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CICs in the context of homogeneous iron catalysis for hydrogen transfer reactions

Chapter 1 - (Cylopentadienone)iron complexes in the context of

homogeneous iron catalysis for hydrogen transfer reactions

1.1 Revival of research interest in homogeneous iron catalysis and the most important applications to
transformations involving hydrogen transfer

Homogeneous catalysis is considered as a key techntwagghievesustainableconvenient, efficient, and
selectivechemicaltransformationsAbout 80% of all fine chemical and pharmaceutical products on industrial
scale are made by catalytic processes. In particular, metal complexes are playing an important role in the
synthesis ofine chemicals and a number of gratalysts are commercially available for chemists. A careful
choice of the metal and design ofmunding ligands can effectilyeshape reactivity and selectivity of the

active catalyst. During the last decades, comgdesf noble metal such as platinum, palladium, rhodium,
iridium and ruthenium have occupied a central place in homogeneous catatifsise been used to prepare
highly efficient catalysts for a large amount of applications. Howewuerto thénigh costand potential toxicity

more environmentally friendly and cheaper alternataresdesirabléor industrial applications.

120

101
100 il
80
60 422 444 41
40 24.9 25.6
20 7.2 126 5.3
1.2
0 & L = =
Ru Rh Ir Pd Pt Au Fe Co Ni Cu
Noble metals | Base metals

Figure 1.1. Average prices of noble and base metals 1 year. R¥igéor noble metalgblue), U/kg for base

metals(red).

To this end, replacing noble metals with more abundant and cheaper first row transition metals, such as Mn,
Fe, Co, and Cu would be a possible solution. A price comparison betweeaoMirgtansition metals and
precious metals shows that the former aleadt 1000 times cheaper (Figdrd).l! Among them, iron is the

least expensive, as it is the fourth most abundant element and the second most abundant mEtatlin the

crust (4.7 wt %). Owing to its rich redox chemistry and its scarce toxicityjgrawery good candidate to be
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exploited in homogeneous catalytic processes.

Use of iron in catalysis started more than 100 yearsaagbthe Fenton oxidation is commonly referred to as

the first milestone example of iron catalysis 1894 Henry Johklorstman Fenton reported that a solution of
ferrous iron (representatively Feg§@n hydrogen peroxidel at er cal | e di céhenmorhoterthés r e
oxidation of contaminants or waste watéré secondnmilestone in iron catalysis was reached in 1911, when
German chemists Fritz Haber and Carl Bosch patented a very important nitrogen fixation method for the
preparation of ammonia from hydrogen and nitrdgefhe so-called HaberBosch process involvesedtuse

of a heterogeneous iron catalyst at high temperature and pressure (500 €, 200 bar),th d9aher
important application of iron catalysis was reported, which is the Fidebpsch process developed by
chemists Franz Fischer and Hans Trop3ttis process involves seriesof reactionswhich allow to obtain

liquid hydrocarbons through the conversion of a mixture of carbon monoxide and hydrogen. This process,
carried out at medium to high temperature (BB0 €) under several tens bar of pressuhas been
hystorically relevant for the production synthetic fuel in a petrolpoor but coatich country such as
Germany
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Figure 1.2 Number of iron catalysiselated publications over the last 40 years.

Another milestone in iron catalysis is homogeneous Reppe chemistry. In 1953, Fa@S0diystly reported

by Reppe and Vetter as homogeneous catalyst for the hydroformylation of olefins and for the preparation of
alcohols and aldehydes from CO angDHf! From then on, homogeneous iron catalysis has entered chemical
researcher's sight. However, in thBowing decades, the research on homogeneous iron catabstkiggish,

asonly few examples were explored. For instance, the firstaetalyzed crossoupling reaction was reported

by Kochi and ceworkers in 19719 iron-catalyzed epoxidation reactions were reportedsbyves and co
2
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workers in 19797 and ironcatalyzed ethylene polymerization was reported by Brookhart and Small iff1998.
Despite these and other examples, at the end Bfc@Atury homogeneous iron catalysis could be still
considered an underdeveloped research field. The explosion of research activity to develop efficient iron
catalysts has happenidearly 2 century Figurel.2, datais from SCOPUE»s ear chi ng #Airon c
2004 several reviews and highlight articles were publistigt a focus on the field of iron catalysi$.The
latterwere later followed by numerous articles, accounts, reviews and bodksreasing part of which had

a focus on homogeneous iron catalysis.

1.1.1General difficulties in the replacement of noble metals with iron

In organometallic chemistry and homogeneous catalysiseleatron processes play a very important role.
For instance, oxidative addition and reductive elimination represent tretdqespf the bondactivating and
productforming process in many important catalytic cydi®sThese transformations have been commonly
promoted by the late secondnd thirdrow transition metal complexes using strong fibtghnds (e.g.
cyclopentadienyl, phosphinB-heterocyclic carbenetc.) On the other hand, the control of redox chemistry

to achieve suctransformationsvith Earthabundant metals is cumbersome, as these complexes tend to engage

preferentially in single electron transfer proces$ses

Within these metals, the redox chemistryiroh is governed by a singkdectron transfer between its most
common oxidadbn states Pe(d®) and F& (d°): to mimic the reactivity patterns typicaf noble metals, iron
should be diverted from oredectron reaction patters and inddte engage in two electron patterns by use of

suitable ligand¢see Chapter 1.1.2)
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octahedral Fe(Il)-complex octahedral Fe(ll)-complex

Figure 1.3 MO diagrams for octahedral crystal field: distribution of the six valence electrons in

high-spin and lowspin Fé-complexes.
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The use of iron as catalyst is also hampérethedifficult characterization of inocomplexes. Sindde latter
are paramagnetic imost cases (Figurd.3),[*?! structural characterizations are often limited to mass

spectrometry and Xay diffraction analysis, rather than NMR spectroscopy

1.1.2Strategiesfor enabling two-electron pathways with iron

The catalytic properties of iron complexes are determined by interactions between ligands and metal. Usually,
tri- and tetradentate ligands containing phosphorous and/or nitrogen dongrnso@lgyrins or polydentate
phosphines) are ad in order to obtain reasonably stable iron complexes. Besides enhancing complex stability,
another function of tbseligands is to enable twelectron pathways with iron complexes. To this end, four

main strategies have been proposed:

1) Met al T 1 i gan dSceemé.pA), rinavhichredok rporinnocent ligandsindergoing reversible
electron transfer were used to form iron complexes and directly participate in redox chemistry during the

catalytic transformatiai?

The concept aihnocent ligandvas introduced by Jagensen andworker$!4 to define ligands which do
not play any role in catalytic cycles. On the contreggtox norinnocent ligandgan affect the electronic
density of the complex and reserve electrons during ttadytia cycles through resonance or inductive
features. Besides enabling twtectron processes, these ligamds also initiate and control radical
processes. Fensterbank andwarkers reported an example electronic metalligand cooperativity,
which consisted inthe activation ot h e b e G- bonckté the pyridine(diimine) iron dibromide
complex, {PrPDI)FeBs (iPrPDI = 2,6(2,6-1Pr>-CeHsN=CMe).CsH3sN; Schemel.l A).[*51 Combined
results of IR, NMR and DFT studigsovided evidence of @vo-electron activation of unactivated arenes
with iron(Il) dibromide complex in the presenceadfase (KHMDS) to a [LPF&r]*/HMDS ion pair with

a oneelectron transfer from HMDSo the ligand.

2) Chemical metaligand cooperativity whichrelies on a supporting ligarntbat participatedirectly in the
reversible bondnaking andbreaking events durirthecatalytic cycle$t® One example belonging to this
category ishedehydrogenation enabled by an iron complex chelatinig(phosphino)amine pincer ligand,
(iPrPNP)FeH(CO)iPrPNP = bis(iPr-phosphanyl)ethyl)amine, Scherfid B).l*% Here, ligand and
metal work together for catalytic cycles, with hydrogen atbmdingt o bot h t he | igandé

and the metal centre
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3) Met al T met al ,ircwhichpaenet ameelectrontpsocess stems from the ability of two different
metal conplexes to undergo a omdectron redox proce$d. An illustrative example of this strategy is

shown in Schem#.1 C[1™I

4) Use ofstrongfield ligands a strategy proposed by Chirik and Arevalo to facilitate the oxidative addition

step, thahas been exploited Bome examples @fatalyticC-H functionalizatios (Schemel.1 D).

A. Activation of C-H bond enabled by electronic metal-ligand cooperativity

X
Benzene, KHMDS
—_— . SiMe
N— ||,,—N RN 3
Fe - KBr iPr I—_i/%
P \©/|Pr© SiMe;
iPr

Putative transition state
for the C-H activation step

=

H A 15 mol% L-FeBr, LR
o :
Br

KHMDS, 80 °C, 18h

B. Dehydrogenation enabled by chemical metal-ligand cooperativity

P(iPr), ©\/Nj\H

H

$ | ‘

S o — ) =0
P(iPr), <_Pépr)|:

iPr’éj 7 N\
. H .
o ,@ H—BPin _ S — R BPin

D. C-H Borylation Enabled by strong-field ligands

PR, PR,
RP, | H gy |RP,, | HBpin
Fe!l — 'Feo ——— > Ar-Bpin
RP7 | H RoP” | Ar-H
PR, ‘PR,

Scheme 1.1Strategies for enabling twalectron pathways with iron
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1.1.3Main applications of homogeneous iron catalysis

After entering the 21 century, numerous research groups in the world hatarted working on the
development of effective catalytic systems based on iron. In particolacatalysis has been applied to a

wide range of transformatiofis;**9 such as:

1) Substitution reactions including nucleophilic substitution at $parbon centers, electrophilic aromatic

substitution, crossoupling reactions to form-C and Gheteroatom bonds2b-€1%i.20

2) Addition reactions such ascarbometalation, hydroalkylation, carboxylation, ring opening and ring
expansion reactions, polymerizations;h€eroatom bond forming additions, addition ¢arbonyl

groupgiiohi20s21

3) Reductions including hydrogenation of alkenes and alkynes, hydrosilylation, hydrogenation and reductive

amination of carbonyl compountgbe1%.22

4) Oxidations of C(sp)-H bonds, C(sf)-H bonds, olefins (e.g., Wackgpe reactions), ketones (Baeyer

Villiger), alcohols (Oppenheimel$23

5) Cycloadditions and Alderenetype reactions in particular[2 + 1], [2+ 2], [2+ 2+ 1][3+ 2], [2 + 2 +

2], [4 + 2]and[5 + 2] cycloaddition!'24

6) Isomerizations andrearrangements includingallyl alcoholcarbonylisomerizationplefin isomerization,

cycloisomerizationintramolecularing expansior?

1.1.4Use of iron catalysts in reactions involving hydrogen transfer

Among the general classes of reaction mentioned above, those involving hydrogen transfer are briefly
mentioned in this Section, as they are more relgwahe topic of my work of thesis. In this thesis the reactions
involving hydrogen transfer (RIHT) are defined as the ones in whichnaottcule is added to or abstracted

from the substrate (see Schein2).

RIHT may either occur as a single transformatfthus giving rise to a net reduction or oxidation of the
substrateSchemel.2 A and B), or occur twice in the same catalytic cydheis generating a redareutral
6hydrogen borrowing6é or , 8digmdlr2cCy dypicalasingleoRrHTs ara thé er 0

hydrogenation of multiple bonds, in which molecularigidirectly transferred to the substrate, and transfer
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hydrogenation, in whichH s transferred from a donor (-d0gin ar
Schemel .2 A), just as their neerse processes (see Schenze B) The most -bormwimgon & h
reactions® are t he a-alkylatiarof ketonesqdee Sthem@d@.ol s and t he
A. Overall reduction (single RIHT)
Hz or R-H, R A = aldehyde, ketone, imine, alkene, alkyne, CO,
cat. -H, = i
A / AH, A-H, = alcohol, amine, alkane, alkene, HCOOH
R-H, =1 or Il alcohol,
HCOOH
B. Overall oxidation (single RIHT)
R] H, or R-H, R = carbonyl compound,
or CO,
cat.
A-H, A
C. Redox-neutral process (double RIHT)
cat. cat.-H, cat.-H, cat. A-H; = alcohol
B B =1 amine, Il amine, or ketone
A-H, / A C / C-H, C = imine, or a,B-unsaturated compound
C-H, = amine or saturated ketone
Scheme 1.2General representation of catalytic reactionslving hydrogen transfer (RIHT): reduction (A),
oxidations (B), andredem e ut r al 6hydrogen borrowingé proce

Examplesof successful Featalyzed hydrogenation and transfer hydrogenation have been reported by several

research groups, and a numbéreviews orthesereactions have been publisH&d:#1%.22

Reduction of C=0 and C=C double bonds had been dominated for many yearalystsatsed on noble

metals such as ruthenium, rhodium and iridium, and for a long time, applications of iron catalysis lagged

behind precious metal catalysts in this field. The first grelmecking use of iron catalysts in hydrogenation

of carbonyl compunds was reported in 1980s by Markdéanévearkers, who used Fe(C§ys precatalyst to

hydrogenate a series of ketones and aldehs@es.

In 2004, Chirik and cevorkers reported the sole example of iron catalyst for the hydrogenation of isolated

C=C bonds (Schentk3).?"

1 (0.3 mol%)

S I — NN
Toluene, 22 °C
5 examples

4 atm H,

CE,M JiE

1

Schemel.3. Hydrogenations of alkenes catalyzed by iron complexes
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A. Gao et al.?%30

ATH of ketones

1 mol% [EtzNH][HFe3(CO)q]
j)j\ 1 mol% 2, 6 mol% KOH OH
1 2 172 2
R" R iPrOH, 45-82°C R" R Q
R'=Ph, R? = /Pr NH HN
10 examples 98% yield
5-98% yield 8% o0 PPh,Ph,P
16-98% e.e. oEE
2
0.5 mol% Fe3(C0O)4,, 0.5 mol% 3
o 6 mol% NH4CI, 12 mol% KOH QH
N
I R' "R? Q
R" °R? /PrOH, 55°C N
NH HN
21 examples R'=Ph, R2 = Me or Et
23-99% conv.
96% .
90-99% e.e. o conv
99% e.e. PPh PhP
AH of ketones
0.5 mol% Fe3(CO)45, 0.5 mol% 3
o 50 bar Hy, 20 mol% KOH OH NH HN
N
JJ\ R1 R2
R" "R? MeOH, 45°C O
50 examples R'=2-Br-Ph, R?= Me 3
63-99% yields 98% vields
51-99% e.e. ) gj/y'e .
(] .C.
B. Mezzetti ot aP’.
1 mol% 4
(0] OH
4 mol% NaOtBu
A X R
R R _ rL R [BF 1,
Pz iPrOH, 75°C Pz ’
12 examples R = acene. R =Me - -
74-98% vyield X=0 L=CO H/ ‘ \H
71-91% e.e. 86% yield Ph Ph
91% e.e.

L = CNtBu
Scheme 1.4Enantioselective hydrogenation of ketones catalyzdgMyN,Rpincer complexes and macrocyclic

complexes.

A few years after the original report, the same authors demonstrated that the peculiar catalyticofctivit

complexli s due t o -itrhreo de retd® xn antomr e (see Section 1.1. 2)
under hydrogenation conditions the ligand undergoes reduction to the corresponding radical dianion, whereas

the iron center remains the +2 oxidation staté&®

In the same year, Gao and-workers reported aim situ-formed iron catalytic system for the Asymmetric
Transfer Hydrogenation (ATH) of ketones (SchelakA), obtaining good conversions aegk.values in the
16-98% rangé?®! Further work of Gao and eworkers in this field led to the development of highly

enantioselective catalysts for ketone ATH and Asymmetric Hydrogenation (AH) based on the use of chiral
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macrocyclidigands?®39 In 2014, Mezzetti and eworkers reported a bis(isonitrile) iron(ll) complex bearing

a chiral NP, macrocyclic ligand for the ATH of ketones: twelve ketones were reduced with excellent yields

(up to 98%) and high enantioselectivity (up to 94%, Scheme 1.4 B!

A. First general precatalyst

0.5 mol% 5a, 5b

X 4 mol% KOBu
1”\ 2
RT R iPrOH, 22°C
X=0, NPh 16 examples

33-100% conv.

B. Second general precatalyst

1 mol% 6d
N/POth 0.7 mol% tBuOK
A
R" "R? iPrOH, 30°C

11 examples

29-91% conv.

95-99% e.e.
C. Third general precatalyst

0.002 mol% 7a,
0.004 mol% tBuOK

iPrOH, 22°C

)
\_/
(@)

15 examples
38-99% conv.
43-99% e.e.

XH
R1OR2
R'=Ph, R? =Me
X =0, L=tBuNC
34% conv.
76% e.e.

_POPh
HN 2

R1/\R2
R'=Ph, R2=Me
91% conv.
98% e.e.

)
<\ /;
10
T

R=H
83% conv.
98% e.e.

[BPhy]

(BF4)2
a:R'=Et, R?=Ph
b: R" = Ph, R = -(CH,)4-
c: R' = 3,5-Me,CgH3, R? = Ph
d:R'"=R2=Ph

e: R' = 4-MeCgH,, R> = Ph

a:R'= Cy, Ar' = Ph

b: R = Ar'! = 3,5-Me,CgH3
c:R'=Ar"=Ph

d: R" = 4-MeCgH,, Ar' = Ph

Scheme 1.5Asymmetric Transfer Hydrogenation (ATHatalyzed by th®,N,N,Rpincer complexes developed by

Morris and ceworkers.

To obtain highly efficient catalytic systems, Morris andwaarkers developed a nef®N,N,Rpincer iron

catalyst forATH of ketoneg®3 Although excellent conversions wendbtainedin some case®nly moderate

enantioselectivitywas generally observe@.e.values in the 1d6% range, seeschemel.5A). Notably,

catalyticTOFsup to 907 H were reported, whicArecompetitive with thosebtained withruthenium catalysts.

Using related iror®,N,N,Rpincer complexes, the same group obtained begeraluesand TOFsn the ATH

of ketones performed in the presenceRyOHEI They synthesized a series of secgetieration complexes

possessing five memered chelate cycles, which amalogouso complexe$ (seeSchemel .5 B).*4

Theses

second generation catalysts gave an impresBRE, up to 30,000 f, in the ATH of ketones with high
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enantiomeric excesses. Particularly, high conversions (up to &i&excellent enantioselectivity (9%9%

e.e) were obtained with complesd.l**!

0.05 mol% 8
0 0.1 mol% KOtBu OH PiPr,
R1J]\R2 R1J\R2 /N | Br
H, (4.1 atm), RT N—I;e'—CO
R'=Ph, R2= Me =( H'|
12 examples 94% vield PiPr
36-94% yield °y 2
8
Proposed catalytic cycle for hydrogenation of ketone
PiPr,
— OEt
\ /N;Fe—CO
H |
PiPr, - EtOH
A
+ EtOH
+ KOtBu
PiPry
| Br - KBr
N-Fe—CO
7 H | - tBuOH

PiPr,
8

Scheme 1.6Hydrogenation of ketones catalyzed®)i,P-pincer complexes.

In 2011, Milstein and c@avorkers reported gery efficientcatalytic system fothe hydrogenation of ketones,
based orthe P,N,Rpincer iron comple8.'®<e3 The highactivity observed allowed a catalyst loading as

low as 0.05 mol% (Schenie6). Mechanistic investigations carried out by the authors revealethihhigh

activity is due to the neimnocent behavior of th® N,Rligand (chemical metdlgand cooperation, see
Sedion 1.1.2), which is dearomatized by the base additive and then undergoes consecutive
aromatization/dearomatization steps during the catalytic cycle, with concomitaptitting and transfer to

the substrate.

1.2 (Cyclopentadienone)iron complexe¢CICs) i Discovery, preparation and properties

In 1953, (cyclopentadienone)iron complexes (CICs) were firstly described by Reppe and Vetter as stable
organometallic intermediaté$ Subsequently, several similar complexes were isolated by other didlips.
structure of these organometallic complexeselucidated for the first time by Schrauazer in 1589t was

found that these complexes are formed by combinati@mydbpentadienone with iron carbonyl complexes

10
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[such as Fe(C@pandFe(CO)] exploitingthe” orbitals of the dienel'hanks to the advancesspectroscopic
techniquesthe structure of these complexes was then fully elucidated landRIMR. Moreover, after a
singlecrystal Xray study on CICs, Hoffmann and Weiss found that Fe{C®) the compleX can stabilize
cycl opent adi e n celeerons d&f the noggated fdiene rsystém similarto (butadiene)iron
tricarbonyl! %81 Subsequently, different research groups devoted many efforts to the synthesis of

(cyclopentadienone)iron complexes (see Scheifig?

R2
,--RE—=—=—R Fe-carbonyl 3]3:0
/ R,
R3—=— R* cyclative carbonylation /FeR
- \
oc CO

(Cyclopentadienone)iron complexes (CICs)

i SiMe SiMe
Ph R RoN NR, R SiMej 3 3
J=po oo | ]Z%o X o o o
Ph™ ] RaN™ T\R TRT TN Y A%
FeR oc/'ie 2 oc I7eS|Me3 oc I7e SiMe; oOC I7e SiMe;
- \ “IN N TN
&< o oc co oc co oc co oc co
R = Ph or Me R = OMe, COOMe, H, (CH,), X=OorS
n=3-5
Schrauzer Wilcox and Breslow Kndlker et al.
Ph R1 R1 R‘I
=
P o 0 0 0
NT Thn RZ | Ra RZ R AN
oc 7% el oc 78R RocT8r
\
5 co ocid o oc co 0%d o
R' = Ph, SiMes or Me R" = Ph or SiMes R' = Ph or SiMes
R2=H, OH or =0 R?=H or OH R?=H or OH
R® = Ph, SiMes, Me or
/\/\/‘2{
Saadein et al. Pearson et al.

Scheme 1.7CICs synthesized before the discovery of the catalytic applications of this kind of complexes.

In earliest reportghe synthesis of ClGsascarried out by a [2+2+1] cycloaddition reaction between alkynes
and iron carbonyl complexdsuch as Fe(C®)or Fe(CO)]. Monocyclic CICs can be synthesized by
intermolecular alkyne cyclization, whereas bicyclic CICs could be prepared by intramolecular cyclization of a
suitable diyne.Owing to the entropic gain associated to the intramolecular process, the latnalaro
cyclization is often carried oum good yields, thus being the preferential strategy for the synthesis of these
complexes Various CICs could be synthesized easily by varying the alkyne substrate (ScAgiHé®4d
Notably, tuning the electronic dnsteric featuresof these complexes is largely possible througk

modification ofthe substituents on the alkynés addition,differentfunctionalgroupshave been introduced

11
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to CICs,including electrorwithdrawing and donating groups, bul&ybstituentsetc

Another main strategy for the synthesis of CICshiscomplexation of the préormed cyclopentadienone

ligand with an iron carbonyl precursor (such as Fef@@) Fe(CO), Schemel.8 A). This strategy requires
previous synthesis of theyclopentadienone ligandhis reaction is not trivial and it is mainly performed by

the condensation of appropriately desigbedzil derivativesvith 1,3-disubstituted propanones (Schetig

A). Unfortunately, this reaction requirdhe presence of akdst one aromatic substituent on thé&
disubstituted propanonevhich represents a remarkable scope limitati®milarly to the other strategy
mentioned above, the reactivity of these complexes could be tuned by introducing different substituents on the

cyclopentadienone ring.

A third synthetic strategy consists in exchanging one or more CO ligands of CICs with other ligands (such as
CHsCN, PhCN and chiraldkgands). Due to the stability of the 0 bond, the ligand exchange only occurs

when CO igemoved by treatment MEO or ultraviolet light (see Schenes B).

A Complexation of the cyclopentadienone ligands with iron carbonyl precursor

(0]
1 2
R\)J\/R Q Fe(CO)s5 or Fe,(CO)g P R!
base R R2 R
+ - (0]
R3
o] (0] | Y4
R R oc/ﬁe\R
R® R* oc Co
B Exchange of liangds for the synthesis of CICs
1 1
rR2_R MesNO or hv rz2 R
E #O _— @:O
R? | R4 Ligands R® | R4
00/56\ oc/'7e
\
oc CO oc L
Schemel 8. Synthetic strategies of CICs
1) 1 M NaOH/THF . SiMej
1 Q , 2) CHyyl SiMes 1) 1 M NaOH/THF
R ﬁ/’? 3) H3PO,, air, daylight (:;}:o 2) H3PO, | OH
) SiMe, SiMe;
RZ R demetalation oche\ oc- 8
' oc Co oc H
11 9aa 10aa
Bench stable Air-sensitive

Scheme 1.9Reactive properties of CICs

CICs may be viewed as intermediates for the synthesis of cyclopentadiefusngbjch demetalation is
required In 1999, studying suitable conditions to remove the Fe{@@up, Krdlker and ceworkers

discovered another important aspect of the reacwfi@ICs*Y The (hydroxycyclopentadienyl)iramydride
12
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complex(HCIC) 10aawassynthesized frorBaaand isolated by a procedure involving a Hieber base reaction
using NaOH and a subsequérgatmentwith HsPQ, (Schemel.9). Howeverthe application ofHCICsin
catalytic reactions was reported only eight years later, even though all the knowledge was set for these

transformations.

1.3 First catalytic applications of (hydroxycyclopentadienyl)iron complexes(HCICs) in C=0 double

bond hydrogenationand in Oppenauertype oxidation of alcohols

Metakc at al yzed redox processes involving hbdarrroogveinn g
reactions and reductive aminations) have i mul at ed t h e becauseefatheic ihtensigto;h i nt e
economy Chemistscarried out many investigations in this field, and a large number of catalysts have been
discovered, some of which have been industrially apfifedor a long time, simple modulation of the
electronic and steric properties of thgahds has been the way to develop new catalysts. In this kind of
approach, the ligand is mostly considered a si mp
catalytic process. More recently, however, the concept ofmmtent ligand (seecstion 1.1.2) has emerged

as an effective strategy to shape reactivity and catalytic activity of metal compté&ies

A representative applicat i od2(Schemda 10), whicltcwasndiseopeted i s t
by Shvo and cevorkers in 1985 and was found to be an efficientgatalyst forreduction of C=C and C=X
double bond&4 Complex12 can be dissociated to two complementary active cataa@nd13b, which

represent a reduction and @xidation catalyst, respectively (see Schdm®).

Ph o o Ph Ph o Ph o
Ph@/ ~y ﬁPh Phﬁ/ 4 Phﬁ
| |
/Ru\ /Ru\ oco (13 H oc” | ™
oc co oc ¢co oc
12 13a 13b
Shvo pre-catalyst active catalyst active catalyst
P Y for reduction for oxidation

Scheme 1.10Shvods ruthenium compl exes

Shvotype complexes were applied to various reactions and particularly in hydrogenation and oxidation
transformations (see Scherfid1), and thesapplicationswere summarized by Williams in an excellent

review in 20104
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Ph Ph
Ph@/ O\H/O\i}:Ph
P \Ph PN/ “pn
R\ RU
\
oC \CO OC/ Cco
a) Hydrogeantions 12
1
R X Cat. 12
~R? or or 2 R? or
R | | R1JJ\R2 R R1JJ\R2
H, or H-donor
R2
b) Oxidations
_.R® 3
j(\ Cat. 12 X,R
|
R "R? H-acceptor R1J\R2
X=0orNH
¢) 'Hydrogen-borrowing' reactions
L Cat. 12 Nu
J\ + NuHH ——
R1 R2 R1 RZ
X=0orNH
Schemelll Applications of Shvoés ruthenium c

ClCs9aaand HCICslGaabear strong analogy to the species gen
complex (3aand13b), whose catalytic activity had besgported in the late 198049 Despite this, even after

the successful preparation of HCICs reported by Kndker in 1999, the catalytic activityisotlass of
complexes remained undiscovered until 200Fen theapplication of compleXiOaa in hydrogenation of

ketones was firstly reportedaking advantagen their strong expertise on the use of Stwae catalysts,

Casey and Guan moved their attentio the structurally very close compltE3aa. As expecteqd complexiOaa

showed good catalytic activity and chemoselectivity in the hydrogenation of C=X double bonds (X = O or N,
fifteen different carbonyl compounds and one imine, see ScHeh2!“¢! These hydrogenationaere

performed at.t. under low hydrogen pressure (3 atm).

