal mol?! (with a relative barrier of
0.3 kcal mol) leads to the formation of intermediate V€, at -9.3 kcal mol"!, the lowest intermediate
of all the computed pathways. The last step shows an additional bifurcation which defines the imine
or enamine formation, depending on the hydrogen migration that closes the catalytic cycle. Transition
state, TSy.v1C, is involved in the C-H reductive elimination generating the N-C unsaturated bond of
the imine, while, TSv.vi?, produces the N-H reductive elimination leading to the formation of the C-
C double bond of the enamine. TSv.vi€ entails the highest energy barrier (21.0 kcal mol!). TSv.yiP
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lies at 8.6 kcal mol! and as TSpr1v it can be described as an ion-pair, in which the aziridine nitrogen
is completely dissociated (Ir++*N = 3.228 A).

) p-tolyl
(¢l
4 K;.J-tolyl
C-H reductive

elimination

¢y Cy Cq-Cg rotation cy
Fing operiliig g 19.1 rearrangement o-H-elimination
e 5T 15.2 15.5 15.5 TSy, C
_/? 7y e e 3 8\ N-H reductive
i Y-H-elimination elimination
)
9.1 \
\
\\
\\
p-tolyl \
o -1.4
\ I/
» \ ;
. -9.3
— |Imine Cy
=== Enamine

- Allyl-amine

Figure 6.52. Comparison of the three Gibbs energy profiles in DCM for the isomerization process
of 6-1a leading to the formation of allylamine 6-2a (in black), imine 6-3a (in green) and enamine 6-
4a (in orange). Energy values reported in kcal mol-'. The separated catalytically active species
[{r(PCys)(cod)]* and aziridine substrate 6-1a are taken as zero-energy.

Localized MOs analysis of the ring-opening step.

We have applied an orbital localization procedure to investigate the electronic rearrangements along
the ring-opening step, starting from intermediate I and leading, through transition state TSy to
intermediate II. Specifically, after orbital localization,'? we computed the centroids of charge of each
localized orbital along structures arising from IRC calculations connecting TSz with reactive and
product (intermediates I and II, respectively). This procedure allows to visualize “where” electrons
are and “who” they belong to. Furthermore, the displacement of orbital centroids along the reaction
allows drawing the “curly arrows” commonly used in chemical reaction schemes.!
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Figure 6.S3. Superposition of the structures from the IRC relative to the ring opening step. The
centroids of the localized MOs, representing the electron pairs, ate represented in blue. The thin line
highlights the N-C bond breaking while the curve arrows describe the electron pair movements.

Tracking the displacement of the orbital centroids along the IRC, clearly show how the bonding
electron pair of the C-N bond which is being broken in the ring-opening step is hopping to the
nitrogen, at the same time that the N lone pair is forming a dative bond with the iridium atom (Figure
0.53). The positive charge that appears on the B-carbon atom is stabilized by resonance with the n
electrons of the phenyl ring.

The “curly arrow” description arising from this LMO analysis is in depicted in the Scheme:

m i

We have computed the Wiberg bond indices (WBI) for the three species involved in the ring-opening
step (intermediates I and II and TSrm). The obtained values are collected in Table 6.S2. They agree
with the above description from LMO centroids and point out the importance of the resonace
stabilization in the ring-opening step.

Table 6.S2: Wiberg bond indices in the Natural Atomic Orbital basis set, for selected bonds along
the ring-opening step.

Bond I TSI.H II

C-N 0.86 0.50 0.14
Ir-N 0.08 0.29 0.42
C-Cpn 1.00 1.13 1.24

Cartesian coordinates and absolute E and G energies of the optimized structures

The cartesian coordinates are published online Organic Letters. They can be found in the Supporting
Information file, which is available free of charge on the ACS Publications website at DOI:
10.1021 /acs.orglett.8b02450
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'H NMR and "C NMR spectra
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Chapter 7 — Catalytic Regioselective Isomerization of 2,2-Disubstituted Oxetanes

Oxetanes are present in numerous drugs and natural products, such as Taxol (Paclitaxel),
a well-known antitumoral.! They have found significant application in medicinal chemistry®”
since the introduction of an oxetane fragment usually has positive effects in terms of
solubility and metabolic stability.*” More recently, 3-substituted oxetanes have been used in

polymer chemistry as monomers!¥ or cross-linkers,” and in opto-electronic devices.!*”

The development of new and efficient methods for the preparation of oxetanes has
enhanced their role as versatile building blocks in synthetic chemistry.®” Although the ring
strain energy of oxetanes (106 kJ-mol™) is only slightly lower than epoxides (112 kJ-mol™),
they have been scarcely used compared to epoxides. One of the reasons is that 3-substituted
oxetanes show a significantly lower electrophilicity than epoxides so they usually have to be

activated by Lewis acids./*""!

