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Abstract

N-Alkylation of amines with alcohols mediated lmprrowing hydrogen is a useful
synthetic tool for the preparation of functionalised amines. Specifically, alcohols can be
temporarily converted intaarbonyl compounds by the metaltalysed removal of
hydrogen. The carbonyl compounds are more reactive than the precursor alcohols and
can reacin situ with amines to give imines. The metal catalyst returns the borrowed

hydrogen to the imines, giving tlaékylated amines.

Chapter 1 outlines the potential for the atefficient hydrogen borrowing processes,
giving an overview of the main transformations that can be carried out using this
interesting methodology. A preliminary investigation of the reaati@chanism gave us

useful information for the synthesis of more robust catalysts for these processes.

As a result a new family of rhodium and iridium complexes was synthesised, which
contained a modified Cp* ligand bearing an amine on the tetheredl dwa iridium
catalysts were found to be the most active among our family of moimowenplexes

More than 20 substrates containing aryl, heteroaryl #nd groups were prepared in
62-99% vyields; among them, primary and secondary alcohols and printhsgaondary
amines have been used. Furthermore, a broad range of functional groups were tolerated,
such as halides, nitriles, ethers, esters, amides, sulphonamides and carbamates.
Furthermore, the development of a recyclable rhodium complex and a cidimanir

catalyst were attempted.

To conclude, Chapter 5 describes the catalytic activities of three dicationic monomers.
TheN-alkylation of amines on water was explored. The procedure works well for a range
of substituted alcohols and amines; in totalc@pounds have been isolated in good to
excellent yield (> 69%).
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Chapter 1. Introduction

1.1 Alkylation of Amines with Alcohols promoted by Hydrogen Borrowing

The chemistry of amines,mades and other nitrgencontaining compounds plays a
central role in organic synthesi® great number of natural, pharmaceutical and
agrochemical compounds have a@\Cbond and for this reason, several methods have
been developed to prepare them. Pardidyl we focus our attention on the synthesis of
amines. There are numerous reactions which give amines as products, including reductive
amination processes from carbonyl groups and amination of aryl haksesng all the
reactions to make amines that are carried out efficalyioduthe pharmaceutical industry,
N-alkylation processes using alkyl halides or tosylates are the most used (36%), followed
by reductive amination (20%) and-alkylation of amides and reduction (10%6).
Nucleophilic substitutions (&) are still widely used, even though alkylating reagents are
often genotoxic and the requirememat anly a minute level of genotoxic impuritiese
permitted in drug candidateliscourages these substitutions late in the synthagis.
reduction of amines and amides is often carried out using flammable or toxic reducing
reagents, such as lithium aluminium hydride, borane or sodium cyanoborohydride, which
also lead to complework-up procedures and to the generation of a high level of Waste.
The following example shows some of the difficulties found in scaling up these processes.
Lotrafiban, SB-214857A, was a potential drug candidate molecule whaciedas a
nonpeptidic glycoprotein llb/llla receptor antagonist to prevent platelet aggregation and

thrombus formatiorgFigure1).3

Figure 1

HN H
* HCl HOOC

SB-214857-A



The development of this drug halted during phase Il clinical trials, but by that stage
several routes have been developed to manufacture the drug iftanustale’. The
intermediateN-methylaminomethylnitrobenzerigwas initially prepared starting from
2-nitrobenzyl alcohol by bromin@n using concentrated hydrobromic acid and a
nucleophilic substitution with aqueous methylamifk&(re 2). The methylamine was
used in excess to avoid the formation of the dialkylated pratfct

Figure 2
HBr
8% MeNH2 NHMe
Me
1 2 3 4 (by- product

Since these reaction conditions were gbéesh and the intermedicevas lachrymatory

and not thermally stable, further optimisations were necessary in order to improve the
sustainability of this process. Thus;nBrobenzyl bromide2 was replaced with the
corresponding mesylafe Even thoughtte reaction conditions were milder, the mesylate
was not isolated and it was added directly to a large excess of methylamine to synthesise
3 (Figure3).2

Figure 3
@(\OH MsClI @(\OMS MeNH, (9 eq) NHMe
+ 4 (3-5%)
NO, TEA, THF NO,
1 3, 92% over 2 steps

The optimisation of the reaction conditions led to preparati@irohigh yield (92% wer

two steps) and the formation of the dialkylated ardim&as reducedownto 3-5% vyield.
However, compound$ and 2 were less stable and less safe to handle than the
corresponding benzyl alcohdl and the amine hihto be used in large excess

(9 equivalents) to avoid the overalkylated proddctBesides, a stoichiometric amount of
waste was formed both in the first and second step of the synthesis (respectively,
triethylammonium chloride and methanesulfonic acid), which underlines the low atom

efficiencyof such processes.



In the last few years, the rise of green chemistry has highlighted the need to develop
strategies that increase the sustainability of such proct€3es.of these sitegies
replaces highly reactive reagents such as alkyl halides or tosylates with less reactive
reagents such as alcohols, ROH. Effectively, the use of alcohols adiatk@gents is
beneficial as thee reagents are readily available, highly stable, iflovoxicity, easily
stored, low in cost and relatively high in atom efficiefcy.

Generally, alcohols are not used as alkylating reagents because the hydroxyl group is not
a good leaving group. However, they can be activatedatalytic dehydrogenative
oxidation to generaten situ a more reactive carbonyl species, which can react as an
electrophilic or a nucleophilic speciésf the carbonyl compound or its derivative is
subsequently reduced under the reaction conditions, this protocol is known asgehydr
autotransfer proce8%° or borrowing hydrogef® The additional reactivity of the ketone

is exploited by imine formation and reduction to an amine, alkene formation and
reduction to a € bond and enolisation, electrophilic trapping and reduction to a
functionalised alcohd!.

The general mechanism for the first pathway, Whieads to carbenitrogen

bondformation reactionss shown inFigure4.

Figure 4

R1
OH R™ N’

M]

P
\ [(MH;]

+ H,NR' x. R
o) 2—> R/\N,

-H,O
imine
formation

R

T

R

The first step is the abstraction of hydrogen from the starting alcohol by a catalyst to form
the corresponding carbonyl compound. Thkofeing step is a condensation reaction
between the new carbonyl compound and the amine, which leads to imine or iminium
formation. Finally, the abstracted hydrogen is returned and incorporated into the final
product. The atom efficiency of such procesgaly high as the only bgroduct is water.

The other two reaction pathways lead to the formation of n€&b@nds. In the first case,



the carbonyl compound generated from the dehydrogenation of the alcohol reacts in a
Wittig reaction to give an alkenghich is then reduceth situ to the corresponding

alkane Figure5).1°

Figure 5
R1
R” OH R
[M]

| [MH,]
+ Ph,P=CHR’ 1
R&O 2 _ R/\/R

alkene

formation

In the lastpathway the alcohols are functionalised in tifeposition Eigure 6).
Effectively, the oxidation to a carbonyl compound provides an opportunity to access
enol/enolate chemistry, which can react with an electrophile. Again, the abstracted

hydrogen is incorporated into the figabduct to afford thé-substituted alcohol.

Figure 6
OH OH
M]
| [MH,]
O + E+ O
_—
R)‘K . R)J\/E
via enol

formation

Within this introduction, we will cover the synthesis of alkylated amines mediated by

borrowinghydrogen as shown in the general meclsam reported irFigure4.



1.2 History

In the literature, both heterogeneous and homogeneous catalysts have been reported to
promote this reactioh? Heterogeneous catalysts havemg advantages over
homogeneous ones, such as their greater ease of recovery from the reaction mixture.
However, high pressures and temperatures are often required and, therefore, the use of
homogeneous catalysts frequently allows reactions to occumatea temperature and

with higher selectivity than heterogeneous catalysts.

Grigg and ceworkers reported the first hydrogen borrowing reactienhomogeneous
catalysis in 1981 The authors achieved tiNalkylation of amines by alcohols using

both metal halidériphenylphosphine mixtures, to generate mptadsphine complexes

in sity, and preformed metaghosphine catalysts. Iridium, ruthenium and rhodium
complexes have been examined and the best results were obtained with the preformed
rhodiumphosphine complex RhH(PBh (Schemel). The substrate scope wasitqu

limited because, since the alcohols were used in large excess, only relatively volatile
alcohols were used.

Schemel
H RhH(PPh3)4 (5 mol%) F|{2
R™ "R > N,
R?0OH, 65 °C, 4-96 h R™ R
R = Alk, Ar
R' = Alk, H 7 examples
R2 = Bn, Alk 39-99%

Since this first example reported by Grigfcal, great efforts have beemade to develop

better catalysts for the alkylation of amines. Several other complexes were synthesised
and tested in hydrogen borrowing reactions. The catalysts which gave the best activities
and yields can be dividedtmtwo main families. The first anis rutheniurrbased; some

of the results obtained with these catalysts are reported in the next section. The second
main class contains an iridium atom as the metal centre and we will focus on this family

in Section 1.4.



1.3 Ruthenium-catalysed NAlkylation with Alcohols

In 1982, only one YwumhashieahdtcaarkerSdemangratesd p a p

that aliphatic amines were competent substratedl{falkylation with alcohols using a
[RuH(PPHh)4] catalyst Gcheme2).!?

Scheme2
RUHz(PPh3)4
(2.5 mol%) A INEN Y
R N R
R"SOH + R'ONH, > H
Neat,
180 °C, 6 h 3 examples

- 1=
R = Alk R' = Alk 24-98%
Aryl amines did not work in this catalytic system; nevertheless, the authors managed to
successfully usaminoarenes in good yields using a similar catalyst, [KBEh)3], as

shown in a representative examplé&ithemes.*

Scheme3
RUC'Z(PPh3)3

n
©/NH2 (1 mol%) ©/N( Pr),
n-PrOH

180 °C,5h

6 7, 88%

The substrate scope in these two examples was still quite limited and the reaction
conditions were harsh, requiring a high temperature (180 °C).

The group of Vdtanabe demonstrated that different ruthenium catalysts shoslywid
varying selectivity irN-alkylation reactions. Indeededending on the complex employed

and the conditions usetioth mone and dialkylated aminesould be prepared. For
instance, ruthenium complex [Ru(cod)(cot)] was the most selective for monoalkylat

of heteroaromatic amines, whereas the previous catalyst Jf@#F®)s] promoted the

formation of tertiary aminesSchemes).*

Schemed
RuCl,(PPh3)3 Ru(cod)(cot)
N_ _NHEt
ENj/NEtZ (5 mol%) j Nop NH2 (5 mol%) @
Z EtOH, = EtOH, =
180 °C, 20 h 180 °C, 5 h
9,70% 8 10, 85%



Watanabe identified this reactivity as an advantage of the alcohol activation strategy:
choosing the right catalyst, the secondary amine formed by alkylafte primary amine

did not react further, particularly using npolar solventg.The synthesis of secondary
amines via alkylation using halide or tosylate is difficult because eal&ylated
by-products are often observed.

More recently, better catalgtsystems have been report&tlilliams and ceworkers
demonstrated that [Ru(p-cymene)Cl]., activated by the addition of either
bis(diphenylphosphino)ferrocene (dppf) or DPEphos, was an active catalyst system for
the alkylation of amines by primary alcdsoas shown ischemes.}*® The addition of

an additive was paramount to achieve good yield, because [Ringrcymene)Cl]owas

used alone as the catalyst, Mwalkylation proceeded slowly.

Schemeb
R [Ru(p-cymene)Cly], R
R"OOH  + 25’ (0.5-2.5 mol%) RN
DPEphos (1.0 mol%) or
R = Ar, alkyl R12:_a'ky" Bn, A dopf (5(.0 mol%),) 38 examples,
R2 = H, alkyl, Bn toluene, 44-100%
110 °C, 24 h

This catalytic system showed a quite broad tolerance of functional groups but
unfortunately, it did not work when secondary alcohols were used as the substrate.
N-Alkylation with secondary aldwls is more difficult thanwith primary alcohols
because ketones are poorer electrophiles than aldehydes, in spite of the oxidation potential
of secondary alcohols making dehydrogenation of these more favourable than primary
alcohols?

Beller and ceworkers further improved this family of ruthenium complexes, reporting
that [Ru(CO)2] promotes théN-alkylation of primary and secondary amines using both
primary and secondary alcohdfs! To obtain higher yields, a phosphine ligand was
added in a catalytic amount; good results were obtained wusing both

tri(o-tolyl)-phosphiné® and2-(dicyclohexylphosphanyl)pyrrole2 (Schemes).t’



Scheme6

Ru3(CO)s2 N
(2.0 mol%) N)\
@ () L D)eon

12 (6.0 mol%),

Y

n= 0 1; . 4 12
t-amyl alcohol, 6 examol
R =H, CHj; 140 °C, 24 h 7000
X =CH, O, NR °

Beller and ceworkers also demonstrated the applicabilitytos tcatalytic system, which
was able to promote the selective monoalkylation of vicinal diols with secondary amines
and anilines. This system waslective for amination at primary hydroxyl groups or

sterically less hidered secondary hydroxyl grou@chemer).t®

Scheme7
OH R Ru3(CO)1, OH R2
OH “NH (2.0 mol%)
R R 12 (6.0 mol%),
t-amyl aIcohoI
R' = alkyl, Bn, Ar; 130 °C-140°C, 24 h 13 examples
R =H, CH » BN, An '
O e 1 alkyl, B 52-81%

1.4 Iridium -catalysed NAlkylation with Alcohols

In the literature, iridium complexes have been reported to catalyse different reactions,
such as carbeonarbon forming reactions, as well as isomerisation and hydrogen
autotransfer reactiort8?° In the last two decades, iridiumtalysts were also applied in
hydrogen borrowing, showing a great activity and generally achieving higher yields than
those obtained with ruthenium complexes. The iridium complex most widely used for this
reactd n I s t h e >-(pehiamethyldyatopentgdienyl)iridium(lll)  dichloride
[Cp*IrCl2]2, which was largely studied by Yamaguchi andwarkers®?+2223 This
iridium dimer has been efficaciously used in Mwalkylation of primary and secondary
amines as well as ithe multialkylation of ammonium salts, as shownSicheme8.
Primary and secondary alcohols could be used, through with bulky substrates the catalyst
loading was increased up tontl% of iridium in order to obtain the products high

yield. The functional groups that could be tolerated were quite broad and included both
electronwithdrawing and electredonating groups, such as ethers, esters, halogens, nitro

and nitrile groups.



Scheme3

R1
1 3
)R\ . R3\NH [Cp*IrCly], (0.5-2.5 mol%) R)\N'R
1 2
R™ "OH R? NaHCO; (1.0-5.0 mol%) R
R = alkyl, Ar R? = alkyl, Bn, Ar toluene, 44 examples,
R' = H, alkyl R® = H, alkyl, Bn reflux, 24 h 44-100%
R1 R1 R1
* _ [¢)
R)\OH . NHEF, [CPIrChl; (2.0-3.0 mol%) _ R)\N)\R
2 eq NaHCOj; (30 mol%) 10 examolos
R = alkyl, Ar toluene, ¢ pes,
50-98%
R'I =H, alkyl reﬂUX, 24 h

Recently, the first kilograrscale application of this technology was reported in the
synthesis of a GlyT1 inhibitdf Using [Cp*IrCL],, the reaction was optimised to isolate
compoundl5 in high yield usinga catalyst loading lower than 0.0301% of iridium

(Scheme9).

Scheme9
F
( i :CI
HO_ HoN g
[Cp*IrCl,], (0.033 mol% Ir)
Hu, /\ wH NaHCOs,q (1 N) H, H
+ > 11, RO\
N Cl toluene, 110 °C, 24 h N
| L |
13 14 15, 84%

Other iridium complexes have showed a better activity in protic solvents, such as water
andt-amyl alcohol.