1-2 mol% Cat. 10aa SiMeg
X H, (3 atm) or /PrOH OH un-oh
or OH
R""R®  2575°C, Toluene oriproH ~ R' "R Ph | SiMe,
X = 0 or NPh oc- &
16 examples oc H
46-90 % yield 10aa

Scheme 1.12Hydrogenation of C=X double bonds catalyzed by comp@ea reported by Casey and Guan.

In the catalytic cycle (Schentel3), complexlOaa reduces polar double bonds to form the coordinatively
unsaturated Cl@ct-9aa, which is themme-converted intd.Caa by reactiorwith Hz or iPrOH. An outeisphere
mechanism was proposed for this reaction: in the general catalytic cycle, reversible hydrogen transfer occurs

via a concerted, pericyclic TS in which a hydride is transferred to the carbonyl carbon and a proton passes

14
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f rom t hséH tothgsubstdate. Iron swings between oxidation states 0 (in caapiaa) and +2 (in

complex10aa), and this tweelectron pathway is enforced by the Aonocent ligand which, in turn, fluctuates

between the cyclopentadienone and the hydroxycgai@aienyl form.

H. T™MS
T o iPrOH
RITOR2 | T™s
Fe
og
)/ O
act 9aa
T™S TMS
o, oo,
| “tms H, | Tvs
oc-Feq x oc-Feq, OH
oC “>'< oc H-__,
R' R2
TS
5\ - /<
X o)
| TmMsH acetone
R OR? OCC)‘C,eH
X =0 or NPh 10aa

Schemel.13. Proposed hydrogenation mechanism in hydrogenation catalyzed by chfakyst

TMS
3 mol% 10aa _ o jj\H
j)\H acetone j)l\ iProH | TMS R" "R2?
R17OR2 60 °C R1"OR? % oc: FeE
9 examples act-9aa
73-93% isolated yield TMS TMS
=0, ()zko
3 mol% 10aa é TMS * F T™S ©
©ij _ acetone o) OC/ AN /H 08C \O/H
o]
60 °C o Ts\< k J TS p1™ g2
3 mol% 10aa TMS 0
0 (:@—o
HO\/\/\OH acetone Q acetone [ ™S \ R1JJ\R2
H
60 °C o) oc-F Fe “
oc H
10aa

Scheme 1.140ppenauetype oxidations catalyzed by cataly{§tand proposed hydrogenation mechanism

Basedon the reversibility of the reduction pathway, Guan andiatkers extended the use of catali@ato

the Oppenauelype oxidation of alcohols in 2018 Several alcohols were oxidized in the presence of aegto

and good to excellent isolated yields were obtained (see Schéde Dehydrogenation of two diols to
corresponding lactones was also described in the same contribution. In addition, a mechanism involving the
formation of intermediate alcohol complexeas proposed (see Schenel4). HCIC 10aa hydrogenats

acetone and forathe coordinatively unsaturated intermediate compdek9aa. The oxidation produdis

formed by dehydrogenation tifeintermediate formed by complext-9aawith alcohol substrateaJong with

15
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regeneration ofatalystlGaa.

1.4Applications of CICsin reactions involving hydrogen transfer

Following the work by Casey and Guan the catalytic activity of HCICs in the hydrogenation of ketones

this class ofiron complexes gainethcreasing interest among researchers. However, an evident setback of
HCICs was their high sensitivity to air, which makes a glovebox indispensable to their handling. Contrary to
HCICs, CICs are very stable complexes which can belédnthder air and even purified by flash column
chromatography. Hence, CICs can be seen as a staktatphgtic form of HCICs, provided that efficient
activation strategies are identified. CICs possess several unique features which distinguish thewsfrom
other homogeneous iron catalyétsindeed, these catalysts; can be easily synthesized from simple starting
materials; b) do not require expensivéigands; c) are stable to air and moisture, to such extent that a number
of organic reactions maye performed cyclopentadienone moiety of the compledesan be purified by

standard chromatography techniques
In situactivation of CICs may be performed in two main ways, shown in Schdfbe

1) By conversion into the corresponding HCIBg Hieber baseeaction’¥ i.e. by treating them with an

agueous base analogously to the procedure originally used by Kndker amdrkers to synthesize

complex10aal*¥ This activation protocol was firstly reported by Beller andvawkers™

2) By decoordination of one CO ligand, leading to the corresponding activatedaCt@sbearing a vacant
coordinatim site. This may be achieved either by shining UV ligthss originally reported by Kndker
and ceworkers!®@ or by operating an oxidative a@ordination with MeNO > so that a C@molecule

is released.

The ability to reversibly transferHo polar double bonds is the basis of most catalytic applications of CICs.
Different suitable pathways can be followedsaswn in Schem#.15. According to Path I, complexast
CICs @ct9) can be directlydehydrogenate alcohotd form HCICg10aa), then the substrates would be

reduced by catalyst HCIG#ansfernydrogenation catalyzed by CIG%¥:54

This leads to the reduction of C=0 or C=N bond of the substrate (transfer hydrogenation) when the reaction is
carried out in the presence of an excess of alcohol or other reductanP(@gl,or HCOOH). Instead, in the

presence of an excess of ketongigtglly acetone), the reverse path is followed, consisting in the Oppenauer

16
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type oxidation of an alcohol substrét&e~

Additionally, redoxneut a | (Ahydrogen borrowingo) reactions of
1.15, Path II), in which an alcohol is oxidized and reacts with another compounda(eirge or ketone) to
foomamadduct (e. g. , -unsanirated keiomatis themreduddd by the HCIQLY formed

in the oxidation stagé®

Alternatively, complexesact-CICs (act-9)can directly split Hand form theHCICs (L0), which then reduce

the substratenfdrogenationSchemel.15, Path [1[){505153c.e57

In Path HII, catalysts alternatively pass from tlaetivatedCIC to theHCIC form, thus shuttling the H
molecule between substrate(s) and product(s). Hydrogen transfer occurs through a pericyclic transition state

involving both the#ninocenéni gaddt he fAnon

0 Path II: hydrogen-borrowing Y =0orNR
SLK/RG or RNH; R', R? = R3, R4, or other
R

Activation mode | ‘ R' Y RS
R" or RS
base / H,0 o R..:@OH R1J\R2 jl\)J\

R RY “R*
R3MR4 oc-Fe.
oc H
Path I: Transfer hydrogenation 10 (Cat.-H,)
catalytically
active, sensitive
R ' *
R o R R +
A iy =g My ==c
R R" | ' H
R \ R | ' \
OC/Fe /Fe" \ ”R \
o¢ €O OgC/ “H-__/<O Hz OC/Fe\H (,<Y
Pre-cat. CICs ocC Vs
TS Me Me 2
stable TS R R
Path Ill: Hydrogenation
OH R
R"
e}
R3J\R4 R":é Q
Activation mode Il R’ YH R? 5
—Fe J\ or R
OC 1N\ R OR2
Me3NO or hy oc RY R
act-9 (Cat.)
catalytically

active, sensitive

Scheme 1.15Activation and main catalytigathways of iron complexes (CICs) in RIHT.

Besides RIHTs, CICs have been also useentlyto promote reactions not involving hydrogen transfer, such

as the formation of N and G O bonds by intramolecular hydroamination and hydroalkoxylation of alle¢hes
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1.4.1Use inreduction of C=0 double bonds

After the seminal report by Casey and Guan, who used HCICs to promote C=0 bond hydrog€riattber

advances consisted in the expansiothi reactivity toin situ-activated CICs, as these complexes are more

robust and easto-handle. In 2012Beller and ceworkers employedhe Kndker 6 €IC 9aa in the catalytic

reduction of aldehydes usitty as redumg agenformed under wategas shift conditions in the presence of

abase (Schemg.16).5™ Eighteen aromatic aldehydes and six aliphatic aldehydes could be reduced in good

to excellent yields (up to 99%bInder these reaction conditioridp-unsaturated aldehydes could be also

reduced in good yields (729% range), although the allylic alcohabgducts were obtained in mixture with

the corresponding saturated alcohols deriving from C=C redu&ignificantly, this reaction could be readily

scaled up, thus proving potentially useful icdustrialapplications.

o 1-5 mol% 9aa, K,CO; (1 eq.) OH
Jl_ + co(1obar
R" "H DMSO/H,0 (1:1), 100 °C 20 h R" "H
24 examples SiMe;
59-99% yield o
Fo SiMes
R? 0O 1 mol% 9aa, K,COj3 (1 eq.) R? OH R? OH OCO/C{ co
R)IJE/U\H + CO (10 bar) . R1 2 H + R1 H 0
R DMSO/H,0 (1:1), 100 °C 20 h R R aa
4 examples
72-99% vyield
Schemel.16. Hydrogenatiorof aldehydesatalyzed by cataly®aa
0.1-1 mol% 9aa
o) 0.5-5% K,CO; OH
R1JI\R2 PrOH/H,0 (1:1), 100 °C 17 h R" "R? SiMeg SiMes
19 examples 0] X (¢}
94-99% yield .
oy OC/|7|e SiMes oc/ﬁle\smeg'
\
) 0.1-1 mol% 9aa ) oc CO oc CO
UL 0.5-5% K,COs u oas 9ba: X = CH,
1 NN 1 - =
R H  iproHH,0 (1:1), 100°C 17h R H 9bb: X =0
R3 R3
examples

94-99% yield

Scheme 1.17Catalytic hydrogenation of carbonyl compounds catalyzed byd@#tinder base activation conditions.

I n 2013, the Bell er 6s

group reported the synthesi:

ketones, andlb-unsaturated aldehyd&d CIC activation was performed by adding a base additive to the

reaction mixture, KCOsbei ng t he

mo st

e f f e ¢ Daa gaee. the Dastaesutsnahnd, ik e r 6 ¢

most cases, the C=0 reduction products were obtained in excellent yields with low catalyst loading (0.1
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mol%, Schemd..17). It is worth noting that the chemoselective hydrogenatidifefinsaturated aldehydes

was effectivéy performed.

In 2013, Renaud and eamorkers reported that tw&ICs bearing ionic fragments could promote the
hydrogenation of C=0 bonds under mild conditions in water. The alcohol products were obitingaod

to excellentyields in the 7197% range (6hemel.18).5%! The authordound that the reaction rates can be
improved if using water as solvent, and higher yields were observed in shorter reaction times using the ionic

bifunctional iron complexes astalyst.

2.5 mol% 9aa or 9bd .
3.75 mol% MesNO N SiMes SiMes
. 3 +/N—\_ \
SiMe I~ SiMe
RSR?  H,0,850r100°C14h R "R’ oc-e e oc e
19 examples oc CO oc CO
71-97% yield 9bc 9bd

Scheme 1.18Hydrogenation of carbonyl compounds catalyzed by ionic bifunctional CICs.

In 2012, Funk and cworkers reported the synthesis of CICs bearing a nitrile ligand instead of one CO. The
lability of the nitrile ligand allows for catalyst activation by simple thermal dissociation, mothdditives
required These new complexes were screened in the transfer hydrogenation of carbonyl compounds. Initial
screening work was performed in transfer hydrogenaifoacetophenone, and all complexes showed good
catalytic activity. Comple®@ab was chosen for further study and gave good to excellent yield38%% in

the transfer hydrogenation of aldehydes and ketones (Sch&8)¢**d One imine was also reduced in good

yield (67%) in the presence of compiab. However, comple®abwas found unreactive in the hydrogenation

of acetophenone.

SiMe3
X 2-5 mol% 9ab H\j(\ o
R1JJ\R2 /PrOH, 80 °C, 18 h R R? _Fe >Mes
oc’/N
X = O or PhNH 22 examples OC CNMe
35-98% yield 9ab

Schemel.19. Nitrile-ligated CICs catalyzed transfer hydrogenation of carbonyl compamntisnine

More recently, Funk and cavorkers synthesizetbur new CICsbearing different cyclopentadienone ligands
and explored their activity in the transfeydrogenation of carbonyl compounds. Catalyst activation was
performed using M&O. Complex9ca gave the highest conversions under the reaction conditions, and was
found more active than Kiker complex9aa with mostsubstratesVarious alcohols were obtained through

transfer hydrogenation in good to excellent conversions (up to 99%, StizayE"
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DMPh
2 mol% 9ca Ph
o 2 mol% Me;NO OH P 0
L e, DMPh
R OR? iPrOH, 80 °C, 24 h R" "R oc &
X = 0 or PhNH 12 examples oc Co
39-99% conv. 9ca
DMPh = 3,5-dimethylphenyl

Schemel.20. CICs catalyzed transfer hydrogenation of carbonyl compounds

Also our group carried out investigations in this field, and the catalytic scope of CICs was expanded to the
hydrogenation of activated esters. After optimizing the catalytic conditions, cofdgdewas chosen for
further studies, and 20 different esters wereeested. Nearly all trifluoroacetate substrates gave full
conversions, except those bearing electthdrawing substituents. On the contrary, all #tiofluoroacetate

substrates could not be converted under the reaction conditions (StBajie®

1 mol% 9aa
2 mol% Me3NO SiMe3 SiMe3 Me Ph
20 mol% TEA o \/\N
0 70 bar H, oi}:o \ ©
I Rre R'SOH | SiMes, ASY Me | Ph
R0 Toluene, 90 °C, 17 h oc-718 _Fe SiMes _F
co OoC™ / OoC_ /N
11 examples ocC oc €O oc €O
100% yields 9aa 9bb 9ac

Schemel.21. Hydrogenation of activated esters catalyagICs

Recently,our group reported a Cl(his(hexamethylene)cyclopentadienoneliron tricarbofgl) (which was
found to be more active than the #ker complex9aa in the catalytic hydrogenation of C=0 double bonds,
and gave excellent conversions in most cases (Sch@#e Complexdd also gavea higher conversion than
9aa in the transfer hydrogenation of acetophenone. Kinetic studies showed that the improved aétivisy of

due to its higher stability compared to compbea (Figure1.4).5™

1 mol% 9d
2 mol% Me3zNO
0 30 bar Hy oH -
o
1”\ 2 J\ ||:
R' 'R® 5:2PrOH/H,0,70°C, 16 h R'" "R? oc—" 8y
OC/ Cco
16 examples od
99% conv.

Scheme 1.22Hydrogenation of C=0 bonds catalyzed by com®léx
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Conversion vs Time

100% y .

90% s w w L

80% A —

60% 1 mol % 9aa or 9d

S0% % o 2 mol % MezNO OH

H 30 bar Hy
40% 1%
30% n iPrOH/H,0 5:2, 70 °C

Conversion

: . : :
Q 200 400 600 800 1000 1200
t / min

Figure 1.4 Kinetics of acetophenone hydrogenation promoteflda(A) and9d (E ) activated with MeNO. Reaction
conditions: acetophenone/peatalyst/MeNO=100:1:2; solvent: 5:lPrOH/HO; Co, sub.= 0.501 mol L*; Py =30 bar;

T=70C€; Cea. =5 MM

Other investigations involving chiral CICs for the enantioselective reduction of carbonyl compounds will be

discussed in Section 1.6.

The reduction of bicarbonates and carbon dioxide is an extremely direct and efficient pathway for the synthesis
of formic acid and methanol, both of which are impor@nbuilding blocks. However, direct reduction of
bicarbonates and carbon dioxide to formates or methanol still poses same challenges. Hence, increasing efforts
are being devoted to develop an efficient catalytic system for these transformations. Whilee efiguie
metatbased catalysts are known, replacement with base metatsiron in particular is a goal that is being
pursued by several research groups, such as those of Beller, Milstein, and Gdimeslei.groupsised

different iron catalysts to lolyogenate carbon dioxide and /or bicarbonates to formates with turnover numbers
(TONSs) of upto 7271%9 754651 32011%! and 1229%2 respectivelyHowever, some drawbacks are still present,

such as use of phosphorus ligaiidsxpensive andftensensitive to air. Therefore, developing new catalyst
systems is greatly desired. In addition to the hydrogenation of carbonyl compoundsp@tCalso be used

for catalyzing the hydrogenation of bicarbonates and carbon dioxide to the corresponding formates. The first
example in this senseas reported by Zhou armb-workers in 2015 The authorsapplied the Kndker
complex9aa to hydrogenate sodium bicarbonate and @0Osodium formate with a good TONs (up to 450

and 307, respectively, see Scheh8).
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0.1 mol% 9aa
NaHCO; + H, (30 bar) NaOOCH
EtOH/H0 (1:2), 120°C 1014 459,
TON = 447 JMS
o)
0.1 mol% 9aa Fle T™S
NaOH (0.67M) 085 Co
CO, (20 bar) + H, (30 bar) NaOOCH
EtOH/H,0 (1:2), 120°C _ 9aa
31% yield
TON = 307

Scheme 1.23Hydrogenation of sodium bicarbonate and>@€ing iron comple®aa

Recently, Renaud and cworkers reported that Cl®ac was effective for hydrogenation of sodium
bicarbonaté® The reactions were performed at 100 € under 50 bar-ofith an excellent TON up to 1246

(Schemel .24). Notably, the reduction coufdrnishbetter results without M&IO as activator.

0.01 mol% 9ac

|

N Ph
NaHCO; + H, (50 bar) NaHCO, QNﬁo

| | Pn

DMSO/H,0 (1:1), 100°C

~Fe
ocC ~
12% vyield od ©°

TON = 1246 9ac

Schemel.24. Hydrogenation of sodium bicarbonate using iron comphex

0.02 mol% 9ac
0.05 mol% MIL-53(Cr)
™G
CO, (20 bar) + H, (40 bar) HCO, .TMG 60% yield TON = 3006

DMSO/H,0 (1:1), 100°C

Scheme 1.25MOFassistechydrogenation of C@using iron comple®ac.

In a recent followup (2019), the same grougisclosed a MOfassisted iron catalyst system for the
hydrogenation of C&%¥ The above mentioned iron compl@xc was applied in the hydrogenation of 10
formate in the presence of a catalytic amount of the chromium dicarboxylate MOB3¥illr). A very high
turnover numbef up to 3006 was obtained in C&hydrogenation (Schene25). In addition to CQ this
catalyst system was also applied to hydnagion of sodium bicarbonate and carbonate. However, in the latter

case only a slight increase of TON was obtained with assistance e834@r) [1525vs1246 (without MOF)].

Moreover, investigation on controlling hydrogenation of.@CO was carried auloy Beller and cavorkers,

and the first use of CICs as selective catalysts in this field was reported by them il§°2Eff6ctive
hydrogenation of Cexo CO was catalyzed by CICs through photoreduction of @Qvhich Ir complex and
triethyl orthoacetatq TEOA) play the role of photosensitizer and electron/proton donor, respectively.

ComplexesQaa gave excellent activity (TON up to 596, TOF up to 22.2Hin this photoredox reaction
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(Schemel.26). A mechanism of the photochemical &@duction mediated by iron compl&ga was also

proposed (Schenmk27).

U
0.005 mM 9aa TMS ,
1.67 mM IrPS (=0 —~—Bu
F N

CF3 PFG

CO. co | T™s <L
NMP/TEOA (5:1) oc-Fe. F. N=
: °CO = .
hv (400-700 nm) ON = 596 ocC Bu
5h, 25°C TON=5% 9aa
TOF = 22.2 min L
L CF3 _J
IrPS
Scheme 1.26Photochemical reduction of G& CO.
™S
co
o)
/ I:|e ™S 2 TEOA
oc'
ocl \El 2 TEOA*
™S 2PS
act-9aa
0 2*PS
FI T™S
e
oC“ /N 2PS
od Tco
2 H+ hv
9aa
hv ™S
H,0 OH
I:I T™S
w-Fe
co, ococ/ Sy
10aa

Schemel.27. Plausible mechanism for the photochemiealuction of carbon dioxide catalyzed by CICs

N © S
T™S +e TMS_I +H*, +CO, ™S |
o ——~ o — \
| “TMs -CO | “T™s J st
OC\‘I/Fe‘CO OC\.-IFG\D OC\-'l Y_O
ocC ocC ocC [
o]
9aa A B
J +H+
s
TMS ™S
\H OH
\‘,Fle ™SV | — | Tms
°Cd O oc', &\ _0
oc oC
0 OH
TS c

Scheme 1.28Plausible reaction pathway for the electrocatalytic reduction effEdiated by compleSaa

The same research growgso extended the use of CICs to #lectrochemical conversion of G@ CO.

Carbon monoxide was selectively synthesized by using CICs as catalyst with a faradaic efficienc{?df 96%.
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Through the studies of cyclic voltammetry, computational resultdraaiu experiments, a pathway of this
reaction was identified (see Schein28). Cooperation between the metal center and ligand play a key role in
this catalytic systenin this electroreduction pathway, noifFeintermediate (comple%0, seeSchemel.27)

is formed, whereas its formation was identified in the photoreduction pathway of controlling hydrogenation of

CQO:to CO.

TMS
-H,0 0
| TMsH
oc e _o.
H

of Y

o}
F

+e,+H" +CO,

™S
+H* OH
FI T™S
ocv,®
oc O
B
Pathway 1 +e, +H* Pathway 2
™s |
(=0
FI ™S
oc"y®
15
ocC
c

Scheme 1.29Proposed two coexisting pathways for the electroreduction elu€i@g Catalys9aa

Further mechanistic studies were carried out, and two coexisting pathways including the terminal proton source
for the electroreduction catalyzed by CICs were identified by using a combination of FTIR
spectroelectrochemistry, CV, SEC, DFT calculations, aodelectrochemical control experiments. The

proposed mechanistic pathways was shown in Sciezéf”

1.4.2Use in reduction of C=N double bond

Following the first successful applications of CICs in C=0 reductions (see previous Section), the next obvious
step was to extend the scope of thesecptalyst to the reduction of C=N double borlds2012, Renaud and
co-workers reported thérst exampé of reductive amination of aliphatic aldehydes with aliphatic amines.

These transformations were catalyzed by wedl-known Kn © | k e r 0 Paa anden fpw pressure of
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hydrogen (5 barf* A broad scope of aliphatic aldehydes, ketones and amines were screenedyagiding

excellentyieldsin the 3895% rangdSchemel.30).

5 mol% 9aa, 5 mol% MezNO
10 mol% NH4PFg (for ketones) TMS
5atmH R® _R* o
o . H 2 N :
1JI\ 2 R3N‘R4 A .-Fe ™S
ROR MeOH, 85 °C RTOR? oc"/%co
oC
20 examples
38-95% yields 9aa

Schemel.30. Reductive amination of aliphatic aldehydes with aliphatic antatsyzed byaa.

In another contribution, to study the influence of the substituents on the ring of the cyclopentadienone ligand,
Renaud and cworkers also synthesized a series of ClCauicly complexeSaa, 9ba-bb and9be (Scheme
1.31)554 Exchanging one CO ligand with acetonitrile, these iron complexes were transformed into the
corresponding acetonitrile iregicarbonyl derivatives (Schenie31). After a complex screening émmodel
reaction, compoundaa and9be were chosen to explore the scope of the reductive amination, in which yields

in the 2989% range were obtained (Scheti&l). Both experimental and computational studies showed that
the substituents close to C=0 group might be useful for preventing the formation of dimers of iron complexes
and maintaining their activity, whereas the substituents away from C=0 group miglitesthe 16electron

iron intermediate and avoid decomposition.

5 mol% 9aa or 9be, 5 mol% Me3;NO R R
10 mol% NH,PFe xai?:o X\/:@:O
5 atm H RS _R*
o) 2 “N” | I
IS 3H\ 4 i oc/'?e\R oc/ﬁe\R
R" °R? RT R EtOH or MeOH, 85 °C R R2 oc Cco OC NCMe
14 examples 9aa: X = C,H,, R=TMS 9ab: X = C,H,, R = TMS

29-89% yields

9ba: X = CH,, R=TMS
9bb: X =0, R=TMS
9be: X = NTs, R=TIPS

9bf: X = CH,, R = TMS
9bg: X =0, R=TMS
9bh: X =N, R=TIPS

Scheme 1.31Reductive amination of carbonyl compounds catalyzed bydaikand9be

Renaudés group

Dbc bearing ipnfr fragraedits, alamentien&d in Section 1.4.1, to the

hydrogenation of imine§® Good to excellent yields (in the €B% range) were obtained (Scheti2 A).

Moreover, the same group applied the vagfined (cyclopentadienone)iron compRbc (already mentioned

in Secton 1.4.1),bearing a more electrenich cyclopentadienone ligand, in reductive amination of aldehydes

and ketones by the same grdti) This complexdemonstrates e t t e r

9aa under the same reaction conditigSshemel.32 B).

catalytic

acti vi
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2.5 mol% 9bc

A / SiMe
3.75 mol% MezNO +\N~\_ €3
RS 10 bar H, R? / _ NN 0
| NH | |
SiMe
R1J\R2 H,0, 85 or 100 °C 14 h R1J\R2 oc-e e
oc CO
4 examples
61-98% vyield 9bc
B. 2.5 mol% 9ac
2.5 mol% Me3zNO | Ph
o] NH, additive, 10 bar H, R3 _R? iNj§>=°
L, + K \ N
R' R RIORA A, I | Pn
EtOH or MeOH, 100°C 14h R" "R oc-Fe g
oC
9 examples
o) 9ac
41-81% yield

Scheme 1.32A: Hydrogenation of imines catalyzed 8lc; B: reductive amination of ketones catalyzed®byg

A CIC was used for the first time as catalyst for transfer hydrogenation of imines by Zhacvaokers in
2016541 They used a catalyst system consisting of com@éekwith Fe(acag)as additive to reduce imines

by transfer hydrogenation, obtaining yields in the98%6 range (Schene33).

R3 5 mol% 9ad R3 TMSO
N 10 mol% Fe(acac); HN
J|\ I TMS
R1 R2 R1 R2 OC_FIE\
iPrOH,110 °C coVa
Ph

23 examples 9ad
53-99% yields

Schemel.33. Transfer hydrogenation of preformed imines promote@daly

1.4.3Use in reduction of C=C double bond

Iron pentacarbonyas been thérst iron complexto beused as catalyst in the reduction of alkemés) the
reports ofFankel and cavorkerson thehydrogenation of methyl linoleate and methyl linoler&teThe
monoene derivatives were obtained as main products along with a small quantity of fully reduced methyl

stearate, and mechanistic investigatiosese also carried out.

Although iron catalyzed hydrogenation of C=C double bonds had already been reported by differeffflgroups,
application of CICs in this transformatiomfiere unknowmntil 2018, when Renaud and-emrkers showed

that a chemoand dastereoselective reduction tfb-unsaturated ketones to the corresponding saturated
ketones can be performed under mild reaction conditions using thes@##tituted Cl®ae as catalysf™ A

broad range of aromatic and aliphatic unsaturated ketones were reduced in high yields (sed .3¢hefne

mechanism was also proposed for this transformation, supported by experimdrdahgutational data. It
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was found that the base used to activate added has a crucial effect on the reaction chemoselectivity, which is

also affected by the type of cation (see Sch&i3é).