Despite of their lower reactivity than epoxides, significant chemistry of 3-substituted
oxetanes has been developed focusing on ring-opening reactions®™"! including asymmetric
versions,I"” and ring-expansion reactions.”” On the other hand, 2,2-disubstituted oxetanes
are more reactive than the 3-substituted ones due to their facile ring-opening. However, they
are also more sensitive to hydrolysis and polymerization. The main reactivity of 2,2-
disubstituted oxetanes include reductive ring-opening by titanium™ or iron"* complexes,
ring expansion!” to five-membered cyclic ethers and perhydrolysis' (Figure 7.1). The

oxetanes have also been used as a lithiation directing groups in aromatic rings.!'>"”

CHs
Ar)\/\OH

reductive ring-opening
N Ti, Fe
Ar— | ) oo
[ [ : i L thi J\/\
ring-expansion ' Hsc_p y thiswork R OH

Ar metal-free regioselective
P — é isomerization
H3C)<02H\ ¢ Li/E
OH
Ar H3C O
perhydrolysis
E

lithiation/C-H functionalization

Figure 7.1. Reactivity of 2,2-disubstituted oxetanes.
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Our group has recently explored the metal-catalyzed isomerization of strained
heterocyclic compounds (Figure 7.2). Particularly, we reported the selective iridium-catalyzed
isomerization of N-sulfonyl aziridines to allylic amines using Crabtree’s catalyst (7-1) under
very mild conditions and without external activation (Chapter 6 of this doctoral thesis).””
Similarly, the conversion of epoxides into aldehydes!"® was achieved by hydrogen activation

[21]

of reagent 7-1 (Chapter 5 of this doctoral thesis).”! Inspired on these selective

transformations, we wondered if 2,2-disubstituted oxetanes would be selectively isomerized

when using the appropriate catalyst.
R1
NR?

R2=Ts,Ms,SO,iPr

NHR2

Figure 7.2. Selective isomerization of heterocyclic compounds catalyzed by Crabtree’s

catalyst, 7-1.

In contrast with the regioselective isomerization of epoxides™ (also called Meinwald
rearrangement) the regioselective isomerization of oxetanes still remains a challenge and, to
the best of our knowledge, no synthetic protocols been described to date. Most probably,
the easy polymerization of 2-substituted oxetanes in acidic conditions has hampered their

synthetic use.

Herein, we report a new catalytic reaction that affords homoallylic alcohols from 2,2-
oxetanes in high selectivity using very low loading of tris(pentafluorophenyl)borane,
B(C¢Fs)s3, as Lewis acid. The subsequent asymmetric hydrogenation allows the preparation of
enantioenriched y-substituted alcohols. Since the preparation 2,2-disubstituted oxetanes
using the Corey-Chaykovski reaction is straightforward and environmentally friendly, we
believe that the new sequence emerges as a breakthrough in the synthesis of chiral alcohols

from ketones.

Our preliminary studies began with the synthesis of 2-phenyl-2-methyloxetane 7-2a,

which was obtained from acetophenone via double Corey-Chaykovsky reaction!"” with good

200



Chapter 7 — Catalytic Regioselective Isomerization of 2,2-Disubstituted Oxetanes

yields without the need of further purification (see the Supporting Information). With 7-2a
in hand, the isomerization reaction was performed using several catalysts at 5 mol % loading
at room temperature, as shown in Table 1. First, we tested Crabtree’s catalyst 7-1 as it gave
satisfactory results when using N-sulfonyl aziridines™ and epoxides.””! However, we
observed that, without any external activation, conversion was very low (entry 1, Table 7.1)
being the only product that could be quantified the homoallylic alcohol 7-3a. Activation of
the catalyst with H, to form an Ir-H,H as the catalytic active species led to polymerization
(entry 2, Table 7.1). These disappointing results led us to study a wide range of Lewis-acids.
Again, ZnCl; gave rise to polymerization (entry 3). When moving to milder, inorganic Lewis
acids such as InCls, IrCl; or AlCls, 7-3a was the major product but the mass balance of the
reaction was poor, probably due to polymerization (entries 4-6, Table 7.1). At that point, we
turned our attention to organic Lewis-acids. First, BF;-Et,O was tested. Full conversion was
observed, although the selectivity of the reaction was null: an equimolar mixture of 7-3a: 7-
(E)-4a: 7-(Z)-4a (entry 7, Table 7.1) was afforded. We then tested a bulky Lewis acid namely
B(CFs)3.” Gratifyingly, the reaction in dichloromethane afforded the homoallylic alcohol
with excellent yield (82 %) and selectivity (7-3a: 7-4a: 98:2, entry 8, Table 7.1). With this
result in hand, we performed a solvent screening. EtOAc, THF and toluene gave excellent
conversion and selectivity but the yield was not enhanced (entries 9-11, Table 7.1).
Acetonitrile gave very low conversion (entry 12). The temperature effect was also evaluated
and the reaction was performed at 0 °C in dichloromethane (entry 13). However, any
difference with the reaction performed at room temperature was observed. Finally, we
reduced the catalyst loading to 0.5 mol %, and the reaction time to 2 h, thus demonstrating
the outstanding catalytic activity of B(C¢Fs); (entry 14, Table 7.1). In addition, a gram scale