One of the first examples was the dimer [Cpik]l (SCRAM), which gave good yields

in water and proceeded without adding b&$e.Williams and ceworkers have
demonstrated the applicability of the amine alkylation chemistry using SCRAM to the
synthesis of paarmaceutically relevant compounds. Fentanyl, which is an analgesic with
100x greater potency than morphine, was synthesised in 68% Sadroel0). Both of

the starting materials are commercially availale.



Schemel0

Ph Ph
I [Cp*Irlz]2 N
WN __pn _ (20mol%) N \@
+ > (@) N
ol NH HO H,0, ~"ph
16

115°C, 24 h

17 18, Fentanyl

68%
Williams and ceworkers reported that SCRAM could be used not only in wateglbaoit
in ionic liquids. During their exploration of the substrate scope, it was found that tertiary
amines were synthesised with higher yields in ionic liquids tharaterwas shown in a
representativexample inSchemel 1.2

Schemell
[Cp*Irly]2
2.0 mol%
O/\ . ©A0H (2.0 mol%) _ ©/\©
L_NH Solvent, °
110°C,3h
19 20 21, 54% in H,O

94% in [BMIM]PFg

Recently, a monomeric iridium cataly&? has showed high actiyitin the N-alkylation
reaction using water as the solveiciiemel2).2” The substrate scope was broad;
however, a high concentration is required (7 M) in order to aehiégh yields and

secondary alcohols could efficaciously be used only for the alkylation of primary amines.

Schemel?2

Ir catalyst 22 R 2
1 r catalys 3 ﬁr ©
R RS\NH (1.0-3.0 mol%) R)\N'R i 2|
)\ + ' > i Ir<

2 pd
R”OH R2 H0 (7 WD, R HaN ’LHNH3
R=alkyl, Ar  R2=alkyl, Bn, Ar 100 °C, 6-24 h 30 ;’:6‘9’25}'65’ 3
R'=H, alkyl R3 = H, alkyl, Bn under air ° 22

The groups of Pert8?° and Crabtre® tried to improve the activity of the catalysts used
in borrowing hydrogensynthesising new iridium complexes containiddneterocyclic
carbenes (NHCs)Hgure 7). This dass of ligands had previously led to significant
advances in several catalytic reactions, such as the metathesis of olefinscaital yed
crosscoupling reactioné! The yields obtained with these catalysts were comparable to

results obtained with [Cp*IrG]2, but the substrate scope was more limited.
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Figure 7

23 24 25

The catalysR3 was the first example of thiclass of compounds and it has been used to
alkylate anilines with primary alcohols isolatingethproducts in moderate yield

(6 examples, 4B5% yield)?® The similar iridium comple4 showed a slightly better
activity in the alkylation of primary aminesitw primary and secondary alcohols. The
substrate scope was again quite limited and the alcohol was often used in excess in order
to obtain good yields and decent selectivity (7 example€5356 yield)?° Finally, the
iridium complex25 promotedN-alkylation of aliphatic and aromatic primary amines with
an equimolecular amount of a primargahol. Again, the substrate scope was quite
limited (6 examples, 298% yield)*°

Interestingly, Andersson and-eeorkers demonstrated thdHCscould be efficaciously
used in borrowing hydrogen, reporting the first iridigatalysedN-alkylation of anilines

at room temperatur®. A cationic iridium conplex containing a bidentate
NHC-phosphine ligand and BA(BAre: tetrakig3,5-bis(trifluoromethyl)phenlborate)

as the counterion was usedaasatalyst, as shown Bichemel 3.

Schemel3
®9
/ \ BArF
= N Ir—\
Ir catalyst 26 | Er»/ \
NH, SO\ N PPh,
~ (1.0-1.5mol%) RN 1
PN | R
RTOH + L/ - 5
. (BOK 059, 11 examis
R=alkyl, Ar R'=Me, CFa, Br = Oomr gepnc"  63-96%

26

Catalyst26 promoted the reaction in good yield {83%) at room temperature, eithe
using diglyme as the solventneat. The long reaction time, 48 hours, could be decreased
to 24 hours by increasing the temperature to 50 °C, achieving comparable yields.

Unfortunately, the substrate scope was quite limited. Only primary alcohols dawe b
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used and, among them, benzyl alcohols worked better than aliphatic substrates, for which
the catalyst loading had to be increased tario®% of iridium. Additionally, the amine
tolerance was also quite poor and only anilines afforded the correspqmdohgcts in

good yield. However, this was the first example in which hydrogen borrowing reactions
were carried out at room temperature.

Recently, Limbach and e@orkers reported a new family of iridium complexes active in
hydrogen borrowing. They prepardive different complexes containing five different
aminoacidate ligands. The best results were achieved when the complex was coordinated

to a prolinate, as shown 8chemel 4.3

Schemel4
1 —~<—
R! 3 Ir catalyst 27 R
RSNH (2.0 mol%) A R3 H_Ir<
PV + \ : ) RN N~ \Cl
R OH R2 > éz e}
p toluene or H,0,
R = alkyl, Ar R< = alkyl, Bn, Ar 95 °C. 24 h 32 examples, Y
R'=H, alkyl R3 =H, alkyl, Bn 72-98%

27

Complex27 generally promoted the reaction in good yield-8826) for a broad range of
substrates. Interestingly, comparable yields were achieved both in toluene and in water
and therefore, the catalyst could be used efficagranshonpolar and polar solvents.
Primary amines worked better than secondary ones and the reactions could be run at lower
temperature with these substrates (95 °C instead of 130 °C). Several substituents could
be tolerated and again, they included araeretd aliphatic groups, halogens, esters and
ethers. However, the functional group tolerance was not as broad as that observed
previously by the group of Fujita and some electnoindrawing groupse.g.nitro and

nitrile groups) were not reported in thaper among the substratéédditionally, bulky

amines such aert-butylamine and cyclohexylamine did not work and the corresponding

producs were obtained in poor yield.
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1.5 Mechanistic studies for the alkylation of amines catalysed by [Cp*h&]

The catalyst which gives the best functional group tolerance and the highest yields is the
iridium dimer [Cp*IrCk]2, which is also the most widely used catalyst for thiireed
hydrogen borrowing processes. Therefore, efforts were made to study the reaction
mechanism using this complex. Yamaguchi anevookers performed some experiments

to understand if the synthesis of the imine was reaisted $chemel5).?? In a first
experiment, the reaction of aniliBavith benzaldehyd@8in the presence of a hydrogen
donor (2propanol) gavéN-benzylaniline29in 76% yield whereas, in a second reaction,
benzylideneanilin0 with 2-propanol gave only a trace amountNabenzylaniline29.

These results suggest that uncoordinated imine could not be transfer hydrogenated by the
present catalytic system, therefore, the fororabf benzylideneanilin80 has to occur

in the coordination sphere of iridium to giMebenzylaniline29.

Schemelb

o)
NH2 | . o
©/ N [CP*IrClyl, (2.5 mol%) N
g H
iPrOH (3 eq), ©/\

NaHCO; (5.0 mol%),
toluene, 130 °C, 17 h

@ [Cp*IrCly], (1.5 mol%)

29, 76%
, g
iPrOH (5 eq),
NaHCO3 (5.0 mol%),

30 toluene, 130 °C, 17 h 29, y<3%

6 28

Furthermore, when a chiral secondary alcohol was used as a substrate withegritee
racemic alkylated amine was obtained, in agreementinvghugeneration of a carbonyl
during alcohol activation.

On the basis of these results, the authors proposed the following possible mechanism for
the iridiumcatalysedN-alkylation of prmary amines with primary and secondary

alcohols, shown ifFigure8.?2
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Figure 8

[Cp*er|2]2
OH
1. ,R®NH,, base
a R'” "R2
R3NH
\i 0 R21
R3NH 7R \
2 H
b
f
R3NH, 2 R?
R2 [Ilr] R1
[|r]/o\ﬁR1 H
H
¢ H,O
2
NHR3
R1 R2 © Bg
2 2
R3 R N« R
N d
on N S P N
BQ R [Ir]~
R'” "R? H

The first step (a) would involve the formation of alkeximlium species coordinated with

an amine. The second step (b) would occur to afford an iridium hydride species
coordinated with the aldehyde, followed by the imine condensation in the coordination
sphereof iridium (step (c)), forming an imireoordinated iridiurrhydride intermediate.

Step (d) would be the reduction of the C=N double bond of the imine by the coordinated
hydride. The last step would be the amadleoxide exchange with the release of the
product (step (e)). Finally, coordination of the amine would occur to regenerate the
catalytically active species (step (f)). In this cycle, catalytic intermediates would be
trivalent iridium species, in accord with the previous literatére.

A possible mechanism for the iridivoatalysedN-alkylation of secondary amines with
primary and secondary alcohols is showrrigure9. The proposed steps arendar to

those reported previously for the primary amine mechanisnaxidation of the alcohol
gives the corresponding carbonyl group (gt@p, which is followed by @ondensation
between a secondary amine ahd aldehyde (or ketonegffording an iridum-hydride
speciexoordinatedby animinium ion (step(i)). The final steps are the reduction of the
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C=N double bond with the coordinated hydride (step (j)), the release of the product (step
(k)) and the regeneration of the active catalytic species ($1€p

Figure 9
[Cp*er|2]2
OH
3p4
g R1)\R2 , R%R*NH, base
R3R*NH 5
N0 R 1
R3R*NH (ir \FR
H* h
|
R3R*NH Q
2
R2 (™ R
O *
[ Y-R' H
H . W
| Hzo
NR3R*
R1/k7H* k R3
R? @,
R3 R* R? : 4N R?
\'\i”é'H* J R Y
OH R1 « R
R1)TR§'* [Ir] [ir]- =

Three mechanistic investigations have been performed on the alkylation of amines with
primary alcohols catalysed by the dimer [Cp*Is{al The first one was proposed by
Crabtree and cworkers“, the second one by Madsenal>® and the last one by Zha
al®Crabtreeds work, perfor med w@lsulatiogs whe nsi t
based on postulating that [Cp*@(Qs)] was the active catalyst generatedsitu from
potassium carbonate and the dimer [Cp*€IThis studyshowedthat the calculated
reaction energetic barriers were consistent with the experimentalements of elevated
temperatures. Three different complexes could be fonmesitu and they have been
explored in th& calculation: the neutral monomer [Cp*leCland the two complexes
coordinatingrespectively an amine or a carbonate. The presenaecafbonate as an
ancillary ligand has been found to decrease the energetic barrier in different steps. It

participated in the alcohol dehydrogenation by removing the proton and, in the last step,
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it donated the proton for the reduction of imine. Furtreenthe proposed mechanism

of reaction was composed of three multistep processes: the first was the-catalysed
oxidation of the alcohol, the second was the nucleophilic addition of the amine to the
formed aldehydes, and the third was the iridicatalysed reduction of the imine to the

final amine. The amine dissociation from the metakreewas a highly energetic step;
therefore a high temperature had to be used to overcome this barrier. Furthermore, the
dehydrogenation of the alcohah proton tansfer had a lower energetic barrier than the
related one with the amine; this was related to the weaker Hbond in the alkoxy
intermediate relative to the-N “-bond in an amido intermediate. Moreover, the imine is
more easily hydrogenated to the@edary amine than the aldehyde and these preferences

contribute to favouring the overall reaction pathwhkigure 10 shows the proposed

mechanism.
Figure 10
0 O\ _Cp’
/,Ir\
o’ OCH,R
oot H T N oo
R'NH,
. o) .
O\ C N\ C
o Il P O:/\ P P
O o" H
H
Rl O % HZO
_NCH,R :/\ A R'N=CHR
H 0~ 'NCH,R
H R'l

Madsen anato-workers proposed a different catalytic cycle, based on a combination of
experimental and computational studigd. Hammett study witlpara-substituted benzyl
alcoholsgava good & correlation with the stand
nor cations were involved in the RDS and the negative slope indicated that a small
positive charge was built up in the dehydrogenation process. A different Hammett study
usingpara-substituted anilines was carried out to analyse the imine reduction step. The
best correlation was achieved using the s
that, also in this step, a small positive charge was built up in the transitien Ete

authors proposed that the ratetermining step could be either the formation of the

carbonyl group in the dehydrogenation step, the nucleophilic addition to form the
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hemiaminal or the elimination of water, which was different from the resultsteelploy
Crabtree, which suggested that the rate determining step was the amino dissociation from
the metal centr& Combining these results with others achieved bynputational
studies, the catalytic cycle shown kigure 11 was proposed. The group of Madsen
proposed a metamine coordination, instead of a metakbonate coordination and the
following metatcatalysed steps: the synthesistioe hemiaminal, the dehydration to

achieve the imine and the last reductive stegbtainthe amine’®

Figure 11

)
~,-R
®
R ﬁ Qp*j

Ir
/\ <N
R™ OH R~ © ’T‘1H2 \
R

* @ .

Cp l(—_l)'“’/'lr\NH

o NH2
/NN

¢ TOH
o I° 2

HI/, !
“lre ® R
R NH: cor |
~—N ; R H”"'ir
R ~
R\éNj H20
]
H,0 R
2~ RI-NH,

The group of Madsen algeported thathis reaction waérst order with respect to the
alcohol and to the amine, achieving a global second order red8#sitlesthe kinetic
isotope effect Ku/kp) was found to be 2.48 when ita® been calculated ugin

[ 1 6%HLb@nzyl alcohol in competition with-methoxybenzyl alcohol and 1.94 using
[ 1 6%HzJlbénzyl alcohol in competition with-chlorobenzyl alcohol. Since the/ko is
greater than ondhe isotope effect is normal; besidéisese values are tygal for a
primary KIE, in which the bond is broken in the rate determining step, butwivere
also bea stabilisation of the formed hydrid®*’ These results confirm their previous

hypothesis, for which the ratéetermining step could be either the formation of the
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catbonyl group, the nucleophilic addition to form the hemiaminal or the elimination of
water3®

Recently, Zhao and eworkers have proposed a third mechanism, based on DFT
calcuhtions for the reaction between benzyl alcohol and arifimeer and outer sphere
coordination pathways were considered for the first time duringaloellationsfigure

12 reports the favoured catalytic pathway that the authors proposed. Two different inner
sphere pathway were suggested as favoured, one for the oxidation of the alcohol and the

second for the imine reduction.

Figure 12
Cp* A~
* Cp*
I C|/Ir Ph- NH2 KHCco,  Cp* Ph" "OH C'\|'rp
H CI/Ir\ ¥, Bn—g NH2
NH n=0
4\ | Ph
A Ph B
o \}Ph-NHz
Cl\ir H Ph
}ro Cp
CI/!‘r\O
Vo
H___i
T ¢ Ph
Cp* l
P
?7/0\ § Cp”
6 M oen clI—I.O
| H (
}\ D Ph
KHCO3 */{PhCHO
Cp* Cp
Cl—lr PP ci—Ir,
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H ] /Ph
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\ N - H & N
Y Ph
! kF>h F
G

The first step of the catalytic cycle was the formation of the active iridium sp&cias
which one of the chloride ligands has been formally displaced by PHMtbton transfer
between the alcohol and the amine led to the formatioB, afhich then underwent

dehydrogenation to form the aldehydée free energy barrier of activation for thdd
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elimination was high, which accounts for the high temperature requto obtain an
acceptableeactionrate They proposed that the formation of the imine was not metal
templated. The iridiurmydride specieg was then able to hydrogenate the imine to the
corresponding amine. Finally, the authors proposed the protasidrgrathway fronH

to J was catalysed by potassium carbonate, which acted as a proton donor. This inner
sphere hydrogen transfer pathway gave the lowest Gibbs free energy and the lowest
enthalpy among all the other energy profiles considered. The fep sf the proposed
catalytic cycle were the dissociation of the amine and the formation of the active catalyst
A. The authors also suggested that the imine reduction was the driving force of the

reaction®®

1.6 N-Alkylation by Alcohols Catalysed by other Metal Complexes

Recently, efforts were made to develop new hydrogen borrowing processeshespg
and readily available metalsuch as iron and pper, which werehighly attractive
alternatives for expensive and often toxic heavy métalius, new cheaper catalysts
have been used to promote tNealkylation re&tion using alcohols as a source of
electrophiles. Copper(ll) acetate with 1 equivalent of base (potassitivutoxide or
potassium hydroxide) was found to be an efficient catalyst foNthkkylation reaction

in high yield.Schemel6 shows the general methodology.