A. 2 mol% 9ae | Ph

N
JOK/\ 2.5 mol% Cs,CO5 fk/\ iN:@:o
P T
R R? PrOH, 70 °C, 16 h R R? oc-Feppp,
C
22 examples 9ae

38-99% yields

B. Plausible mechanism >:O

C
Cs,CO;  CsHCO, ocfFe.. o

Fe o}
oc H oc-Feg ‘
oC H
5 { 7 Ph/\/kPh
iPrOH ~ =——>—<="—= iPrOCs

‘ Ph
N 70°C N
i@%hoj_. =0 C ]@} cs
oc-Fe. oc FS\D oc ,Fe\ OO

o
e Tl C E>
Ph Ph T*Cs,CO4 N :fo -
oo Fe iN c

ﬁ% ~¥/<OC Fe >J

CsHCO,

Scheme 1.34Reduction of C=C double bonds promoted®lgand plausible mechanism.

1.5Use of CIC in hydrogen borrowing reactions

Realizing atorreconomic transformatioribat leado valuable compounds starting freeadily available and
inexpensive substrates isy@in goal of modern synthetic chemistfyThesec al | ed O6hydr ogen
(HB) or 6hydrogen autotransferé reactions are a
considered an environmentally benign class of transformations, genevatergs the only byroduct. In HB
reactions, the catalyst is able to abstract one or merendtecule(s) from the substrate, generating an
intermediate which then evolves through a reaction sequence ending with a reduction in which the hydrogen
Obord@wies returned, thus forming the pfGdantche wit

important role played by amines in natural products, pharmaceuticals, agrochemicals and fine dhéfdicals,
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the amination of alcohols probably represents the mostkmeivn and developed type of HB transformation
(Schemel.35). Therefore, different catalytic systems have been developed, aqeitious metabased
catalyst were widely applied in these transformatiéh®n the contrary, the development of efficient catalytic

systems relying on nemoble metal§ especially irori is still quite limited"

OH Overall transformation HN’RS
R" "R? R1R2
ML,
Dehydrogenation Hydrogenation
ML,-Ho
.R®
i \
R" "R2? N R1J\R2
R3NH, H,0
Condensation

Schemel.35. General mechanism of the HBnination of alcohols.

In 2014 Feringa and Barta reported a direct HB alkylation of amines with alcohols catalyzed by the Kndker
complex9aa activatedn situwith MesNO.5¢ The direct alkylation of amines (anilines and benzylic amines)
with alcohols and diols was efficiently achieved in yields ranging from 30 to 95% (see Sti3éne he

most evidentveaknes®f this methodology ithe scopdimitation to primary alcohol substrates.

5 mol% 9aa
H
NH, 10 mol% MezNO 1
X N R
g e o
29 CPME, 120-130 °C 2
17 examples TMS
42-94% yields (0]
| ‘T™MS
X N7 OC")Fe‘CO
OH 5 mol% 9aa | H oc
SN X
X NH 10 mol% Me;NO R
| 2+ or or 9aa
R HO_~y~oy CPME, 120-130 °C
-5 3”4 13 examples | N N@)
n=es 30-95% yields A\ n
R

Scheme 1.36HB alkylation of amines promoted pna

Later on, the same group devoted efforts to the formation ofddgkdvalue benzylamines via HB amination

of benzylic alcohol®® Using CIC9aa / MesNO as catalystseveral secondary and tertiary benzylamines

were synthesized with yields in the-82% range (Schem@&.37). The versatility of this methodology in
different synthetic pathways was also demonstrated, such as the synthesis of asymmetric tertiary amines, the
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sequential functionalization of diols and the synthesis-benzyl piperidines. In addition, pharmateally
relevant compounds have been prepared directly froffugai-dimethanol using this methodology. However,

also in this casehe reaction scope remained substantially limited to primary alcohols.

5 mol% 9aa TMS
A OH H 10 mol% Me3NO N _R? o}
| y + N | N J s
2" R CPME, 120-130 °C S oc“co
oc

27 examples
42-91% yields 9aa

Schemel.37. HB aminationof benzyl alcoholpromoted bydaa.

Finally, Barta and Feringa also developed a catalytic system for the MNiadkylation of unprotected amino
acids with alcohol®%®! Mono-N-alkyl amino acid surfactants were obtained in moderate to good yieNs by
alkylation of amino acids with longhain alcohols using iron compl&ab as catalyst. Although the number

of screened examples was limited, this work demonstrated the potential of the methodology for preparation of

bio-based products (Scherha8).

R 1
HZNJ\COOH /@;/\” COOH ™S
5 mol% 9ab o
or + N~ OH or | T™s
n CF4CH,OH, 110 °C ocrfe
O—COOH COOH NS
N n=06-15 8 examples N OC Me
H 32-69% vyields \\\é\ 9ab
%

Schemel.38. HB N-a | k y | a tamimoacidgprémoted by complet9ab.

A. 'Hydrogen borrowing' amination of anilines catalyzed by complex 9cb
10 mol% 9cb Ph Ph
NH 10 mol% Me3zNO H
B kN i N._R' ]?o
RT A NN PR
= R "R? . R-T ) Ph
Toluene, 110 °C = R _Fe
or Toluene, 140 °C OCOC/ \CO
8 examples 9cb
56-95% yields

B. A series of CICs synthesized by Wills' group for HB amination

OMe MeO O'V'GOM CF3
Ph ©
o
= i ‘9 ‘@ 0 03 0
—Fe /
oc
od co oc:/,Fe Fe OC/Fe OC/Fe

oC Co /\'VIeo oc co @ od ‘co CF,

9af 9ag 9ah 9ai 9aj

Scheme 1.39HB amination of amines promoted by C&¢bandCl Cs synt hesi z.ed by Wil |l
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Wills and ceworkers reported thahe easily synthesized iron complé&b hasgood to excellent catalytic

activity in the formation of €N bonds througiB amination ofanilineswith primaryalcohols(Schemel.39

A) .54 In the follow~up study, the same group synthesized a series of CICs and applied them to catalyze HB

amination of anilines and amines (Schen®9 B).5¢! Theauthorsound that the efficiency of the reactions is

influenced by the electronic variation of substituents on either side of carbonpl grauf

' i gand.

cycl opent &

T h e 9asRoldd batter eactivity Wiyes the alcohols contain unsaturated bonds, and

affordedthe corresponding unsaturated amines in good yields using anilines as starting materials. Notably, the

application scope also included a few secondary alcolirlsyclopentanol, cyclohexanol, cycloheptanol and

b-tetralol, whereas neayclic secondarylaohols were found unreactive.

To expand the catalytic scope of CICsth@ HB amination of secondary alcohols, Zhao andmookers

reporteda catalyst systenconsisting of a CIC or HCIC assisted by a Lewis &dComplex9ada nd t

he

Kn° 16ls e Hl0alavere chosen as catalysts for this transformations, which also required the presence of a

Lewis acid cecatalyst (40 mdl AgF). HCIC 10aashowed ltter catalytic activity than compl&ed in these

transformations, promoting the amination of secondary alcohols in moderate to excellent yi€ld%o(26

Schemel 40). It is likely that CICsvould prove inactive under these conditions, since thgNMbyproduct

generated by the standard catalyst activation witeN@ewould result incompatibleith the presence of a

Lewis acid in the reaction medium. This work represents the first systematic study on the HB amination of

secondary alcohols using an iromtalyst. However, some weakness remained: indeed, the HCIC catalyst is

sensitive to air and moisture and use of a relatively large amount cpsecious metal coatalyst (AgF) is

necessary

10 mol% 10aa

NH, 40 mol% AgF

OH

)
A /\>

R1J\R2
Toluene, 110 °C

13 examples
26-97% yields

Schemel40.HBa mi nat i on

of

H SiMe; T™MS
N_ R o
hd OH
R2 | | TMS
Fo SiMes OC'F'e‘N
AN CO™X
0&d H Spp
10aa 9ad

secondary

al cléaho | s

promoted

In 2018, Renaud and amorkers used their preatalyst9ac to catalyze alkylation of amines d-ethyl and

N-methylamines$¥ A broad range of aromatic and aliphatic amines were converted in high yields (up to 99%)

to mone or dialkylamines using methanol and ethanol as alkylating agent (SdwheActivation of the

pre-catalyst in this case was performed by adding a baseHCisQhe reaction environment. Experimental
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and computational studies (DFT) were carried out in order to investigate mechanistic details and the role of

the base in this reaction.

2 mol% 9ac

N NH, 10 mol% CsOH N .
R 10 R
N R
0.5 M ROH 7

110 °C
6 examples (R = Et)
15 examples (R = Me) |
58-99% vyields N
0
~y

R R 2 mol% 9ac oc-Fecg
H 10 mol% CsOH R R oc
or lll or R3—N: 9ac
0.5MROH, 10 atmH, R* R’ R
110 °C
6 examples (R = Et)
12 examples (R = Me)
83-99% yields

R3-NH,

Schemel .41 NZ:thylationandNZnethylation of amines promoted BYC 9ac

The HB strategy has been used for reductive ethylation of imines by Gandon, Bouremdes>® Five
CICs were synthesized and investigated in imine ethylatwithsthanol. The acetonitrilgubstituted complex
9bj gave the best results in the first screening and thus was chosemtlier study. Various imines were
efficiently converted tdN-ethtylamines in moderate to good yields-88P6, Schemé .42). This methodology

demonstrated good chemoselectivity and allowed to perform the synthesis of unsymmetrical ethylated tertiary

amines.
TBDMS
5 mol% 9bj _A

S AT o 9b) RN TsN | 0
EtOH, 110 °C K _Fe 1BDMS

0CT/ S\yem
20 examples oc e

21-88% yields 9bj

Scheme 1.42NZ:thylationof imines promoted bgomplex9bj.

Hofmann and Hultzsch reportedcantrolled CiCcatalyzed formation of imines and amirgartingfrom
arylamines with benzyl alcohd® HB N-alkylation of arylamines with benzylic alcohols could be easily
achieved using comple3ab as catalyst in a sealed vessel under inert atmosphere. On the other hand, these
alkylations can also be switched in favor of the dehydrogenative condensatiors prexdeaning the reaction

in an open system filled with air. Using this methodology, different amines were obtained in fair to excellent
yields (2499%), whereas imine formation was slightly less broad in scope (from no product to (90% yield,

see Schemg.43).
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5 mol% 9ab
3A MS
RIOH *+ HN-R R(\H/R
p-xylene, 110 °C 19 examples TMS
close system, argon 24-99% vyields (0]
| T™s
.Fe.
7.5 mol% 9ab OC ¢ N S
3A MS
RTSOH + HN-R RSN 9ab
p-xylene, 140 °C 20 examples
open system, air 0-90% yields

Scheme 1.43Controlling formation of imines and amines catalyze®ak.

In 2015, Darcel and eworkersp u bl i s hed t h e -akylatian bf ketoaes with primarynalcohblse
promoted by CICs under H&nditions'’® Following a careful reaction condition optimizati¢hmol% pre
catalystaa, 2 mol% PPk 10 mol% CsC@at 140 € in toluene)the authorsynthesized differeni-alkylated

ketones in good isolated yields ¢38%, Schemé 44).

2 mol% 9aa
2 mol% PPhj TMS
o 10 mol% CsCO; o ©§>=0
1JJ\/R2 + HO/\R3 R']JJ\/\RS F| ™S
R . wFe,
Toluene, 140 °C R2 OoC" " co
ocC
22 examples
9aa

36-72% yields

Schemel 44. U-Alkylation of ketones with primary alcohols promoteddaa.

Renaud and ceworkers also applied their Cl€ac, bearing an electrerich cyclopentadienone ligand, under
base activation conditions (£30s), to the alkylation of ketones via the HB strategy under mild reaction
conditions’” Both theU-alkylation ofaliphatic andaromatic ketonewith primary alcohols could be catalyzed

by 9ac, 40-99% yieldswithoutneed of additivesuch as PR{Schemel 45).

2 mol% 9ac | Ph
o - 10 mol% CsCOs o) (: o
2
Ar1J\ ' HO™ A Ar1JJ\/\Ar2 L
hv, Toluene, 90 °C oc-Fecq
ocC
23 examples 9ac

40-99% yields

Schemel 45. U-Alkylation of ketones with primary alcohols promoteddag.

Later on, in 2018, the same group expanded the scope of CICs to the alkylation oflifd2desdexesac
and9aewere choseto promote thalkylation of indoles with different benzylandaliphatic alcohols. Various
indoles were synthesized by this alkylation procedure through the HB strategy in good to excellef#3ields
98%, Schemé& 46).
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2 mol% 9ac or 9ae

R3 'L Ph ’L Ph
0,
Nl NIV 30 mol% KPO, “ Qu==° [ =0
AN + R°OH R T M—r2 AL I | en
H

Alcohols, 110 °C Z N oc-Fesco oc-fe-
H oC oC

PPh;
33 examples

9ac
43-98% yields

9ae

Scheme 1.460-Alkylation of indoleswith alcohols promoted b§acor 9ae

Morrill and coworkers reported a general and efficient methylation using (@@saplexeQaa and9ac) as
pre-catalyst and methanol amethylating agenthrough the HB approadt?¥ A diverse array of ketones,
indoles, oxindoles, amines, and sulfonamides were screened by this procesgrmdanethylation products

were obained in good to excellent isolated yie(88-99%, Schemé& 47).
o} 0
R1JJ\/R2 or R1M\(Me
Me Me
Me
A\
H N
H

2 mol% 9aa or 9ac

0O
RO R
or

™S [ Ph
or N
N 4 mol% Me3NO, 2 eq. KzCOg Me (6] i 0
afi N | T™S N en
Ru_ © o R3- 0 wFe. s
H MeOH, 80 °C L N oC Cl CcO oc;, ~co
or 61 examples H 9aa 9ac
H 50-99% yields I\I/Ie
N.
R4 R5 R4N‘R5
or
6 H
R\S/NHZ RG\ _N.
7\ Me

/7 \\

Scheme 1.47Methylation of ketones, indoles, oxindoles, amines, and sulfonamides promdad dxyQac.

In addition theauthordnvestigate the C-alkylation ofoxindoleswith alcohols usingre-catalyst9acthrough
aHB approach’? Different benzyli¢ primary and secondary aliphatic alcohols were employed as alkylation

reagents. The corresponding alkylated oxindoles were obtaitiegields in the 5882% range (see Scheme
1.48).

2 mol% 9ac R} R2 ,L Ph
N o OH  4mol% PPH;, 0.5 eq. KoCOs C °
L + J\ TS | |
N R2 RS ] R+ (0] | iy Ph
R xylenes, 150 °C Z >N 0% ~co
28 examples R’ 9
50-92% vyields *

Schemel .48. C-alkylation of Oxindoles with alcohols promoted @gc.

CICs could be used for the synthesis of pyrrole via HB strategy, which was reported by Sundachcau
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workers in 20179 Various substitutedpyrroles were synthesizesmploying compleXdaa as precatalyst
underoptimized conditions with yields in the 0% range (see Scherhd9).In particular symmetrical bis
pyrroleswere prepared for the first time using CICs as catallysten the mechartis point of view, the group
proposed a HB pathway followed by oxidation/intermolecular condensation/reduction/second

oxidation/intramolecular dehydrative condensation, to providalesired pyrrole (Scheriiel9).

10 mol% 9aa

R R2
HO—< 10 mol% Me3zNO
= +  R*NH, R1nR3
Ré_\—OH Toluene, 150 °C N
¥ 37 examples R* TMS
22-90% yields (0]
| T™S

10 mol% 9aa — oc" Fe co
R HzNj 10 mol% MesNO g Nj od
R
Toluene, 150 °C \CN

3 examples
37-57% yields

Postulated Catalytic cycle for pyrrole synthesis

@ N
TMS TMS TMS N2
Z Y (_J<p>—OH ==
I (:l§>= OH
| Fe ™S | T™MS Fl ™S
oct oc e ocfey
T OC ocC |:|
/}H@ MH MR/NWOH
NJ<_ R \/MO R/N\/\/\OH

Scheme 1.49Synthesis of pyrroles promoted Bgavia HB strategy.

1.6 Chiral CICs and their applications in enantioselectivecatalysis

Although relatively numerous catalytic applications of CICs in RIHTs have been developed, use of CICs in
enantioselective catalysis is still limite@lVith the aimto expand the catalytic scope of CICs to the
enantioselective catalysis, two main methodsshasen followed: 1) using chiral CICs; 2) employing a dual

catalysis approach in which common achiral CICs are combined with a choatatyst.
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1.6.1Chiral CICs for enantioselective catalysis

The use of CIC$or enantioselective catalysigms been very limited so far, and only a few chiral CICs have

been reportedrhe commonly accepted mechanism for the CIC/H@ktliated hydrogen transfer involves a
pericyclic TS (Figurel.5 A) with the substrate approaching from the direction of the pyelomt adi enon
carbonyl group:as a consequencé, is difficult to achieve an effective transfer of the stereochemical
information from the stereogenic unit(s) of the complaxs ual | 'y qui te remote from
C=0.As for theligand desig, in order to develop effective chiral complexes three main strategies have been
followed (Figurel5 B): 1) chiral ligands have been employed to replace one of the CO ligands; II) chiral
cyclopentadienorshave been employed, bearing stereogenic united?,5 or 3,4positions of the ring; III)

chiral complexes bearing a stereogenic plane have been synthesized employing achiral cyclopentadienone

ligands possessing different substituents at thgp@s&ions of the ring.

B. Possible derivatization sites
1

A. Pericyclic TS of substrate approach

/

R2 R’ ¥
sz@—o\ 3 2
| R |'I| R 1
! (0]
oc-Fe& Y h=— rR—T<
7 R
oCc  H-- Fe.
RY o elogfiele
TS ’\

Figure 1.5. Possible derivatization sites of CICs which allow to introduce stereochemical information.

Following Approach | (Figurel.5 B), in 2011 Berkessel and -wmrkers reported the first example of

enantioselective catalysis using a ClCpascatalyst>¥ Chiral phosphoramidite ligands were employed to

replace one of the CO ligands under a mild reaction conditiaither UV irradiation or MgNO (Scheme

1.50) i obtaining the stable complex@bk.

h MesN
.Ijle T™S toluene, 110 °C ,Fle TMS o) Me
VAN \
OCOC co OCL*I \CO ]
9bb 9bk L*

Schemel 50. Synthesis othiral CICsthrough introducing a chiral ligand under photolytic conditions

The catalytic activity and enantioselectivity of these iron phosphoramidite complexetested in the AH

of acetophenone. Under the reaction conditions, UV irradiation was employed to generate the active catalysts
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by decoordination of another CO ligandnd up to 90% yields were obtained. However, these complexes
showed only moderate enantioselectivity (up to of #l&wsing precatalystbk with R = H). To explain the

low observed stereocontrol in ketone AH) BMR study on catalyst activation wamerformed, which
demonstrated that the formation of two diastereocisomeric hyd@tésnd 9bm, occurs with 1:0.69 ratio,
together with traces of the achiral catal9bh (Schemel.51). The low diastereoselectivity in the formation

of the active complex explains the poor observed enantioselectivity of9Bkda ketone AH

TMS MS

Fl TMS d8 -toluene Fe ™S
OC‘A\ |_*\1\ oC' 4
L~ CO L* oc H oC H
9bk 9bl 9bm 9bn
ratio (by "H-NMR) 1 0.69 0.04

Schemel 51. Formation of chiral hydride speci®bl and9bm and the achiral hydridebn.

Following Approach I, Wills and cavorkers synthesized a series of chiral CICs starting from chiral bis
propargyl ethers and other diyrieg%>%%! These chiral complexes featuring a chiral cyclopentadienone ligand
were tested in the ATH of acetophenone with formic acid and triethylamine as hydrogen donors. Poor

enantiselectivity was obtained, the highestbeing 25% (Schemg52).

diastereoisomers

——=—-R  Fe( ﬁ; ﬁ
o

>%Ph Toluene _F _F

OC / ocC /

ocC ocC

Me 130 °C, 24 h ‘co co

9bo (R = TBDMS), 44% 9bo’ (R = TBDMS), 8%
9bp (R = TMS), 37% 9bp’ (R = TMS), 17%

9bq (R = Ph), 14% 9bq’ (R = Ph), 10%
Pre-cat.  Conv. (%) e.e. (%)
o) 1 mol% 9bo-bq OH 9bo 36 10
10 mol% Me3NO : 9bo’ 10 10
9bp 85 23
HCOOH/Et;N 9bp' 96 1"
40 °C, 48-96 h 9bq 76 25
9bq' 17 5
Scheme 1.52Sel ecti on of Wil l sé chiral Cl Cs and their apj

Approach Il was followed alsoytour research group: in 201the synthesis of a new library of chiral CICs
(Schemel 53) and its use in th&H of ketones was reportétd®d These chiral CICs, featuring a backbone
derived from R)-BINOL, were screened in AH of ketones. Compl@za showed the best level of
enantioselectivity and was chosen for further studies. Using thisapaéy/st, sevet ketones were converted

to the corresponding alcohols with fair #xcellentconversions (2200%) and 137% e.e.(Schemel.53).
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Even thoughthesee.e.valueswereclearly inferior to those obtainesith precious metal catalysts in ketone

AH, they arethe highest ever reported fochiral CICpre-catalyst (up to 77%.e).

2 mol% 9ea
4 mol% MegNO
o) 30 bar H, OH
Raﬂ\R“ R¥."R*

iPrOH:Water 5:2, 70 °C

13 examples
22-100% conv.
0-77% e.e.

Scheme 1.53AH of ketones promoted by chiral peatalyst9ea

The replacemeraf one CO ligand of compleSeawith PhCN led to comple®eb (Schemel 54 A), which
was tested in the ATH and AH of imines giving fair to excellent yields (in a range-99%3 and poor to
moderatee.e.values (#47% range). CompleQebwas also used in reductive amination of ketones with 2
phenylethylamine, but only moderatields and enantioselectivities were obtained (Scheb#eB)

A

ATH:
5 mol% 9eb OMe
/©/OM9 20 mol% Fe(acac); /©/
R1J|\R2 AH: R+ R?
5 mol% 9eb
20 mol% Fe(acac); 5 examples
50 bar H,, 85 °C 38-99% yields

7-33% e.e.

(0]

B o
X 1) MeOH, reflux, 1 h
+
N 9eb
NH, 2) 5 mol% 9eb, 50 bar H, H e
@N MeOH, 85 °C

2 examples
33% and 68% yields
47% and 42% e.e.

Scheme 1.54ATH and AH of ketimines and asymmetric reductive amination of ketones promoted by the chiral pre

catalyst9eh.

1.6.2Dual catalysis approachcombining CICs with chiral Bransted acid for enantioselective

transformation

In 2011 Beller and cavorkers reported a completely different approach to perform enantioselective reductions

with CICs/HCICs.This groupreported a dual catalytic procedure foetAH of ketimines employing a
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combination of
ketimines were reduced to amines with high isolated yields (up to 93%) and exeelliEninost case@up to

98%, Schemel 55 B). According to the proposed mechanism (ScharbgA),®Y the Bransted acid acts as a

t h e 10aaomthi archirbl pHospRotickaeidSETRIP.H @ vabiety of

chiral template, forming hydrogen bonds simultaneously with the catalyst and with the substrate. The same

catalytic system was also applied to the AH of quinoxalines and benzoxazines to tetrahydroquinoxalines and

dihydro-2H-benzoxazines (Schenies5 C), which was performed with good isolated yields and excellent
enantioselectivity (up to 97%.e).°" The same catalytic system was also employed in an asymmetric
reductive amination (ARA) of ketones with aniline, and high isolated yield8(@6) ance.e.values (694%)

were obtained (Scheme55 D).5™ Despiteits high efficiency this methodology has the limitation of

employing the isolated HCIC complé&®aa, which is highly sensitive to air and light and must be handled in

the glovebox.

Scheme 1.55A: proposedi ¢ hi r al

Ar = 2,4,6-iPr3CBH2
(S)}-TRIP

B.
.R3
N
A
R" "R2?
C.
. X X\
R'—r P P
N~ "R
X=N,0
BE:
D.
0
+ RNH
R|)J\ 2

templ at eo

50 bar H,
5 mol% 10aa
1 mol% (S)-TRIP
—_—

Toluene, 65 °C

20 examples
60-94% yields
67-98% e.e.

5 bar H,
3-5 mol% 10aa
1-2 mol% (R)-TRIP

Toluene, 60 °C

19 examples
67-97% yields
58-94% e.e.

50 bar H,
5 mol% 10aa
3 mol% (R)-TRIP

Toluene, 65 °C
19 examples
52-84% yields
69-99% e.e.

t fCaarardichtiral acilf)-SRIPaB: AH ofvi t h

imines; C: AH of quinoxalines and benzoxazinesARA of ketones with aniline.

co

In 2013 Quintard ando-workers reported a different type of dual catalytic approach, consisting in a cascade

process for the enantioselective functionalization of allylic alcdf®Eombining ironpromoted HB catalysis

and iminium activation, the transformation of allylic alcohols into chiral saturated alcohols was achieved under

mild conditions with excellent enantioselectivities (up to 98r5 see Schemd .56 A). The proposed
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mechaism for the iron/amineatalyzed cascade process was supported by preliminary mechanistic

experiments, which provided a better understanding of this dual catalytic system (3d&&B)e

A. Method A:
6.5 mol% 9aa, 8 mol% Me3zNO o

o o oH 0 Oy _oR®
1u L, KL 13 mol% 14a, Toluene, RT OH Io] . SiMes
R OR \ R! = ho OR Ph
R? i Method B: 2 OO 0 S—d—Ph

R® R4
10 mol% 9aa, 11 mol% Me3zNO

20 mol% 14a, Toluene, 10 °C OC/Ee\
12 examples oc CO
up to 95:5 er. 9aa 14a
B. Proposed mechanism ®
OH o)
| [ S
‘ NuH

< m o A

CMes e giMes Equilibrium
0 Me3NO 9] OH [\ : |m|n|um displaced
| sime | SiMe; Fe catalysis SiMe cataly3|s
oS Theay oci& o F : H,0
bC COo - Mes oc

EM \\ <—>\O

Scheme 1.56A: Enantioselectivéunctionalization of allylic alcohols promoted by an iron/ariag¢alyzed cascade

processB: proposed mechanism

Further development of this strateggpve rise toan unprecedented cascade reaction, combining dual
iron/aminecatalyzed enantioselective fttionalization of allylic alcohols and acyl transfer, for the synthesis
of functionalized chiral esters and alcohols from simple achiral diketones and allylic albiolseries of
chiral esters were prepared in high yields (up to 96%) and enantiostésc{up to 96:4er) employing this
cascade reaction (Schemeb7). Several natural product fragments or odorant molecules were rapidly

synthesized, thus demonstrating the remarkable efficiency of this approach.

o O

RAJ\%\RS 6.5 mol% 9aa .
R 10 mol% Me3NO+* 2H,0 Q R j\ SiMe,

+ R1JWO R3 %O Ar

>—+Ar

OH 13 mol% 14a or 14b R2 | SiMe N
4=/_ xylenes, 20 °C, 38-108 h oc-Fe 3 N OTMS
R \
17 examples oc Co
34-96% vyields 9aa 14a: Ar = Ph
up to 96:4 er 14b: Ar = (3,5-CF3)-CgH5

Schemel.57. Synthesis ofunctionalizedchiral esterghrougha dual catalysis approach.

In 2017, Benaglia and emorkers reported an irecatalyzed diastereoselective hydrogenation of chiral imines,

39



Chapter 1

in which CICs9aa, 9ac and9br were used as preatalyst to hydrogenate enantiopure imili&sDifferent

chiral amines, including valuable biologically active products, were obtained in good yields (up to 96%) and
excellent diastereomeric ratio (up to 982 see Schem#.58). This method was employed to synthesize
advanced intermediates of highgluable APIs with good yields (up to 70%) and high diastereoisomeric ratio

(up to 98:2dr).