reaction was carried out, affording 3a with an excellent 84% yield (entry 15).
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Table 7.1. Screening of conditions for the isomerization of 7-2a

o catalyst ©\/\/OH
— OH Me

Me CH,Cl,, RT OH
7.23 overnight 734 — .
Me
Entry  Catalyst Solvent Ratio Conv. (%)™ Yield 7-3a (%)™
7-3a;: 7-4al¥
1 7-1 DCM - 35 25
2 7-1 DCM . >99 0
3 ZnCl, DCM - >99 0
4 InCl; DCM 4:1 50 39
5 1tCls DCM 4:1 >99 34
6 AIC, DCM 5:1 >99 51
7 BF;-EO DCM 1:2 >99 30
8 B(CFs); DCM 98:2 >99 82
9 B(CeFs)s EtOAc 96:4 >99 70
10 B(CFs); THF 98:2 >99 67
1 B(CEy)s Toluene 98:2 >99 79
12 B(CFs); MeCN - 33 21
131 B(CFs)s DCM 98:2 >99 80
140 B(CFy), DCM 98:2 >99 82, 781
15" B(CFs)s DCM 98:2 >99 84

The reaction was performed in a sealed vial with 0.1 mmol of 7-2a, [0.1 M] and using 5 mol % of
catalyst loading. * Determined by '"H NMR spectroscopy. ® 'H NMR yield using mesitylene as internal
standard. ¢ The reaction was performed in a pressure tube, using H» for catalyst activation and, after
1 min, the vessel was fully degassed. 4 Polymerization occurred. ¢ The reaction was performed at 0 °C.
£0.5 mol% of catalyst was employed, and the reaction was left stirring for 2 h. sIsolated yield, at 0.8
mmol scale. h Isolated yield performing the reaction at gram scale, using 0.5 mol% of B(CeFs)s.

With the optimal conditions in hand, we explored the substrate scope (Table 7.2). The aryl
group was modified with a range of functionalities. A fluorine atom in para- and orthe-position
was well tolerated (entries 1 and 2, Table 7.2), affording 7-3a and 7-3b with complete
regioselectivity. In the latter case, the yield was moderate probably due to dimerization of the
substrate. A substrate with stronger electron-withdrawing group such as p-CF; (entry 3, Table
7.2) afforded the homoallylic alcohol 7-3d with high selectivity, albeit in moderate yield. Para-
substituted halogen substituents such as p—Cl, p—Br and p-I showed excellent selectivity
affording the homoallylic alcohols 7-3e, 7-3g and 7-3h in high yield (entries 4-7, Table 7.2).
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In the case of 7—Cl (7-2f), the yield was high (84%, entry 5, Table 7.2), but up to 5% of the
allylic alcohols 7-4 were also formed. We then moved on to test the effect of the electron-
donating group in the aryl substituent. A methyl group was introduced in both para- and
ortho-position (entries 8 and 9, Table 7.2). In both cases, the selectivity of the isomerization
reaction decreased compared to EWG groups, although 7-3i and 7-3j were still obtained in
good yields. Alternatively, a methoxy group in the zefa-position enhanced the selectivity ratio
7-3:7-4 up to 98%, affording 7-3k with an excellent 92% yield (entry 10, Table 7.2). In
contrast, bulky group in para-position (p-/Bu) diminished the selectivity, although 7-31 was
afforded in synthetically useful yield (entry 11, Table 7.2). The naphthyl group was also
studied, affording 7-3m in excellent selectivity (92:8) and 83% yield (entry 12, Table 2).
Interestingly, the reactivity was not limited to 2-aryl oxetanes. The dialkyl compound 2-
cyclohexyl-2-methyl oxetane 7-2n (entry 13, Table 2) atforded a 7:3 mixture of the expected

product 7-3n and the tetrasubstituted allyl alcohol in 56% yield (see the Experimental Part).