Schemel6
HoN_ Cu(OAc), = |
SX (1 mol%) NN
L+ "o - TN
t-BuOK (1 eq)
dioxane, 130 °C, 2d 20 examples
X=CH,N R = alkyl, Ar 7-99%

This processhowed some drawbacks, evdroughcopper acetate was a cheap and
environmental friendly catalyst: it was active only with elecipoor aromatic and
heteroaromatic amines and primary alcohols, such as benzyl alcohol and derivatives.
When aliphatic alcohols were used, the yields were really pedd%a). Interestingly,
halogens were not tolerated because the dehalogenation reactioedcc

The samegroup also proposed another methodology uspadladium(ll) acetate to

promote this reaction. However, substrates and conditions of reaateyassimilar to
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those showed irschemel6 with copper(ll) acetate: besesults were achieved with
benzyl alcohol and derivatives, aromatic and heteroaromatic amines and 1 equivalent of
base chemel 7).2° The yields vere moderate when aliphatic alcohols were used and the
reaction did not work with secondary alcohols, such-astanol. Additionally, starting

with halogenated benzyl alcohols, the dehalogenation process occurred as a side reaction.

Schemel?7
HzN\/\ (gds(OA(I:O)/Z) q
~X .5 mol% ANy —
[J + "o - T
CsOH (1 eq),
toluene, 25 examples
X=CH,N R =alkyl, Ar 150 °C, 12 h 23-99%

Recently, Seayad and -@eorkers reported a new palladiuratalysed hydrogen
borrowing process using palladium dichloride and an additive (dppe or Xantpfios).
methodology was more general than the previous one and aliphatic amines and alcohols
were also well toleratedS€hemel8). Increasing the temperature to 150 °C and the
reaction time to 48 hours, sewary alcohols could also be tolerated and they afforded

the corresponding products in good yields.

Schemel8
]
PdCl, R
R’ 3
L . R\NH (1.0-2.0 mol%) R R)\N,R?’
R™ "OH R? dppe (1.0-2.0 mol%), R?
R = alkyl, Ar R? = alkyl, Bn, Ar LiOH (0.2 eq), 30 examples
R = H, alkyl R3 = H, alkyl, Bn 100 °C-150 °C, 24-48 h 59-98%

Finally, the groups of Feringaand Wills? independently reported the first two
iron-catalysedN-alkylation of amines with alcohols mediated by hydrogen borrowing.
The iron catalysts that these groups used were similar; however, the Kndlker c8fnplex
used by Feringat al showed greater activity, higher yields and a broader substrate scope
than the Schrauzer iron compl82 used by Wills and cavorkers Gchemel9a and
Schemel% respectively). Iron catalysgl generallyworked with both aromatic and
aliphatic amines, whereas comple32 tolerated only derivatives of anilines.

Unfortunately, in both the systems, amines bearing elegtithdrawing groups did not
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work and iodoaniline gave a poor yield. However, substratesigeelectrorrich groups
afforded the corresponding products in excellent yields. Interestingly, the reaction

between aniline and benzyl alcohol gave a better yield using the Schrauzer 8atalyst

Schemel9
. ™S
Iron catalyst 31 ﬁo
1 3
R R\ (5.0 mol%) A~y R T CTMS
D phon 2 - R2 oc”\ €O
R Me;NO (10 mol%), co
R=alkyl, Ar  R2=alkyl, Bn, Ar _CPME 36 examples 31
R'=H,akyl  R3=H,alkyl,Bn 120°C-130°C,4-62h 8-95%
Ph
1 NH Iron catalyst 32 R' & Ph\go
R N 2 o | Ph” I ~Ph
N (10 mol%) PPN Fe
o) gon * /o ~ R7°N R2 oc” \. CO
R? Me;NO (10 mol%), H co
R=alkyl, Ar  R2=OMe, Cl toluene or xylene, 8 examples 32
‘ 110 °C-140 °C, 24-48 h 56-95%
R' = H, alkyl

The mechanism for the activation of the two catalysts was similar; herScheme20
it is reported focomplex31.

Scheme20
™S . ™S . RCHOH ™S
ﬁf OH
-RCHO ﬁ
] ™S Me3sNO ﬁﬂws - . T ~TMS
ANco T o T Fe — A
oc -co oc . oc”\
co Co RCH=NR Co
31 33 -RCH,NR’ 34

An oxidant (MeNO) was neessary to remove one CO from thestaible comple81to

form the active speci€d3. The oxidation of the alcohol gave the formation of the reduced
iron catalyst34, which could use the fAborrowedo
amine and reform thective specie$3.4
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1.7 Formation of N-Heterocycles

Ruthenium and iridium catalysts were also effective in the synthesis of valuable
N-heteocyclic compounds Effectively, borrowing hydrogen was a very attractive
method for the synthesis Nfheterocyclic compounds in one step, without generation of
harmful byproducts. Herein, the main chemical transformations to maketerocycles
using barowing hydrogerare reported

The [Cp*IrCl2]2/K2COs systemwas found to be effective to catalyse intramolecular and
intermoleculamN-heterocyclization; some examples of this kind of reaction are shown in
Scheme 21194 Previous rutheniurcatalysed systems required high reaction
temperatures (> 150 °C) and applicable substrates were rather fkififedhereas this
iridium catalyticsystem had advantages in terms of reaction conditions, as well as in the

versatility of the substrates.

Scheme21
OH [Cp*IrCl,],
N R (5.0 mol% Ir) | N
| i 2SN R
R// NH, K,CO3 (10 mol%) R’ H
toluene,
R =H, CHs, Ar 110 °C, 20 h 7 examples
R'=H, OCHj3, Cl 54-96%
R [Cp*IrCly), NR
NH ~ OH (1.0-5.0 mol% Ir) g
2 HO /vé}n\/ .
NaHCO; h
R =H, CHj, Ar (1.0-5.0 mol%), 10 examples
toluene, 63-94%
110 °C, 17 h

Using a similar catalytic system, Madsen anewarkers reported the synthesis of various

piperazines, starting from a variety of diols and diamiSeh¢me22).4°

Scheme22
[Cp*IrCl,], H
~~NH2 o HOOR (1.0 mol% Ir) N NSAR
7 NH; HO™ 'R K,COj3 (5.0 mol%) - N R

toluene or H,0,
R=H,CHs Ar 110°c,20h

|

5 examples
54-99%
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Several other groups have reported that other catalysts could promote this type of reaction
in high yields, such as the groups of Brun&deyjita?’ and Limbach

N-Heteroaromatic compounds could also be synthesised by hydrogen borrowing and in
the literature some examples were reported to prepare indoles, benzimidazoles, pyrroles
and quinolines. The general proposed pathway was initiateddmyrowing hydrogen
process, followed by a second oxidation, which gave the arohtduterocycles.

Cho and ceworkers reported the synthesis of quinolines uskagnihobenzyl alcohol

and a secondary alcohokDiodecene was the hydrogen acceptor, whiohld promote

the initial oxidation of the alcoholS¢theme23).4’

Scheme23
RUClz(PPh3)3 1
NH, | R g -
2 KOH (1.0 eq), N" R
R = Ar, alkyl 1-dodecene (5.0 eq), 20 examples
R' = H, alkyl dioxane, 42-90%
80°C,24 h

A similar reaction was also reporteg kshii and ceworkers, who reported that such
quinolones could also be synthesised using [Ir(cod ¥0ifl a phosphine ligarfd.

Recent work by the groups of Williams and Marsden employed [Ry(@®h)H,] and
Xantphos for the synthesis of benzimidazalesN-alkylation. The hydrogen borrowing
steps @ve dihydrobenzimidazoles, which could then be oxidised to give the
corresponding products. The addition of piperidinium ac&@tmay promote addition

of o-aminoaniline to the intermediate aldehyde, forming the temporary iminium ion,

whereas37 acts as @roton acceptorgcheme24).4°
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Scheme24
Ru(PPh3)3(CO)H, A N
N
NH, (2.5 mol%) N
Ar”OH Y ~ N
NH, 35 (2.5 mol%),
36 (15 mol%),

8 examples
37 (2.2 eq),
toluene, reflux, 8h 43-79%

CNH*HOAC _NLCN

35 36 37

The same groups also reported a similadrbgen borrowing process to make
benzoxazoles, in a procedure catalysed by [Cg3IrlUsing this catalytic systenthe
presence of styrene as a sacrificial hydrogen accegt®not necessary and good yields
were also achieved in its absence. The authaygested that the aromatisation step would

be mediated by the loss of hydrogen from the intermediate dihydrobenzox&dwene

25 shows the general procedure for this process. Yields were generally good, although
electrondeficient and aliphatic aldehydes gave the products only in moderate yields.

Scheme25
[Cp*Irly),
A

o O (2.0 mol% Ir) r\ﬁo
I+ | » - Ne/ N\
Ar R NH, toluene, X

110 °C, 24 h R

R = Me, CI 11 examples

36-85%

Iridium dimer [Cp*IrCk]2 alsopromoted this type of reactiand several indoles were
obtained in good yieldsSgcheme26).>°

Scheme26
R [Cp*er|2]2
0 /~.-OH (5.0 mol% Ir) ) \/»R
/o R
R NH; K,CO3 (10 mol%) R H
R=H M toluene, 5 |
=N, e ° examples,
R = CL OMe 110°C,20 h 08,990,
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Interestindy, the authors observed that, increasing the length of the alcohol chain, the
second oxidation step did not eecc Thus, tetrahydroquinolines were obtained in
moderate to high yield, instead of quinolines or dihydroquinolines, as shown previously
in Scheme21.%°

Benzoquinolines and benzoindoles could be prepared ienai@do excellent yield using

a catalyst generateid situ with a combination of nearly equimolecular amounts of
iridium tri eis(tighenylphesphand)d -didaphzhgl (BINAP) Scheme

27). The reaction was fastertine presence of air and was not affected by substitution on

the starting amine*

Scheme27

NH2 OH IrCI3'3H20 HN \ /)
A o BINAP (7.5 mol%), A
R ™~ R

- NayCO3 (8 mol%), 10 examples
R = H, CHs, OMe, NH, mesitylene, 168 °C, 47-96"/2
15 h, under air

NH,

N ’
IrCly* 3H,0 |
= (5 mol%) 7z
) e =
A BINAP (7.5 mol%), A
R R

Na,CO3 (8 mol%), 5 examoles
R = H, CH3, OMe, NH, mesitylene, 168 °C, 59-96%/0
15 h, under air

A plausible mechanism for these reactions is report&igure 13, in which the iridium
complexcatalysed the direct intramolecular cyclisation between the aldehyde and the

naphthalamine, followed by the aromatisation step.
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Figure 13
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Finally, during their study on the synthesis of quines catalysed by iridium complexes,
Ishii and ceworkers also found that [IrCl(cod)jpromoted the reaction between an
aliphatic amino alcohol and a ketone to form a pyrtdReller and ceworkers developed

this idea reporting a rutheniunatalysed threeomponent synthesis of pyrroles, which
afforded a broad range of multiply substituted heterocycles in moderate to high yield
(Scheme28). A broad range of substituents was tolerated, including elewatitbdrawing

and electrordonating groups on aromatic and aliphatic stistits.

Scheme28
R4
[Ruz(CO)42] !
OH
o (1.0 mol%) RN _R3
L L RZJ\KOH R4-NH - \g\__/z/
R + 2 [
3 Xantphos (3.0 mol%), R R2
R K,COj3 (20 mol%),
t—amy! alcohol, 36 examples
130 °C, 18 h 30-90%

1.8 N-Alkylation of Amides, Carbamates and Sufonamides with Alcohols

A few of the ruthenium and iridium complexes reported previously could also be used in
the N-alkylation ofamides, carbamates and sulphonamides with alcohols. The isolated
yields were generally modest due to the poorer nucleophilicity and therefore, lower

reactivity of the amide. This different reactivitf amides is due to the delocalin of
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then i t r dopespaidistothe ~ system, which makes amides less nucleophilic than
amines.

The iridium catalyst [Cp*IrG]2 could also be used in tiealkylation of carbamates and
amides. The reaction of a carbamate with an excess amount of primary alcohol
(4 equivalents) gave the dammic derivatives in moderate to good yieBtijeme29a).

The presence of a base accelerated the reaction, with sodium acetate being the most
effective and the optimal temperature was 130 °C. Using the same cosdithe
N-alkylation of benzamide ral acetamide was achievéa moderate to good vyield
(Scheme29).>?

Scheme29
o [Cp*IrClyl, 0
(5.0 mol% Ir) _
. )J\ + PN ? . n BU\OXN/\R
n BU\O NH R”OH N
%) 2 MeCO,Na
5.0 mol%) 11 examples
R = Ar, Alkyl (
y 130 °C, 17 h 50-92%
o [Cp*IrCl,], o
(5.0 mol% Ir)
b JJ\ + R/\OH - R1JJ\N/\R
) R “NH B
2 MeCO,Na
les
R' = Ph, Me R = Ar, Alkyl (5.0 mol%) 9 examp
130 °C, 17 h 59-91%

Since either amides or carbamates were not good nucleophiles on the nitrogen, the
catalyst loading used was higher and the yields lower than those obtained previously in
the alkylation of amines. Besides, the substrate scope mot as broad and
electronwithdrawing groups were not tolerated.

Fujita and ceworkers demonstrated that the iridium complex [Cp*}&h the presence

of potassiumert-butoxide could alkylate sulphonamides, as shov@cimeme0.>3Since
sulphonamides were more nucleophilic than amides, the yieldsgeaerally high and,
indeed, more bulky secondary alcohols and botlectenrwithdrawing and

electrondonating groups were tolerated.

Scheme30

[Cp*erI2]2 2

2 0O O R

0,0 ji\ (0.1-3.0 mol% Ir) \ )\
RONH, © R OH ~ RTUNTCR

2 t-BuOK H

R = Alkyl, Ar R = Ar, Alky! (1-?(: mol%), 30 examples

2_ oluene 46-98%

R®=H, Alkyl 110 °C, 17 h °
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1.9 N-Alkylation of Amines with Alcohols afforthg Chiral Compounds

Chiral amines are common moieties in pharmaceutical and agrochemical chemistry and
several compounds are sold as a single enantigitreBtarting with a chiral catalyst or

a chiral auxiliaryporrowinghydrogen could potentially be used to make enantioenriched
aminesEffectively, starting with a secondary alcohol, a stereogenic centre can be formed,
with the advantage of obtaining an enantioenriched molecule from a racemic alcohol
(Schemesl).

Scheme31

Asymmetric hydrogen transfer was used with excellent results for the asymmetric
reduction of keton€8®” and imines#%° However, to the best of our knowledge, there are
only a few examples in the literature of the asymmetric alkylation of amines with
alcohols, reflecting the difficulty involved in the design of catalysts whicidgoromote

the asymmetritN-alkylation of amines with alcohols.

Fujita and ceworkers reported the first asymmetric alkylation, taking advantage of using
the chiral amine38, which acted as a chiral auxiliary. The reaction, exemplified by
piperidines, isreported inScheme324® The existing stereocentre determined the
prevalent formation of thiganscompund40.