30 barH
Ph o : Ph i i
/,\ 10 mol% Pre-Cat. /\ SiMey | o SiMe;
NI 0.4 eq. Me3NO HN 0 E::I:; o TsN o
X AN ;
R EtOH, 70 °C, 18 h RN sime; | | Pn SiMe;
T 1 /Fe -Fe_ /Fe
= = oc /N 0C7, "~co oc” /N
7 examples oc CO ocC oc CO
27-96% vyields 9aa 9ac 9br
up to 98:2 dr

Scheme 1.58Diastereoselective hydrogenation of chiral imines catalyzed by CICs.

In 2016 Renaud ande@or ker s reported a ficofactor approacho
the incorporation of biotinylated achiral CICs into Streptavidin. The biotinylated CICs were successfully
synthesized and embedded in Streptavidipravide the corresponding streptavidin conjugates, which were
applied in AH of imines and ketones with poor yields and enantioselectivity eocapie example (100%

yield and 9%e.e.were obtained in AH of trifluoroacetophenoff)Despite its limited success, this approach

represents a conceptually innovative strateggxjaoit CICs in enantioselective transformations

1.7 Use of CICs in Oppenaueitype alcohol oxidation

In 2010, Funk and cworkers expandetbr the first timethe application of CICs to the Oppenatgpe

oxidation of alcohol®¥ Four airstable CICs were synthesized and tested in Oppetypenxidation of
alcohols. After optimizingher eact i on condi t i on%aawas$ dhesenkasnthel bkseqpreds ¢
catalyst to extend the scope of alcohols. A variety of secondary eaagl allylic alcohols were oxidized in

high isolated yields (up to 94%) using comp®ar as precatalyst (Schem&59A). Themostactive complex

9ac (already mentioned in Section 1.4.2) was also used as catalyst to oxidize secondary benzylicand allyli

alcohols, and excellent isolated yields (up to 99%) were obtained in most cases (S60ENE*

Later on,Funk and ceworkers reported another example of Oppen#yme oxidation of alcoholpromoted
by CICsP They synthesized four CICs, and assessed their catalytic activity in Oppé&miexidation of

alcohols. Complefcawas found to be a moeetivepre-catalystcompared to Kdker complex9aa. Different
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alcohols were screened, and six of the corresponding products were obtained in good to excellent conversion

(71-99%, see Schenie59C).

A. 10 mol% 9aa
j)\H 10 mol% Me3zNO* H,0 0 SiMe3
0]
R" "R’ acetone, reflux, 18 h R" "R Y
Fe SIMe3
13 examples oc” I/
40-94% yields oc €o
9aa
B TMS
OH 5 mol% 9ac o o
R1J\R2 R1JKR2 | TMs
acetone, 90 °C, 18 h OC’F'e‘
7 examples CON\\\
91-99% yields 9ac
c. DMPh
2.5 mol% 9ca Ph
OH 2.5 mol% Me3zNO (o} 0
Ph
R1J\R2 R1JLR2 Fle DMPh
acetone, reflux, 24 h oc I/
oc CO
6 examples 9ca
71-99 % con. DMPh = 3,5-dimethylpheny

Scheme 1.59Applications of CICs in Oppenauery pe oxi dati on grédup.al cohol s by

In 2011, Wills and cavorkers reported the synthesis of a series of CICs using an intramolecular cyclization
strategy, and their application in the Oppenaype oxidation of alcohols to aldehydes and ketowéthin

the oxidation of alcohojshes cr eeni ng was performed using acetone
complex 9aa was found to be the most activeeveral different alcohols were oxidized to ketones and

aldehydes with up to 100% conversion (see Sche6@.[>

10 mol% 9aa

oH 10 mol% Me3NO* H,0 Q SiMej
R R %o
acetone, reflux, 18 h [
X X Fe SiMe;
5 examples oc” I/
e}

48-100% yields

Scheme 1.600ppenauet y pe oxi dation of alcohols reported

1.8 Other applications of CICs
All the aboveoutlined applications of CICs/HCICs consist in RIHTs in which themlecule is either
permanently or transiently transferred to / abstracted from the substrate. No applications of CICs to different

types of reactivity were reported untiletlend of 2017, when the application scope of CICs was expanded to
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cycloisomerization of allenols by Rueping andvearkers (Schemé.61 A) .5 CICs were found to promote
the intramolecular nucleophilic cyclization of a numbeb-aflenols to deoxygenated pyranose glycals in good
yields (up to 90%). This transformation represemseticient method for the formation of deoxygenated

pyranose glycals starting from available allenic alcohols.

Next, the same authors applied t-bllensc amirses and alcbhols. sy s
Various valuable unsaturatednfemtered heterocycles, including 2dthydropyrrole and 2;8ihydrofuran,

were synthesizedith yields in the 505% range (Schente61 B).>*!

A. 5 mol% 9cb
OH / 5.5 mol% Me3zNO o
R1'I\/ R’
R2 Toluene, 70 °C, 16 h R2
14 examples

63-90% yields Ph
[ ?:o
B. Method A: Method B: Ph |

5mol% 9cb 2.5 mol% 9cb FeM
XH 6 mol% MesNO 4 mol% Me;NO j‘(:> OCOC/ co
R1’¥\//‘/ 1 9cb
R? Toluene, 70 °C, 16 h R2?
X =N, method A 30 examples
X=0, method B 57-95% yields

Scheme 1.61Cycloisomerization ob-allenols promoted by complécb.

A. 5 mol% 9aa
5 mol% Me3zNO
OH 1 eq K,COs D
R‘IJ\/ R1 /
R2 DCM, r.t. R?
14examples up to 98:2 dr SiMes
76-95% vyields 0
B. 5 mol% 9aa /Fle SiMej;
R%NH 5 mol% MezNO R OCOC/ co
1 eq K,CO4 jl:> 9aa
R1J\/ R1 /
R2 DCM, r.t. R2
12 examples up to 98:2 dr
55-96% yields

Scheme 162 Cyc | oi s o madlenic ammésiara mlcobofs proimoted by com@iaa.

A very similar catalytic methodology for the formation of-8jBydrofurans was simultaneously reported by
Bakvall and cocorkersl® Substituted 2,@lihydrofurans were easily synthesized by using iron confjaax
asprecatalyst hr ough i ntramol ecul a-allenols(Gdhemd2A)withhghyesc | i z a
(up to 95%). These reactions showed a good diasteroselectivity (up wrP822019, the diastereoselective

synthesis ofN-protected 2,38l i hydr opyrr ol es t hr o-allenic sufopanidesatadypeche r i z :
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by CICs was reprted by the same grolif?! Employing this protocol, a variety of substituted -2,3
dihydropyrroles could be synthesized in good to excellent yields. Excellent diastereoselectivities were obtained
when 1,2disubstituted allenamide is used, which affordégrotected 2,3lihydropyrroles with > 98:2

diastereomeric ratios (Scherhé2 B).

1.9Conclusionson the Stateof-the-Art catalytic applications of (cyclopentadienone)iron complexes

CICs have recently gained widespread interest as cheaplmastad preatlysts for RIHTs due to their unique
featuresof reactivity(i.e.i r on at om 6 f or c eekdirontcatalytic cydleandtrablstaesiee. t wo
stability to air, moisture and column chromatographythis chapter, more than 20 different CICs have been
describedwhich can be classified by their specific reactivity and stereoseledfiigure1.6). Most ofthese
pre-catalysts have beemported in the last decade, whiblghlights the increasinglgrowing interest in

homogeneous iron catalysisth CICs.
Despite the attractive features mentioned above, CICs still suffer from several important limitations:

1. Moderate catalytic activity: many of the RIHTs promoted by CICs display moderatetionrates
and need to bearried outwell above tha.t. to achieve substrate conversionsacceptable yields.
This limits the CIC application scope, as bulky substrates (e.g., secondary alcohol in HB amination,

ketimines in hydrogenation) are sluggish or doreatt at all.

2. Limited stability of the catalytically active forms act9 and 10:once activated, CICs might undergo
deactivation due to the decomposition of the catalytically active forms, which are known to be very
sensitivespecies. Such deactivation lpay would lead to a decrease of the oVerdaserved catalytic

activity.

3. Lack of effective chiral complexes for enantioselective catalysias discussed in Section 1.6.1, very
limited success has been met so far in the development of effective chiral CICs for enantioselective

catalysis.

Therefore the aim of my PhD thesis has been to overcome these general limitations exploiting the peculiar
features of CI®d (Figure1.6), previously developed by our research group, and also developing new chiral

andachiral CICs.
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Achiral CICs
SiMeg \ / SiMes DMPh Me Ph TIPS
+N_\— Ph N
o 4 - N o] p o [ o ~ TsN o]
| si A DMPh o
oc/F/e\SIMes oo/ﬁe\SIMeS oc/ﬁe\ Me// Ph oo, OC/Se\TIPS
\
oc CO oc CO oc CO OCoc Cco od ©© oc CO
9aa 9bc 9ca 9ac 9d 9be
iM SiM
Bh Ph SiMe; iMe; ’L Ph TBDMS
S: ?:o ( S: ?=o { [% ?=o C ]:(«Eo TsN [; =0
Fh | Ph | SiMe SiMej; '\|l | Ph TBDMS
e oc 78 i oc 78 OC-F®ppy, oc 7
\
&< o ¢ NCMe bC NCPh ocC 3 ¢ NCMe
9cb 9ab 9ad 9ae 9bj
Chiral CICs
Ph
o)
o5 | Ytms
Me  _Fe
OC’/ tco
ocC
9bp
> O
o 0 0., N,Me
L* * 4PN
e Qo
OCL*‘ o

Figure 1.6. Selection of the most important CICs for hydrogen transfer reactions
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Applications of a highly active CIC to C=N bond reduction reactions

Chapter 2 - Applications of a highly active CIC to C=N bond

reduction reactions

2.1 Introduction

The reduction of €N multiple bonds is an important transformation which provides access to amines, a
common class of congpinds used for the synthesis of bioactive compounds, dyes, fibers and mété&rnals.

lab scale, imines, iminium ions, nitriles, nitro groups, amides and azides are commonly reduced using
stoichiometric reagents such as aluminum and boron hydridesl(&lbl ,, NaBHi, NaBHCN,), metal salts

(e.g., SnG) and phosphorus compounds (e.g., JRUnder suitable conditioriscalled reductive amination
conditionsi imines and iminium ions may be also generated from carbonyl compounds in the same vessel
where he reduction step is performed. Unfortunately, use of bpadominum or phosphorugontaining
reductants is poorly atom econonés these reactions lead to the formation eprmucts in stoichiometric

amountswith associated costs of disposal.

Fromtheindustrialpoint of view, catalytic hydrogenation (CHRnd catalytic transfer hydrogenation (CTH)

are much more attractive processes, becaitBer they do not lead to gqwoduct formations (in the case of

CH) or they only result in the formatiaf simple materials (e.g. acetone or.@©the case of CTH) that can

be readily separated from the desired praditie se of noble metal catalysts has allowed to develop effective
protocols for the CH of iminég] nitriles!®) amided?! azided,”! nitro groupd?! and for the CTH of
imines/iminium iond? As discussed in the previous chap&monomic and environmental considerations have
stimulated the development of catalytic methodologies relaying on base Hétammong them, iron is
particularly attractive due to its low cost and scarce toxi€fydomogeneous iron catalysts have been used in
the CH of imines/iminium ion82 nitriles*¥ amided!4 nitro group&3! and, in a few instances, in the CTH

of imines!*¥11¥ The already discussed dual catalytic system reported by Beller in 2011 (see Section 1.6.2)
involved the combination of HCIQOaa with a chiral Brensted acid, which allowed to perform the AH of
ketimines with high enantioselectivity. As mentioned in Section 1.4.2, the first use of a CIC as the sole catalyst
for the reduction of C=N bonds was reported in 2012 by Renaud andrkers!*?d with the development

of a CHbased protocol for the reductive amination of carbonyl compounds. However, the latter methodology
had a large @rgin for improvement in termsf catalytic activity and application scope (it covers mostly
aldehydes and only a few ketones). Later on, Zhao ambdeers reported that complex&@aaand9ad can

promote the CH of isolated ketimines only in the presesfca Lewis acid cecatalyst [Fe(acag])*>
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Remarkably, before my work of thesis no example of-@i@moted imine CTH was known, although this

kind of complexes had been reported to promote the alcohol amifdtioechanistically rated to CTH8

We reasoned that more efficient Gpomoted C=N reduction protocols could be developed using-a pre

catalyst more act i ve 9ah)brginallyteinmoyel oy Renkauel and-eorkerg! iy | e x  (
From the point of view of ligand design, in order to enhance the catalytic reactivity of CICs two main strategies
were followed. hefirst approach was the replacement of oneligénd with a different ligand, which has

been mentioned in Section 1.6.1. Several ligands, such as hitfit@gyridinesi?® NHCs!?U phosphines!!

and chiral phosphoramiditéd have been already used (Figure 2.1 A). The second strategy consists in

modifying the cyclopentadienerligand by variation of the substituents at the 2,5 or 3,4 positions (Scheme

21 B).[lz),c,l7d,223-b,23]

A. Replacement of one CO ligand

B. Modification of the cyclopentadienone ring

Poater-Renaud 20

R

L = NCR (Knolker)?

L = Py (Casey)®

L = PPh; (Pearson)f

L= NHC (Darcel-Sortais)*

L

CICC
_ O‘pr'Me
OO i e

R

(Berkessel)?2°

Wi”S17d,22b,233

Our research group

23b-c,24

1 X/‘:/CT%O Ph Me R
R & fo foR o)
2 R
Rz]é%o \ oc-F o P TR |
OC/’Fe‘co X = CHy, CyH,, NTs, oc co
oc 0, C(COOEt),
' R=Ph, Me, Et, DMPh R = TMDMS, TMS, Ph =
R = TMS, TBDMS, ’ ' R1=H, OMe, OH, OAc, OBz rp.o\ork of thesis
TIPS. Ph OBn, OMs, OTs, OTf

Figure 2.1. Main strategies to obtain structurally modified (cyclopentadienone)iron complexes.

As mentioned in Section 1.4.1, according to the second strategy9dC¥as previously reported bypur

research group to have higher Cc &da dnlthe thydrogeraton of vi t y
ketoned?d Thus, | set to verify whether the high catalytic activit@dfcould be exploited to expand the scope

of C=N redictions.

2.2 Preparation of CIC A
CICs can be synthesizédllowing two main synthetic strategies: i) complexation of the cyclopentadienone

ligand with iron carbonyl complexes [e.§e(CO} and Fe(CO); ii) cyclative carbonylation/complexation
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of diynes or alkynes withrairon carbonyl complex. The latter routesed by our group to synthesize complex

9d, wasreportedfirst and it is the most common synthetic straté$jfor this transformation, large excesses

of iron carbonyl complexes [e,d=e(CO}] arerequired, but this iacceptablgedue to their low costin this
approach, the synthesis of properly functionalized diyne or alkyne precursors is an important step. Starting
from two molecular alkynes, functionalized CICs could be in principle synthesized via an intermolecular
cyclative carbonylation/complexah. However, the limitation of this strategy is thatly alkynesbearing
substituents such as silyl groupselectrorwithdrawing substituents (e,gCl, -CF and-OtBu)i?® can lead

to acceptable amount of desired CIC, whereas low yields (< 15%pam@monly obtained with alkynes with

other types of substituents (e.g. phenylacetylene or diphenylacet§fe@ejr research grouperformedthe

synthesis of comple8d in acceptable yiekl owing to the peculiar reactivity of cyclooctynkyy.

Fe(CO)s
Toluene, 90 °C Fe ©
56% 0C7 " "0
1) Br,, DCM, -40°C LDA oc
O 2) tBUOK, THF, 0°C O/Br | 9d
<) BuoR, Th 9 & - |
THF, -25 °C
15 80% 16 86% 17
Fe(CO)s
-
Toluene, 23 °C

0,
90% 18

Scheme 2.1Synthesis of [bis(hexamethylene)cyclopemgadne]iron comple®d from cyclooctenel5

The synthesis of cyclooctyrig, the smallest cyclic alkyne ever isolated sovias reported by Brandsma and
Verkruijsse in 197&7 This hydrocarbon isiot commercially available, and its instabilify due to ring
straini leads to the compound degradation within few days, evel®dt . However, compound? can be
easily synthesized in good yields from relatively cheagcyclooctae (15). Starting from the latter,-1
bromocyclooctend6 could be easily synthesized with high yield (up to 80%) in two steps: bromination with
Br, and elimination of HBr from the corresponding -tlipBromociclooctane upon the addition t&uOK.
Finally, asecond elimination reactiomas performedh the presence @afstrong base (e.g.DA) to afford the
desired alkynd 7. Iron complex9d was firstly obtained in 1971he reaction otompoundl?7 with Fe(CO})

led to the isolation of several produésAmong thema substantial amounts of tris(hexamethylene) benzene
18 was formedwhereanly a little quantityof the iron complex@d was isolated14% yield). Optimization

of cyclative carbonylation conditioqerformed by our group allowed to remarkatyptimize the yield ofd:
when the reaction was carried out in toluene at 90 € using Fe(Ql&) desired comple3d was obtained in

56% yield, but compounti8 wasstill the main product at lower or higher temperatures
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Fe(CO)s
OT’O —»Q@—» 8 . T

—Fe
2CO Fé. octeco Fe(CO); oc7 g
0C” 1 °COo
co co oc
17 19 20 21 9d

Scheme 2.2Proposed mechanism for the formation of com@iex

The proposed mechanism for the formatioBb{Scheme 2.2% consists of a stepwise feediated [2+2+1]
cycloaddition which is initiated by the sequential replacement of two carbonyl ligands by the two alkyne
molecules followed by formation ofthe tricarbonyl[bisd?-alkyne] iron complexi9. At this stage, Fe(0)
promotes the coupling of the two bound alkynes to form the intermediate coB@plesertionof carbonyl

into the ironcarbon bond followed by a subsequent rearrangement of the cogipsdfords CIC9d. The
release of the ring strain present in the cyclooctyne ring probably favors the intermolecular cyclative
carbonylation/complexation process. To demonstrate this hypothesis, cyclodo2zyhech has lower ring

strain than cyclooctyn&7)?¥ was reacted with Fe(CO)nder the same reaction conditions employed in the

synthesis oBf. As expected, the related-Eemplex9f was formed in very low yieklonly 5%).

N\ Fe(CO)s
Toluene, 110 °C Fle 0
OoC" 1 CO
5% Cco
22 of

Scheme 2.3Synthesis of [bisiecamethylene)cyclopentadienone]iron com@gx

Figure 2.2 X-ray structure of CI®d.

CIC 9d was fully characterized, arglitablecrystals for XRD analysis were growl. The X-ray structure

reveals the usual piarsiool geometry with a significant deviation from planarity of the cyclopentadienone
54



Applications of a highly active CIC to C=N bond reduction reactions

ring (Figure2.2).

2.3 Imine transfer hydrogenation

Encouragedby the remarkable catalytic activity of compl@cin hydrogenation of ketones and aldehydés,
which is more active than Kiker complexQaa, we extendethe use of this catalyto the reduction of imines
to amines. I n an initial e X pPaarand ro@mplexdd werehtestectith thes s i C &

CTH of N-(1-phenylethylidenep-anisidineS1under same reaction conditions (Scheme 2.4).
OMe OMe
/©/ 5 mol% Pre-cat. /©/
N 10 mol% Me3NO N
©/lMe iPrOH, 70 °C, 17 h ©)\Me
Cos1=0.25mol L™

S1 P1
Pre-catalyst Yield
TMS
I o 2%
TMS
oc-fexcs
ocC
9aa
Cﬁigo)
0,
OC//Fe\CO 97%
oC
9d

Scheme 24. Preliminary tests of preatalyst®Qaa and9d in the CTH of a ketimine.

According toprevious reports and experienGCs9aa and9d were activated by deomplexation of one CO
ligand with MgNQ [12d.17ad.18.23.c2430 \We found that catalyst activation is crucial for reaction reproducibility.
Optimization of this step led tie definition ofthe following optimized conditiondo a solution of the pre
catalyst iniPrOH Ccic ©0.1 M) MeNO was addedandthe resulting mixture waseacted for 280 min at

r.t., followed by substrate additiohe catalyst formeih situfrom 9d efficiently promoted theeaction (97%
yield, Scheme 2} whereas the one derived fr@aa was nearly inactive (2% vyield). This difference in terms
of catalytic activity is more remarkable théme oneobserved in ketne CH and CTH4 Moreover, these
results are i n agrpeecatatystidad, Wwhbse aclivatedrfaenp is the samehas the one
generated fro@aa, can promote ketimine CTH only in the presenca stibstantial amount of a Lewis acid

co-catalyst*>
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Different hydrogen donors were also screettefiirther optimizethe applicability ofad in the reduction of

ketimineS1(Table 2.1).

Table 2.1 Reduction of ketimin&1promoted by preatalystod?

OMe
5 mol% 9d OMe
N 10 mol% Me3zNO

| HN
©)\Me iPrOH, 70 °C, 17 h C /kMe
s1 Co,s1 = 0.25 mol L’ o1
# Hydrogen donor Cat.loading (mol%) Conc. (mol L) Solvent Conv. (%)
1 H2 (20 atm) 10 0.5 Toluene 98
2 H> (20 atm) 10 0.5 MeOH >99
3 H- (20 atm) 5 0.5 Toluene 22
4 H (20 atm) 5 0.5 MeOH 60
5 FA /TEA 5 0.5 5:2 FA/ITEA 38
6 iPrOH 5 0.5 iPrOH 70

[a] Conversion was determined #¥-NMR of the crude reaction mixture, FA: Formic Acid, TEA: Triethylamine

Excellent conversianwere obtained with a catalyst loading of 10% in both MeOH and toluene (Table 2.1,
entries 12). Howeverdecreasg thecatalyst loading led to lowaonversions to aminBlin both solvents
(Table 2.1, entries-8). Using the~A /TEA mixture (5:2viv) as hydrogen donor and solvent, the TH&took
place with a moderate conversion with 5 mol% catalyst loading (Table 2.1, enBy E)placingFA/TEA
mixture with isopropanol, the conversion increasgato 70% (Table 2.1, entry 6). Encouraged by the
promising results obtained with poatalyst9d, we set to optimize the reaction conditions using two different
model substrates: ketimir&l and aldimineS2 Various parameters (e.gatalyst loading, concentration and

temperature) were varied as showiTable 2.2

Since only the reducgatoduct and/or staring material signals were observed in the crude reaction mixtures,
conversios were determinetly *H NMR analysis. The initial substrate concentrati@as(,) remarkably
influenced the conversion in the reductiorsdf 0.25 M representing the optimal value (Table 2.2, entry 2 vs.
entries 1 and 3). Conversion remained excellent when the catalyst loading was reduced to 2 mol% (Table 2.2,
entries 4 and 5). At hol% and at 0.5 mol% the reaction bee sluggish (Table 2.2, entry 6 and 8). However,
increasing temperature to 100 € could restore a high conversion even with 1 mol% catalyst loading (Table
2.2, entry 7). When the loading was further lowered to 0.5 med¥y low conversion was obtained, and only

a slight improvement was observed increasing the temperature to 100 € (Table 2.2, entry 9). When the catalyst
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loading was further lowered to 0.1 mol%, no conversion was observed (Table 2.2, entry 10). Aleipect

more active aldimin&2was reduced with higher conversions under the same reaction conditions (Table 2.2,
entry 1320 vs. 110, respectively). With three differe@b su.values, full conversion was observed with 5 mol%
catalyst loading (Table 2. entry 1113). The optimalCosu. value (0.25 M) was confirmed by running
experiments at 2 mol% catalyst loading (Table 2.2, entries 14 vs. 15). Although further lowering the catalyst
loading down to 1 mol% and 0.5 mol% ledstowerreactiors, full conversion could still be obtained operating

at 100 € (Table 2.2, entries 17 and 19 vs. 16 and 18) andhtkelecreasavasless evident than in the case

of S1(Table 2.2, entries 16 and 18 vs. 6 and 8). At 0.1 mol% catalyst loading, only a modest coiivé#jo

was obtained (Table 2.2, entry 20).

Table 2.2 Imine CTH promoted by preatalyst9d: optimization of the reaction conditiof.

R x mol% 9d _R!
HN

| 2x mol% Me3zNO
2 2

S$1:R' = PMP R? = Me p
$2:R'=Ph R?=H

# Sub. Cat. loading (mol%) Co.sub(mol LY) ConvP! (%)
1 S1 5 0.4 72
2 S1 5 0.25 97
3 S1 5 0.13 89
4 S1 2 0.4 71
5 S1 2 0.25 >99
6 S1 1 0.25 8
7 S1 1 0.25 8g¢
8 S1 0.5 0.25 4
9 S1 0.5 0.25 16
10 S1 0.1 0.25 0lcl
11 S2 5 0.4 >99
12 S2 5 0.25 >99
13 S2 5 0.13 >99
14 S2 2 0.4 90
15 S2 2 0.25 >99
16 S2 1 0.25 74
17 S2 1 0.25 >99¢
18 S2 0.5 0.25 28
19 S2 0.5 0.25 >99¢
20 S2 0.1 0.25 17¢

[a] Reaction condition®d/MesNO = 1:2,T= 70 €, 18 h, solventiPrOH.
[b] Conversion was determined Hy-NMR of the crude reaction mixture.
[c] Reaction run at 100 €.
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Following this optimizationvork, Co su.= 0.25 M iniPrOH, 2 mol% cataly€d loading andT = 100 € were
selected as optimal conditions for extendingghiestratescope. The screening (Table 2.3) was carried out on

a labscale 0.5 mmol) and the isolated yield of every product was determined with the exception of product
P11(NMR yield). Delightfully, excellent yields (83% to quantitative) were obtained with all substrates except
ketiminesS23 S24and aldiminess4, S1013 (Table 23, entries 4, 143, 23 and 24), which gave moderate

yields.

Table 2.3 CTH-based reduction of imines promoted by-pegalyst9d.(

1-2 mol% 9d
2-4 mol% Me3zNO

| /PrOH, 100 °C
R" "R2 R" "R2
s P
Yield Yield
# Substrate Product # Substrate Product
(%) (%)
N‘,PMP un-PMP N‘”Ph HN’Ph
1 ©)\ ©)\ 99 | 14 ©)\ @2\ 99
s1 P1 S14 P14
N,Ph HN,Ph N‘/Bﬂ HN/Bn
\
2 ©) ©) 99 | 15 ©)\ @2\ 99
S2 P2 s15 P15
_Ph _Ph
/@AN/PMP /@/\N/PMP N‘ HN
H
3 MeO MeO 99 16 /©)\ /©)\ 99
s3 P3 MeO MeO
s16 P16
S PP _pwp ~o N‘/Ph ~o un-F"
4 g g H 46 | 17 ©/K ©/K 95
O2N 4 O,N P4
S17 P17
_PMP _PMP
N, -PMP _PMP N HN
N N
5 g @ H 99 | 18 Q)\ Q)\ 98
NC NC
S5 P5 MeO MeO
s18 P18
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_PMP _PMP
O\ -PMP O~ -PMP N HN
6 w WH 99 | 19 Q)\ Q)\ 99
se P6 Br Br
s19 P19
_PMP _PMP
N A, -PMP N \-PMP N HN
el o o0 |20 O %
s7 P7
$20 P20
_PMP _PMP
x,,-Ph NP ‘ HN
8 @ @ H 99 | 21 Ph Ph 83
MeO s8 MeO 8
- s21 P21
X -Ph Ph NP Hn-FMP
N N !
9 " H 99 22 99
° S9 Me P9
s22 P22
\-PMP n-PMP
SN Ph N~ Ph |
10 H 66 23 57
s10 P10
s23 P23
o) Sy o] PN X .Ph Ph
N Ph N Ph N .
n O . 369 | 24 Q/L J@/LH 68
s P11 Br e BN
NS SN NS N x, .PMP PMP
12 | = @/\H 66 25 CeHig™ "N~ CeHi3 H/ 99
s12 P12 s25 P25
Ph Ph
NN . .PMP _PMP
13 @” " @AH*P“ 67 | 26 A, )\/LH 99
s13 P13 $26 P26

[a] Reaction conditions: substre@d/MesNO = 100:1:2 (Entry 2 to 13), Substré&d/MesNO = 100:2:4 (Entry 1 anc
14-26), Co,sub=0.25 M (0.5 mmol)T = 100 €, 18 h, solventiPrOH, PMP =p-methoxyphenyl.