To prove the versatility of this reaction, we also modified the methyl group to other alkyl
groups, such as an ethyl (7-20) or benzyl group (7-2p). The corresponding trisubstituted
homoallylic alcohols 7-30 and 7-3p were formed in good yields, with high E selectivity with
respect to Z (Scheme 7.1). Also, bicyclic oxetane 7-2q, synthesized from wa-tetralone, proved
highly reactive, exclusively affording homoallylic alcohol 7-3q in 84% isolated yield (Scheme
1). Finally, the applicability of this methodology is exemplified by the synthesis of estrone
derivative 7-3r, which potential novel precursor for the development of further bioactive
compounds. For this purpose, starting from estrone 3-methyl ether, the corresponding
oxetane 7-2r was synthesized in high yield affording a mixture of diastereomers (see the
Supporting Information) which was directly treated with 0.5 mol% of B(C¢Fs);, After 5 h, the
homoallylic alcohol 7-3r was obtained with a 78% yield. The synthesis of this novel

compound shows a new derivatization pathway for steroids and related compounds.
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Table 7.2. Study of the substrate scope.

0 B(CFs)3 (0.5 mol%)

R \N - R\"/\/OH
Me CH,Cly, 2 h
7-2(b-n) RT 7-3(b-n)
Entry R Ratio Conv. (%)®  Yield 7-3 (%)™
7-3: 7-4%
1 7-2b p-F-CeH,- >99 >99 77
2 7-2¢ 0-F-CH,- >99 >99 57
3 7-2d  p-CF-CeH.- 99:1 >99 54
4 7-2e p-Cl-CoH,- >99 >99 95
5 7-2f m-Cl-CoH,- 95:5 >99 84
6 7-2g p-Br-CoH.- >99 >99 86
7 7-2h pI-CHy) >99 >99 70
8 7-2i p-Me-CeH- 96:4 >99 79
9 7-2j 0-Me-CoH,- 91:9 >99 63
10 7-2k  m-OMe-CsH- 98:2 >99 92
1 7-2l  p-Bu-CHy- 88:12 >99 70
12 7-2m  2-Naphthyl 92:8 >99 83
13 7-2n cyclohexyl >99 >99 56!

The reaction was performed in a sealed vial using 0.4 mmol of 7-2 and 0.5 mol % of catalyst loading,.
[l Determined by '"H NMR spectroscopy from the crude. [Pl Isolated yield. I 1 mol% of catalyst was
used, leaving the reaction stirring overnight. 41 A mixture homoallylic alcohols (7:3) was also obtained.
(see the experimental part).

(o] B(C6F5)3 (05 m0|°/o)
O - or
R CH,Cly, 2 h, t |
R

7-20, R=Et 87% 7-30, R= Me (937 E:Z)
7-2p, R=Bn 86% 7-3p, R= Ph (91:9 E:2)
o OH
B(CsF5)3 (05 mol%)
o
CH,Cly, 2 h, t

84%

B(CgFs)3 (0.5 mol%)

CH2C|2, 5 h, rt

7-2r 78% 7-3r

Scheme 7.1. Substrate scope with other alkyl substituents.
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The novelty of the transformation led us to perform a mechanistic study. Our previous
studies of iridium-catalyzed isomerization of N-sulfonyl aziridines and epoxides (Schemel)
disclosed a two-steps mechanism in which the initial ring-opening step is followed by metal-
assisted tautomerization.”*"! The selectivity of the process depends on the C-H hydrogen
involved in the tautomerization. However, the metal-free nature of the oxetane isomerization
raises new questions regarding the hydrogen migration step, in particular regarding the
identity of the agent assisting the H-migration and how the selectivity homoallylic alcohol
(7-3)/allylic alcohol (7-4) is defined. Indeed, the results obtained using the two borane
reagents [BF;'Et,O and B(C¢Fs)s] differ markedly. While the former yields an equimolar
mixture of both products, the latter is highly selective toward the homoallylic product (Table
7.1). To answer these questions, here we studied the isomerization mechanism of 2-phenyl-
2-methyloxetane 7-2a catalyzed by both BF;'Et;O and B(CeFs); Lewis acids. To this end,
DFT calculations applying the BALYP-D3 functional and treating the DCM solvent with the

SMD continuum model (see Computational Details in the Experimental Part).