Scheme32
)N\HZ [Cp*IrCly,
Ph (3.0 mol% Ir), ‘
38 KOAc (6.0 mol%) PhY °N , PN
. toluene, )\ph )\Ph
Ph °
W 100°C, 17 h 40, major, 41, minor,
HO OH 86% ee 93% ee
39 y =76% (92% d.r.)

28



These workers notickthat a small amount of racemisation of the auxiliary also occurred
during the reaction, which could be due to isomerisatiorthefimine or iminium

intermediate, as shown 8cheme33.43

Scheme33

Developing a similar idea, Guan andworkers obtained the alkylation of sulfinylamines

in the reaction between a chiral sulfinylamine and alcohols in good to excellent
diastereomeric excess, as show®aneme34. The reaction worked better when one of

the groups on the alcohol was aromatic and the other aliphatic because the hydrogenation
of sulfinylimines proceeds with lowered diastereocontrol whenbtkabstituents are

similar in size®

Scheme34
o) R h 2
u-macno
.S,
)O\H + /gv (1 mOIOA)) HN //tBU
R R1 H2N “tBu - H
KOH (15 mol%) R OR!
toluene
R = Ar, Alkyl ; 14 |
A0 120°C, 6-12h 51 g00r 41 70:30.95.
R' = Alkyl -89%, d.r. 70:30-95:5

Recently, Zhao and eworkers have reported the first asymmetric synthesis of
enantioenriched amines starting with a chiral cat&ly#t. screen of the conditions
determined that the best results were obtained in a cooperative catalysis with the
Noyori-type iridium catalyst 42 and the chiral phosphoric acidt3. The
matched/mismatched relationship beem the iridium complex and the BINOL
phosphoric acid was found to be significant to achieve good enantiomeric excesses and
the combination 0f$9-42 and R)-43 gave the optimal results. The scope was quite
general for the racemic alcohols and anilifésheme35). Unfortunately, this catalytic
system could not be applied with other amines because they afforded the corresponding

compounds in low yield and poor enantiomeric excess.
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Scheme35

OH NH, Ir catalyst 42 = |
AN (5 mol% Ir) \\
N | - HN i
Az additive 43 (10 mol%), A,
R t-amyl alcohol, 4 A MS R™+ R
R=Alkyl, Ar R2=EDG, EWG reflux, 24 h 26 examples
R1 = Alky| 64-98%, e.e. 69-97%
Additive: Catalyst:
" \@’
OO o ,O O\\//O
~n7 |I'\
R N-
" A,
Ar I:D
43, Ar = (2,4,6-i-Pr)CgH, 42, (S.S)

Finally, this group has further applied this methodology achieving the first dynamic
kinetic asymmetric amination with alcohols. Starting with a mixture of four
diasteroisomers, the authors managed to optimise the conditionsitotbbtabranched

amines in excellent diasteroselectivity and enantioselectiSitigmes6).52

Scheme36
1 NH; Ir catalyst 42
R (5 mol% Ir)

OH + A
R)\f |/ ' additive 44 (10 mol%), )\r \\
R2

toluene, 4 A MS
110°C, 48-96 h 15 examples

R=Ar R? = H, OMe 16-81%, d.r 90:10-98:2
1 = - 0, A.r . - .
R™=Alkyl e.e. 93-98%
Additive: Catalyst:
Ir Q"/O
\N,S

HN\)\
5

44, Ar = (2,4,6-i-Pr)CgH, 42, (S,S)

The mechanism of the reacti@mreported inFigurel14.
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Figure 14

R R lT'
OH + ArNH, > N
R R1 “Ar
[Ir]
[1]H, 'T'®X* fast
_>
R? ANH [IrlHy [ir]
riNHy
(@]
R)\f —_— “ via enamine
© R H

R H X* |
I @ slow ™ N
L R1\\\\‘ _ N\Ar ﬁ’ R1 H} Ar

[IriH,  Ir]

The first step was the oxidation of the alcohol to the ketone, which was followed by the
condensation to the imine catalysed by theathphosphoric acidli4 (HX*). The two
enantiomeric imines were in equilibriumma the enamine. One of the two enantiomers
was hydrogenated faster than the other by the iridium catalyst, which led to product

formation in excellent diastereoselectivity anduetioselectivity??

1.10Project Aims

The work outlined above illustrates the potential for atgdfitient hydrogen borrowing
processes which allow for the synthesis of amines and othiez@npounds starting with
lessreactive substrates than those traditionally used. Iridium and ruthenium complexes
promote theN-alkylation by alcohols, generally with good results. The application of
iridium catalysts is more recent than the use of ruthenium; nevertheless, several
comgexes have been synthesized and tested ardt#itieylation has often been achieved

in high yields. This kind of reaction has great potential; however, this methodology
suffers from a number of drawbacks, such as when a secondary alcohol is used as a
substate. In this case, the reaction is slow and the amount of catalyst has to be increased
by up to 5mol% Ir.?? Effectively, theN-alkylation of secondary alcohols is morefititilt

than that of primary alcoholzecause ketones are poorer electrophiles than aldeffydes.
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This project aims to develop newobust catalysts for the formation of
pharmaceuticéy-relevant amines using the hydrogen borrowing methodology.
The development of new complexes will be focused on several aspects, such as:
- the synthesis of more actiwatalysts, which could improve the catalyst loading
and the reaction ratparticularly when the substrates have a great steri¢ bulk
- the synthesis of catalysts which are active not only in toluene, but also in a variety
of more polar solvents;
- the devedbpment of newnore efficientenantioselective methodologiespi@pare

chiralamines starting with racemic alcoho&cheme3l).
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Chapter 2. Initial Attempts to

2.1 Evaluation of the Active Iridium Catalyst: Amine-Coordination or
CarbonateCoordination

The work outlined in the introduction shows that the hydrogen borrowing process
promoted by [Cp*IrCd]2 is a weltknown methodolgy in the literature which hagreat
potential>*%3 Recently, the first reported industrial optimisation using [P was

also achieved in high yield and with a catalyst loading lower thanmd% iridium.?*
However, this process hasme drawback® g. high catalyst loading, high concentration

in nonpolar solventsand slow reaction ates with bulky substraté$,that could
potentially be resolved if the mechanism of the reaction was completely understood. For
instance, it is not clear what role the badays in these reactions. Three different
mechanisms have been proposed to explain the catalytic cycle of [Gp#leChieving
completely different conclusions about the active coordination of the catalyst and the
ratedetermining step of the reactidf*>*® Our initial efforts were focused on
understanding the reaction mechanism, particularly regarding the coordination of the
active iridium species in the reaction. The knowledge of which molecules are coordinated
to the metal wouldige us useful information to design a more active and robust iridium
complex, bearing a more functional ligand than the Cp* alone. Therefore, our first
attempts were orientated towards understanding the role of the base in the catalytic cycle
and to estadh the ratedetermining step in the reaction mechanism. Initially, the
procedure described by Fujita andworkerswas testedgcheme37) to evaluate the
reaction conditions, the reactivity of the iridium dimer [Cp*HEland he reaction

mechanisnt?

Scheme37
[Cp*IrCl5],,
NaHCO3

R/\OH + R1R2NH R/\NR1 R2

toluene, 110 °C

Our first effort was to develop a reliable and consistent methodologyduw fible kinetics

by gas chromatography (GC). Hence, the reaction between 1 equivalent of benzyl alcohol
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20and 1 equivalent of piperidirb was chosen as a model reaction because it proceeded
with high yield and no significant synthesis of pyoducts $cheme38).

Scheme38

©/\OH O [Cp*IrCl5], (1 mol%) N
. -
” NaHCO3; (2 mol%) @ Q
20

toluene (2.2 M)
45 110°C, 24 h 46,70%

n-Decane was chosen as internal standard, because it did not react under the reaction
conditions and it gave a sharp and distinct peak in thel@@natogram To verify the
reliability of the process and, therefore, to evaluate the error correlated to the
methodology chosen, the reaction showrGiraphl has been carried out three times,
maintaining constant concentration, locbanging the amounts of starting materials. We
sought to use a procedure in which we limited the human error, thus sodium bicarbonate,
which was used in catalytic amount in the reaction shovBtheme38, was not added

in the curent experimeniGraphl shows theesults from each these three experiments:
Graph1A shows the yieldss. time andGraph1B the median values with the relevant
error bars. Thesrror increased slightly after 6 hours, when the reaction rate began to
decrease. Nevertheless, errors were found to be very small in the first hours, confirming
the consistency of this procedure. Additionally, conversions after 24 hours were also
calculaed by analysis of théH-NMR spectra of the reaction mixtures {B5%
conversion) and they were comparable with those calculated by GC analysis. At the
beginning of the reactions, we could approximate that the kinetics wepseimefirst

order with respet to benzyl alcoholFor this experimentwe analysed thé&inetics
achieved in the first X2minutes of the reactioGraph1C shows the logarithms of the
concentration of benzyl alcohol vs. time; the relevant equations gaygpesxanation

of the rate constants.
Graph 1

©/\OH O [Cp*IrCl5]> (1 mol%) ©/\,\©
+ >
H n-decane,
20 46

toluene (2.2 M)
45 110°C,24 h

34



100 - Graph 1A 100 4 Graph 1B
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0 T T 1 0 T T 1
0 500 1000 1500 0 500 1000 1500
Time (min) Time (min)
0.0 Graph 1C
Equation y=a+b*
= In[BnOH] Weight No Weighting
° ® In[BnOH] 2 Residual Sum 0.00379  0.00348 5.62831E-5
-0.2 A In[BnOH] 3 of Squares
—— Linear Fit of In[BnOH]
—— Linear Fit of InN[BnOH] 2 Pearson's r -0.96209  -0.9686 -0.99921
T —— Linear Fit of In(BnOH] 3 Adj. R-Square 0.90703  0.92273 0.99804
@ -0.4-] Value Standard Error
= In[BnOH] Intercept -0.23808 0.02026
In[BNOH] Slope -0.00212 3.00697E-4
0.6 In[BnOH] 2 Intercept -0.16347 0.01942
In[BnOH] 2 Slope -0.00225 2.88274E-4
0 20 50 % 120 150 In[BnOH] 3 Intercept -0.3428 0.00247
Time (min) In[BnOH] 3 Slope -0.00185 3.66405E-5

The slopes of the linear fits wefeund to have close valuek £ 10.0021 + 0.0002),

which confirmed the reliability of this procedure.

After developing a consistent methodology to analyse data, the effect of sodium hydrogen
carbonate on the catalyst was studied. Three different iridaordination modes, mainly

based on computational studies, have been proposed in the literature to generate the active
catalyst; one considering metarbonate coordinatiofFigure 10)34, the second
considering metadmine coordination(Figure 11)*> and the third considering both
metatamine coordination for the oxidation step and metabonate coordination for the
reduction stepHRigure12).3°

A reaction wagarried out using the conditions reported above with an additiomof%

of sodium hydrogen carbonate to compare the observed rate constants, as €rawh in

2 ARun witshwoand NRAIHC[OBn OH] 0 r dduewithotitanyt h e
baseGraphl) , wher eas AumnwWi thh nNN BHQ®M | r evfi @ rh  tNa
current experimenGraph2A shows thgield vs. time andsraph2B shows thedgarithm

of the concentration of benzyl alcohol vs. time.

35



Graph 2
[Cp*IrCl5], (1 mol%)

©/\OH O NaHCO; (0 or 2 mol%) ©ﬂ,\©
+ >
N ]
5 n-decane,

toluene (2.2 M)

20 45 110°C, 24 h 46
100 4 Graph 2A
80
60
g
=]
[
£ 404
20 / —=— Run without NaHCO3
—e— Run with NaHCO3
0
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Time (min)
-0.2 4 Graph 2B
Equation y=a+b*
04 Weight No Weightin
° Residual Sum of 6.02057E-5 0.00153
Z'j—‘ Squares
é ° Pearson's r -0.99916 -0.9804
= o6 . Adj. R-Square 0.9979 0.95162
= In[BnOH] Value  Standard Err
© In[BnOH] with NaHCO3 In[BnOH] Intercept -0.3435 0.00254
—— Linear Fit of In[BnOH]
08 Linear Fit of IN[BnOH] with NaHCO3 In[BnOH] Slope -0.0018  3.77118E-5
21 pA pa " o o In[BnOH] Wfth N Intercept -0.4032 0.01281
Time (min) In[BnOH] with N Slope -0.0018 1.90106E-4

Even though a substoichiometric amount of base neperted in the literature to be
fundamental to obtain higher yiel&$2*3in our system the addition of sodium hydrogen
carbonate did not change the activity of the dimer [Cp3]eCBoth the conversio
profiles and the rate constants show the same pathvidgh suggestshat,underthese
conditions, the preferred cabnation mode is the amirigdium coordination, instead of

the cabonatemetal complex. Therefore, the catalyst could generate theedotim in
theabsence ogbotassium carbonate or sodium hydrogen carbosapportingMa d s en 06 s
proposal ofaminecoordinatior® Thus the following experiments were carriad in the

absence of any base
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2.2 Determination of the Reaction Order: Amine

To establish if the ratdetermining step was the oxidation of the alcoha), (the
formation of the iminek) or the hydrogenation to aming) (Scheme39), attempts were
made to study the global reaction order, beginning with the evaluation of the reaction

order in the amine.

Scheme39
1 1
OH 0 N/R HN’R
k1 | k2 | ks
R) R) R) > R)

Several reactions were carried out peeudefirst order conditions maintaining the
alcohol in large excess, using respectively 10, 12, 15 and 20 equivalents of benzyl alcohol
for 1 equivalent of $henylpiperidne. Piperidine was changed tgHBenylpiperidine to

have a better separation and a sharper petile GC chromatogram. The observed rate
constants, which were calculated plotting the logarithm of the amine concentration vs.
time, were plotted versus the concentration of the amine, obtaining that the rate constant
depended linearly with the conceatton: the reaction is therefore first order with respect

to the amineGraph3).

Graph 3
Ph
OH [Cp*IrCly], (1 mol%) N
+ .
N n-decane Ph
H
toluene
20, excess 47 110 °C 48
Graph 3
0.0020
-
Equation y=a+b*x
Weight No Weighting
u Residual Sum of 1.16097E-8
0.0015 4 Squares
'Lé Pearson's r 0.98702
= . Adj. R-Square 0.9613
Value Standard Error
kobs Intercept 6.57713E-4 9.88079E-5
kobs Slope 0.00514 5.91047E-4
0.0010 -
T T 1

T
0.05 0.10 0.15 0.20 0.25
[amine]
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2.3 Determination of the RRaction Order: Alcohol

To determine the reaction order with respect to the alcohol, our first attempt was to
maintain the amine in large excess (10 equivalentspbiehylpiperidine for 1 equivalent

of benzyl alcohol) to haveseudefirst order conditionsespect to the alcohol. However,
plotting the yield profile o8 vs. time, we found that an excess of amine in the reaction
inhibited the activity of the catalyst, obtainigin less than 10% yield after 150 minutes.
We also tried to add the amine whthe reaction was already at reflux, instead of at room
temperature, without achieving a better conversBraph4 shows the results, comparing
these two yield pathways with the one achieved in the previous section. Effectivety,
benzyl alcohol was used in excess, prodi@otvas achieved in 80% yield after the same

reaction time.