[b] Isolated vyields.

[c] NMR vyield.

All the anilinederived aldimines were reduced in nearly quantitative yiexdeptfor the 4nitro-substituted

aldimineS4 (Table 2.3, entry 4). Remarkably, aldimir@$andS5were reduced chemoselectively to amines

while their-NO, and-CN 1 potentially amenable to be redudegemained unaffected. Despite the heteroatom

present in aldimias S6 and S7 which could possibly poison the Fe center, nearly quantitative yields were

obtained (Table 2.3, entries 6 and The benzylaminelerived aldimines were reducedlawer yields than

those obtained from the aniliakerived aldimines (Table 2.8ntry 1612 vs. entry 2, 6 and 7). The sterically
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encumbered aldiming1l3gave a similar yield to benzylamigkerived aldimines (Table 2.3, entry 13 vs. entry

10 and 12). A number of ketimine substrates were tested (Table 2.3, entry 1 and-@6rarid€ound to react

with very high yields Exceptions to this trend wete h eetrdlonederived ketimineS23and ketimineS24

bearing a bromine substituent, which were partially reduced (57% and 68% vyield, respectively; see Table 2.3,

entries 23 and 24).

Kinetic studies on the CTH of ketimir®l (Figure 2.3) promoted by comple®@d were carried out to get
additional information on its catalytic properties in the reduction of C=N double bonds. The reaction was
performed inPrOH at 100 € in the presence 6fmol%9d and 10 mol% MeNO, and the conversion was
determined by GC analysis of samples taken at regular intervals (every 15 min in the first 3 h, and later every
30 min). As shown in Figure 2.3, pseudefirst order dependence on starting substrate curaton was
observed, the halffe of S1was found to be 98.9 min, corresponding to an average TOF of 6 &750%
conversion. As low conversion (2%) was obtained with com@&xin imine CTH, the kinetics of imin81

could not be taken as a termaaimparison.

100 ®

90

80

70 | o

* Kinetic data

&0 . Kapp = 7.01 - 10°% min-"

2 50 . t1,2_=98.9 min .
Py k=0.561L mol' min
L ]
40 °
L]
30 °
h L]
20 * .
10 toe
L ]
0 e
0 50 100 150 200 250 300 350 400 450 500
Time / min

Figure 2.3 Kinetics of the CTH o1 promoted by comple®Qd: AConversion to oP1 (GC); APercent of unreactesllL
Conditions:SY/1b/MesNO =100:5:10; solveniPrOH; Cos1 = 0.25M (0.5 mmol);T = 100 €; Cear.= 12.5

mMm.

2.4 Reductive amination of carbonyl compounds

Encouraged by the remarkable results obtained in imine CTH, we focused our attention on the more
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challenging reductive amination of carbonyl compounds, involving imine formation and CTH in ohe pot.
principle, tis methodologyextends the substrate scdpethose imines that cannot be easily isolated due to

their poor stability. The first Cl@€atalyzed version of this transformation was reported in 2012 by Renaud and
co-workers using CH in the imine reduction gg&?*4 As mentioned above (see Section 1.4.2), the
methodology reported by Renaud had remarkable margins for improvement, as the substrate scope was rather

narrow and covered mostly aldehydes anly a few ketones.

Based orthe results obtained in imine CTH, we set to develop a @&Bed protocol for the reductive
amination of carbonyl compounds, aaldehydes were selected for the first investigatiovs found that
similarly to the protocobeveloped by Renall&® i imine formation and reduction had to be performed
sequentially and not simultaneously, arguably because the C=N bond is reduced vsittitater higher
thanthe C=0 bond. The imine formation step was found crucial to obtain a clean reaction. Witsssler
imines wergormedwith yields lower than 90%the CTH gave complex mixturegherefore, the formation
of a model aldimine from benzaldehyde anthdthoxyaniline was monitored Bii-NMR andwe detected
formation of aldimineS27 (Table 2.4)with full conversiols in a thour reaction, run in toluene and in the

presence of 3 A molecular sieves (MS)

Table 2.4 In situformation of imineS27monitored by*H-NMR.[®

oM OMe
e
e . S
N
HyN ©/\

s27
# Anisidine(eq) Time(h) T(€) Solvent Additive [amount]  Conv. (%
1 1 1 r.t. CDsOD 0
2 1 18 r.t. CDsOD 0
3 1 1 r.t. CDsOD NH4PFs 96
4 1 1 100 ds-Toluene 4 A MS® [200 mg] 91
5 1.5 1 100 ds-Toluene 3 AMSEI [200 mg] >99
6 1 1 50 CD;0D 3 AMS [200 mg] 87

[a] Reactions run on @5 mmol scale (benzaldehyde).
[b] Under vacuum overnight activated molecular sieves (MS) and kept under argon.

Later on we carried out the first tests of aldehyde reductive amination (see Table 2.5). The catalyst loading

was increased to 5 mol%, given the more challenging nature of reductive amiBalisinates benzaldehyde
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and anisidine were dissolvedsaverabifferent solvents foin situimine formation, then a solution of catalyst
act9d i generatedn situ treating9d with MesNO iniPrOHT was added. As expected, the best yield was
obtained when imine formation was performed in toluene, which is in accordahabevwiesults of the NMR
studies shown in Table 2.4. When the imine formation was performeddit or MeOH, lower yields were

obtained (70% and 60%, respectively)
Table 2.5 Optimization of the CTHbased reductive amination of benzaldehyde promotgatdsgatalystod.™
OMe
N OMe 1) 3 AMS, Solvent, 100 °C, 1 h
o AT O
HoN 2) 5 mol% 9d, 5 mol % Me3NO, ©/\”

2
1: 3 Solvent/iPrOH, 100 °C
1eq 1.5eq P27

# Solvent Yield (%o)®!

1 iPrOH 70
2 MeOH 60
3 Toluene >99

[a] Reaction conditionshenzaldehydanisidinedd/MesNO = 100:150:5:5. Imine formation: toluene, 100 €, 3 A MS
(400 mg), 1 h. Catalysctivation: solvent, MO, r.t., 20 min. CTH: 3:1PrOH/solventCosu.in CTH = 0.25 M
(0.5 mmol),T =100 €, 18 h; benzaldehyde was freshly distilled before use.

[b] Isolated vyield.

Once the reaction conditiomgere optimizedthe aldehyde scope of the new methodology was investigated.
Different aldehydes were tested in combination witnisidine or phenethylamine, and the results obtained
are shown in Table 2.6. Firstly, a series of different aldehydes were screened imatiomlpvith p-anisidine

and phenethylamine, giving the results shown in Tdhl Aromatic (Table 2.6, entries 1, 4) and
heteroaromatic aldehydes (entries 2, 3) were converted into the correspNrelMB amines in excellent
yields, with the exception dhe sterically hindered salicylaldehyde, which formed pro82&in only 44%

yield (entry 5).Cinnamaldehyde ancyclohexanecarboxaldehyeeere converted into produd®s30 andP31

in good yields (Table 2.6, entri6gnd7), whereas isobutyraldehyde stedhpoor reactivity (entry 8). Notably,
also then situformedN-alkyl imines proved reactive and formed the corresponding proB@&t®36in fair

to good yield (Table 2.6, entries-1@).

Next, we investigated also the reductive amination of ketoneghvi$iparticularly challenging due to the
difficulty to achieve quantitative imine formation in a reasonable time. NMR studiessati formation of
ketimines were carried out on a model reaction between acetophengmargsiline to form imin&1 The

results of these studies (Table 2.7) demonstrate that, beék&lenolecular sieves, an acid catalyst is also
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needed to warrant higyielding formation of imineS1: the best conversion to ketimi§d was obtained using

TFA (10 mol%) in the presence of sshed 3 A MS (Table 2.7, entry 15).

Table 2.6 Substrate scope evaluation in reductive amination of aldehydes promoteddayaiystod.?!

1) 3 A MS, Toluene, 100 °C, 1 h

2 .R?
RI™g + HZN’R R1’\H
2) 5 mol% 9d, 5 mol % Me3NO,
iPrOH, 100 °C P
Product Yield (%)®] Product Yield (%)
©\/H O\/H
1 N\F’MF’ >99 7 “PMP 74
P27 P31
o) _PMP -PMP
N N
2 S o8 |8 R 170
P6 P32
OMe
N \-PMP /©/
3 I oH 93 9 PN 0
P7 H
P33
\-PMP NP
4 H 99 10 H 38
P28 P34
n-PMP 0 N>Ph
5 o 44 11 w N 67
P29 P35
6 Z N‘PMP 75 12 ~"ph a0
P30 P36

[a] Reaction conditionsaldehyde/aminefd/MesNO =100:150:5:5Imine formation: toluene, 100 €, 3 A MS (400
mg), 1 h. Catalyst activatiolPrOH, MeNO, r.t., 20 min. CTH: 3:1PrOH/tolueneCo sutstratein CTH = 0.25 M
(0.5 mmol),T =100 €, 18 h;all the aldehydes were freshly distilled over g Pefore use

[b] Isolated yields.

[c] Yield determined byH NMR.

Table 2.7 NMR studiesin situformation of imineS1starting from acetophenosfé

(0] OMe
1.5 eq. p-Anisidine /©/
\N
dg-toluene, 100 °C
S1
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# Time (h) Acid [mol%)] MS [amount, mg] Conv. (%!
1 1 - 3 A[200] 37
2 o.n. - 3 A[200] 71
3 1 NH.PFs [2] 3 A[200] 35
4 o.n. NH4PFs [2] 3 A[200] 63
5 1 NH.4PFs [5] 3 A[200] 52
6 1 NH4PFs [10] 3 A[200] 53
7 1 NH4PF; [10] 3 A[400] 71
8 1 NH4PFs [10] 3 A, smashed [400] 71
9 1 NH.4PFs [5] 3 A smashed [400] 89
10 2 NH4PFs [5] 3 A, smashed [400] 88
11 1 PTSA[5] 3 A smashed [400] 86
12 1 HCI, 1M in methanol [5] 3 A, smashed [400] 80
13 1 CHsCOOH [5] 3 A smashed [400] 57
14 1 HCI 4M in dioxane [5] 3 A smashed [400] 85
15 2 TFA[10] 3 A smashed [400] 93
16 2 TFA[5] 3 A, smashed [400] 86
17 1 TFA[5] 4 A smashed [400] 68
18 1 NH4PFs [5] 4 A, smashed [400] 71
19 1 TFA[5] 3 A[500] 71
20 1 NH4PFs [5] 3 A[500] 79

[a] Acetophenongtanisidine = 1:1.5, solventls-toluene,T = 100 €, Co substrate= 0.25M (0.5 mmol).The employed
molecular sieves were activated under vacuum anditkeqpt oven at 110 €
[b] Determined byH-NMR.

As in the case of aldehydes, we investigdtetbne reductive amination by adding the solution of activated

pre-catalyst9d to the newly formed imine. However, only poor to moderate yields were obtained under these
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conditions (Table 2.8, entries3), even when the reaction time was extended to 48 h. A possible explanation

of this outcome is that the sensitive active catadg$0d/10d undergoes a progressive decomposition in the
presence of the acid used to promote imine formation. To address this issue, a slight excess of base (with
respect to the catalyst) was added after imine formation had taken place to quench ttie aaiant (10

mol%) of TFA. The base displayed the expediedeficialeffect, and an excellent isolated yield (see Table

2.8, entry 4) was obtained after adding 15 mol%d,bkdiisopropylethylamine (DIPEA), whereas solidGOs

was less effective (Table& entry 5vs. entry 4.
Table 2.8 Optimization of the CTHbased reductive amination of acetophenone promoted byapatystod.™

o 1) 1.5 eq. p-Anisidine, 400 mg 3 A MS, OMe

5-10 mol% TFA, Toluene, 100 °C ©/
NH
2) Base, 5 mol% 9d, 5 mol% Me3NO,
P1

iPrOH, 100°C
# TFA (mol%) Base Time (h) Conv. NMR (%) Isolated Yield (%)
1 5 o/n 40 40
2 10 o/n 10 10
3 10 48 22 (60% imine left) 22 (60% imine left)
4 10 DIPEA (15 mol%) o/n >99 98
5 10 K2COz (15 mol%) o/n 89 70
6 10 K2CO;s (ag)(15 mol%) o/n nd Nd

[a] 1) Acetophenongnisidine/TFA = 1:1.5:10; 3 A M.S. 400 mg; 2cetophenoried/MesNO/Base = 100:5:5:15

Co,substrate= 0.25 M (0.5 mmol), 3:iPrOH:tolueneT = 100 €, 22 h.

With the optimized catalytic conditions in hand, extension of substrate scope was carried out. Different
aromatic (Table 2.9, entries3) and aliphatic ketone3dble 2.9, entries-Z) were screened wifranisidine,

and moderate to excellent yields (ranging from 31% to 98%) were obtained. Delightfully, also the amines
deriving from hindered cyclic ketones were obtained in acceptable yields (Table 2.9, emdes) 4Tde side
productSP was formed in these transformations because the epemsisidine used to promote the imine
formation reacted with the acetone deriving from the oxidatiaPi@H, and the resulting imine underwent

9d-mediated CTH

Table 29. Substrate scope evaluation in reductive amination of ketones promoteddatalyestod. 1

1) 1.5 eq. p-Anisidine, 400 mg 3 A MS,

o 10mol% TFA, Toluene, 100 °C R2 OMe §
R1JJ\R2 R1J\N ’ Y \©\
2) 15 mol% DIPEA, 5 mol% 9d, 5 mol%, H OMe
S Me3NO, 1:3 Toluene/iPrOH, 100°C P SP
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# Product Yield (%) # Product Yield (%)
/©/OM8 OMe
1 ©)\N 98 5 \/\/\)\N@/ 60
H H
P1 P25

N

/@/ OMe
31 6 QN/@ 41
H
P37

Q IO

3 @1 68 7 ©/\)\N 52
H
P38

/©/OMG
HN
4 : i 51

P23

[a] Reaction conditions: ketone/amifd/MesNO = 100:150:5:5. Imine formation: toluene, 100 €, 3 A MS (4
mg), TFA (10 mol%), 2 h. Catalyst activatiaRrOH, MeNO, r.t., 20 min. CTH: 3:1PrOH / tolueneCo substrate.
in CTH = 0.25M (0.5 mmol), DIPEA (15 mol%)T =100 €, 18 h.

[b] Toluene andIPEA were freshly distilled over sodium/benzophenone and.Gallpectively.

[c] Isolated yields.

2.5 Conclusions

The highly active CIQ®d, previously developed by our groliff,has been tested as satalyst in CTH of

imines, with a low catalyst loading (in the2lmol% range). Compared to the literature precedents of
CIC/HCIC-promoted imine CTH and CH, the scogemines has been remarkably expanded, covering also
ketimine substrates without need ofa@atalysts. The kinetics of ketimirgl CTH (see Scheme Table 2.1)
promoted by compleXdd have been studied, showing a psefitksi order dependence on substrate
corcentration. Finally, a CTHbased reductive amination protocol relying on-gaalyst9d has been
developed, which can be applied to both aldehyde and ketone substrates and allows to reduce imines that

cannot be readily isolated.

2.6 Experimental Section

2.6.1. General remarks

All reactions were carried out in flantgied glassware with magnetic stirring under inert atmosphere (nitrogen
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or argon), unless otherwise stated. Solvents for reactions were distilled over the following drying agents and
transfered under nitrogen: Ci€l, (CaH,), MeOH (CaH), THF (Na), dioxane (Na), toluene (Na);Et{Cahb);
2-propanol, ethana@ndacetone (over molecular sieves in bottles with crown cap) were purchased from Sigma
Aldrich and stored under nitrogen. The reactiorssevmonitored by analytical thiayer chromatography

(TLC) using silica gel 60 F254 paoated glass plates (0.25 mm thickness). Visualization was accomplished
by irradiation with a UV lamp and/or staining with a potassium permanganate alkaline séliastnColumn
Chromatography was performed using silica gel (60 A, particle sie40 ¢ m) as stationary

the procedure by Still and seorkerst®¥

'H-NMR spectra were recorded on a spectrometer operating at 400.13 MHz. Proton chemgarehift
reported in ppm (04) with the solvent reference r e
standard (CDG| U = 7 .2I180 p=p nd;. RAx @ p min e , )iThefolldwing &breviations

are used to describe spin multiplicity: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad
signal, dd = doubledoublet, ddd = doubletoubletdoublet, td = tripledoublet.3C-NMR spectra were

recorded on a 400 MHz spectrometer operating at 100.56 MHz, with complete proton decoupling. Carbon
chemical shifts are reported in ppm (0) relative
standard (CDGIU = 7 7 . 1,6Up p=m;5pACdEaletopal = 29. 84 p pThneco@pbng . 26 |
constant values are given in Hz. Infrared spectra were recorded on a standard FT/IR spectrometer. High
resolution mass spectra (HRMS) were performed on a Fourier Transform lon Cyclotron Resond@ed (FT

Mass Spectrometer APEX Il & Xmass software (Bruker Daltoriicg)f T Magnet (Magnex) equipped with

ESI source, available at CIGA (Centro Interdipartimentale Grandi Apparecchiature) c/o Universitadegli Studi

di Milano.

Materials: commercially availalle reagents were used as received. The ketones used in the substrate screening
were purchased from commercial suppliers (TCI Chemicals, ACROS, Sigma Aldrich) and distilled aver PPh

before use. The other commercially available reagents were used as received.

2.6.2. Synthesis of Ligands and Complexes
Precatalystdd was prepared by a procedure previously reported by our researcH¥roup.

(E)-1-Bromocyclooct1-ene (L6):
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sr A solution of bromine (0.25 mol, 1 eq.) in dichloromethane (12 mL) was added drajpwnase
O solution of cyclooctene (33.2 mL, 0.25 mol, 1)éq dichloromethane (100 miaX-40 € until the
yellow color persisted. The reaction mixture was quenched with 10% af.(¥asolution (50 mL) and
extracted with dichloromethan@ & 100 mL). Thecombinedorganic layer was dried ovégSQ, and
concentratedinder reduced pressute give trans-1,2-dibromocyclootane in quantitative yield, which was

used in the following step withu further purification.

IH NMR (400 MHz, CDC)) : 4.5 (m5284, CHBr), 2.4@.37 (m, 2H), 2.18.05 (m, 2H), 1.84..81 (m,
2H), 1.701.56 (m, 4H), 1.54..46 (m, 2H)13C NMR (100 MHz, CDGJ): 61.6, 33.3, 26.0, 25.5.

A solution of Trans1,2-dibromocydootane (65.78 g, 244 mmol, 1.gdn THF (100mL) was added to a
suspensiorsolution of tBUOK (41.07 g, 370 mmol, 1.52 eq.) in THF (40 mL) at O &fter finishing the
addition, he reaction mixture was quenched with a saturated ag. ammonium chlorigtens@d00 mL), and
THF was evaporated off. The resulting crude was extracted with dichlorome2hah@Q mL). Theconbined
organic layer was dried over POy and concentratednder reduced pressurEhe residue was purified by
distillation (bp.: 73-80 € / 10 mbar), andhe product dbromocyclooctengas obtained as a colorless liquid.

Yield: 36.8 g (80%).

IH NMR (400 MHz, CDC)) : U JB=.88 Bz, {H), 2.5&.64 (m, 2H), 2.08.19 (m, 2H), 1.51.62 (m,
8H). 13C NMR (100 MHz, CDGJ): 131.7 35.2, 29.9, 28.6, 27.5, 26.4, 25.5.

Cyclooctyne(17):124

A lithium diisopropylamide (LDA) solution was prepared by addingpwisen-butyllithium (1.58
O M hexane solutiorg6.7 ni., 43 mmol,1 eq) to a solution of dry diisopropylamine (4.77 g, 47 mmol

1.1 eq) in dry THF (20 mL)stirred at-78 € . The resulting mixture was allowedwarm up t0 € and then
cooled down ta25 €. 1-Bromocyclooctend 6 (8.1 g, 43 mmqll eq) wasadded to the LDA solution at
25 €. The temperature of the reaction mixture was allowed to rise to 15 € gradually over a period of 45 min
and was kept at this level for another 90 min. It was then poured into a cold solution of 3 N HCI. The solution
was extracted with hexane and the combined extracts were washed several times with water to remove the
THF. The organic layer was dried overN@; and concentratednder reducegressureThe residue was

purifized bydistillationto give cyclooctyne 6.p. 5855 € / 20 torr). Yield: 3.9 g (86%).

IH NMR (400 MHz, CRCl,): &1 2.13 (m,4H), 1.85 (m, 4H), 1.61 (m, 4HYC NMR (100 MHz, CD,Cl,): i

94.90, 35.13, 30.32, 21.90. IR (Nujol, selected band)2216 cmt (Cli C stretch).
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[Bis(hexamethylene)cyclopentadienone] iron tricarbonyl (6):124

Fe(CO} (14.6 mL, 111 mmol, 5.3 eqwas added to a solution oyadooctynel7 (2.7 mL,
ﬁ 21 mmol 1 eq) in dry toluene (20 mLunder argonThe reaction mixture waseated to

OgC//Fe\CO 90 € overnight in a seale&chlenktube.The resulting mixture was cooled downrtoand
concentrated under reduced pressiife residuevas purified by flash clematography (7:3 hexameZOEY)
to afford the product asellow crystals. Yield: 1.55 g @%).M.p. = 156 T; 'H NMR (400 MHz CDC}): U
1.441.59 (m, 10H), 1.74..92 (m, 8H), 2.42.49 (m, 2H), 2.52.64 (m, 2H), 2.7€.78 (m, 2H)*C NMR
(100MHzCDC}) : U 23.43, 23.70,8554102R1712%202F;IR: 2=29281,, 3 1.
2856.6, 2050.3, 1978.9, 1950.0, 1620.2, 1585.5, 1456.3, 1354.0, 1278.8, 1203.6, 1118.7, 1097.5, 1031.9, 987.5.
817.8, 736.8, 648.1, 621.1 ¢pHRMS (ESI+):m/z385.1098M+H]*; m/z407.0919 [M + Nai (calcd. for

C,1H2404Fe: 385. 1102; 6oH-404FeNa: 407.0922.

2.6.3 Synthesis of preisolated imines
2.6.3.1 General Procedure

Aldehyde/ketone (4.5 mmol, 1.5 eq.) and amine (3 mmol, 1 eq.) were dissolved in anhydrous toluene (5 mL).
The reaction mixture was added 3 A molecular sieves (0.6 g) and heated to 110 €, then stirred overnight and
monitored by'H-NMR. The resulting mixtg was cooled down tet. and filtrated. The filtrate was
concentrated under reduced pressure to afford the crude imine. The imine was purified by reduced pressure

distillation (Kugelrohr).

2.6.3.2 Characterization data

Imine (name, chemical
IH NMR
formula)

N-(4-Methoxy-phenyl)-(1-phenyl-ethylidene}amine (S1)49

OMe
NO H NMR (400 MHz, CDCl;)  U8-715. (18, 2H), 7.8-7.41 (m, 3H), 6.4
|
©)\ (d, J=88, 2H), 6.8 (d, J= 88, 2H), 3.8, (s, 3H), 2.3 (s, 3H).
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(E)-N-Benzylidenebenzenamine (SZ2§2

IH NMR (300 MHz, CDRCl,) 8i#7 (s, 1H),7.90-7.90 (m, 2H), 751-7.47

M)
@ (m, 3H), 7.427.38 (m, 2H), 7.5-7.20 (m, 3H).

N-(4-Methoxybenzylidene}4-methoxyaniline (S3)#9

ome HNMR @40 0 Mddacetong B2(s81H), 789(d,J= 88z, 2H),7.24
@NQ (d,J=9.0Hz, 2H),7.04(d, J=8.8Hz, 2H), 696(d,J= 9. 0 HB(s,
MeO

3H), 381(s, 3H).

(E)-N-(4-Methoxyphenyl)-1-(4-nitrophenyl)methanimine (S4)3
IH NMR (400 MHz, CDCl,) Ui 8.55 (s, 1H), 800 (d, J = 8.3 Hz, 2H),7.76

OMe
@A\NO (d,J=83Hz, 2H), 729(d, J = 89 Hz, 2H),6.96(d, J = 8.9 Hz, 2H), 3.8
O,N

2 (s, 3H).

(E)-4-(((4-Methoxyphenyl)imino)methyl)benzonitrile (S5)#34
ome  *HNMR (400 MHz,CD,Cl,) i8.61 (s, 1H), 830(d, J = 8.8 Hz, 2H),8.07
@A\NQ (d,J=88Hz, 2H), 7.2 (d,J = 89 Hz, 2H), 6.9 (d, J = 8.9 Hz, 2H), 3.84
NC

(s, 3H).

N-(Furan-2-ylmethylene}4-methoxyaniline (S6)#

IHNMR (40 0 Mdstacetong  @83(s81H),7.76 (dd, J=1.7, 0.8Hz, 1H),

OMe
@ANO 726 (dJ= 8.9 Hz (dd, 248)5,0.84,.10)36.96 (d,J= 8. !
\
2H), 6.64 (ddJ= 3. 5, 1, 3.& (sH3H). 1H),

(E)-N-(4-Methoxyphenyl)-1-(pyridin -2-yl)methanimine (S7)#3

'H NMR (40 0 Mdd-acetong TO-7H8(m, 1H), 861 d,J= 0. °

OMe
/NI \NQ 1H),8.2qdt, J= 71..91, B,Z.937.88Hm, 1H), 7.477.34 (m, 1H), 7.3¢€

NS

(d,J=9.0Hz, 2H), 7.01(d, J =9.0Hz, 2H), 3.84(s, 3H).

(p-Methoxybenzylidene)aniline (S8)29

- @ IH-NMR (400 MHz,ds-acetony  HO(SS1H), 7.2 (d, J = 8.8Hz, 2H), 739
N
Meo/©/\ (dd,J = 8.6, 7.0 Hz2H), 722-7.20(m, 3H), 7.0 (d, J = 8.8 Hz, 2H), B9
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(s, 3H).

(E)-N-(4-Methylbenzylidene)benzenamine (S92

- @ 'H NMR (400 MHz, de-acetong 854 (s, 1H), 7.86(d, J = 8.1 Hz, 2,
N
Meﬁ 7.42-7.38(m, 2H),7.33 (d,J = 7.9 Hz, 2H), 7.25.20(m, 3H), 2.41(s, 3H).

(E)-N-Benzyt1-phenylmethanimine (S10):7

@N@ 'H NMR (400 MHz,ds-acetong 60 (8 1H), 7.8-7.82(m, 2H), 746-7.44
(m, 3H), 7.387.31 (m, 4H), 7.277.23 (m, 1H)4.81 (d, J = 1.4 Hz,2H).

N-Furfurylidenebenzylamine (S11)18

IH NMR (400 MHz,de-acetong 80 (t8J= 1.5 Hz,1H), 768(d, J = 1.7

0 N
@ANAQ Hz, 1H), 736-7.31(m, 4H), 726-7.22 (m, 1H), 690 (dd, J = 34, 0.7Hz,
1H), 657(dd,J = 34, 18 Hz, 1H), 4.5 (d, J = 1.4 Hz,2H).