As BF;Et,O gave similar yields of both products, we started the mechanistic study using
this Lewis acid reagent. The computed catalytic cycle is shown in Scheme 7-2a. The
corresponding Gibbs energy profile can be found at the Supporting Information (Figure
7.83). The formation of the Lewis-adduct 7-2a+BF; (I) requires the previous displacement of
EtO by 7-2a, which takes places by means of a SN, substitution process demanding 12.7
kcal'mol. Cootdination of boron to the O-oxetane activates the C-O bond for ring opening,
that only requires an activation bartier of 4.0 kcal'mol™ (T'S.u) and leads to the zwitterionic
intermediate IT (-4.9 kcal'mol™). At this point, the catalytic cycle can follow two different
pathways depending on the proton that migrates to the oxygen: proton transfer from methyl
group brings the homoallylic alcohol 7-3a, while if it happens from the CgH> group the allylic
products 7-(E,Z)4a are formed. The process leading to 7-3a has been characterized as a
low barrier (8.3 kcal'mol™) intramolecular proton transfer involving a six-member ting
transition state, TSmav. On the contrary, the formation of the allylic products 7-4a via an
intramolecular mechanism, involving a four-member ring transition state, can be discarded
as it presents a Gibbs energy barrier of 22.8 kcal'mol” (see the computational details),
incompatible with the experimental detection of equimolar amounts of 7-3a and 7-4a
products (Table 7.1). Therefore, we investigated the possible role of all the bases present in

the reaction medium in assisting the proton migration from the CzH» group to the oxygen.
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Scheme 7.2. DFT computed mechanism (BALYP-D3 in DCM) for the isomerization of oxetane 7-
2a to homoallylic 7-3a and allylic 7-(E)-4a and 7-(Z)-4a alcohols catalyzed by a) BF;-Et,O and b)
B(CeFs)s. Relative Gibbs energies (in red) in kcal-mol! are referred to the separated species; transition
state energies are shown in purple, for the ring opening step and orange, blue or green for the proton
transfer process entailing the formation of 7-3a, 7-(E)-4a and 7-(Z)-4a, respectively.
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Three O-bases were tested in the intermolecular base-assisted H transfer: the ether oxygen
of Et,O, that of oxetane substrate 7-2a, and the negatively charged oxygen of intermediate
I1. Base-assisted transition states involving the three species have been computed leading to
an energy ordering for the Gibbs energy barrier from II that follows the expected basicity
order: O-II (8.1 kcal'mol™) < O-2a (13.6 kcal'mol™") < O-E£,0O (15.6 kcal'mol™) (see the
Supporting Information). The favored intermolecular IT-assisted TS bringing 4a comes from

a head-to-tail adduct of two unities of intermediate II (Figure 7.3a).

a) b)

J\

Figure 7.3. Optimized geometries for: a) adduct of two unities of intermediate II; b) concerted
intermolecular proton migration transition state, TSivi; ¢) adduct of two unities of intermediate IIP,
and d) first step of the proton migration transition state, TSyvb. The most important distances are
also reported in A. Hydrogen atoms of Ph groups have been omitted for clarity.

The proton migration has been characterized as a concerted mechanism in which the Cg-H
proton, picked by the oxygen of one unity of intermediate II, is directly transferred to the
oxygen of the second unity to form the allylic alcohol (Figure 7.3b). Both pro-(E), TSmw.v
and pro-(Z), TSuwvi, show barriers (8.1 and 9.2 kcal-mol™, respectively) very close to TSm.v
(8.3 kcal'mol). Taking these data into account, from a micro-kinetics analysis cartied out
with COPASI software, a 1.0:1.8 mixture of 7-3a: 7-4a is predicted, highlighting no

selectivity of the catalyst (for further details see the computational details).
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When using B(C4Fs); (Scheme 7.2b and Gibbs energy profile at the experimental part, Figure
7.82) no previous substitution is required. According with the lower Lewis acidity of B(C¢Fs)s
respect to BF;, its interaction with the O-oxetane is weaker and a bit higher barrier (11.6
kcal'mol”, TS1n") is required in the ring-opening step that leads to the zwitterionic
intermediate II” at -4.4 kcal-mol . From II” the homoallylic alcohol 7-3a is obtained through
an intramolecular H-transfer involving a 6-member ring transition state TSi.iv’, requiting a
Gibbs energy barrier of 12.4 kcal-mol™. As for BF;, the formation of the allylic products via
an intramolecular mechanism, entailing a four-member ring transition state, implies high
activation energy (21.3 kcal'mol”, see the Supporting Information). Regarding the base-
assisted mechanism, the same basicity trend than for BF; reaction has been observed: the
IT-assisted process is favored over the 7-2a-assisted proton transfer, with barriers of 16.9
and 18.5 kcal-mol™, respectively. In contrast to the process with the BF; catalyst, the proton
migration needs two different steps: first, with an activation barrier of 16.9 kcal-mol’, the
Cg-H proton is transferred to the oxygen of the second unity of intermediate IT” (TSmwv");
then, in a practically barrierless process, involving a relative reorientation of the two subunits,
the proton migrates to form the allylic product 7-4a (see the computational details). Contrary
to what happen for the case of BF; catalyzed isomerization, TSmwv” has an energy bartier
higher enough with respect the transition state TSuv” (4.5 kcal'-mol™) to assure a practically
complete selectivity in favor of the homoallylic alcohol product 7-3a, in line with the
experimental results. The reasons behind the different performances of the two catalysts can
be found on the steric hindrance introduced by the aryl rings of B(C¢Fs); that destabilizes the
proton migration step by placing the oxygen atom that will accept the proton further away