Graph 4
Ph
+ >
H n-decane, Ph
toluene,
20 47, excess 110 °C 48
100 - Graph 4
A
80
A
A
60 A
=
.g 40 A
A = Amine added at RT
a ® Amine added in reflux
204 N A Benzyl alcohol used in excess
WA
[
Ojhonng® s = e - e

T T
0 50 100 150
Time (min)

The excess of amine poisoned the catalyst, becgussitimably generated a new iridium
species which was very stable and, therefore, inactive. These results suggest that the
aminemetal coordination is more favourable than the alcomedal coordination.
Effectively, the reaction with an excess of benzgbhol gave a faster reaction rate than

using the starting materials in a 1ratio.
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The esultsshown inGraph4 couldnot be used to evaluate the reaction order respect

to the alcohol. We changed the approach and, usiaguivalent of the amine and 1
equivalent of the alcohol, we analysed the data obtained between 0 and 5% yield to have
pseudefirst order conditions with respect to the starting materials. For this reaction, we
analysed the kinetics achieved in the firshutes. Several reactions have been carried
out, changing the concentration of the benzyl alcohol. The relative observed rate constants
have been calculated plotting the logarithm of the benzyl alcohol concentration vs. time.
Graphb plots the observed rate constants vs. the concentration of the benzyl alcohol; the

reaction is first order with respect to the alcohol, achieving a global second order reaction.

Graph 5

Ph
©/\OH ﬁj [Cp*IrCly, (1 mol%) ©/\r\©\
Y Ph
H

n-decane,
toluene,
20,1 eq 47,1 ¢eq 110 °C 48

0.003 Graph 5

Equation y=a+b*x
Weight No Weighting
Residual Sum of 1.3539E-7
Squares

Pearson's r 0.98435
Adj. R-Square 0.9586
Value Standard Error
= kobs kobs Intercept -5.11663E-4 2.09971E-4
Linear Fit of Sheet1 kobs kobs Slope 0.0039 4.03551E-4

0.002

kobs

0.001 -

0.000 . . . .
0.0 0.2 0.4 0.6 08

[benzyl alcohol]

Whilst we were working on this chemistry, Madsen angvookers published their paper

in which they affirmed this reaction is in first order with respect to the alcohol and to the
amine, achieving a globaécond order reacticiOur results suggest that, in the catalytic
cycle, both the amine and the alcohol are involved in thedetermining step, which

confirms their conclsions.
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2.4 Determination of the Reaction Order: Catalyst

The last part of this preliminary study concerned the reaction order in the catalyst. Several
reactions were carried out changing the amount of catalyst used, but maintaining a
constant concerdtion of alcohoR0and aminel7. Again, we analysed the data obtained
between 0 and 10% yield to hgyseudefirst order conditions with respect to the starting
materials. The observed rate constants have been calculated plotting the logarithm of the
benz/l alcohol concentration vs. tim&raph6 shows the observed rate constants vs. the

catalyst loading.

Graph 6
Ph
©/\OH ﬁj [Cp*IrCly), (X mol%) ©/\,\©\
+ :

N n-decane, Ph

H
toluene,

20 47 110 °C 48

Graph 6
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The reaction rates did not®h a linear pathway with an increasing amount of catalyst
used. These results could be explained by considering the-dior@mer equilibrium
shown inSchemet0. Recently, Madsen and-eeorkers have calculated computationally
theenergy related to the dimeronomer equilibrium: when the reaction was at reflux in
toluene (110 °C), a small amount of the active monomerield&ron complex was

favoured byentropy, even if the dimer is tmeoststablecomplex®®
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Scheme40

Cl
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ﬁifr"\crr c =, M Kea = [Cp7IrCly

CI/Ir\CI [Cp*IrCl5],

Our results suggest that the amount of the active species [Cfy'ilnGhe reaction does
not increase linearly with the catatyloading. Instead, its concentration in the reaction
mixture is proportional to the square root of the concentration of [CpfkClhe
observed rate constants showirGiraph6 depend on the amount of the [Cp*Is{0h the
reaction and therefore, since tiwo iridium specie$Cp*IrCl2] and [Cp*IrCk]2 deviate
from linearity, the observed rate constants are not in linear dependence veiiatlyst
loading.

2.5 Conclusiors

The results described abosgggest that monomericcomplexcoud be potentially more

active than the dimeric [Cp*Irg]k, because it should not need4aicivation to generate

the active monomeric 1électron complex. Additionally, the active catalytic species does

not contain a carbonate in its coordinatisphere, but an amine. These observations
suggest that an amine could be an interesting functional group to include in the design of
new catalysts, since the amimeetal coordination is particularly favoured over the other
possible ligands that could bensiderede g. alcohol or carbonate. With the synthesis of
more efficient catalysts which do not need the energy necessary to break the dimer in two
monomers, it would be possible to decrease the high temperatures and the high catalyst

loadings generallyequired in the hydrogen borrowing methodology.

41



Chapter 3. Synthesis of New Complexes

3.1 Introduction

Our kinetic studies reported in the previous chapter showed that a monomeric complex
could potentiallybe more active than the dimer [Cp*Irf4. We decided to focus on the
development of complexes using two metals: rhodium and iridium. This choice was based
on the knowledge that both rhodium and iridium complexes have been reported to
catalyse hydrogen borrowimgactions-* Besides, these two metals have several features

in common: all the compounds of Rh(lll) and Ir(iéle diamagnetic and legpin and

both metals have a great affinity for ammonia and amiBeth rhodium trichloride
hydrate and irdium trichloride hydate provide a convenient starting point for the
preparation of complexé4.Furthermore, even if rhodium complexes generally show
worse activities for hydrogen borrowing reactions than iridium catalysts, they are easier
to synthesise, since the formatiohiridium complexes is generally sld.Therefore,

the synthesis of the designed catalysts could be attempted starting with rhodium
trichloride hydrate, followed by the optimisation of the noekblogy to make the
corresponding iridium complexes.

Since our previous results suggest that the active catalyst contains an amine in its
coordination sphere, our aim was to prepare complexes which contained a coordinated
amine as a ligand. The importarafehe N-H functional group in organometallics is also

well known in the literature and it often recurs in mettalysed reactiorf$ Effectively,

the amine moieties can serve as coordination groups, hydrogen bonding donors, hydrogen
bonding acceptors and proton sources and they are chlgmstable and easily
introduced to the ligandg.he N-H functional group is largely used in symmetric and
asymmetric hydrogen transfer. One of the first asymmetric examples was reported by
Noyori in 1995 Echemet1).5”
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Scheme4l /ﬁ

OH -
o oH [RuCl,(mesitylene)], o} \/ Y
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+ > Phiu ¢l
(S,S)-TsDPEN YN\H
(1.0 mol%), H
KOH (2.5 mol%) 11, 95%, 97% e.e. Ph

\ 49, active catalyst)

Two different families of ligands have been designed, both containing a coordinated
amine. The first family has a bidentate ligand coordinated to the metal centre in a
Noyori-type complex. Recently, Limbach andworkers showed that similar complexes
can be used efficaciously in tiealkylation processes, as shownScheme42.3® A

family of complexes was prepared containing aminoacidate ligands2#ikevhich

promoted the hydrogen bowng reactions in good to excellent yields {92%).

Scheme42
R’ R3 Ir catalyst 27 )R\ ,
PR + “NH (2.0 mol%) r->N-R H/IQ\C'
toluene or H,0,
R = alkyl, Ar R? = alkyl, Bn, Ar 95°C, 24 h 32 examEIes, 5
R'=H, alkyl R3 =H, alkyl, Bn 72-98%

27

In the second family of complexes that could be designed, the aromatic ring was derived
introducing a tethered chain which containiee amine group. Wills and-sworkers have
prepared a new family of ruthenium tethered catalysts, which have shown excellent

activities in asymmetric transfer hydrogenation of ketoSesi¢met3).68

Scheme43
o) OH /\\

Ru catalyst 50 = \\“

(0.1 mc})ll%) . Me0”  Ry=N""
: . I \N\%”“Ph

HCO,H/Et;N Ts”

60°C, 2 h Ph
51, 99%, 95% e.e. 50

The introduction of the tethered amine provided extra stability and a significant increase
of the reaction rate r e-tysetcdatystt This lattere i u
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modification is really interesting, because we could potentially prepare more active
catalysts and increase the stability of the complexes simply introducing a tethered chain
in the Cp* ring. Thus, a new family of monomers was designesh@sn inFigure15;

the general structure of the ligand contains a Cp* group wiashbeen modifiedith a

side chain bearing an amine group.

Figure 15
R'RN )

|
) T
- . A
X R R
X=Cl, |
R, R"=H, alkyl M =Rh, Ir

The designed structure represented abe®ws a great number of possible
modifications,such as the length of the chain and the substituents on the nitndaeim,
could permit ugo compare the structure dfe complexes vs. their activity in hydrogen
borrowing processesSince they are monomeriomplexes they should not need
pre-activation from the dimedissociationand the amine could act as an internal base.
Additionally, the nitrogen in the amine coulavour the monomeric structure, due to the

great affinity between iridiuror rhodiumand nitrogen.

3.2 Synthesis of New Monomeric Rhodium(lll) Catalysts

We started the synthesis of a series of ligands varying the length of the side chain to
evaluate itsole in the catalytic activity of the complex. Three different ligand precursors
have been synthesised using similar procedures: the first one containing) &\N{Boc

unit (ligand54, Scheme44), the second one containing a ({4MHBoc unit (ligand57,
Schemed4) and the third one containing a (€ HNHBoc unit (ligand60, Schemed4).

These ligand precursors, which were obtained as a mixture of geometric isomers, have
been prepad by double alkenylation of tlid-Boc protected aming&3 or amides6 and

59 with 2-lithium-2-butene. This procedure was usedhe literatureo synthesise the
diene57in good yield, as reported by l& al’® Herein, it was efficaciously applied to
synthesise dienes varying the length of the side chHEm@ organolithiumreagent

2-lithium-2-butene was generatad situ by the reaction between lithium wire and
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2-bromo2-butene, used as a mixtureois andtransisomers®Cits ratio was not reported

by the suppliers.

Schemed4
Br NHBoc
o HO
HCl 0 (0] 3 j , Li wire
. Boc,0O
HZN/\)J\OMe L BocHN/\)J\OMe | |
TEA, DCM Et,0 (dry),
52 0°CtoRT 53, 99% -78°C to RT 54, 44%,
Br NHBoc
(0] O 2 j , Li wire HO
Boc,0O
( :NH _ oY | < NBoc - |
DMAP, Et,0 (dry),
DCM RT
55 56, quant. 57, 70%
NHBoc
Br
O Q 2 j , Li wire HO
NH Boc,O NBoc -
— | |
DMAP Et,0 (dry),
DCM RT

58 59, 47% 60, 20%

Three different isomers could be achieved, as shoWwigirel6: thetranstransisomer,
thetrans-cis isomer and theis-cis isomer. The dienes were generally purified by flash
chromatography, isolating them in a mixture of 1 : Iratio.

Figure 16
trans-trans isomer trans-cis isomer cis-cis isomer

Two rhodium complexes containing a modified Cp* ligand bearing an amine in the side
chain were already reported in theetature by Itceet al’® Complex64 was synthesised

in good vyield starting from the ligand precurs®i, which was prepared from
tetramethylcyclopentenone in three steps, following a procedure reported by Teuben and
co-workerg?! (Schemet5).
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Scheme45

¥ e

L|CHZCN

3) LiAlH,

64, 55%

Complex67 was also reported in the literature by ¢tical. and it was synthesised from

the ligand precursds7 in three steps,sashown inScheme46.”° Diene 57 was prepared

NH»> NH5CI
HCI (1 M)
in Et20
—_—
MeOH
61, 70% 62, 77%
RhCl;* 3H,0
MeOH
%NH-&CI
C
A92CO3 Cl. /—Cl/ Cl
- Rh
DCM C'”S”@@
2

63, 86%

using the same procedure reporte@amemed4.

Scheme46

NHBoc

HO

HCI (2 M) NH5Cl
in Etzo
— =
MeOH
65, 60%
RhCly 3H,0
MeOH
%NH@
oI
t-BUOK e /e
- CIH3N il
DCM 3
3
66, 82%
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Disappointindy, several attempts to synthesise the ligand precwSdailed in our
hands.The NMR spectra of the crude reaction mixtures showed that the signals of diene
57 disappeared, but only a mixture of-pyoducts was obtained.

Therefore, we sought a different procedure to synthesise our complextsliteported

in the literatur@hat rhodium and iridium dimers could be synthesisestustarting from
modified dienes in moderate to excellent yields, as sho@cliemet7.”?

Scheme47
H
N~r¢

NHTf '\? ned

HO Cl~, No|

" Cl<.’/_cl
MeOH H M
MC|3' 3H20 + | | Tf/N
70 °C, 20 h
n+1
M =Rh, Ir n=1,273 6 (:S?gn;e/loes

Following this general procede; rhodium trichloride hydratand diene57 were
dissolved in dry methanol and the mixture was heated at reflux overBigmerhed8).
Unexpectedly, in addition to diméB isolated in 25% yield and characterised by NMR
spectroscopy and HRMS, a 36% yield of monon&dr was purified by flash

chromatography.

Scheme48

NHBoc
I/%éi\NHBoc

HO Cl=/ D,
RhCly* 3H,0 MeOH Clsgi-Cl ¢« ~ Rh
3" 2 + 2 ° ~
| | 70°C, BocHN ' o | N
20 h cl HH
3
57 68, 25% 67, 36%

The structure of compour@l7 was confirmed by Xay crystallography, after growing
red diffractiorquality crystals by slow recrystallization from dichloromethalfiguyre
17). The complex crystallised monoclinic, space gre@pn. The hydrogen atoms have

been omitted for clarity. Displacement ellipsoids are at the 50% probability level.
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Figure 17

Molecular structure of comple&7

Tablel reports the relevant bond lengthslamgles for this complex.

Table 1

Bond and Angle Length(A) and Angle(°)
Range @(ring)-Rh1 2.142(3) to 2.196(3)

C1-Rh1 2.142(3)

Ring centroidRh1 1.781

N1-Rh1l 2.139(3)

Cl1-Rh1 2.439(1)

Cl2-Rh1 2.441(1)

N1-Rh1-C1 94.54(D)

The maximum difference in the bond lengths between the carbons of the ring and the
metal is 0.054A, with the bond between the carbon in the tethered chain (C1) and
rhodium being the shortest (2.142@). The length between the ring centroitdahe

metal is 1.78A.

The yield for the synthesis of compléX reported in the literature was high&cheme

46); however, to the best of our knowledge, the development of a procedure to synthesise
the Cp*derived ligandn situ and, at the same time, deprotectthBoc amine to directly

isolate monomeric comple7 is new.
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The same procedure describedsichemed8 has been used to synthesise complédes
and69. Rhodium compleX4 was isolated aftgourification by flash chromatography in
10% yield Schemet9) and it was analysed by NMR spectroscopy and HRMS.

Scheme49
NHBoc
HO
MeOH th

RhCl;* 3H,0  + | | —_— ALY

° Cl I !
70°C,20h cl HH
54 64, 10%

When we attempted the same procedure stantitigrhodium trichloride hydratand the
homologated dien@0in dry methanol, we did not manage to directly isolate conex
but instead we achieved a 34% yield of the dim@(Scheme50). Complex70 was

characterised by NMRpectroscopy, comparing the signals with similar dimers reported
in the literature?®

Schemes0
NHBoc
HO
MeOH R'h
RhCl3 8H,0  + 2 | | —>— | N
70°C, 22 h cl HH
60 69
MeOH
70°C, 22 h
T e
o S/ e
~Rh-C!
4
70, 34%

The treatment of dimer0 with 2 equivalents of potassiutart-butoxide in dry DCM

gavecomplex69in modest yield $chemé 1), which was not stable. The structure of the

49



complex was confirmed byH-NMR and HRMS; however, upon the removal of the
solvent decompose@b to give an insoluble orange 4pyoduct.