(E)-N-Benzyt1-(pyridin -2-yl)methanimine (S12)9

IH NMR (400 MHz,de-acetong ~ 65-8%3(m, 1H), 8.49 @, J = 0.9 Hz,

N >
OAN@ 1H), 8.07 (d, J = 7.9 1.1Hz, 1H), 787-7.82(m, 1H), 744-7.33(m, 1H),
7.297.24 (m, 1H)4.88 (d, J = 0.7 Hz,2H).

(E)-N-Benzyk1-phenylmethanimine (S13)57

IHNMR (400 MHz,CDC{) & 8. 4 6 -7(86(m, 2H),H )6G7.19/(m,!
©ﬂ\N O 13H), 5.64 (s, 1H).

(E)-(Phenyl)(1-phenylethylidene)amine (S14§%

@\(N IH NMR (400 MHz, CRCl,) 7.897.97(m, 2H), 7.487.43 (m, 3H), 7.38
O 7.34(m, 2H), 7.137.07 (m, 1H), 679-6.77 (m, 2H), 2.2 (s, 3H).

N-(1-Phenylethylidene)benzenemethanamine (S15}!

IHNMR (400 MHz, de-acetong 85 (ddl,.J = 6.7, 3.1 Hz2H), 7.487.46
N
©)C© (m, 2H), 7.41-7.39 (m, 3H), 7.36.32 (m, 2H), 7.2§.23 (m, 1H)4.73 (s,

2H), 2.37(s, 3H).
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(E)-1-(4-Methoxyphenyl)-N-phenylethan-1-imine (516)42

\/ C oMte 'H NMR (400 MHz,ds-acetong 8.00(d,J=8.9Hz, 2H), 7.3 (dd, J= 82,
/
QN 7.4Hz, 2H), 7.0-7.03(m, 1H), 601 (d, J = 89 Hz, 2H), 677 (dd, J = 84,

1.2Hz, 2H), 3.9 (s, 3H), 2. (s, 3H).

(E)-1-(2-Methoxyphenyl)-N-phenylethan1-imine (S17):
Ratio:E/Z=7:3

E: IH NMR (400 MHz,ds-aceton i 7.57 (dd, J = 7.6, 1.8 Hz1H), 737-
e 7.33 (M, 2H), 7.1-6.99 (M, 4H), 681-6.78 (M, 2H), 3.2 (s, 3H), 2.5 (s,
Z: 'H NMR (400 MHz,de-aceton} {i 7.41 (ddd, J = 8.3, 7.4, 1.8 Hz, 2H)

7.17(ddd,J = 8.4, 7.4, 1.8 HzlH), 6.9-6.87 (m, 2H),6.81-6.74(m, 2H),
6.61:6.59 (M, 2H)3.77 (s, 3H), 2.3 (s, 3H).

(E)-N,1-Bis(4-methoxyphenyl)ethan1-imine (S18)3

ome HNMR (400 MHz, CDCl;) G d7J=88Hz(2H), 6.% (d,J= 88 Hz,
@NO 2H), 690(d, J = 87 Hz, 2H), 6.71 (d, J = 87 Hz, 2H), 3.8 (s, 3H), 3.8 (s,
MeO

3H), 220(s, 3H).

N-(1-(4-Bromophenyl)ethylidene}4-methoxyanil (S19)14

IH NMR (400 MHz,CD.Cl;) 86 (d7J.= 86 Hz, 2H), 7.3 (d, J = 86 Hz,

Br
\Q\VNO 2H), 6.9 (d, J = 8.8Hz, 2H), 673(d, J=8.8Hz, 2H), 3.8 (s, 3H), 2.2 (s,
OMe  3H).

(4-Methoxy-phenyl)-[1-naphthalen-2-yl-ethylidene}amine (S20)*

one  “HNMR (400 MHz,CD,Cl) 15 (@1=3L7 Hz, 1H), 8.2 (dd, 1= 8.7,

e

NO 1.8 Hz, 1H), 7.97-7.9 (m, 1H), 789 (dd, J = 7.66, 3.3Hz, 2H), 7.58-7.52
|

OO (m, 2H),6.94 (d, J = 8.8Hz, 2H), 679(d, J = 8.8Hz, 2H), 3.8 (s, 3H) 237

(s, 3H).

N-(4-Methoxyphenyl)-1,1-diphenylmethanimine (S21)%9
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OOMe IH NMR (400 MHz,de-acetong  U3-770(i#l, 2 H), 751-7.41(m, 3 H),
N 7.357.33(m, 3H), 717-7.15(m, 2 H), 6.71(d, J = 9.1 Hz, M), 6.65(d, J =

|
Ph
9.1 Hz, 28, 3.0 (s, 3 H).

[1-Phenylpropylidene}(4-methoxyphenyl}amine (S22)&3
E/Z=188:12

E: 'H NMR (400 MHz,ds-acetong ~ 89-7B07(m, 2H), 7.8-7.45(m, 3H),
6.94(d,J = 8.8 Hz, 2H, 6.72 (d, J = 9.1 Hz, 28, 379 (s, 3H), 272(q,J =

/NCL 7.6 Hz, 2H)1.06 (t, J= 7.7 Hz, 3H);
OMe
Z: *H NMR (400 MHz,de-acetong ~ U7-721(rf, 3H), 7.(8-7.00 (m, 2H),

6.66(d,J=9.1 Hz, 2H, 6.52 (d,J = 9.1 Hz, 2H)3.67 (s, 3H), 2.B(q, J =

7.4 Hz, 2H),1.17 (t, J = 7.4 Hz, 3H).

[3,4-Dihydro -2H-naphthalenylidene} (4-methoxyphenyl)amine (S23)48

o IH NMR (400 MHz, CRCl,) @7 (d8l,J = 8.0, 15 Hz, 1 H),7.36-7.33(m,
e
NO 1H), 7.20-7.25(m, 1 H), 7.227.20 (m, 1 H)6.90(d, J = 89 Hz, 2 H),6.73

|
©f> (d,J=89Hz, 2 H),3.80(s, 3 H),2.90 (t, J = 6.1 Hz,2 H), 2.56-2.53 (M, 2
H), 1.91-1.88(m, 2 H).

(E)-1-(4-Bromophenyl)-N-phenylethan-1-imine (S24)14

'H NMR (400 MHz,ds-acetong 788 (d,J = 8.7 Hz, 2H), %66 (d, J=8.7
/©)\\N/© Hz, 2H), 7.36 dd, J = 83, 7.4Hz, 2H), 711-7.07(m, 1H), 680 (dd, J = 8.3,
Br

1.3Hz, 2H), 2.2 (s, 3H).

(E)-N-(4-Methoxyphenyl)octan-2-imine (S25)*7

OOMe IH NMR (400 MHz,ds-acetong 116 (551 =8.9 Hz, 2H, 6.59 ¢, J= 8.9
CoHig™ N Hz, 2H), 3.76(s, 3H), 2.8-2.35 (m, 2H), 1.78(s, 3H), 1.6-1.64(m, 2H),
1.40-1.31 (m, 6H), 092-0.88(m, 3H).

(E)-N-(4-Methoxyphenyl)-4-methylpentan-2-imine (S26):
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Ratio:E/Z = 8:2

E: *H NMR (400 MHz,ds-acetong i 6.86 (d, J = 8.8 Hz, 2H), 6.6 (d, J =
8.8 Hz, 2H), 3.8 (s, 3H), 2.B-2.24 (m, 2H), 2.9-2.11(m, 1H),1.77 (s, 3H),

OMe
PR O 0.98(d, J = 6.5 Hz,6H):
N
Z:*H NMR (400 MHz,ds-acetong Ui 6.8 (d, J = 89 Hz, 2H), 654 (d, J =
89Hz, 2H), 3.B(s, 3H), 2.8-2.24 (m, 2H), 2.9-2.11(m, 1H),2.79 (s, 3H),
0.80(d,J = 6.5 Hz,6H).

2.6.4 Determination of the transfer hydrogenation Kinetics of imine S1

Abbreviations used:Rsu.1 = fraction of unreacted substr&é (Rsub. 0= 1); Ccar. = catalyst concentratioos1

= initial substrate concentration.
Experimental parameters: T = 373.15 K;Cos1= 0.25M; Cear. = 12.5 mM; solvent:iPrOH.

General procedure.Precatalystod (9.6 mg, 0.025 mmo0).05 eqg) and MeNO (3.8 mg, 0.05 mmo0.1 eq)

were weighted in a glass vessel and then, after purging with &r 2 minjPrOH (2 mL) was added followed

by imine S1(112.6 mg, 0.5 mmol, 1 eq The vessel was sealed and put in an oil bath heated at 100 €.
Aliquots of the reaction mixture for GC analysis were taken every 15 min for the first 3 h of reactitiren

every 30 min.

Note: time = 0 was marked when the reaction vessel was put in the oil bath. fisstuclaer rate constants
kappand corresponding hdlifves t1», were determined from the slope of a linear least squares fit to the graph

of In(Rsuny) =-kt. Second order constarksvere calculated dividing.pp by Ccar (assumed to be constant).
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Figure 2.4. Kinetics of the CTH o51promoted by comple®d: ~AConversion to oP1 (GC); APercent of unreactesll

Conditions:S1/9d/MesNO = 100:5:10; solventPrOH; Cos1= 0.25M (0.5 mmol);T =100 €; Cear.=12.5 M.
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Figure 2.5 Least squares fit of In¢gig,.) vs t and calculated kinetic parameters.

2.6.5 Catalytic Testsi Transfer Hydrogenation of Iminesi General Procedure
2.6.5.1General Procedure for the CTH of preformed aldimines

Precatalystod (1.9 mg, 0.005 mmol, 0.01 eq.) and e (0.8 mg, 0.010 mmol, 0.G&ty) were dissolved in
dry iPrOH (0.05 mLunder argorand the resulting solution, which gradually turned from yellow to dark red,
was stirred for 20 minutes at. The imine substrate (0.5 mmoled) was added, followed by difPrOH (195

mL). The reaction vessel was sealed and stirred in-agated oibath at 100 € for 18 h. The volatiles were
removed and the crude was purified by flash column chromatography (hec@EY.
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2.6.5.2 General Procedure for the CTH of preformed ketimines

Precatalystod (3.8 mg, 0.010 mmol, 0.02 gand MeNO (1.6 mg, 0020 mmol, 0.0&q) were dissolved in
dryiPrOH (0.1 mL) and the resulting solution, which gradually turned from yellow to dark red, was stirred for
20 minutes at.t. The imine substrate (0.5 mmol,et}) was added, followed by di’rOH (1.9 mL). The
reaction vessel was sealed and stirred in enpeted oil bath at 100 € for 18 h. The volatiles were removed

and the crude was purified by flash column chromatography (héGDEY).

2.6.5.3 General Procedure for the reductive amination of alehydes

Thealdehyde (0.5 mmol, 1 eq.) was added to a solution of amine (0.75 mmol, 1.5 eq.) in dry toluene (0.5 mL).
The reaction mixture was added 3 AMS (400 mg) and stirred at 100 € for 1 h. Meanwhile, in another Schlenk
tube, precatalyst9d (9.6 mg, 0.025 mme@D.05 eq.) and M&IO (1.9 mg, 0.025 mmol, 0.05 eq.) were dissolved

in dryiPrOH (0.25 mL)and stirred at.t. for 20 min The activated catalyst solution was added into the vessel
containing the imine, followed by dif’rOH (1.2 mL).The reaction vessel was sealed and stirred in-a pre
heated oil bath at 100 € for 18 h. The volatiles were removed and the crude was purified by flash column

chromatography (hexameZOEY).

2.6.5.4 General Procedure for the reductive amination of kenes

The ketone (0.5 mmol, 1 eq.) was added to a solution of amine (0.75 mmol, 1.5 eq.) in in dry toluene (final
tot al vol ume: 0.5 mL). The resulting mixture were
eg., dispensed as a stock solution in tolueng)stirred at 100 € for 2 h. Meanwhile, in another vessel, pre
catalyst9d (9.6 mg, 0.025 mmol, 0.05 eq.) and MO (1.9 mg, 0.025 mmol, 0.05 eq.) were dissolved in dry
iPrOH (0.25 mL) and stirred at. for 20 min. After adding the freshly distiled DPEA (13 L, 0. 0
0.15 eq.), the activated catalyst solution was dispensed into the vessel containing the imine, followed by dry
iPrOH (1.2 mL). The reaction vessel was sealed and stirred at 100 € for 18 h. The volatiles were removed

and the crudevas purified by flash column chromatography (hexao©FE!).
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2.6.5.5 Characterization dataof amines products

NMR conversions were calculated from the signal integrals (all the substrates and reduction products are

known compounds, and our spectraguperimposable to those reported in the literature).

Amines (name, chemical
H NMR
formula)

4-Methoxy-N-(1-phenylethyl)aniline (P1): 48

OOMG H NMR (400 MHz, CDRCl,) 1i 7.37-7.29 (m, 4H), 7.237.19 (m, 1H)6.65(d,
HN

J=8.9 Hz, 2H), &5 (d, J = 8.9 Hz, 2H), 4.2(q, J = 6.7 Hz, 1H), B8 (bs,
©)\ 1H), 366 (s, 3H), 147 (d, J = 6.7 Hz, 3H).

N-Benzylaniline (P2):14

HN@ IH NMR (400 MHz, CRCl,) @i 7.39-7.32 (m, 4H), 728-7.26 (m, 1H), 7.16
@2 7.11(m, 2H), 669-6.61 (M,3H), 433 (s, 2H), 4.17(s, 1H).

4-Methoxy-N-(4-methoxybenzyl)aniline (P3):

oM
O ° 1H NMR (400 MHz,ds-acetongti 7.30 (d, J = 88 Hz, 2H), 687 (d, J = 8.8 Hz,
N
y OJ@AH 2H), 6.7 (d, J = 9.0 Hz,2H), 6.8 (d, J = 9.0 Hz, 2H), 4.3 (s, 1H), 4.4 (d,
e
J=4.6 Hz, 2H), 3.7 (s, 3H), 3.6 (s, 3H).

4-Methoxy-N-(4-nitrobenzyl)aniline (P4):5%

OMe
O IH NMR (400 MHz, CDGJ) i 8.20 (, J = 8.6 Hz,2H), 756 (d, J = 8.6 Hz,
N
. NgH 2H), 6.79 (, = 8.9 Hz,2H), 657(d, J = 8.9 Hz,2H), 4.4 (s, 2H), 3.76 (s,
2
3H).

4-(((4-Methoxyphenyl)amino)methyl)benzonitrile (P5):/5%

ome HNMR (400 MHz, CRCl,) i 7.63(d, J = 83 Hz, 2H),7.45(d, J =83 Hz,

/@/\NO 2H), 6.73 (d,J = 8.9 Hz, 2H)6.54 (d,J = 8.9 Hz, 2H)4.38 (s, 2H), 3.D (s,
H

NC 3H).
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N-(Furan-2-ylmethyl)-4-methoxyaniline (P6)#

'H NMR (400 MHz,ds-acetong @4 (dd,J =19, 0.9 Hz, 1H), 6/3(d,J =

oM
@NQ 9.0 Hz,2H), 666 (d, J = 9.0 Hz,2H), 633 (dd,J = 3.2, 1.9 Hz1H), 6.24 (dd,
\ |

J=13.2,0.9 Hz, 1H), 4.88 (s, 1H),26(d, J = 5.7 Hz,2H), 368 (s, 3H).

4-Methoxy-N-(pyridin -2-ylmethyl)aniline (P7):3%

IH NMR (400 MHz,de-acetongi8.53(ddd, J = 4.3, 1.9, 1.1 HH), 770(td,
QOMe J=79, 19Hz, 1H), 741(dt, J= 79, 1.1Hz, 1H), 7.3-7.19(m, 1H), 672 (d,

N
I J=9.0 Hz, 2H)6.62 @, J = 9.0 Hz,2H), 5.28(s, 1H), 438 (s, 2H), 367 (s,

NS

3H).

N-(4-Methoxybenzyl)aniline (P8){49

IH NMR (400 MHz,ds-aceton i 7.31 (d, J = 8.3 Hz, 2H), 108-7.04(m, 2H),
@”ug 6.87(d,J = 8.6 Hz,2H), 6.64 (d, J = 83 Hz, 2H), 6.5 (t, J = 7.3 Hz, 1H), 39
MeO (s, 1H), 4.5 (d, J= 5.6 Hz, 2H), 3.7(s, 3H).

N-(4-Methylbenzyl)aniline (P9): 2

'H NMR (400 MHz,de-acetongi 7.27 (d,J = 7.8 Hz, 2H), 7.2 (d, J= 7.8 Hz,
@”HQ 2H), 7.06 (dd,J = 8.6, 7.2 Hz, 2H), 64(dd,J = 8.6, 1.1 Hz, 2H), 63-6.54
Me

(m, 1H), 5.3 (s, 1H), 429(d,J = 5.7 Hz, 2H), 29(s, 3H).

Dibenzylamine (P10)!3

@N@ IH NMR (400 MHz, CDCY)  B7-727.(m, 10H), 3.85 (s4H).

N-Benzyt1-(furan-2-yl)methanamine (P11)54

IH NMR (400 MHz,ds-acetong i 7.45 (dd,J = 1.9, 0.9 Hz, 1H), 28-7.20 (m,

O
Qfﬂ@ 5H), 6.5 (dd,J = 3.2, 1.9 Hz, 1H), 62(dd,J= 32, 0.9 Hz, 1H), 3.7 (s, 2H),
3.73 (s, 2H).

N-Benzyk1-(pyridin -2-yl)methanamine (P12){9

H NMR (400 MHz,ds-acetongli 8.54-8.52 (m, 1H), 7.74 (td]= 7.6, 1.8 Hz,

N
B H@
q 1H), 7.497.19 (m, 7H), 3.88 (s, 2H), 3.83 (s, 2H).
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N-Benzyk1,1-diphenylmethanamine (P13)58

O 'H NMR (400 MHz, CDC{)  U5-7A2(m, 4H), 7.347.20 (m, 11H), 4.87 (s.

©/\H O 1H), 3.76 (s, 2H).

N-(1-Phenylethyl)aniline (P14)#9

IH NMR (400 MHz,CD,Cl) Ui 7.40-7.32 (m, 4H), 726-7.22 (m, 1H), 7.09

ANt 7.05(m, 2H), 664-6.60(m, 1H), 653-6.51(m, 2H), 452-4.50(m, 1H), 4.5

(s, 1H), 1..(d, J = 6.8 Hz, 3H).

N-Benzyt1-phenylethan-1-amine (P15)®7

IH NMR (400 MHz,CDCl) {1 7.38-7.22 (m, 10H), 3.8(q, J = 6.6 Hz, 1H),

Qs
©)\ 2.17 (s, 2H), 138(d, J = 6.6 Hz, 3H).

N-(1-(4-Methoxyphenyl)ethyl)aniline (P16)8

@ IH NMR (400 MHz,ds-acetongli 7.3 (d, J = 85 Hz, 2H), 7.006.96(m, 2H),
HN

J@)\ 6.85 (d, J= 85 Hz, 2H), 6.54d,J = 8.0 Hz, 2H, 6.49 (t,J = 7.4 Hz, 1H)5.27
Ve (s, 1H), 4.8 (p,J = 6.6 Hz, 1H), 3.3 (s, 3H), 1.5 (d,J = 6.8 Hz, 3H).

N-(1-(2-Methoxyphenyl)ethyl)aniline (P17):

IH NMR (400 MHz,de-aceton® i 7.35 (dd,J = 7.7, 1.8 Hz, 1H), 76(td, J =

OMgNO 7.8, 1.8 Hz, 1H), 6B(dd,J = 8.6, 7.3 Hz, 3H), 6B(td, J = 7.5, 1.1 Hz, 1H),
®_§ 6.51-6.46 (M, 3H), 5.8 (s, 1H), 4.9 (p, J = 67 Hz, 1H), 3.2 (s, 3H), 1.4Zd,
J=6.7 Hz, 3H)

4-Methoxy-N-(1-(4-methoxyphenyl)ethyl)aniline (P18)9

OMe 14 NMR (400MHz, CD:Cl) 11 7.28 (d, J = 8.1 Hz, 2H), 87 (d, J = 8.1 Hz,

HN

2H), 668 (d, J = 83 Hz, 2H), 648 (d, J = 8.3 Hz, 2H), 89(q, J = 6.7 Hz,
MeOQ)\ 1H), 378(s, 3H), 368 (s, 3H) 1.46 (d,J = 6.7 Hz, 3H)

N-(1-(4-Bromophenyl)ethyl)-4-methoxyaniline (P19)!9
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OMe 14 NMR (400 MHz, CRCl,) ii7.45 @, J = 8.3 Hz, 2, 727 (d, J = 83 Hz,

HN

2H), 6.67 @, J = 9.0 Hz, 2H),6.44 ¢, J = 9.0 Hz, 2B, 439(q, J = 6.7 Hz,
BrQ)\ 1H), 387(s, 1H), 367 (s, 3H), 146 (d, J = 6.7 Hz, 3H).

4-Methoxy-N-(1-(naphthalen-2-yl)ethyl)aniline (P20):¢

OOMG H NMR (400 MHz, CDCl) {1 7.85-7.81(m, 4H), 7.2 (dd, J = 85, 1.7 Hz,
HN 1H), 749-7.42(m, 2H), 666 (d,J = 8.9 Hz, 2H)6.52 (d,J = 8.9 Hz, 2H)4.59

(q,d=6.7 Hz, 1H)3.99(s, 1H), 3.6 (s, 3H), 157(d, J = 6.7 Hz, 3H).

N-Benzhydryl-4-methoxyaniline (P21)!¢¥

OOMG IH NMR (400 MHz,CD,Cl,) ti 7.40-7.31(m, 8H), 727-7.23(m, 2H), 668(d,
HNl J = 8.9 Hz,2H), 6.81 (d, J = 8.9 Hz,2H), 5.4 (s, 1H),4.15 (s, 1H)3.67 (s,

4-Methoxy-N-(1-phenylpropyl)aniline (P22):62

IH NMR (400 MHz, CDCJ) 1 7.35-7.28 (m, 4H), 7.24-7.20 (m, 1H), 668 (d,
@_‘*“‘d}o”‘e J=8.9 Hz,2H), 647(d,J = 8.9 Hz,2H), 4.15 (tJ = 6.7 Hz, 1H), 3.69 (s, 3H)

1.86-1.76(m, 2H), 0.94 (1] = 7.4 Hz, 3H).

N-(4-Methoxyphenyl)-1,2,3,4tetrahydronaphthalen-1-amine (P23)!63

QOME IH NMR (400 MHz, CRClp) Ui 7.44-7.41(m, 1H), 7.2-7.14 (m, 3H), 6.82 (d,
HN J=8.9 Hz, 2H)6.68 (d,J = 8.9 Hz, 2H)4.54 (t, J= 5.1 Hz, 1H), 3.7 (s, 3H),

3.65 (s, 1H), 2.82.72(m, 2H), 2.a-1.75 (M, 4H)

N-(1-(4-Bromophenyl)ethyl)aniline (P24)¢4

: IH NMR (400 MHz,de-aceton®i 7.48 (d, J = 8.5 Hz, 2H, 7.40 @, J = 8.5 Hz,
N

@H 2H), 7.01(7.48 @dd,J = 8.7, 7.2 Hz, 2}), 656-6.51(m, 3H), 5.42 (s, 1H),
Br 4584.51(m, 1H), 149(s,J = 6.8 Hz,3H).

4-Methoxy-N-(octan-2-yl)aniline (P25)169
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IH NMR (400 MHz,ds-acetone)i6.71 (d,J = 9.0 Hz, 2H), 6.56 (d] = 9.0 Hz,
OMe
o ANO 2H), 4.12 (s, 1H), 3.67 (s, 3H), 3.38 (b= 6.0 Hz, 1H), 1.571.28 (m, 10H),
6M13
1.12 (d,J = 6.3 Hz, 3H), 0.89.86 (m, 3H).

N-(4-Methylpentan-2-yl)aniline (P26):59

IH NMR (400 MHz,ds-aceton6.71 (d,J = 9.0 Hz, 2H)6.57 (d,J= 9.0 Hz,

OOMQ 2H), 3.67 (s, 3H), 3.8-3.43 (m, 1H), 179(dt, J = 13.5, 6.7 Hz, 1H), 17(dt,

)\/LN J=13.5 7.1 Hz, 1H), 251.18(m, 2H), 1.D (d, J = 6.2 Hz, 3H), 0.2 (dd, J
=12.1, 6.6 Hz, 7H).

N-Benzyk4-methoxyaniline (P27)©7

Cl_d

IH NMR (400 MHz,CDCl) i 7.537.20 (m, 6H), 6.96.77 (m, 2H), 6.746.63

O (m, 2H), 4.32 (s, 2H), 3.77 (s, 3H).
OMe
MC390

4-Methoxy-N-(4-methylbenzyl)aniline (P28)8

ome  H NMR (400 MHz, CDCJ) 11 7.29 (d,J = 7.7 Hz, 2H), 7.18 (d) = 7.9 Hz,
/@A”O 2H), 6.8 (d, J = 8.9 Hz, 2B, 667 (d,J = 8.9 Hz, 2B, 4.27 (s, 2H), 3.77 (s

3H), 2.37 (s, 3H).

2-(((4-Methoxyphenyl)amino)methyl)phenol (P29)£9

oM
O °  1H NMR (400 MHz, CDCJ) i 7.21 (6, J = 78, 1.6Hz, 1H), 7.09 (dJ = 7.3

N
©\:HH Hz, 1H), 6.93 (dJ = 8.1 Hz, 1H), 6.8-6.78 (M, 5H), 4.37 (s, 2H), 3.76 (S, 3H

N-Cinnamyl-4-methoxyaniline (P30)!9

IH NMR (400 MHz, CDCJ) t17.38-7.36(m, 2H), 7.3-7.29(m, 2H), 7.5-7.21
o (m, 1H), 6.8 (d, J = 9.0 Hz, 2H), 88(d, J = 9.0Hz, 2H), 6.& (dt, J = 15.9,
\©\0Me 1.6 Hz, 1B, 6.37 (dtJ = 15.9, 5.9 Hz, 1H), 36Xdd,J= 5.9, 1.6 Hz, 2H), 3§

(s, 3H).

N-(Cyclohexylmethyl}4-methoxyaniline (P31)!¢7
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IH NMR (400 MHz, CDCJ) 1 6.78 (d, J = 8.9 Hz, 2H), 6.8-6.65(m, 2H),
H
OVNQ 3.75 (s, 3H), 2.2 (d, J = 6.6 Hz, 2H), 184-1.80(m, 2H), 175-1.68(m, 3H),
OMe  127-1.15(m, 4H),0.98(qd,J = 12.0, 3.4 Hz, 2H).

N-Isobutyl-4-methoxyaniline (P32)!¥

IH NMR (400 MHz, CDCJ) Ui 6.8L (d, J = 8.9 Hz, 2, 6.70 (d,J = 8.9 Hz,

OMe
YNQ 2H), 3.77 (s, 3H), 2.93 (d] = 6.8 Hz, 2H), 1.91 (dq] = 13.5, 6.7 Hz, 1H),
H
1.01 (d,J = 6.7 Hz, 6H).

N-Benzyk2-phenylethan-1-amine (P34){3

N@ IH NMR (400 MHz,CDCly) 11 7.33-7.18(m, 10H), 3.8 (s, 2H), 2.8-2.90(m,
N

@H 2H), 286-2.82(m, 2H).

N-(Furan-2-ylmethyl)-2-phenylethan-1-amine (P35)!"3
IH NMR (400 MHz, CDC}) 11 7.33 (dd, J = 1.9, 0.8 Hz,1H), 7.31-7.27 (m,

<OJ/\N 2H), 7.2-7.18 (m, 3H), 630 (dd, J = 3.1, 1.9 Hz1H), 616 (d, J = 31 Hz,
\ H
1H), 3.8L (s, 2H), 2.8-2.89 (M, 2H), 2.852.81(m, 2H).