(Figure 7.3c).

Last, to showcase the applicability of the novel synthetic protocol, we performed the
enantioselective hydrogenation of the resulting homoallylic alcohols to give enantioenriched
alcohols. Alcohols with an stereogenic center in y-position constitute an important chemical
motif, present in a wide range of natural products, pharmaceuticals, and fine chemicals of
perfume industry.”” Enantioenriched y-methyl alcohols are also versatile building blocks that
are used as synthetic intermediates in the synthesis of complex molecules.” For instance, (-)-

citronellol is an intermediate for the production of rose oxide.

Focusing on catalytic processes, the asymmetric isometization and/or hydrogenation of

primary allylic alcohols have emerged as promising alternatives to synthesize y-methyl chiral
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alcohols, where iridium-P,N complexes have come to dominate the field.” However, the
catalytic isomerization®*” of y-methyl allylic alcohols suffer from very low conversion and
moderate enantioselectivities, whereas the asymmetric hydrogenation™*! requires harsh

conditions (very high H, pressure) to avoid undesired isomerization byproducts.

Moreover, the preparation of the starting allylic alcohols have the disadvantage of a not
efficient preparation. First, their synthesis usually require two steps with poor atom economy:
an olefination reaction (Horner—Wadsworth—-Emmons -HWE-, or similar), and ester
reduction (usually with reactive hydrides)."! Second, even more important, the usual poor
selectivity of the HWE with ketones leads to the formation of mixtures of E and Z allylic
alcohols that require complicated chromatographic separations (Scheme 7.3). For this reason,
we believe that the strategy presented in this work constitutes a breakthrough to obtain chiral
alcohols from cheap and abundant ketones in a greener 3-step synthetic approach. Therefore,
we moved to perform the asymmetric hydrogenation of homoallylic alcohols 7-3, which can

be considered minimally functionalized olefins.”!

A) Traditional approach: large amount of side products; E£/Z2
separation; low overall yields.

( N\ (i N\ ™
HWE ] LiAlH, or || E/z Alylic oH
-reaction DI::AL-H Hydrogenation
\_ reduction /
0 . J N J Me
JJ\ )*\/\
R Me ( N\ ( N\ [ ) R OH

Double Corey-| | Lewis Acid | |Homoallylic OH
R= Ar, Ak Chaykovsky Isomerization| |Hydrogenation
\. — /" "\ — "\ J

1 : 1 :

1
:‘R Me : |‘ R OH 'I

B) This work: perfect atom economy: only Me,SO as side product -
no need of purification; 2 catalytic steps; high overall yields.

Scheme 7.3. Comparison of this work with the traditional approach.

During the last decade our group has developed several modular P stereogenic chiral
ligands”” that have proved to be excellent precursors of chiral catalysts. Although our
iridium-PN MaxPHOX™ family of catalysts have been successfully applied to the
asymmetric hydrogenation of cyclic enamides, * aryl and alkyl imines™" and minimally

functionalized olefins,” including 2-aryl N-allyl phthalimides™, we found that in this

b
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particular case, using 7-3a as model substrate, [((4.5,55)-Cy-Ubaphox)Ir(COD)|BAr"; 7-6,"

gave the best results.

Table 7.3. Iridium-catalyzed asymmetric hydrogenations of homoallylic alcohols.

Z Z i Me Bn Bn —I BArF
% | on 76 (1moi%) % | OH | 0)\8(\?
- i N _PR-
R DCM, rt R Me : )ﬁ S c?,y
' Ph
1 bar H, H —V—
7-3 7-5 ; / & / 76
Entry R Product Conv. (%) ee (%) ™

1 7-3a H 7-5a >99 90
2 7-3¢ o-F 7-5¢ >99 94
3 7-3e p-Cl 7-5e >99 92
4 7-3i p-Me 7-5i >99 90
5 7-3k m-OMe 7-5k >99 94

The reaction was performed in a pressure reactor using 1 mol% of catalyst 7-6 and left stirring
overnight. I/l Determined by 'H NMR spectroscopy from the crude. Pl Measured by chiral HPLC.