Schemebl
clo /o © t-BuOK |
“Rh~ — Rh_
CIHN ’ DCM, RT c” | N\
ci HH
4
70 69, 29%

Among the dienes tried7 gave the highest yield in the synthesis of the corresponding
rhodium complex. These results suggest that the length of three carbon chain would be
optimal, because the compléX was isolated with the highest yield. The side clafi
diene54 is probably too short to given easily formed monomdto et al reported that

the conformational constraints of the cyclopentadienyl ligand is bigger in coréplex
than in67.”° On the contrary, the chain in die66 is probably too lengthy to afford a
stable monomei69. Effectively, the diner 70 was the only product isolated from the
reaction shown ischeme0, which demonstrates that tNeBoc deprotection occurred,
but a dimeric structure was more favoured than the monomeric one. The treat@@nt of
with a strom base gave the monomé®, but it was unstable and it decomposed
spontaneously to give an insoluble-fmpduct. As a result of these considerations, the
length of dien&7 (three carbon chain) was chosen for further modifications of the amine
and the hatie ligands.

3.3 Modification of Rhodium(lll) Complex67: Secondary Amine

The structure of cataly${7 is interesting because it contains a primary amine in the side
chain. The possibility to synthesise active catalysts with a secondary or a tertiagy amin
is intriguing because it would open the potential modifications of the catalysts,
developing supported catalysts or introducing asymmetric centres for enantioselective

alkylation.
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We synthesised a diene containing NuBoc protected secondary amine aswsh in
Schemeb2, starting from the commercially availablgethylamino)butyric acidlin

three steps.

Schemes2
I
BocN
1) Boc,0, Br
N , o Boc
- \/”\“JKOH —_— /N\//\v)koMe g | |
2) MeOH, Et,O (dry),
EDC-HCI, RT
71 DMAP 73, 85% 74, 35%

The procedure described 8themed8 has been applied here to synthesise mondiber
starting from 2 equivalents of dieiid and 1 equivalendf rhodium trichloride hydratin
methanol $chemes3).

Schemeb3
\
BocN
OH
MeOH §h
RhCly* 3H,0  + 2 | | - o |\
70 oC, 20 h Cl |_i Me
74 75, 30%

The structure of complekbs has been confirmed by-Ky crystallographyafter growing
red diffractiorquality crystals by recrystallization from dichloromethdmexane
(v/v = 1/2) (Figure 18). The complex crystallisk monoclinic, space group2i/n. The
hydrogen atoms, except those on the protic amine, have been omitted for clarity.

Displacement ellipsoids are at the 50% probability level.
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Figure 18

Molecular structure of complexs

Table2 reports the relevant bond lengths and angles for this complex.

Table 2

Bond and Angle | Length(A) and Angle(°)
Range @(ring)-Rh1 2.149(2) to 2.209(2)

C5Rh1 2.161(2)

Ring centroidRh1 1.791

N1-Rh1 2.171(2)

Cl1-Rh1 2.454(5)

Cl2-Rh1 2.448(5)

N1-Rh1-C5 92.97(6)

The bond lengths and angles of compi&were compared with those of monon&ét

The length of the GRh bond and the length between the ring centroid and the metal are
slightly greater in75than in67 (respectively, 2.161(2 and 1.79 for 75and2.142(3)

A and 1.781A for 67). The angle between NRh-C5 is slightly more acute if5than in

67. Additionally, the length of thenitrogenrhodium bond is greater in complé&b
(2.171(9 A) than in67 (2.139(3)R), suggesting that this bond is weaker with a secondary
amine in the side chain.

The 'H-NMR analyses of compleX5 showed that the protons of the side chain and of
the methyl groups in the ring became diastereotope talthe asymmetric centre on the
coordinated nitrogerfzigure 19 shows theH-NMR spectra of complexe€zs and67 for

comparison.
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Figure 19
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The'H-NMR spectra were recded in deuterated chidoom usinga 500 MHzBruker spectrometer.
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Firstly, the hydrogens of the two side chains were compared. The two hydrogens next to
nitrogen H3 in the Figure) and the two next to ther2(in the Figure) in complex5are
diastereotopic with four distinct sigls for the four hydrogens. In comparison, the same
four hydrogens in comple&7 (H2 andH3 in the Figure) occur in two homotopic pairs

and only two signals are observed. The signals of the methyl groups in the Cp* were also
compared. CompleX5 has fourdifferent signals, showing that the Ggdeérived ring is

also diastereotopic, whilg7 has only two signals. Finally, the methyl group attached to
the nitrogen in compleX5 is a doublet in the spectrum, because it is coupled to the

hydrogen on the coordited amine.

3.4 Madification of Rhodium(lll) Complex67: Tertiary Amine

Some examples in which a tertiary amine is coordinated to the metal are reported in the
literature; usually two methyl groups have been used as substituents on thé&*&tioe.
conclude the screening of our family of ammedified Cp* ligands, we synthesised
diene 78 starting with a nucleophilic substitution between dimethylamine and ethyl
4-bromobutanoat&’6 in toluene, followed by the double alkenylation ©f by the
organolithium generatedin situ in the reaction between lithin wire and

2-broma2-butene, used as a mixturead andtransisomers $chemeb4).

Schemeb4
Me. _Me
Br N
HNMe,- HCI 2\E
OEt K,CO i wi HO
Brw 2003 Me\,Tj OEt  Liwire
0] toluene, Me o) Et,O | |
110 °C, 20 h (dry)
76 77, 65% 78, 41%

Unfortunately, the reaction between digi8and rhodium trichloride hydtein methanol
did not afford complex’9 (Schemes5), suggesting that thid-Boc deprotection was a

fundamental step for the synthesis of this family of monomers.

54



Schemeb5

Me., .M
e N e
HO MeOH P 2 C )
2 +  RhCl3*3H,0 - N
I ! 18 h, reflux CiMe Me
78 79

With the idea of synthesising rhodium(lll) dinfand then closing the structure to form
the corresponding monomeg, we treated ligand8 with 2.0 M hydrogen chloride in
ether to give the hydrochloride sd&l0 as a unresolvedmixture of three isomers,

following the general procedure reported by Ito anavodkers Gchemes6).”°

Schemeb6
Me. .M
e N e
v HC!
HO HCI (2 M) in Et,0 e\'T'
> Me
| | MeOH, RT
78 80, 55%

The reaction between rhodium trichloride hydrate and ligand prec@&®on dry
methanol gave rhodium(lll) dim&1in 40% yield(Schemes7).

Schemes7
HCI mNMe
M-\ ke .
N MeOH HCI Cl<_/_cl HCI
2 I + RhCl3* 3H,0 ——— ' Rh
Me reflux, 22h  Me,N '
3
80 81,40%

This complex was characterised by NMR spectroscopy, comparing the signals with
similar dimers reported in the literat{tand by HRMS.

The rhodium dimeB1 was converted into the desired mono@nn moderate yield
using 2 equivalents of potassiusrt-butoxide in dichloromethane, as showrSicheme

58.70
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Schemeb8

MNM%' HCI

C
CI\Rt/w’CI/ cl t-BUOK Rh
— AN
HCI - Me;N ' DCM, RT C” sivd Me
3
81 79, 34%

The structure has been confirmed byray crystallography, after growing orange
diffraction-quality block crystals from dichloromethaitiexane (v/v = 1/2)Kigure20).

Figure 20

Molecular structure of complexQ

The complex crystallised orthorhombic, space grBap2:. The hydrogen atomisave

been omitted for clarity. Displacement ellipsoids are at the 50% probability level.

Table3 reports the relevant bond lengths and angles for this comhexcharacteristic

bond lengths and angles of compkwere comparewith those reported previously for

67 and75. The maximum difference in the bond lengths between the carbons in the ring
and the rhodium is smaller than those previously observe@3@ for 79 instead of
0.054A for 67 and 0.06QA for 75), suggesting it the presence of a tertiary amine gives

an almost symmetry of coordination between the-@grived ring and the metal. The
length between the carbon in the tethered chain (C6) and rhodium is the shortest among
the five carborrhodium bonds, like in comek 67. Additionally, the bond length
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between nitrogen and rhodium is greater (2.19&(4pr 79, 2.171(2)A for 75 and
2.139(3)A for 67), indicating that the weakest rhodiumitrogen bond is the one with a

tertiary amine in the side chain.

Table 3
Bond and Angle Length(A) and Angle(®)
Range G(ring)-Rh1 2.140(5) to 2.167(5)
C6-Rh1 2.140(5)
Ring centroidRh1 1.772
N1-Rh1 2.196(4)
Cl1-Rh1 2.417(2)
Cl2-Rh1 2.422(1)
N1-Rh1-C9 95.11(18)

Finally, to analyse the effeof a bigger substituent on the tertiary amine coordinated to

the metal, dien83 was synthesised using a synthetic route which was similar to the one

shown previouslygchemes9).

Scheme59
Et _Et
N
Br
Et,NH 2 j . Li wire
o KOs Ete OEt HO
B B l -
r/\/Y toluene, Et (@] Et,0 (dry) | \
0 20 h, 110 °C 2> (dry
76 82, 92% 83, 92%

Similarly to what was observed previously in the synthesis of conffethe reaction
between dien83 and rhodium trichloride hydrate did not afford comp8&k(Scheme

60).
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Scheme60

Et.-Et
HO MeOH I
2 +  RhCly3H,0 . /R’h\N
- 18 h, reflux CI” ol gl CEt
83 84

With the idea of synthesising rhodium(lll) din&8and then closing the structure to form
the corresponding monoma84, ligand precursoB5 was synthesised (as anresolved
mixture of three isomers) following the genar procedure reported by Ito and
co-workers® (Schemes1). This ligand was used in the following reaction without any
other purification; a small amount was purified by flash chromatography for

characterisation purposes, isolating the compound as a free amine.

Scheme6l1
Et -Et
HCl
HO HCI (2 M) in Et,0 Et\,'},
| | MeOH,RT Et
83 85, 58%

The reaction between rhodium trichloride hydrate and liggoh dry methanol gave
rhodium(lll) dimer86in excellent yield, which was characterised by NMR spectroscopy,
elemental analysis and HRMSdhemes2).

Scheme62

HCI Cl '

X HCI  Cl /. HCI

Bt MeOH N Rh~%!

2 + RhCly' 3H,0 ——— Et,

Et ° T reflux, 22 h H@

3
85 86, 89%
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Two different procedures were attempted to synthesise monomeric coddptéx first
one using potassiutart-butoxide as a ba&and the second one using silver carbofate.
Using the first procedure, instead of obtaining com@éxwe found a small amount of

the monomeB7 and unreacted starting materidchemes3).

Scheme63
L7/ BUOK |
Clsgf-Cl t-Bu Rh_
. , T ot c” | N\
HCI - EtN DCM, RT cl ef H
3
86 87, 16%

The formation of comple®7 was confirmed by NMR spectroscofygure21 shows the

H-NMR spectrum ofnonomer8?7.

Figure 21
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The'H-NMR spectrum was recoed in deuterated chloroform using a 500 MHz Bruker spectrometer.

The protons next to the nitrogen in the ethyl gradg (n the Figure) are diastereotopic

and two signals are observed. The methyl groups in thed€pt¥ed ring are also
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diastereotopic anthey appear as four different singlets. This diasterotopicity is due to
the asymmetric centre on the coordinated nitrogen, similarly to coriplex

Since alkyl cations are not generally good leaving groups, the loss of the ethyl group to
generateB7 was wexpectedThe mechanism of this reactiaves not certain, bubur
hypothesis isthat the first step could béhe formation ofiminium ion 88 by
dehydrogenation, followed by the formation of the hemiam@tadnd its hydrolysis,
which gaveB7 (Schemeb4).

Schemeb64
|
‘ -c1® Rh @ > + H,0 Rh_
_Rh_ AN 20 o | ON:
cl Et 4 < Et HA Et
Cl Et OH,
@®
84 88 89

o N
AN © AN t
c” | ! -H c” | H
cl H Et H Et /(<_QH
e
87 91 90

Using the second procedure, we observed only unreacted starting materh€sbs).

Scheme65

MNEQ' HCI

/C| / Cl Ad-CO [
CI\Rh’CI 9203 Rh_

. , B c” | N
HCI EtzNH@ DCM, RT ol g Et
3
86 84

Unfortunately, these unexpected results suggestintbegasing the chain length of the
substituents on the coordinated tertiary amine, the complex would be prone to lose one of

the two groups on the nitrogen, generating a tethelmath which contains a secondary
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amine. This side reaction could potentially be avoideg introducing two
electronwithdrawing groups on the coordinated amine, which would disfavour the
formation of the iminium ion, decreasing the rate of this hydrogerster side reaction
(Schemes6).

Scheme66
T
_Rh aNT
> Cl\Rh’Cl CF t-BuOK Rh_
I:30\/N ! ’ CI/’ NL
. DCM Cl < CFs
HCl '3 CF3

3.5 Modification of Rhodium(lll) Complex 67 lodide as Halide ligand

After the modification of the length of the side ahand the substituents on the nitrogen

of catalyst®67, we decided to modify the halide ligand; treatmer@kith sodium iodide

in acetone gave the corresponding comp2i good yieldvia a salt metathesis reaction
(Schemeb7). The complex was characterised by NMR spectroscopy, elemental analysis
and HRMS.

Scheme67
th Nal th
~ —> ~
c” | N\H Acetone, T H
Cl H reflux I
67 92, 60%

3.6 Modification of Rhodium(lIl) Complex67: Dicationic RhodiumMonomer

To complete the possible miifications of compleX7, the cationic version of compound

67 has been synthesised, treating the complex with 2 equivalents of silver
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hexafluoroantimonate in acetonitrile. The cationic rhodium(lll) compiwas isolated
in 61% yield Gchemes8).

Scheme68

2@
Z%bF6

| 2AgSbFg '
cl” | Iy Acetonitrile, /// N |_i H
Cl H reflux Il
HsC ]
CHs
67 93, 61%

The monomer93 was characterised by NMR spectroscopy, elemental analysis and
HRMS. The structure has also been confirmed maycrystallography, after growing
diffractionquality crystals as light orange prisms from slow evaporation of
acetonitrilediethyl ether (v/v = 1/2)Kigure 22). The complex crystallised monoclinic,
space groupr2i/n. The hydrogen atoms, except those on the protinognmave been
omitted for clarity. Displacement ellipsoids are at the 50% probability 1&uglre 22

shows the hydrogen bond between the proton on the coordinated amine and a fluorous

atom of one hexafluoroantimonate ion.

Figure 22

F6 F2

Molecular structure of comple33
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Table4 reports the relevant bond lengths and angles for this complex.

Table 4

Bond and Angle Length(A) and Angle(°)
Range G(ring)-Rh1 2.129(4) to 2.182(4)

C4-Rh1 2.130(4)

Ring centroidRh1 1.764

N1-Rhl 2.134(3)

N2-Rh1l 2.094(3)

N3-Rh1 2.121(3)

F1-N1 2.969(4)

N1-Rh1-C4 93.84(13)

The characteristic bond lengths and angles of confji8axere compared with those of
neutral monome67. The distance between the ring centroid and the metal is shorter in
complex93than in67 (respectively, 1.76A and 1.7813). The angle between NRh-C4

in complex93is slightly more acute than the corresponding angs ((93.84(13)or 93

and 94.54(10) fo67). The distance from the nitrogen in the tethered chain and the metal
is similar (2.134(3R and 2.139(3Q), whereas the two nitrogens of the acetonitrile form

a shorter bond with the rhodium than the two chlorides in coni€2.121(3)A and
2.094(3)A instead of 2.439(1A and 2.441(1)A). Since nitrogen is smaller than a
chloride, it could get closer to the rhodium forming a stronger bond with the metal.