N-(4-Methylbenzyl)-2-phenylethan-1-amine (P36)4

MeQH 'H NMR (400 MHz,CDCL) {i 7.30-7.11(m, 9H), 377 (s, 2H), 2.8-2.89 (m,
N
V\© 2H), 2.852.83 (m, 2H)2.32 (s, 3H), 1.80 (s, 1H).

N-Cyclohexyk4-methoxyaniline (P37)!68

'H NMR (400 MHz, CDGJ) U7 (b J %89 Hz, 2H), 6.8 (d, J = 89 Hz,

OMe
QNO 2H), 3.7 (s, 3H), 320-3.13(m, 1H), 2.07-2.08 (m, 2H), 1.B-1.73 (m, 2H),
H
1.681.62 (m, 1H), 1.36..08 (m, 5H).

4-Methoxy-N-(4-phenylbutan-2-yl)aniline (P38):[%

ome "H NMR (400 MHz, CDG)) {i7.29-7.26 (m, 2H), 7.2-7.16 (m, 3H), 676 (d,
W”O J=8.9 Hz, M), 6.56 (d,J=7.8 Hz, 2H)3.75 (s, 3H), 3.0 (q, J = 64 Hz, 1H),
2.74-2.70(m, 2H), 1.9-1.87 (m, 1H), 178-1.72 (m, 1H), 1.2 (d, J = 62 Hz,

3H).
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Chapter 3 - Applications of a highly active CIC to alcohol

amination reactions

Alcohol amination is an attractive and at@zonomic reaction which provides accesartinesg a valuable

class of fine chemical8 i generating water as the sole byproduttisTransformation cannot occur via the

Sv2 mechanism due to the poor leaving group abilityhefOH' ion. Although the transformation can be
promoted by acid catalysis, very harsh reaction conditions are reflisdltohol amination could be
effectively performed by catabognrnacwipnrgobc e(skBR)s mencovl
known as Ohydr ogen a uitransfer alenmeritagyrstéps occur without lariy oelt changeo  +
in the oxidation state of the system. The HB ation proceeds through an alcohol dehydrogenation/imine
formation/imine hydrogenation sequence (Scheme 3.1), without any net consumption or release of hydrogen.
Upon alcohol dehydrogenation, the catalytic complix, is temporarily converted into the spegiML:-Ha,

which then reduces the imine or iminium ion intermediate formed by condensation of carbonyl compound with

the amine substrate.

OH Overall transformation HN’Rs
R" "R? R1J\R2
ML,
Alcohol dehydrogenation imine reduction
ML-Hs

.R®

i \
R OR2 N R1J\Rz

R3NH, H,0

Imine formation

Scheme 3.1General mechanism of HB amination of alcohols.
The first examples of HBIcohol amination were reported in the early 1980s using catalysts based on precious
metals such as rhodium, ruthenium and iridiimnd the latter two became the focus of the most recent
studied¥ Use of cheaper metal catalysts such as cdppehdt® and iro” complexes in the HB aminations
remained quite limited until recent years, when homogeneous base metal catalysis started being increasingly
studied™ In this context, Feringa, Bar&t al.reported the application of a welefined homogeneous iron
catalysis for the HB amination of 9aalateadymdnsoneiior t h

Section 1.5), which is a highly stable and etsiiandle precatalysf® was shown to promote the amination
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of several primary alcohols and diols. Furtimesestigationon the use of CICs for HB alcohol amination were
carried outy different groups, as already discusse8éction 1.5. However, in theseactions, the substrate
scope watimited to primary alcohols. As mentioned in Section 1.5, in 2015 Zhao and coworkers reported that
the isolated HCIC Oaa catalyzes the aminatiarf different secondary alcohols with moderate to good yields
(26-97%) in the presenad a co-catalysts (AgF, 40 mol%). Nevertheless, serious limitations still remained in
this methodology. For example, the reaction requires a relatively high catalyisiglad the isolated HCIC

10aa, which is sensitive to air and moisture arduires handling undglovebox. Moreover, large amounts

of AgF (40 mol%) cecatalyst are necessary, thus overriding the advantages of using a cheap metal catalyst.

3.1 O6HyBdorrogoemi ngbé amination of secondary alcohol s
Building on our gr oup 0 anirvestigatiomnihes use of (oycldpdnadiehdnaitord s o
complexedor the HB amination of secondary alcohols was undertaken. To this purpose, the highly active CIC
9d was employed, which had shown remarkable catalytic activity in the CTH of imines and in the reductive
amination of ketones involving hydrogentransferprocess (already discussed in Chapter 2). As the HB
amination of alcohols shares the same elementary steps as these reactions, we surmisezhtissiOe

could be an effectiveatalystand perhaps allow to expand the application scope to secondary aldos$tohtes.

Table 3.1 Comparison between patalyst9aaand9d in the HB amination of -bctanol withp-anisidinel

NH 5 mol% Pre-cat.
2 10 mol% Me3zNO HN+/)7/
+ ™ ow
Solvent, 130 °C, 24 h
MeO MeO
23a 24a P39

# Precat. Solvent 23a/ 24aratio Yield (%)™
100! 9aa CPME 2 70

2l 9aa toluene 15 82

3k ad toluene 15 > 05

[a] Isolated yield after column chromatography.

[b] Reaction conditions as described in the literaffire.

[c] Reaction condition23dpre-cat./MegNO = 100:5:10. Catalyst activation: toluene,M®©, r.t., 15 min,
Co,ca.= 0.1 M; HB amination: toluen&o,sup = 0.25 M (0.5 mmol)T =130 €, 24 h.

CPME = cyclopentyl methyl ether

First, we compared the activity of CIGd and9aain the HB amination of a primary alcohok¢ttanol) with

p-anisidine (Table 3.1). Compl&aai activatedn situwith MesNO i was tested in the conditions described
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by Feringa,Bartaet al!® (Table 3.1, entry 1) and gave essentially the same yield reported by them (70% vs.

69%). Consistent with our expectations, under its optimized conditions (toluene instead of CPME as solvent)

pre-catalyst9d showed higher activity tha®aa, leading to the amination produe89in quantitative yield

(Table 3.1, entry 3). Cl@aawas also tested under the same conditions used wibapaystod (Table 3.1,

entry 2), giving an 82% vyield. This silt encouraged us to investigate whether com@tesould efficiently

catalyzealso the amination of secondary alcohols

Table 3.2 HB amination of iphenylethanol witlp-anisidine promoted by preatalystod - Optimization?
5 mol% 9d
s
Q ©)\ Solvent, 130 °C, 24 h ©)\
P1
_ Additives
# Solvent Alcohol/ amine MS [amount, mg] Conv. (%!
[mol%]
1 toluene 151 - - 17
2 toluene 1.5:1 3 A[400] - 48
3 toluene 31 3 A[400] - 42
4 toluene 4:1 3 A[400] - 76
5 toluene 6:1 3 A[400] - 46
6 toluene 10:1 3 A[400] - 0
7 toluene 1:1 3 A[400] - 58
8 toluene 1:1.5 3 A[400] - 35
9 toluene 1:4 3 A[400] - 34
10 toluene 4:1 3 A[400] TFA[1] 53
11 toluene 4:1 3 A[400] AcOH [1] 64
12 CPME 4:1 3 A[400] - 24
13 dioxane 4:1 3 A[400] - 22
14 DMF 4:1 3 A[400] - 0
15 DME 4:1 3 A[400] - 19
16 DCE 4:1 3 A[400] - 5
17 toluene 4:1 3 A[400] - 89
[a] Reaction condition223a9d/MesNO = 100:5:10. Catalyst activation: solvent, MO, r.t., 15 minCoca.= 0.1 M;
HB amination: solventCosu,.= 0.25 M (0.5 mmol)T =130 €, 24 h.
[b] Determined byH NMR analysis of the reaction crude.

[c]

Reaction run at 150 C.

Thus, we tested preatalyst9d in the HB amination op-anisidine with iphenylethanol under the same

conditions used with-bctanol, and we observed a poor conversion to the desired pRId{Ible 3.2, entry

1). However, we found that the conversion was positively affected by the presence of 3 A meleceatain
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the reaction environment (Table 3.2, entry 2 vs. entry 1), whidtely to accelerate the imine formation step.

We also found that the conversion is remarkably influenced by the reaction stoichiometry (Table 3.2, entries
3-9), 4:1 alcohol/amine ratio giving the bessult(Table 3.2, entry 4Moreover, he conversion was sligit
reduced in the presence of TFA or AcOH (Table 3.2, entries 10 and 11 vs. enttyich),wereadded to
accelerate the imine formation step. Nexé screened several different aprotic solvents (Table 2, entries 12
16), butthey generally resulted conversiolasver than those obtainedh toluene. Increasing the reaction

temperature from 130 to 150 € (Table 3.2, entry 17 vs. entry 4) led to imgrowmeversion (89% vs. 76%).

With the optimized conditions in hands, a series of secondary alcohols were screened in the reagtion with
anisidine 23a), giving the results shown in Table 3.3. Delightfully, excellent yields9@% range) were
obtained witha number of alcohol substrates, thus demonstrating th&demsed catalytic methodology is

suitable for HB secondary alcohol amination
Fromthe analysis othe data shown in Table 3.3, the following general tresmdgrged

1) For each type of substeathe yieldvasroughly decreased with the increasing steric bulk surrounding the
hydroxy group, i.e. along the ser2$bY 24cY 241Y 24nfor benzylic alcohols (Table 3.3, entrieR112
and 14)24eY 24gY 24dY 24hY 24ffor aliphatic alcohols (Table 3.3, entrieg8 and24iY 24jY 24k

for allylic alcohols (Table 3.3, entries1d).

2) The yield of the reactionsesultingincompleteafter24 h could be improved by extending the reaction time
to 72 h (Table 3, entrie®, 5 and 714). Hence, it is evident that pecatalyst9d underwent negligible or no
decompositionmaintainingits catalytic activity for a long time. This is in agreement with other evidence
previously reported by our group for tBd-catalyzed hydrogeation of ketones (see Section 1.4thyt9d is
more stabl e t ha%9aa pbssiblydukiethe peseme df leubkydcyclooctane rings fused to the
cyclopentadienoneagapable of stabilizing the catalyst for longer tine agreement with our irmgretation,
when the HB amination of cyclohexar&thwas carried out using pratalyst9aaunder the same conditions

usel for 9d, productP37was obtained in a much lower yield (Table 3.3, entry 8 vs. entry 7)

The HB amination oR4gwith 23awas repeated on grastale with excellent yield (99%) under the same
conditions (Table 3.3, entry 6). Surprisinglye desired amine did nfuirm in the amination of alcoh@4m
under optimized conditions. Instead, this reaction gave prédlittTable 33, entry 13), which derives from
the conjugate addition @fanisidine to an ynone intermedigfiermedby alcohol dehydrogenation and alkyne
deprotection (Scheme 3.2)he heterocyclic alcoh@4o, possessing a tertiary amino group, was screened and
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the corresponding secondary amii8 was obtained with a good yield (Table 3.3, entry 15). Other
functionalized alcohol$ U-hydroxyesters (e.g., methyl lactate, methyl mandelate, ethyl malate)e also

screened, but no formation of amination products etserved

5 mol% 9d
H N—< >—OMe _PMP
oH 10 mol% MesNO 2 O HN
Ph)\ Ph)\ Ph)%“
H

Tms Toluene, 150 °C ™S

Scheme 3.2Formation of produdP47 promoted by preatalystod.

Table 33. Alcohol scope evaluation in HB amination wjtkanisidine promoted by preatalystod.®

5 mol% 9d
NH, 10 mol% Me3NO
OH 3AM.S. -PMP
+ J\ HT\
R" "R2 Toluene, 150 °C R1TOR2
MeO
23a 24 P
Yield (%)
Alcohol Product
t=24h t=72h
OH _PMP
HN
1 Al
Ph NN 87 95
24b P1
OH NP
24c P20
OH un-PMP
3 95 96
24d P40
OH
)\/\/\/ -PMP
4 CeHig™ N 99 99
24e P25
OH - PMP
5 A ~ 19 53
24f P41
OH |:>—NI;I
6 E>_ PMP 99 (99)9 99
249 P42
7 Q PMP 89 95
24h P37
o O
glel Q PMP 32 63
24h P37
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10

11

12

13

14

15

SA

/\)\

N

OH
24i
OH
24j
(o
24k
OH
Ph” Oy
Ph
241
H
Ph)\
24m ™
(@]
h)\ Ph
24n

H

(0]
S
p

Me—N/\:>'OH
240

(O (-

P37

P45

_PMP

PMP

10

40
(1:1)4

16

10

84

31

28

49
(1:1)d

27

29

30

82

[a] Reaction conditions: alcoh8Ba/9d/MesNO = 400:100:5:10. Catalyst activation: toluenegN®, r.t., 15

min, Cocar.= 0.1 M; HB amination: toluen& su.= 0.25 M (0.5 mmol)T =150 €.

[b] Isolated yieldafter column chromatography.

[c] Yield of gramscale experiment.

[d] Ratio P37:P46.

[e] Precatalyst9d was repaced bydaa

Interestingly, the HB amination of allylic alcohols was accompahiegartial (Table 3.3, entry 11) or full

(Table 3.3, entries 9 and 10) reduction of the C=C bond. This outcome can be explained by the presence of

excess alcohol, acting as terminal reductant. The activated catetst dehydrogenates the allylic alcohol

t o -udsathrated ketors, then three possible pathways may be concdi8elleme 3.3)Path 1 consists in

a C=N reduction followed by C=C bond isomerization, enamine/imine tautomerization and another C=N

reduction, whereas two consecutive conjugateatiuiis take place both Path 2 and 3
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i

OC/FG OC/Fe
act 9d 10d
MeO P aoted/10d PMP. automerization pyys ‘:
232 PMP< 10d ; PMP. act-9d /,10d PMP. PMP.,
) — "
P
Path 1 R)\/ - act-9d ! )\/ )\/
|somer|zat|on
‘26(R—Me) R =Me R =Me
- act-9d l 10d
Path 2
OH act-9d 0 10d OH o) 23a PMP\N 10d PMP\NH
—_— — —_— —_— —_—
R)\/ _10d R)v - act-9d R)\/ R)K/ RJ\/ - act-9d R)\/
25
10d
- act-9d
Path 3 PMP-. 10d PMP- PMP{
L N e NH N

NH, RJ\/ - act-9d R)\/ RJ\/

MeO :

23a
Scheme 3. Possible pathways for the amination of allylic alcohols with concomitant C=C bond reduction.

A, Synthesis of compound 31

CF3 / (_;|:3 =
NH,
TFA PPh3 Et3 NaH, 2-Buten-1-ol /©/ PdC|2(CH3CN K2C03 NH
CCly. 0 THF, 0°C - rt. DCM, R.T 5:1 MeOH/HZO reflux
OMe 69% 44% F3C 64% 98%
OMe
28 26

B, Reduction of compound 31 promoted by pre-catalyst 9d

5 mol % 9d
10 mol % Mez;NO

H
NT) 400 mg 3 AM.S. - PP §
>
(0]
Me0/©/ Toluene, 150 °C, 24 h \)\

—Fe,
26 OH P43 OCO ¢ co
)\/ (3eq.) No reaction
(only 26 recovered) od

Scheme 3.4A: Synthesis of intermedias; B: reduction o226 promoted bydd.

To investigate the mechanism of allylic alcohol amination accompanied with C=C double bonds reduction, a
control experiment was carried out. Intermedi2éewas synthesized according poiblishedprocedure$

(Scheme 3.4 A) and then subjected to the same experimental conditions that led to the formation of product
P43 from 3-butenr2-ol (Scheme 3.4 B). As no formation B#3 was observed, Path cbuld be ruled out,

whereas both Path 2 and Path 3 are viablepaviohbly operating.
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Table 34. Screening of amine nucleophiles in the HB amination-phé&nylethanol promoted by poatalystod.!

5 mol% 9d
10 mol% Me3zNO
H OH 3AMS. RlN,R2
N +
1" ~p2
RTR Ph)\ Toluene, 150 °C Ph)\
23 24b P
. Yield [%0]®]
# Amine Product
t=24h t=72h
_PMP
NH, HN
1 O @2\ 85 > 95
MeO
23a

OMe

NH,
2 /C[ HIN 51 71
MeO OMe

P49
Ph

3 CNH NC' 45 75

23c P50

/\ Ph  —
O NH >_N o

4 / N 15 54

23d P51

[a] Reaction condition®24b/aminefd/MesNO = 400:100:5:10Catalyst activation: toluene, MO, r.t., 15
min, Cocar. = 0.1 M; HB amination: toluen& su.= 0.25 M (0.5 mmol)T =150 €.
[b] Isolated yield after column chromatography.

Later on, the HB amination ofghenylethanoR4b with different amine nucleophiles was performed under
the optimized conditions (Table 3.4). The general trend observed in the alcohol screening (Téble.3.3)
that increasing the steric bulk of the substrates leads to a drop of the yiedsobsered alsan the case of
amines (Table 3.4): benzylaming3@ gave higher yields (Table 3.4, entry 5 vs. entry 6) tNamethyl
benzylamine23f), andp-anisidine 2338 showed higher reactivity th&3b, giving excellent yields (Table 3.4,
entry 1 vs. enir 2). Although also in the amine screeniggelds were improved bgxtending the reaction
time (72 vs. 24 hxliphatic 3cd) and benzylic amine28ef) were found less reactive than anilin234b),

giving quite moderate yields
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Encouraged byhe hidh activity displayed by preatalyst9d, wetesedit in the reaction of primary amines
with diols toafford saturatedN-heterocyclesp-Anisidine 23a) reacted with primary diols30a-c) to generate
the corresponding fivesix- and severmembered ring®53-P55 in fair to good yields (Table 3.5, entries 1
3). In several cases (Table 3.5, entri€3),1the yields were slightly highafter 24 h ratherthan with 72 h,

suggesting that the reaction products might undergo a partial decomposition undestitie ceaditions

The cyclization occurred also with the secondary difld forming 1-(4-methoxyphenyk2,5
dimethylpyrrolidineP561*% as a mixture otis andtrans isomers (Table 3.5, entry 4), and in this case an

extended reaction time positively affected the yield

Table 35. HB amination ofp-anisidine with diols promoted by poatalystod.®

5 mol% 9d
NH, oH 10 mol% MezNO R
R 3AMS.
+ R - MeO N )
Toluene, 150 °C n
MeO OH R
30a(n=1,R=H)
23a 30b (n=2,R=H) P
30c (n=3,R=H)
30d (n =1, R = Me)
_ Yield [%]®!
# Diol Product
t=24h t=72h

e
1 30a 55 44
P53
woo S )
2 30b 66 63
P54

3 30c MeO <:> NQ 40 25
P55

4l 30d Meo@Nij 25 (57:43cigtrang)l® 71 (58:42cis/trans)
P56

[a] Reaction conditions30/23a/9d/MesNO = 400:100:5:10. Catalyst activaticmiuene MesNO, r.t., 15 min,
Co,cat.= 0.1M; HB aminationtoluene Co sub.= 0.25M (0.5 mmol),T = 150 €.

[b] Isolated yield after column chromatography.

[c] Cigltransratio determined byH NMR of the reaction crudé®

Further cyclization tests were carried out combining @0éd with benzylic amine23e 23gand23hunder
the optimized catalytic conditions (Table 3.6). The reaction of benzyla2¥@eavith primary diols30a-c

afforded theN-heterocycle$57-59 in moderate yields (Table 3.6, entrie8)1 Consistent with the report by
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Feringa, Bartaet al,®'¥ the metasubstituted benzylamines bearing electwothdrawing groups43g and

23h) were found slightly more reactive tha8e in reactions forming sixand seven membered ring82-63

andP66-67 (Table 3.6, entry 6, 10 vs. 2; entries 7, 11 vs. 3). However, a@Bee23g and23h gave similar

yields in the formation of pyrrolidind357, P61 andP65 from 1,4butanediol30a (Table 3.6, entries 1, 5 and

9). Remarkably, the corresponding reactions withtig%anedio30d to form 2,5dimethylpyrrolidinesP60,

P64 andP68 (ascig/transdiastereoisomer mixtures) gave higher yields (Table 3.6, entries 4 vs. 1, 8 vs. 5 and

12 vs. 9, thus further confirming the efficacy of peatalyst9d in the HB amination of secondary alcohols.

To the best of our knowledge, the latter reactions and the corresponding reagtamsafline23a(Table 3.5,

entry 4) represent the first examplessettondary diol cyclization promoted by a (cyclopentadienone)iron

complex

Table 36. HB amination of benzylic amines with diols promoted by-@aéalystod.?

©/\NH2

X

OH

R n

OH
30a(n=1,R=H)

5 mol% 9d
10 mol% Me3NO

3AM.S.

Toluene, 150 °C

;2:8:};; 30b (n=2, R = H)
23h (X = CFy) 30c (n=3,R=H)
8 30d (n =1, R = Me)
_ _ Yield [%]!
# Amine Diol Product t=24h (=721
/—NG
1 23e 30a PH 29 45
P57
N
2 23e 30b o 18 28
P58
N
3 23 30c e 11 16
P59
4 23e 30d Ph/_N 66 (79:21cigtrans) 43 (79:21cigltrans)
P60
'S
5 23y 30a Fd 30 27
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)
6 23y 30b Fd 40 54

P62

O
7 23y 30c Fd 51 61

P63

N 55 60
8 23 30d . :
F (76:24cigltrang (79:21cisltrang)
'S
9 2 30a F"‘Cd 8 29

P65

O
10 2% 30b Facd 42 18

P66

O
11 23 30c Fscd 64 68

P67

N 72 66
12 23h 30d éj . :
FsC (73:27cigltrang (76:24cidltrans)

[a] Reaction conditions30/aminefd/MesNO = 400:100:5:10. Catalyst activation: toluenesNI®, r.t., 15 minCo cat.
= 0.1m; HB amination: toluen&Co sun.= 0.25M (0.5 mmol),T = 150 €.

[b] Isolated yield after column chromatography.

[c] Cig/transratio determined bjH NMR of the reaction crudé?

3.2 Conclusionson the 9dcatalyzed HB amination of alcohols

CIC 9d was successfully applied the HB amination of alcohols, whicllowedto remarkably expand the
substratescopeto secondary alcohols without the need of spracious metal coatalysts such as AgF.
Thanks to the highly active Cl@d, a series of secondary alcohols were reactéld aviferent amines (e.g.

anilines, benzylamines and cyclic amingsjing moderate to excellent yields (28%). Precatalyst9d was

also able to promote the reaction of diols with primary amines to form Bize and severmembered\-
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heterocycles in fair to good yields. Notably, a secondary diol {BgxanedioB0d) was employed for the first
time in the cyclization of diols to afford the correspondingdrBethylpyrrolidine producté good yields.
These results certainly represent a step forwatia direction of replacing precious metals with cheap metals

in an attractive atoreconomic such as the HB amination of alcohols.

3.3 Experimental Section

3.31 General remarks

All reactions were carried out in flanttied glassware with magnestrring under inert atmosphere (nitrogen

or argon), unless otherwise stated. Solvents for reactions were distilled over the following drying agents and
transferred under nitrogen: MeOH (CGaHoluene (Na/benzophenone). [mthanol(over molecular sieves

bottles with crown cap) were purchased from Sigma Aldrich and stored under nitrogen. The reactions were
monitored by analytical thitayer chromatography (TLC) using silica gel 60 F254-qoated glass plates

(0.25 mm thickness). Visualization was acgihished by irradiation with a UV lamp and/or staining with a
potassium permanganate alkaline solutorwith a ninhydrin solutionFlash Column Chromatography was
performed using silica gel (60 A, particle size@@ & m) as st at i onp@acedurepbly &t e, f

and ceworkerst!?

H NMR spectra were recorded on a spectrometer operating at 400.13 MHz. Proton chemical shifts are reported
in ppm (U) with the solvent reference relative tc
(CDCls, 0 = 7CDBCK U p pFm;5.)3The follpming abbreviations are used to describe spin
multiplicity: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplstztbroad signal, dd = doublet
doublet, td = tripledoublet.*C NMR specta were recorded either on a 400 MHz spectrometer operating at
100 MHz or on a 600 MHz spectrometer operating at 150 MHz, with complete proton decoupling. Carbon
chemical shifts are reported in ppm (0)stheistérralt i v e
standard (CDGIlT = 7 7 .CD.E6lUp p=m;5 4). Thé@coyplmgrconstant values are givehéntz Hz).

1%F NMR spectra were recorded on a 300 MHz spectrometer operating at 282 MHz, with complete proton
decoupling.Fluorine chemicakhifts are reported in ppnii)(relative to externaCFCk at O ppm (positive

values downfield)nfrared spectra were recorded on a standard FTg#etophotometerHigh resolution

mass spectra (HRMS) were performed on a ESI QTof SYNAPT G2 Si mass sgetrQiaters), available

at the UNITECHCOSPECT laboratories (Universitadegli Studi di Milano).
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Materials: alcohols and amines used in the substrate screening were purchased from commercial suppliers
(TCI Chemicals, ACROS, Sigma Aldrich). The liquid ansingere distilled before use, whereas the other
reagents were used as received-datalystdd was prepared as previously describe@hapter 2, Section 2.

3 AMS were dried under high vacuum at 200 € and then stored in an oven at 110 €.

3.3.2Control experiment for elucidating the mechanism of allylic alcohol amination with concomitant

C=C reduction
3.3.2.1 Synthesis of the putative intermediat26
2,2,2Trifluoro -N-(4-methoxyphenyl)acetimidoyl chloride(27)1

oo . A mixture of triphenylphosphe (8.57 g, 132.0 mmol, 3 éqtrifluoroacetic acid (1.24
Cl%oa g, 10.9 mmol, %¥q), EtN (1.82 mL, 13.1 mmol, 1.2q) and carbon tetrachloride (10

mL) was magnetically stirred while cooled with an ice bath. After 10 mimgthoxyaniline (1.61 g, 13.1
mmol, 1.2eq) dissolved in carbon tetrachloride (10 mL) was added slowly (exothermic reaction). The ice bath
was removd and the reaction mixture was stirred at reflux for 4 h. Upon cooling,tthe reaction mixture

was washed with hexan® x 100 mL). Solvent was removed using a rotary evaporator to give an orange oil.

Distillation gave 2.27 g of 2,2-Rifluoro-N-(4-methoxyphenyl)acetimidoyl! chlorid&las a light yellow liquid:
b.p. 7577 €/0.3 mmHg (9.02 mmol, 69%).

IH NMR (400 MHz, CDCf) U 7J=3.0 Hz( 2H), 6.96 (d] = 9.0 Hz, 2H), 3.85 (s, 3H
But-2-en-1-yl 2,2, 2trifluoro -N-(4-methoxyphenyl)acetimidate(28)*d

ome Sodium hydride (144 mg, 6 mmol, 28) was slurred in THF (8 mL) and cooled to O €.

N|/©/ 2-Butenl-ol (433 mg, 6 mmol, 1.2q) was added dropwise and the reaction was stirred
F3C)\O/\/\ at 0 € for 30 min. The cooling bath was removed and the reaction was stirred for an
additional 1.5 h att. A solutionof N-(4-methoxybenzyDtrifluoroacetimidoyl chlorid&7 (1.26 g, 5 mmol, 1
eqg) and THF (8 mL) was added in one portion to the alkoxide solution. The reaction was maintatnfed at
18 h before concentrating. The residue was redissolved in hexamesdfilirougtcelite and concentrated.
The resulting residueras purified by flash chromatograp(§9:1 to 95:5 hexandtOEf) gave 601 mg 028
as a paleyellow oil (2.2 mmol, 44%).