Using 1 mol % of this commercially available catalyst 7-6 developed by Pfaltz and co-workers
in dichloromethane under 1 bar of H, pressure, 7-5a was obtained in 91% ee (entry 1, Table
7.3). The scope of this reaction was expanded to other homoallylic alcohols prepared from
the corresponding oxetanes 7-2. Both electron-withdrawing substituents such as ¢-F, (7-3c,
entry 2) and p-Cl (7-3e, entry 3) and electron-donating substituents such as p-Me (7-3i, entry
4) and m-OMe (7-3k, entry 5) gave full conversions and excellent enantioselectivities (up to

94% ee).

In conclusion, we have reported a highly regioselective isomerization of 2,2-disubstituted
oxetanes using B(C¢Fs)s as catalyst, using extremely mild conditions (0.5 mol% of catalyst
loading and very short reaction times). DFT calculations shed light on the reaction
mechanism and account for the high selectivity toward the homoallylic alcohol product
displayed by the B(Ccl's); catalyst. This novel selective isomerization of oxetanes can be used
as key step in multiple synthetic organic transformations. As a leading example, we have
disclosed a highly efficient 3-step protocol towards the enantioselective synthesis of y-aryl
butanols starting from abundant inexpensive acetophenone derivatives. First, a double
Corey-Chaykovksy reaction, which only generates dimethyl sulfoxide as by-product, is

carried out. Then, and without further purification, the selective isomerization of the
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resulting oxetanes takes place followed by iridium-catalyzed asymmetric hydrogenation
(Figure 7.3). These last two steps, which are catalytic, accomplishes a greener, more
sustainable and efficient approach to the enantioselective synthesis of valuable alcohols.
Moreover, the applicability of the isomerization reaction was further demonstrated by the

isomerization of spiranic oxetanes and the preparation of a new estrone-derivative.
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Experimental Part

General procedures and materials

Unless otherwise indicated, materials were obtained from commercial suppliers and used without
further purification. All reactions that required anhydrous conditions were performed in dried
glassware under a dry nitrogen atmosphere. Dichloromethane and THF were degassed and
anhydrised with a solvent purification system (SPS PS-MD-3). Anhydrous dichloroethane and DMF
were used from Sigma Aldrich. Solvents were removed under reduced pressure with a rotary
evaporator. Silica gel chromatography was performed using an automated chromatography system
(PuriFlash® 430, Interchim).

Instrumentation

NMR spectroscopy: 'H and 13C were recorded on the NMR spectrometers of the Centres Cientifics i
Tecnologics de la Universitat de Barcelona. The employed spectrometers were a Varian Mercury 400 MHz.
Chemical shifts (8) were referenced to internal solvent resonances and reported relative to TMS
(tetramethylsilane). The coupling constants (f) are reported in Hertz (Hz). The following
abbreviations are used to define multiplicities: s (singlet), d (doublet), t (triplet), q (quartet), dd
(doublet of doublets), ddd (doublet of doublet of doublets), ddd (doublet of doublet of triplets), dddd
(doublet of doublet of doublet of doublets), dt (doublet of triplets), td (triplet of doublets), ddq
(doublet of doublet of quartets), dtd (doublet of triplet of doublets), dq (doublet of quartets), tt
(triplet of triplets), qt (quartet of triplets), m (multiplet), br s (broad signal).

High Resolution Mass Spectrometry: High resolution ESI-MS spectra were recorded in an
LC/MSD-TOF G1969A (Agilent Technologies) of the Centres Cientifics i Tecnologics de la Universitat de

Barcelona.

IR spectroscopy: IR spectra were measured in a Thermo Nicolet 6700 FT-IR spectrometer using

an ATR system, of the Department of Organic Chemistry in the Universitat de Barcelona.

Optical rotations wete measuted at room temperature (25°C) using a Jasco P-2000 iRM- 800
polarimeter. Concentration is expressed in g/100 mL. The cell sized 10 cm long and had 1 mL of
capacity, measuring A was 589 nm, which corresponds to a sodium lamp.