3.7 Modification of Rhodium(lll) Complex 67: Synthesis of Monomer cdaining a

Fluorous Tag

In the literature, some examples of immobilised fluorous tagged -catalysts for
enantioselective Dielélder reactions, asymmetric reduction of ketones and
crosscoupling reactions are reportéd>’® These supported catalysts usually show
comparable yields to the corresponding fratlysts and they can be easily recovered by
fluorous solidphase extractidr with good purity. After a screening of a few synthetic
routes to synthesise a diene with a fluorous taghe side chain, we developed the

following retrosynthetic approach to synthesise ligand prec@4d¢6chemet9). The
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fluorous tag, which is separated from the active centre by a linker, was hypothesised to
be inert in the catgtic cycle/*

Scheme69

HO EOC

O
B
ﬁ EtOM NCE;/\O/\/CaFw

94 95

U

(e}
HO\H/\O/\/CSFW HzN WOEt —— EtoJ\/\/H\H/\o/\/CsF”
@) O

98 97 96

The diene94 would be synthesised from the es®&; which could be synthesised from
the reduction of amid®6. This amide would be synthesised from tlendensation
betweerf7, which is commercially available, aB8, which could benadefollowing the
procedure reported in the literature by Smraehal’® Thus, the first step of this route
was the syritesis of the linker, eth@8, prepared in good yield from a reaction between

bromoacetic acid antH,1H,2H,2Hperfluorodecanol as shown $themer0.

Scheme70
o O
NaH (60% in mineral oil) e}
CSF17/\/OH + Br\)J\OH CSF17/\/ \)kOH
THF (dry),
0°CtoRT 98, 90%

The nex step was the synthesis of the am@dewhich was obtained in excellent yield
from the condensation betwe@®and ethyl 4aminobutanoate hydrochlori®& (Scheme
7).

Scheme71
O HCI EDC* HCl Q
: OFt o M OEt
0 DMAP P
Gy O Ao+ NSO O g N
o) DCM, 0
98 97 0°CtoRT 96, 96%
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The reduction of the amide in the presence of the ester was more challdingrfgst
attempt was to use the borane-THF complex following the procedure for the selective
reduction of amides reported by Browhal.’”® Unfortunately, this procedure produced
amine 99 in very moderate yield (9%). Depending on the equivalents of borane used
(excess or stolgometric), the main side products for this reaction were the fully reduced
compound or the unreacted starting material. The next attempt was to follow the
procedure reported by Charette andwawrkers in which they selectively reduced
secondary amides ithe presence of estéfsThe first stepof their procedure was the
reduction of the amide to the imine using trifluoromethanesulfonic anhydride and
triethylsilane, followed by thensituad di t i on of 106iahich gagedhie 0 s
amine99in higher yield Schemer2).

Scheme72
1) 2-FPyr,
Tf,0,
Et;SiH
DCM,

(0]
-78 °Cto RT (0] OEt
O OEt NN
C8F17/\/ \)L”W ”)T> CBF17 ”/\/j)(
(0]

96 99, 32%

O O

Etowoa
N

H
Hantzsch's ester,
100

The amine was protected with a Boc group in 72% yigtthémer3).

Scheme73

0°C to RT

Finally, thediene94 was synthesiseldy reacting the ested5 with 4 equivalents of the
organolithium generatedn situ from the reaction between lithium wire and
2-bromo2-butene $chemer4).
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Scheme74

_/_CSF‘W
NBoc
4 , Li wire
(@] OEt
C8F17/\/ v\g
EtZO (dry),
0°CtoRT
95 94, 58%

For thissubstrate, the double alkenylation was less efficient, probably becaus@5ester
was less reactive than those used previously. Therefore, 4 equivalents of organolithium
were necessary to afford the product, because onlyrtteacted starting material was
observed when 2 equivalents were used.

The reaction between the dier# and rhodium trichloride hydrategave the
corresponding monomé01in moderate yield. This complex has been characterised by

NMR spectroscopy and eleamtal analysis§chemer5).

Scheme75
O—/_08F17
NBoc %
[
HO Rh
MeOH ~
RhCly 3H,0 + 2 - c | N
| | reflux, 20 hours Cl H \O
_\—CBFW
94 101, 35%

Figure 23 shows the'H-NMR spectrum of comple201 The protons in the side chain
and next to the nitrogeare diastereotopic, as well as the methybups in the
Cp*-derived ring, which appear as four different singlets. This diasterotopicity is due to

the asymmetric centre on the coordinated nitrogen, similarly to cormplex
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Figure 23
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The'H-NMR spectrum was recorded in deuterated chloroform using a 500 MHz Bruker spectrometer.

3.8 Synthesis oNew Monomeric Iridium(lll) Complexes

Despite rhodium and iridium complexes having several features in common (all of the
compounds oRh(lll) and Ir(lll) are diamagnetic and legpin and both of them have a

great affinity for ammonia and amines), rhodium complexes are easier to synthesise, since

the formation of the corresponding iridium compounds is usually Si@&ppinger and
coworkers reported the synthesis of rhodium and iridium complexes with a

functionalised Cp* bearing a pendant primary amine gr@apéme76).8*

Scheme76

NH,ClI

NH,CI

EtOH \
MCly* 3H,0 + _—
reflux, 4 d CIH3N

M =Rh, Ir
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However, to the best of our knowledge, there are not examples in the literature of iridium
complexes with a coordinated amine on the tethered chain of the cyclopentadienyl ligand.
The first attempt to synthesid®2 using the procedure reported above for the rhodium

complexes did not afford the desired iridium compl8cheme77), but a mixture of

by-products.
Schemer7

NHBoc
HO
MeOH It
IrCly* 3H,0 + 2 ~I™N

| | — X N
70 °C, 20 h cl H

57 102

Changing e approach, iridium(lll) complex02 was synthesised in 44% vyield by
heating at 130 °C in a microwave reactor containing 2 equivalents of Sireaed 1
equivalentof iridium trichloride hydrat€Schemer8).

Scheme78
NHBoc
HO
NaHCO; !

ICly* 3H,0 + 2 | | = o TN
MeOH, cl |_’| H

130 °C, 2 h,
57 microwave 102, 44%

The structure of the complex has been confirmedogyXanalysisafter growing orange
diffraction-quality crystals by a slow recrystallization from dichloromethiaeeane

(v/iv = 1/3) (Figure24). The complex crystallised monoclinic, space gr&2p/n. The
hydrogen atoms, except those on the protic amine, have been omitted for clarity.

Displacement ellipsoids are at the 50% probability level.
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Figure 24

Molecular structure of compledi2

Table 5 reports the relevant bond lengths and angles for this complex. The maximum
difference in the bond lengths between the carbons of the Cp* and the metal i80.054
with the bond between the carbon in the tethered chain (C4) and iridium being the

shortest. The length between the ring centroid and the metal isA.775

Table5
Bond and Angle Length(A) and Angle(®)
Range G(ring)-Irl 2.141Q) to 2.195(4)
C4Irl 2.141(3)
Ring centroidirl 1.775
N1-Ir1 2.138(3)
Cl1-Ir1 2.429(1)
Cl2-Ir1 2.440(9)
N1-Ir1-C4 95.50(11)

Unfortunately, reactions between the iridium trichloride hydrate and d&hasd 60
using the same microwave conalits did not afford the corresponding complexes, which
confirms that the length 057 gave the most easily formed rhodium and iridium

complexes.
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3.9 Modification of Iridium(lll) Complex 102 Secondary Amine

Using 2 equivalents of4, iridium(lll) comple< 103 bearing a secondary amine in the
side chain could be synthesised in a microwave reasubre(mer9).

Scheme79
\
BocN
OH
NaHCO3 |Ir
IrCl3 * 3H,0 + 2 | | - CI/I\N~
MeOH, cl |_i Me
130 °C, 2 h,
74 microwave 103, 30%

The structure of this complex has been confirmel gy crystallographyafter growing
yellow diffractionquality crystals by slow recrystallization from dichloromethane
(Figure 25). The complex crystallised monoclinic, space gr&®&/c. The hydrogen
atoms, except those on theofic amine, have been omitted for clarity. Displacement

ellipsoids are at the 50% probability level.

Figure 25

Molecular structure of compled03

Table6 reports the relevant bond lengths andlas for this complex.
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Table 6

Bond and Angle Length(A) and Angle(®)
Range G(ring)-Irl 2.156(5) to 2.187(7)
Clir1 2.162(5)

Ring centroidirl 1.783
N1-Ir1 2.179(4)
Cl1-Ir1 2.445(1)
Cl2-Ir1 2.436(2)

N1-Ir1-C1 95.1516)

The relevant lengths of bonds and the angles were compared with those repbeatad in

5 for complex102 Monomerl03possesses similar bond lengths and anglé§2oThe

main difference is the length of the bond betw#ennitrogen and the metal, which is
greater in103 (respectively, 2.179(4A and 2.138(3 for 103 and 102), similarly to

what was observed previously with rhodium comple&éand75.

Figure26 shows a comparison of the-NMR spectra of complexe02and103

Figure 26
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The'H-NMR spectra were recorded in deuterated chloroform using a 500 MHz Bruker spectrometer.

The protons of the side chaiHX, H2 andH3 in Figure26) and of the methyl groups of
the Cp*derived ring in the complekO3are diastereotopic, due to the asymmetric centre
on the nitrogen, similarly to rhodium complék. Again, the methyl group on the amine

appears as a doublet, because it is coupled toytir@gen on the coordinated amine.

3.10 Modification of Iridium(lll) Complex 102: Tertiary Amine

To complete the synthesis of modified iridium complexes bearing different substituents
on the coordinated amine, the reaction between iridium dricld hydate and

4 equivalents of dien®&0 in dry methanol gave iridium(lll) dimet04 in 93% vyield
(SchemeB0). In this case, the reaction with 2 equivalent8@dlid not afford the desired

compound and only unreacted starting mateviadse observed by crudel-NMR.
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Scheme80

HCI MNMeZ

CI7/ ¢l
. / HClI
Me\N MeOH HCI C'\"/CI
4 Me + IrCl3'3H,0 ———>  Me,N ’
120°C,1h
microwave 3
80 104, 93%

Dimer 104was characterised by NMR spectroscopy, elemental analysis and HRMS. The
same procedure reported above to synthesise the monomeric rhodiunexcéthplas

used here starting with the iridium dim&04 its treatment with 2 equivalents of
potassiuntert-butoxide in dichloromethane gave the desired mond@in good yield,

as shown irSscheme31.

Scheme81
MNM%'HCI
CI7/ ¢l ]
cl./_cl t-BuOK I
I - c | N
HCI - MexN DCM, RT ciMe Me

104 105, 90%

The structure o105has been confirmed by-My crystallography, after growing orange
diffraction-quality crystals by slow recrystallization from dichloromethhBgane
(v/iv =1/1) (Figure27).

Figure 27

Molecular structure of compleb05
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The complex crystallised orthorhombic, space grBeg2:. The hydrogen atoms have
been omitted for clarity. Displacement ellipsoids are at the 50% probability level

Table 7 reports the relevant bond lengths and angles for this complex. The lengths of
bonds and the angles were compared with those reportédbie 5 and Table 6 for
complexs 102 and 103. Among these three monomet$)b contains the longest bond
length between the nitrogen and the metal (2.198)33uggesting that the coordination
between the tertiary amine and the iridium is the weakest among the three. The length
betweerthe carbon in the tethered chain (C6) and iridium is the shortest among the five
carboniridium bonds (2.142(3R), similaty to complex102 Comparableesults have

been observed among the corresponding three rhodium compléxdésand79.

Table 7

Bond and Angle Length(A) and Angle(®)
Range G(ring)-Irl 2.142(3) to 2.165(4)

C6-Ir1 2.142(3)

Ring centroidirl 1.768

N1-Irl 2.196(3)

Cl1-Ir1 2.409(1)

Cl2-Ir1 2.418(1)

N1-Ir1-C6 95.93(11)

3.11 Modification of Iridium(ll 1) Complexes102 and 16: lodide asHalide Ligand

Following the procedure already presented above, the reaction between cb@REas
sodium iodide in acetone gave the corresponding diiodide iridium moriider good
yield (Scheme82). The complex was characterisbgg NMR spectroscopy, elemental

analysis and HRMS

; II z ) Nal [
<N N

Cl H Acetone,
Cl H reflux I H

Schemed2

102 106, 75%
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Following the same procedure, the halide ligands of confdgkave been modified to

achievethe corresponding diiodide iridium monomid)7 in 96% yield Schemed3).

O w EO
~ - r\N
d

Scheme83

Acetone, |
C' Me reflux M Me

105 107, 96%

Complex107was characterisday NMR spectroscopy, elemental analysis and HRMS

3.12 Modification of Iridium(Ill) Complex 102: Chiral Iridium Complexes

The work presented in this section (3.12) has been carried out in collaboration with
Ashley Thompson, an MChem project student in our grédjer the first synthesis of

complex113 Ashley Thompsorrepeated and optimisele following synthetic route

The structure of iridium compled02 is interesting, because a chiral centre on the carbon
next to the nitrogen could be easily inserted starting with enantiopure atite
Beginning wth  N-Boc-L-valine 108 (R)-N-t-butoxycarbony5-isopropyt2-
pyrrolidinonelllhas been synthesised following the procedure reported itettaure

by Eissenstagt al.’8, as shown irschemes4.

Scheme84
|) DMAP, o)
)\(U\ EDC * HCI,
DCM _Toluene NBoc
; II) NaBHy, Reflux
AcOH, DCM
108 110, 57% 111, quant
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Diene 112 was synthesised with a double alkenylationlafl with 2 equivalents of
2-lithium-2-butene generatedh situ from the reaction between lithium wire and
2-bromo-2-buteng(Schemedb).

Scheme85

~

o Br ~NHBoc
2 |, Liwire HO
NBoc

Et,O (dry) | |

111 112, 25%

The eaction between 2 equivalents of didd@ and iridium trichloride hychtegave the
corresponding iridium monom@&d.3in 27% yield as shown iBcheme36. This complex

was characterised by NMR spectroscopy and elemental analysis.

Scheme86
\/
~NHBoc
HO
NaHCO, "
||"C|3 * 3H20 + 2 ’ | C|/I\N ",
MeOH, c HH/
125°C, 2 h
112 113, 27%

The structure has also been confirmed bya¥X crystallography, after growing yellow
diffractionrquality prisms by slow recrystallization from dichloromethaesane

(v/iv =1/3) (Figure28). The complex crystallised orthorhombgpace grouca2;. The
hydrogen atoms, except those on the protic amine and in the stereocentre, have been
omitted for clarity. Displacement ellipsoids are at the 50% probability level.
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Figure 28

Molecular structure of compleki 3

Table8 reports the relevant bond lengths and angles for this complex.

Table 8

Bond and Angle Length(A) and Angle(°)
Range G(ring)-Irl 2.117(6) to 2.175(7)

C5Ir1 2.117(6)

Ring centroidirl 1.761

N1-Ir1 2.119(5)

Cl1-Ir1 2.428(2)

Cl2-Ir1 2.406(2)

N1-Ir1-C5 94.6(2)

The lengths of the bonds and the angles were compared to those reported previously for
complex 102 Between these two complexes] 3 possessed the shortest bond length
between the carbon in the tethered chain (C5) and the iridium (2.147{6) 113 and
2.141(3) A forl02). The angle between Nit-C5 in complexi13was slightly more acute

than the corresponding onelifi2 (respectively, 94.6(2) and 95.50(11) fick3and102).

A similar complex was synthesised by Ashley Thompson, starting with the
N-Boc-prolinal 114. The first steps were a Wittig reaction to isolate the conjugate ester
116in 86% yield and the hydrogenation of the double bond, which affotd&dn 7%%6

yield (Scheme7), following the general procedure reported in the literdttire.
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Scheme87

oM
e —_—T
Noc L 7 PhaP RT Boc o] T Eone | Boc

ocC o)
114 115 116, 86% 117, 79%

Diene 118 was synthesised in 69% yield with a double alkenylatiord Bf with 2
equivalents of 2ithium-2-butene generateih situ from the reaction betvem lithium

wire and 2bromao2-butene $cheme38).