IH NMR (400 MHz, CDCJ): 1i6.84 (d,J = 8.9, 2H), 6.% (d, J = 8.9, 2H), 5.89-5.85 (m, 1H), 5.2-5.68 (m,
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1H), 4.68 (s, br, 2H), 3.79 (s, 3H), 1.77 Jd& 6.3 Hz, 3H).
N-(But-3-en-2-yl)-2,2,2trifluoro -N-(4-methoxyphenyl)acetamidg29)!%!

Z o, Bis(acetonitrileydichloropalladium(ll) (69 mg, 0.183 mmol, Cefy) was dissolved in 3 mL of dry
/(N/g DCM atr.t., under Ar atmosphere. A solution 28 (500 mg, 1.83 mmol, &q) in 3 mL of dry
© DCM was added one portion. The resulting mixture was stirred for 18theed filtered through
OMe  a celite plug. The solvent was removed and the product was purifitdshychromatography
(95:5 hexané{cOEf) gave 320 mg a29 as a palg/ellow oil (1.17 mmol, 64%)H NMR (400 MHz, CDC))
{17.08-7.04(m, 2H), 6.8-6.86(m, 2H), 579-5.71(m, 1H), 5.8-5.24(m, 1H), 5.205.15 (m, 2H), 3.83 (s, 3H),
1.19 (d,J = 6.9 Hz, 3H).

N-(4-Methoxyphenyl)-3-amino-1-butene (26)!%3

_ Potassium carbonate (380 mg, 2.75 mmolgf bwas added att. to the solution of amid29 (300

)\/NH mg, 1.10 mmol, Eq) in 5:1 MeOH/HO. The resulting solution was heated to reflux and stirred for
3 h.Upon cooling ta.t., the reaction mixture was washed with DCM (10 mL) and water (10 mL)
oMe and the phases were separated. The aqueous phase was extracted with DCM (3 x20 mL) and the

combined organic phases were washed with brine (20 mL), dried wvi8(Nand concentratedlhe crude
was purified byflash chromatographf:1 hexaneXcOEY) giving 191 mg o226 (1.08 mmol, 98%)*H NMR
(400 MHz, CDC}) 1 6.76 (d,J = 8.9, 2H), 6.58 (dJ = 8.9, 2H), 5.8%5.78 (m, 1H), 5.20 (dt] = 17.2, 1.4 Hz,
1H), 5.07 (dtJ = 10.4, 1.4 Hz, 1H), 383.87(m, 1H), 3.74 (s, 3H), 1.29 (d= 6.6 Hz, 3H).

3.3.2.2 Control experiment

Toluene (0.25 mL) was added to a mixture ofgaalystod (9.6 mg, 0.025 mmol, 0.0&q) and MeNO (3.8

mg, 0.050 mmol, A.eq) under argon in a Schlenk vessel fitted with a Teflon screw cap. The resulting solution,
which gradually turned from yellow to dark red, was stirred for 20 minutes @mpound26 (0.5 mmol, 1

eq) was added, followed by 3 AM.S. (beads, 400 mg),rat@l.5 mmol, 32q) and additional toluene (1.75
mL). The reaction vessel was sealed and stirred in-agated oil bath at 150 € for the 24 h. After cooling
down, the mixture was filtered through celite (rinsing several times Ad®EY), and then thesolvent was
removed at rotavapor. NMR analysis revealed the exclusive presence of unreacted c@@potinedreaction

crude.
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3.3.3Catalytic Testsi 6 hy d r-lo@grernowi ngd ami nat i ohGeodral Boeedwendar y a
3.3.3.1General Procedure forthe HB amination of alcohols

Precatalyst9d (9.6 mg, 0.025 mmol, 0.05 eq.) and M© (3.8 mg, 0.050 mmol, 0.1 eq.) were weighted in a
Schlenk vessel fitted with a Teflon screw cap. The mixture was abigdémluene (0.25 mL) under argon and stirred

for 20 minutes at.t. The resultingsolution gradually turned from yellow to dark reedthis processThe amine
substrate (0.5 mmol, 1 eq.), 3 AM.S. (beads, 400 mg), alcohol (2.0 mmol, 4.0 eq.) and additienal(fo75 mL)

were added successively. The reaction vessel was sealed and stirredea¢uleoil bath at 150 € for the 24 h

or 72 h. After cooling down tet., the resulting mixture was filtered through celite (rinsing several times with
AcOEf), and then the solvent was removed under reduced pressure. The product was purified by flash

chromatographyeluent: hexan@&cOEt mixtures, with 0.51% EgN additive in some cases)

3.3.3.2Characterization data of amines products

The analytical data are atcordance with those reported in literature (see references in each case)

Amine (name, chemical
Data
formula)

4-N-Octylamino-1-methoxybenzengP39):(®

'H NMR (400 MHz, CDCJ): U6.78 (d,J = 8.9 Hz, 2H), 6.58 (d] = 8.9 Hz,

| 2H), 3.75 (s, 3H), 3.06 (§,= 7.1 Hz, 2H), 1.62.55 (m, 2H), 1.441.25 (m,
~
Meo/@ 10H), 0.88 (tJ = 6.7 Hz, 3H).

FCC eluent: hexan®tOEtfrom 99:1 to 95:5 (+ 0.5% TEA).

4-Methoxy-N-(1-phenylethyl)aniline (P1):™*3

IH NMR (400 MHz, CDCJ): ti = 7.427.34 (m, 4 H), 7.207.25 (m, 1 H),

OMe
O 6.74 (d,J=8.9 Hz, 2 H), 6.52 (d1= 8.9 Hz, 2 H), 4.46 (] = 6.7 Hz, 1 H),
HN

©)\ 3.73 (s, 3 H), 1.54 (d= 6.7 Hz, 3 H).

FCC eluent: hexanBtOEt99: 1
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4-Methoxy-N-(1-(naphthalen-2-yl)ethyl)aniline (P20):[*4

!H NMR (400 MHz, CDC): i = 1779 @84 H), 7.52 (ddl= 8.5, 1.7
OMe
O Hz, 1 H), 7.487.41 (m, 2 H), 6.68 (d] = 9.0 Hz, 2 H), 6.55 (d] = 9.0 Hz,
HN

2 H), 4.58 (q) = 6.7 Hz, 1 H), 3.68 (s, 3 H), 1.60 (@ 6.7 Hz, 3 H).

FCC eluent: hexanBtOEt95: 1

4-(Isopropilamino)anisole (P40): 8

IH NMR (400 MHz, CDCJ): i 6 . 3-88.8(Hd, 2H), 6.60 (d] = 8.8 Hz,

OMe
HNJ©/ 2H), 3.75 (s, 3H), 3.58.50 (m, 1H), 1.19 (d] = 6.3 Hz, 6H).
P

FCC eluenthexaneAcOEt95:5.

4-Methoxy-N-(octan-2-yl)aniline (P25):*9

IH NMR (400 MHz, CDCJ) 116.77 (d,J = 8.9 Hz, 2H), 6.65.59 (m, 2H),

OMe
St /©/ 3.75 (s, 3H), 3.38.33 (M, 1H), 1.42.27 (M, 10H), 1.16 (d,= 6.3 Hz, 3H),
N
" 0.88 (t,J = 6.9 Hz, 3H).

FCC eluent: hexan&tOEt99: 1

4-Methoxy-N-(3-pentyl)aniline (P41):119

IH NMR (400 MHz, CDC}): i 6 . 7=78.9(Hd, 2H), 6.55 (d] = 8.9 Hz,

2H), 3.74 (s, 3H), 3.14 (pert= 5.9 Hz, 1H), 1.62.42 (m, 4H), 0.93 (] =

Me0~©j>\\
N 7.4 Hz, 6H).

FCC eluent: hexan&tOEt99:1.

N-Cyclopentyl-4-methoxyaniline (P42):1*7

IH NMR (400 MHz, CDC}): i 6 . 7=78.9(Hd, 2H), 6.58 (d] = 8.9 Hz,
2H), 3.74 (s, 3H), 3.73.71 (m, 1H), 2.08..96 (m, 2H), 1.74..69 (m, 2H),

MeO\Q\
N 1.631.58 (m, 2H), 1.49.41 (m, 2H).

FCC eluent: hexan&tOEt 70:30.

N-Cyclohexyk4-methoxyaniline (P37):1®
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IH NMR (400 MHz, CDC)i 6. 76 (d, J = 8.9
ome 2H), 3.74 (s, 3H), 3.28.12 (m, 1H), 2.0&.02 (m, 2H), 1.74.72 (m, 2H),
i N j 1.67-1.63 (m, 1H), 1.44..10 (m, 5H).

FCC eluent: hexan&tOEt99: 1

N-(secButyl) -4-methoxyaniline (P43)17

IH NMR (400 MHz, CDC}): i 6 . 378.9(Hd, 2H), 6.55 (d] = 8.9 Hz,
o 2H), 3.74 (s, 3H), 3.33.29 (m, 1H), 1.641.57 (m, 1H), 1.49..38 (m, 1H),
e
@N 1.15 (d,J = 6.3 Hz, 3H), 0.94 () = 7.4 Hz, 3H).

H

FCC eluent: hexanAtOEt95:5.

4-Methoxy-N-(pentan-2-yl)aniline (P44):111

'H NMR (400 MHz, CDC)): i 6 . 3=78.9(Hd, 2H), 6.59 (d] = 8.9 Hz,
2H), 3.75 (s, 3H), 3.48.34 (m, 1H), 1.6€..52 (m, 1H), 1.48..36 (m, 3H),
1.15 (d,J = 6.3 Hz, 3H), 0.92 () = 7.1 Hz, 3H).

o

FCC eluent; hexan&tOEt95:5.

N-(Cyclohex-2-en-1-yl)-4-methoxyaniline (P45): 18

IH NMR (400 MHz, CDC)): i 6 . 7-88.9(Hd, 2H), 6.61 (d] = 8.8 Hz,

Moo Q 2H), 5.865.74 (m, 2 H), 3.91 (br s, 1 H), 3.75 (s, 3 H), 2260 (m, 2 H),
C N 1.941.87 (m, 1 H), 1.7i71.55 (m, 3 H).

FCC eluent: hexan&tOEt98:2.

N-(1,3-Diphenylprop-2-yn-1-yl)-4-methoxyaniline (P46): 19

IH NMR (400 MHz, CDCY): i 7-7.66 {m, 2H), 7.4F.38 (m, 4H), 7.36

» Q\ 7.27 (m, 4H), 6.8%5.75 (m, 4H), 5.41 (s, 1H), 3.88 (bs, 1H), 3.76 (s, 3H
e
QH =—pn

FCC eluent: hexan&tOEt98:2.

4-Methoxy-N-(1-phenylprop-2-yn-1-yl)aniline (P47):[29
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!H NMR (400 MHz, CDCJ): ti 1 2 .JE42.4(Ha, 1 H), 7.93 (dl= 6.5
OMe
O Hz, 2 H), 7.517.42 (m, 4 H), 6.06 (d] = 8.9 Hz, 2 H), 6.90 (d] = 8.9 Hz,
O HN

WH 2 H), 5.98 (dJ = 7.7 Hz, 1 H), 3.81 (s, 3 H).
H

FCC eluent; hexan&tOEt98:2.

N-Benzhydryl-4-methoxyaniline (P21):[24

H NMR (400 MHz, CRCl) U 7i 7.309m, 8 H), 7.2i77.22 (m, 2 H), 6.6¢
OMe
O (d, J=8.9 Hz, 2 H), 6.50 (d, J = 8.9 HAP 5.44 (s, 1 H), 4.12 (br s, 1 H
HN

3.67 (s, 3 H).

FCC eluent: hexan&tOEt98:2.

N-(4-Methoxyphenyl)-1-methylpiperidin -4-amine (P48)!?2

IH NMR (400 MHz, CDCJ): Ui = 6.77 (d,J = 8.9 Hz, 2H), 6.58 (d] = 8.9
Me-NC}NH Hz, 2H), 3.74 (s, 3H), 3.28.17 (m, 1H), 2.88.82 (m, 2H),2.31 (s, 3H)

2.172.03 (m, 4H), 1.53.44 (m, 2H).
OMe
FCC eluent: DCM/MeOH 9:1 + 0.5% &t

2,4-Dimethoxy-N-(1-phenylethyl)aniline (P49): >3

'H NMR (400MHz, CDCh): i 7-7.2® {m, 4H), 7.2F.19 (m, 1H), 6.44
OMe
(t, J = 1.4 Hz, 1H), 6.24.23 (m, 2H), 4.40 (g) = 6.7 Hz, 1H), 4.29 (bs
©)\ OMe 1H), 3.86 (s, 3H), 3.69 (s, 3H), 1.53 (&5 6.7 Hz, 3H).

FCC eluent: hexanatOEtfrom 99:1 to 90:10.

1-(1-Phenylethyl)pyrrolidine (P50):24

IH NMR (400 MHz, CDCY): i~ 7-7.28 {im, 5H), 3.21 (q] = 6.6 Hz, 1H),

2.61:2.55 (M, 2H), 2.42.35 (m, 2H), 1.82.75 (m, 4H), 1.43 (dl = 6.6 Hz,
o
3H).

FCC eluent: hexan&tOEtfrom 95:5 to 70:30.

4-(1-Phenylethyl)morpholine (P51):12%
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IH NMR (400 MHz, CDC}) U 7-7.33 4m, 4 H), 7.267.23 (m, 1 H), 3.71

(t, J= 4.7 Hz, 4 H), 3.32 (q1= 6.7 Hz, 1 H), 2.582.47 (M, 2 H), 2.422.32
N b (m, 2 H), 1.38 (d, J = 6.7 Hz, 3 H).
_/

FCC eluent: hexanBtOEt80:20 (+ 0.5% TEA).

N-Benzyk1-phenylethylamine (P15):[29

IH NMR (400 MHz, CDC}) : 7.38 7.24 (m, 10 H), 3.82 (g} = 6.8 Hz, 1
HN H), 3.67 (dJ=13.1 Hz, 1 H), 3.60 (d,= 13.1 Hz, 1 H), 1.37 (d= 6.6 Hz,

.

FCC eluent: hexanAtOEt95:5.

N-BenzykN-methyl-1-phenylethylamine (P52): (27

!H NMR (400MHz, CDCk) :  #7.23(m,40H), 3.8 (q,J = 6.8 Hz, 1H),

358(d,J = 13.3 Hz, 1H), 3.3(d, J = 13.3 Hz, 1H), 24 (s, 3H), 1.8 (d, J
J\(> = 6.7 Hz, 3H).

O

FCC eluent: hexan&tOEt95: 5.

1-(4-Methoxyphenyl)pyrrolidine (P53):[28

H NMR (400 MHz, CDCJ) :  Ti(d, =98 Hz, 2H) , 6.5 (d, J = 9.0Hz,
Meo@“@ 2H), 3.8 (s, 3H), 3.7-3.24 (m, 4H), 2.3-1.99 (m, 4H).

FCC eluent: hexan&tOEtfrom 98: 2 to 95: 5.

1-(4-Methoxyphenyl)piperidine (P54):1?8

IH NMR (400 MHz, CDCJ) :  2i(d, &= 99 Hz, 2H), 6.83 (dJ=9.1Hz,

Meo@( > 2H), 3.77 (s, 38), 3.04-3.01(m, 4H), 1.5-1.69 (m4H), 1.57.1.51 (m, 2H).

FCC eluent: hexan&tOEtfrom 97: 3 to 97: 3.

1-(4-Methoxyphenyl)azepane (B5):[%
IH NMR (400 MHz, CDCJ) : U ,6=98 Pz, ZH), 6.63d,J = 9.1 Hz,
MBOQNQ 2H), 3.75 (s, 3H), 3.43.39(m, 4H), 180-1.74 (m, 4H), 1.5-1.52(m, 4H).
FCCeluent: hexan&CcOEtfrom 98:2 to 92:8.
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1-(4-Methoxyphenyl)-2,5-dimethylpyrrolidine (P56) (mixture of diastereomer§f!

'H NMR (400 MHz, CDCY) :  %+6.88(m,& H), 6.& (d,J=90Hz, 2 H,
cisisomer), 6.5(d,J=90Hz, 2 H,transisomer),3.963.93(m, 2 H,trans
isomer), 3.8 (s, 3 H), 366-3.62 (m, 2 Hcis-isomer), 24-2.20 (m, 2 H,

Meo—QN transisomer), 2.071.99 (m, 2 Heis-isomer), 1.7-1.69 (m, 2 H,cis-isomer),
1.63-1.60 (m, 2 H,transisomer), 1.3 (d, J = 6.1 Hz, 6 H,cis-isomer) 1.0
(d,J=6.1 Hz, 6 Htransisomer).

FCC eluent; hexan&tOEtfrom 99:1 to 90:10.

N-Benzylpyrrolidine (P57):[!

IH NMR (400 MHz, CDCJ)) : 387.28(m, 5H), 3.0 (s, 2H), 2.6-2.60

d N (m, 4H), 1.6-1.82(s, 4H).

FCC eluent: hexanBtOEtfrom 75:25 (+ 0.1% TEA).

N-Benzylpiperidine (P58):[4"

IH NMR (400 MHz, CDCJ) : 367.23(m, 5H), 3.2 (d, J = 1.8 Hz, 2H),

g O 2.442.40(m, 4H), 1.64-1.58(m, 4H), 147-1.41(m, 2H).

FCC eluent: hexanBtOEtfrom 75:25 (+ 0.1% TEA).

N-Benzylazepane (B9): 1!

@”O IH NMR (400 MHz, CDCY) :  7.23 (m3H), 3.64 (s, 2H), 2.8 (t, J =
5.0 Hz, 4H), 1.6-1.60(m, 8H).

FCC eluent: hexanBtOEtfrom 75:25 (+ 0.1% TEA).

1-Benzyk2,5dimethylpyrrolidine (P60, mixture of diastereomex&d

H NMR (400 MHz, CDCJ) : 7.387.25(m, 4 H), 7.247.20 (m, 1 H), 3.8%

(d, J = 138 Hz, 1 H,transisomer), 3.74 (s, 2 His-isomer), 3.52 (dJ =
dN 138Hz, 1 H,transisomer), 3.043.00 (m, 2 H{rans-isomer), 2.6-2.53 (m,

2 H, cis-isomer), 2.06L.97 (m, 2 Hiransisomer), 1.811.74 (m, 2H, cis-

isomer), 1.401.34 (m, 2 Hgcis- andtransisomer), 1.05 (dJ = 6.0 Hz, 6 H,
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cisisomer), 0.97 (dJ = 6.0 Hz, 6 H{ransisomer).

FCC eluent: DCM/MeOH from 98: 2 to 92: 8.

1-(3-Fluorobenzyl)pyrrolidine (P61):®

IH NMR (400 MHz, CDCly) @ 2T(td, 2= 7.9, 6.0 Hz1H), 7.127.06 (m,
N
:/< G 2H), 6.95-6.91(m, 1H), 3.60 (s, 2H), 2.50.47 (m, 4H).1.781.75 (m, 4H).
F

FCC eluent: DCM/MeOH from 99: 1 to 98: 2(+ 0.5% TEA).

1-(3-Fluorobenzyl)piperidine (P62):!

IH NMR (400 MHz, CDCl,) :  @i(td, D = 80, 6.1 Hz, 1H), 7.10-7.06 (m,
2H), 6.95-6.90(m, 1H),3.43 (s, 2H), 2.32.32(m, 4H), 1.1B-1.53(m, 4H),

)
F—d 1.46-1.41 (M,2H).

FCC eluent: DCM/MeOH from 98: 2 to 97: 3 (+ 0.1% TEA).

1-(3-Fluorobenzyl)azepangP63):L

IH NMR (400 MHz, CDCY) :  5i(dt,d = 27, 6.1 Hz, 1H), 7.2-7.09(m,
2H), 6.%-6.89 (m, 1H), 3.8 (s, 2H), 2.@ (t, J = 50 Hz, 4H), 1.6-1.63(m,

S

FCC eluent: hexanBtOEtfrom 90:10 (+ 0.1% TEA).

1-(3-Fluorobenzyl)-2,5-dimethylpyrrolidine (P64, mixture of diastereomeérs

H NMR (400 MHz, CRCly): 7.277.23 (m, 1 H), 7.157.10 (m, 2 H), 6.9-

6.88 (m, 1 H), 3.2 (d,J = 14.4 Hz, 1 H{ransisomer), 3.8 (s, 2 H,cis-

isomer), 3.8 (d, J = 14.4 Hz, 1 Htransisomer), 3.8-3.02 (m, 2 H,trans

isomer), 2.6-2.58 (m, 2 H,cisisomer), 2.6-1.98 (m, 2 H, transisomer),

N 1.87-1.76 (m, 2 H,cis-isomer), 146-1.32 (m, 2 H),1.00(d,J= 6.1 Hz, 6 H,
Fd cisisomer), 0.9 (d, J = 63 Hz, 6 H,transisomer);*C NMR (100MHz,
CD.Cl,) :1636 (dJcr=242.4 Hzfransisomer), 163.4 (dJcr= 242.5 Hz,

cisisomer), 144.8 (dJce = 9.2 Hz), 130.0 (dJcr = 9 Hz,transisomer),
129.8 (dJcr= 8.3 Hzcisisomer), 124.8 (dlcr= 2.6 Hz,cisisomer), 124.5

(d, JcF= 2.6 Hztransisomer), 116.0 (d) = 21.1 Hzcisisomer), 115.6 (d
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J=21.2 Hztransisomer), 113.7 (dJc = 21.1 Hz transisomer), 113.7 (d
J = 211 Hz, cis isomer), 61.6 ¢is isomer), 56.4 d¢is isomer), 55.6 tfans
isomer), 51.6t¢ansisomer), 32.1¢isisomer), 31.6tansisomer), 21.4dis

isomer), 17.5ttansisomer);°F NMR (282 MHz, CRCl;) : -115.15;IR

(neat) 2962.13, 2927.41, 2870.52802.06, 1616.06, 1590.99, 1485.¢
1450.21,1373.07, 1350.89, 1328.71, 1254.47, 1203.36, 1130.08, 10
992.20, 944.95, 926.63, 871.67, 783.92, 745.35, 686.53 cm

HRMS (ESI+): m/z 208.1501 [M+H](calcd. for GsHigFN: 208.1502).

FCC eluent: DCM/MeOH B: 3.

1-(3-(Trifluoromethyl)benzyl)pyrrolidine (P65):(24

IH NMR (400 MHz, CDCJ) :  7.59 (m6104), 7.8-7.49 (m, 2H), 7.42
N
:/< G (t, J=7.7Hz, 1H), 3.6 (s, 2H), 2.8-2.51 (m, 4H), 1.821.79 (m, 4H).
FsC

FCC eluent: hexan®tOEtfrom 7:3 to 3: 2 (+ 0.1% TEA).

1-(3-(Trifluoromethyl)benzyl)piperidine (P66):2%

IHNMR (400 MHz,CDCJ) : U 7. 58 J=s83Hz12H), 7.41,
J=77Hz, 1H), 3.5L (s, 2H), 2.371 J = 52 Hz, 4H), 1.621.55 (m, 4H),

)
Fscd 1.47-1.42 (m, 2H).

FCC eluent: hexan&tOEtfrom 7: 3.

1-(3-(Trifluoromethyl)benzyl)azepane (P67):

IH NMR (400 MHz, CDC)) :  8i(s, IH),§.5 (d, J = 76 Hz, 1H), 7.9

7.48(m, 1H), 7.4 (t, J= 7.7 Hz, 1H), 369 (s, 2H), 2.8 (t, J = 4.8 Hz, 4H),

()
md 1.66-1.63(m, 8H).

FCC eluent: hexan®tOEtfrom 90:10 (+ 0.1% TEA).

2,5Dimethyl-1-(3-(trifluoromethyl)benzyl)pyrrolidine (P68, mixture of diastereomeérs

'H NMR (400 MHz, CDCJ) : U 7 . t@nkisgmer),7.59 (Bl 1 Heis

isomer), 7.47 (d)J=8.0 Hz, 1 H), 7.39 (1 = 7.6 Hz, 1 H), 3.85 (d]= 14.4

N

ij isomer), 7.56 (d] = 7.6 Hz, 1 Hfransisomer), 7.52 (d) = 7.8 Hz,1 H, cis-
FsC
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Hz, 1 H,transisomer), 3.75 (s, 2 His-isomer), 3.60 (dJ = 14.4 Hz, 1 H,
transisomer), 3.043.00 (m, 2 Htransisomer), 2.612.56 (m, 2 H,cis-

isomer), 2.041.98 (m, 2 Htransisomer), 1.851.79 (m, 2 Hcis-isomer),
1.431.35(m, 2 H), 1.00 (dl = 6.0 Hz, 6 Hcis-isomer), 0.96 (d) = 6.4 Hz,
6 H, transisomer).’*C NMR (100MHz, CDCJ) : 1422 (ransisomer),
141.9 Eisisomer), 132.2 (qJc.r= 2.6 Hz,cisisomer), 131.8 (qJce= 2.5
Hz, transisomer), 130.5 (qJcr = 31.7 Hztransisomer), 130.4 (QJcr =

31.7 Hzcisisomer), 128.5tfansisomer),128.4 €isisomer), 125.5 (qJc.r

= 7.6 Hz,cisisomer), 125.1 (gJc.r= 7.5 Hz transisomer), 124.5 (dJc e =

270.5 Hztransisomer), 124.5 (dlc = 270.4 Hzgcisisomer), 123.5 (qlcr

= 7.7 Hz), 60.9 ¢is isomer), 55.9 d¢is isomer), 55.1 tfans isomer), 51.4
(transisomer), 31.5¢isisomer), 31.1tfansisomer), 21.0d¢isisomer), 17.3
(transisomer);°F NMR (282 MHz, CDGJ) : -GR.463IR (neat) 2964.05
2928.38, 2871.49, 2803.03, 2611.14, 1676.80, 1615.09, 1597.73, 14
1451.17, 134.03, 1329.68, 1256.40, 1199.51, 1163.83, 1126.22, 109
1073.19, 948.81, 920.84, 889.99, 799.35, 750.17, 702.93, 660.50
HRMS (ESI+): m/z 258.1472 [M+H]calcd. for GsHadFsN: 258.1470).

FCC eluent: hexanBtOEtfrom 85: 15 to 4: 1 (+0.1% TEA).
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Chapter 4 - Chiral complexes for enantioselective applications

As discussed in Chapter 1, CICs have recently become the object of a blossoming interest among researchers
active in the field of hydrogen transfer reactions. Nevertheless, applications of these complexes in
enantioselective catalysis are still very linditavith the exception of the dual catalysis approach reported by
Belleret al.in 2011, in which a chiral Bransted acid-catalyst was combined with an achiral HCIGa.l!

In order to expand the catalytic application of CICs to enantioselezdiadysis, the development of chiral
complexes is an ineludible challenge, which has been tatldedfar with limited successfollowing two

alternative strategies (see Section 1.6.1): 1) replacing one of the CO groups with a chiral ligand (Figure 4.1
A);[@ 2) using a chiral cyclopentadienone ligand (Figure 4. B)though several chiral CICs have been
developed, only poor to moderate enantioselectivity was obtained in the reduction of ketones and ketimines
(Figure 4.1 A and B). A possible explamatiof these modest results is that, in these chiral complexes, the

stereogenic group(s) sit far away from the substrate in the pericyclic reduction TS (see Figure 4.2)

Figure. 4.1. Main strategiesor synthesiof chiral CICs. AH = asymmetric hydrogenation; ATH = asymmetric transfer

hydrogenation.

A third possible strategy is the synthesis of chiral iron complexes possessing a stereogenic plane by employing
achiral cyclopentadienones bearing different substituents owthgides of the C=0 groufhis strategyas

been already applied by Hayashi andnrawrkers to the synthesis of chiral Shyme ruthenium complexes in
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