Melting points were determined using a Biichi melting point apparatus and were not corrected.
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Preparation of substrates.!

o] KO'Bu (4 equiv.) o
Me3SOl (4 equiv.
| N R2 3 (4 eq l | N R?
// ‘BuOH //
R’ 50 °C, 3 days R

General Procedure (GP1): In an oven dried round bottom flask, trimethylsulfoxonium iodide (5.0
equiv.) was weighted and dissolved in #BuOH (7.9 mL / mmol). #BuOK (5.0 equiv.) was added to
the reaction mixture in 4 portions and stirred at 50 °C for 30 min. resulting a white suspension.
Afterwards, a solution of the correspondent ketone (1.0 equiv.) in #BuOH (2.0 mL / mmol) was
added dropwise. The reaction mixture was heated gradually to 70 °C and stirred for 3 days (or until
the reaction went to completion after TLC monitoring). Once the reaction was completed, water was
added to the reaction mixture and the two resulting layers were separated and the aqueous phase was
extracted with hexanes (x3). Organic layers were combined, dried over anhydrous MgSO,4 and
concentrated to dryness under vacuum. Purity of the obtained product was checked by 'H-NMR
spectroscopy. The obtained product was used without further purification.

For the synthesis of the following compounds, 1 g of ketone was used as starting material for all
cases.

2-methyl-2-phenyloxetane, 7-2a

Me

Following GP1, 7-2a was obtained as pale yellow oil (1.1 g, 89% yield). ITH-NMR (400 MHz, CDCl3)
8 7.49 —7.32 (m, 4H), 7.29 — 7.23 (m, 1H), 4.63 (dt, ] = 8.7, 6.3 Hz, 1H), 4.53 (ddd, ] = 8.9, 6.9, 5.9
Hz, 1H), 2.78 (qdd, | = 10.9, 8.7, 6.8 Hz, 2H), 1.74 (s, 3H). The analytical data for this compound
were in excellent agreement with the reported data.!

2-(4-fluorophenyl)-2-methyloxetane, 7-2b

Me

F
Following GP1, 7-2b was obtained as pale yellow oil (1.18 g, 98% yield). 'H NMR (400 MHz CDCl3)
8 7.45-7.31 (m, 2H), 7.12 — 6.94 (m, 2H), 4.63 (dddd, | = 8.6, 6.4, 5.9, 0.4 Hz, 1H), 4.55 — 4.45 (m,
1H), 2.87 — 2.67 (m, 2H), 1.72 (s, 3H). The analytical data for this compound were in excellent
agreement with the reported data.?

2-(2-fluorophenyl)-2-methyloxetane, 7-2c

Me

F
Following GP1, 7-2¢ was obtained as pale yellow oil (0.71 g, 71% yield). TH NMR (400 MHz, CDCl;)
8 7.57 (ddd, ] = 8.0, 7.6, 2.0 Hz, 1H), 7.27 — 7.20 (m, 1H), 7.15 (tdd, ] = 7.5, 1.3, 0.4 Hz, 1H), 7.03 —
6.97 (m, 1H), 4.62 (dddd, ] = 8.6, 6.4, 5.9, 0.4 Hz, 1H), 4.50 (dddd, ] = 8.7, 7.1, 5.8, 0.4 Hz, 1H), 2.91
—2.76 (m, 2H), 1.75 - 1.72 (m, 3H). BC NMR (101 MHz, CDCl5) 8 157.33, 134.96 (d, ] = 13.9 Hz),

! Okuma, K.; Tanaka, Y.; Kaji, S.; Ohta, H. J. Org. Chem. 1983, 48 (25), 5133-5134.
2 Sone, T.; Lu, G.; Matsunaga, S.; Shibasaki, M. Augew. Chem. Int. Ed. 2009, 48 (9), 1677-1680.
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128.44 (d, ] = 7.9 Hz), 125.80 (d, ] = 4.5 Hz), 123.85 (d, | = 3.4 Hz), 115.41 (d, ] = 21.3 Hz), 84.87,
65.29, 34.87, 29.54. F NMR (376 MHz, CDCL) & -116.70 — -117.33 (m). IR (ATR-FTIR) vmax =
2969, 2874, 1486, 1439, 1210 cm1.

2-methyl-2-(4-(trifluoromethyl)phenyl)oxetane, 7-2d

(0)
Me
FsC

Following GP1, 7-2d was obtained as pale yellow solid (0.97 g, 84% yield). 1H NMR (400 MHz,
CDCls) 8 7.66 — 7.59 (m, 2H), 7.52 — 7.48 (m, 2H), 4.64 (ddd, ] = 8.7, 6.5, 6.1 Hz, 1H), 4.52 (ddd, J
= 8.8, 7.0, 6.1 Hz, 1H), 2.86 (ddd, ] = 10.9, 8.7, 6.9 Hz, 1H), 2.72 (ddd, ] = 10.8, 8.8, 6.5 Hz, 1H),
1.73 (s, 3H). The analytical data for this compound were in excellent agreement with the reported