Schemes8
Boc O Et,O (dry) | |
117 118, 69%

Reaction between 2 equivalents of didrié and iridium trichloride hydate gave the
corresponding iridium nmomer 119 in 38% yield (Scheme89). This complex was

isolated as a mixture of two diastereoisomers.

Schemed9

HO NaHCO;

Ir\ re
- MeOH, /l Q /I’ Q

125°C, 2h
118 119, 38%

IlCly © 3H,0 + 2

A high temperaturéH-NMR spectrum was run in deuterated@mitrile to see if these

two diastereoisomers could be interconverted in solution. Potentially, if one of the two
was more stable than the other, it would be possible to isolate one pure diastereocisomer
(Figure29).
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Figure 29

C|/Clllr\§NQ . /I’r\ Q

H
119 trans 119 cis

Disappointingly, the!H-NMR spectrum did not change, which suggests that the two
diastereoisomers were not interconvertifigus, complex119 was used without any

other purification as a mixturd two diastereoisomers.

3.13 Madification of Iridium(lll) Complex 102: Dicationic Iridium Complexes

To complete the possible modifications of complék, two dicationic monomers were
synthesised. In the first example, the same procedure reported tabeyhesise the
dicationic monomeric rhodium compl&8was used here, treating the compl€R with

2 equivalents of silver hexafluoroantimonate in acetonitrile. The cationic iridium(lll)

complex120was isolated in 70% yieldlsSEhemed0).

Schemed0
2@
2SbF
& 6
|' 2AgSbFg Ilr
r ~
1N - N/ N
cl” | . Acetonitrile, Y f
Cl I-i H RT 7 N H :
HsC I}l
HsC
102 120, 70%

CompoundlL20 was characterised by NMR spectroscopy, elemental analysis and HRMS.
The structure has been also confirmed byra}X crystallography, after growing
diffraction-quality crystals as colourless plates from slow evaporation of
acetonitrilediethyl ether (v/v = 1/4)Kigure 30). The complex crystallised monoclinic,

space grouf2:/n. The hydrogen atoms, except those on the protic amine, and/oh
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counterions have been omitted for clarity. Displacement ellipsoids are at the 50%
probability level.

Figure 30

Molecular structure of compled0

Table9 reports the relevantond lengths and angles for this complex.

Table 9

Bond and Angle Length(A) and Angle(°)
Range G(ring)-Irl 2.137(4) to 2.181(3)

C4-Ir1 2.148(4)

Ring centroidirl 1.773

N1-Irl 2.131(3)

N2-1r1 2.086(3)

N3-Ir1 2.068(3)

N1-Ir1-C4 94.47(13)

The relevant bond lengths and angles of comfl2@ were compared with those of
neutral monomel02. The distance between the nitrogen in the tethered chain and the
metal is similar (2.131(3} and 2.138(3}\), whereas the two nitrogs of the acetonitrile
ligands form shorter bonds with the iridium than the two chlorides in conffl@x
(2.086(3)A and 2.068(3A for 120, 2.429(1) A and 2.440(9) A fat02). The angle

between N4Ir-C4 is more acute in this dicationic complex tharl@ (respectively,
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94.47(13) and 95.50(11) fa20and102). These results are similar to what was observed
previously for the corresponding rhodium comple@@snd93.

Finally, iridium monomed2was sti rred wi t-bipyridyl hagivee al e n
the dicationic compleg22in 94% yield Schemed1).

Schemedl
CHCl,
I +
I RT
c”| N
cl H
102 121 122, 94%

The structure of this complex was characterised by NMR spectroscopy, HRMS and
elemental analysis. This mgound is slightly hygroscopic and the presence of water was
observed both in the elemental analysis and in the crystal strubitfraction-quality
crystals were grown as yellow prisms from a slow recrystallization in chloroféiguré

31).

Figure 31

Molecular structure of compled22
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The complex crystallised monoclinic, space gr&&/n. The hydrogen atoms, except
those on the protic amine, and the molecules of water have been omittédritgr c
Displacement ellipsoids are at the 50% probability leVbe complex crystallised with

4 molecules of water in the asymmetric unit. Two chlorides were the corresponding
counterions; one of them formed a hydrogen bond with the primary amine @iediia

the metalTable10reports the relevant bond lengths and angles for this complex.

Table 10

Bond and Angle Length(A) and Angle(®)
Range G(ring)-Irl 2.159(5) to 2.182(7)

C5Ir1 2.169(5)

Ring centroidirl 1.791

N1-Irl 2.111(5)

N2-Irl 2.082(4)

N3-Irl 2.090(4)

N1-CI2 3.214(5)

N1-Ir1-C5 93.24(18)

The lengths of bonds and the angles were compared with those reporealeb for
complex102. The three atomsf nitrogen inl22are coordinated to the metal with shorter
bonds than those observed.B? between iridium and nitrogen and iridium and chlorides.
The bond lengths between the carbon in the tethered chain (C5) and the metal, and
between the ring centwiand the iridium, are greater in compl&22 than in 102
(respectively, 2.169(54 and 1.791A for 122 2.141(3)A and 1.775A for 102). The
angle between NIr-C5 is more acute in this dicationic complex thad (@ (93.24(18)

and 95.50(11) fod22 and 102). Comparing the angles of the two dicationic iridium
complexesl20and122 thismonomerl22has the most acute andis.24(18))

To evaluate if complef22reconverted to the dichloride monomiéR in solution, the
H-NMR spectra of complexe$22 and 102 in deuterated methanol were compared
(Figure32). The signals of the methyl groups in the Cp* and the protons in the tethered
chain are significantly different in these two complexes, suggestingL#2at stable

when dissoled in methanol and it does not revert to the dichloride monaG2er
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Figure 32
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The'H-NMR spectra were recorded in deuterated methanol using a 500 MHz Bruker spectrometer.
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3.14Conclusiors

In conclusion, a new synthetioute to preparen situ a new family of rhodium and
iridium complexes has been developed. Nine rhodium monomeric complexes have been
synthesised, of which seven have not been reported in the literature. The structure of four
of these complexes was also fibmed by X-ray analysis. A family of nine new iridium
complexes has also been prepared and six structures have been confirmedyby X
analysis. The optimal length of the side chain for these monomers is that with three CH
units, which gave thaighest yeld in their synthese Complexes containing primary,
secondary and tertiary amines have been synthesised with both rhodium and iridium
metals. This family showed a great stability and, therefore, it has been possible to modify
the halide ligands. The arides have been substituted with two iodides and dicationic
complexes have been synthesised in good yields. The side chain in the catalysts has been
modified in two different ways. The first modification was the introduction of a fluorous
tag chain on themine. These compounds could generally be recovered by fluorous
solid-phase extractioff. The second modification was the introduction of a chiral centre

in the side chain, starting fro commercially available enantiopure amimaid
derivatives. Two different chiral complexes have been synthesised, one containing a
primary amine and the second one containing a secondary amine in the side chain. The
catalytic activity of this family of radium and iridium complexes in hydrogen borrowing

processes is reported in Chapters 4 and 5.

84



Chapter 4. Catalytic Activity of Rhodium and Iridium

Complexes

4.1 Actvity of Rhodium Complexes withégpect to Length of Side Chain

After having synthesisethe new family ofcomplexegeported in therevious chapter,

our nexttaskwas to test thenm the hydrogen borrowing methodology. Our first aim was

to investigate the effect of varying thength of the side chaim the catalyst activity

Usingour standard reaction between benzyl alcohol and piperidine, witbcane as an

internal standard, 2101% of rhodiumcatalystandt-amyl alcohol as solventhe activities
of complexe$4, 67 and69 werecompared witithat shown by the dimer [Cp*Rhglb

(2 mol%, 2 mol% rhodium)(Graph7).

Graph 7
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Pleasingly, atalyst 67 showeda faster reaction ratéhan the dimer [Cp*RhG]z,
achieving a 99% yieldfeer 24 hours. Changing the length of the carbon chain did not
help the activity of catalysts. Cataly$i4 and69 were less active than the rhodium(lll)
dimer, achievingnly a corresponding 10% and 25% yield after 24 hours. Therefore, the
length of the gle chain plays a relevant role in the activity of the catslyst well as in

the synthesis of the complexds length of three Chklunitsin the side chaimgavethe
optimal activity, whereas increasing or decreasing the number of carbonga ¢ese
active complex.Besides, cataly€7 showed a high level of activity which is not common
for rhodium(lll) complexes$:*®3 Theseresults areslightly discordant with those reported

in the literature by It@t al’® Effectively, the authors testémthcomplexe$4and67in

a transfer hydrogenation reaction between an aldehyde and an amine; the catalyst with
the bestselectivity for the formation of the alkylated amwas64 (Table11). On the

contrary catalyst67 gave an almost 1 : 1 mixture of amine : alcohol.

Table 11
HCOH
2N Rh catalyst N/\© OH
@ @ (1 mol% Rh) J i J
+
MeOH
MeO
MeO
Rhcomplex ‘ Conversion (%) ‘ amine : alcohol

64 >99% 96 :4
67 > 99% 56 :44

4.2 Activity of Rhodium Complexes witRespect to th&ubstitution onTetheredAmine

To evaluate the effect of having a substituent on the coordinated aharegtivities of
complexes75 and 79 weretested in our standard reaction between benzyl alcohol and
piperidine and the results have been compared with the patldvaysachieved using
complex67 and rhodium dimer [Cp*Rh@] (Graph8). The reactia profiles obtained
using catalyst67 and75were similar, suggesting that the presence of a secondary amine
in the side chain did not influence the activity of the catalyst. However, a tertiary amine

on the side chain gave a completely different reaqpiafile and a lower yield was
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observed. Effectively, the activity of cataly@was lower than both our cataly$t8and

75 and the dimer [Cp*RhG]..
Graph 8
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A semtiquantitative analysis of the initial rates of these catalysts gave an approximation

of the observed rate constants. The observed rate constants were calculated plotting the

logarithm of the benzyl alcohol vs. the time. The initial rates for catéysisd 75were

similar (respectivelykobs= T 0 .

were three times as fast as the dimer [Cp*RhaQkobs =

T 0.

0010

0 672r@kesE=o0 r1 0 . O T5Rafd bbtio athem

flopWe [ Cp *

considered these data as an approximation, because we extrapolatdd ttenstants

plotting only the fewcollected data point&hich gave a yield between 0 and 15%.

These results suggest that the presence of at least one hydrogen in the side chain is

necessary to achieve higher yields and faster reaction catdgming the importance of

the N-H moiety in organometallic catalysis.
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4.3 Activity of Rhodium Complexes witRespect to thélalide Ligands

Our next attempt was to evaluate the effect of the halogens on the metalh&laasivity
of diiodide complex92 has been tested in our standard tieadbetween benzyl alcohol
and piperidine irt-amyl alcohol Graph9). These results have been compared with the

reaction profileachieved using the catal\&T.

Graph 9
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Graph9 shows that, after 24 hours, the yield achieved using ca@ysthigher (99%)

than the one obtained usitige diiodide comple®2 (50%). Again, asemtquantitative
analysis of the initial ras of the two catalysts gave an approximation of the observed
rate constantsThe observed rate constants were calculated plotting the logarithm of the
benzyl alcohol vs. the timelhe initial rate for catalys67 was twice as fast a82
(respectivelykons =1 0.0@0for 67 andkons=10.0013 for92). It was found that the best
rhodium(lll) catalyst in our new family was compléX, with a (ChH)sNH: unit in the

side chain and chlorides as halide ligands, which has been used for further screening.
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4.4 Solvent Tolerance and Catalyst Loading using Catalgst

After the determination of the most active rhodium(lll) catatysbng this familyour
next effort was to evaluatihne activity of complex67 in solventsother than t-amyl
alcohol. One of the limitaths of this methodology is that it meainly carried out in
nonpolar solvent such da toluene. When other organic solvents were {ribd yields

dropped significatly, as reported in the literature by Fujgial. (Table12).%°

Table 12

©\/VOH [Cp*IrCl,], (2.5 mol%) @
NH K,COj3 (10 mol%), N

2 Solvent, reflux, 17 h

123
Entry Solvent Yield123 (%)
1 Toluene 90
2 1,4-Dioxane 50
3 Acetonitrile 24

Since toluene is a nguolar solvent, polar substrates are usually not solukite 8ome

work has been done in this field. Williams anaveorkers reported that the iridium dimer
[Cp*Irl 2] (SCRAM) could promote the hydrogen borrowing processes in polar solvents,
such as water and ionic liquids, as shown previousigdhemel1.2°2% Limbach and
co-workers developed and synthesised half+sandwich complexes that showed a good
activity both in water and in toluengchemel4).2® However, it would be useful to
develop new systems that are woxkinot only in toluene and water, bakso in other
organic solventsThus, @talyst67 has been tested in several solvents and the conversions
achieved have been comparedhoseobtained using the dimer [Cp*Rh3 (Graph10).

Graph 10

©AOH O Rh catalyst 67 (2 mol% Rh) ©ﬁ;\©
. .
N solvent,
H
20 46

reflux, 24 h
45
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a Conversion estimatedy comparing the signal ratiad benzyl alcohol andN-benzylpiperidinein the
crudeH-NMR spectrum.

Rhodium catalysé7 showedgreatactivity in a widerangeof solvents. In all therdries,

the conversions achieved were greater when ca@lysas usedwhich wasparticularly
evidentin the reaction carried ouin THF and acetonitrileBesides, the possibility to
achieve good yields in ngpolarsolvents, sch as toluene, arat the same time, in polar
solvents, such as acetonitritktamyl alcohol,t-butanoland DMF makes this catalyst
really versatile and adaptable.

Using catalyst67, we analged the catalyst loading for thisaction to evaluate the
possbility of decreasinghe amount of metal used, with economic and environmental
advantagesT@able 13). The results shown in this table suggest that the activity of the
catalyst depended on the concentration of the reagents. ingréhe concentration,
higher TONs were observed (entries 5 and 6) and good conversions (> 70%) could be
achieved with a catalyst loading as low aadl%.

Table 13

105 °C, 22 h
45 46

©/\0H O Rh catalyst 67 (X mol%) ©/\,\O
N -
N t-amyl alcohol
H
20
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Entry [Alcohol] Xmol%Rh | Conversion (%) TON
1 0.8 N 2 ol % 55 27.5
2 1. N 2 ol % 90 45
3 1.4 N 1.nbol % 85 63
4 1.4 N 1 fhol % 61 61
5 2.2 N 1 ol % 70 70
6 3.3 N 1 thol % 73 73

a Convergon estimated by comparing the sigmatios of benzyl alcohol andN-benzylpiperidinein the

crudeH-NMR spectrum.

4.5 Activity of Iridium Complexeswith Respect to the Substitution on Tethered Amine

and with Respect to thélalide Ligands

Pleased with these goaeésults, our next effort was to evaluate the activity of the
corresponding iridium catalysts, particularly with respecthe substituents on the
coordinatecamine to evaluate their behaviour in the reactiGatalyss 102 103and105
weretested irnthestandardeaction between benzyl alcohol and piperidin®inene and

the results have been compared witbseachieved withthe dimer[Cp*IrCl;]2 (Graph

11). The graph reports the average yiefd or 3 experiments and error batsowthe
relative statistial errors.Graph11 shows that our catalydi02is more active than the
iridium dimer [Cp*IrCh].; the reaction using tol% of complex102was effectively
concluded after 5 hours, whereas with the dimer only a 72% yield was achieved after 24
hours. The presce of a secondary amine does not influence the activity of the catalyst,
which agrees with the results achieved previously with rhodium(lll) catalysts.
Nevertheless, the presence of a tertiary amine in the side chain influences the activity of
the monomeand the reaction profile obtained using comgléxshows a pathway which

is more similar to the one obtained with the dimer [Cp*f£than those achieved with
catalystsl02 and103.
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Graph 11
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A semtiquantitative analysis of the initial rates of these catalysts gave an approximation

of the observed rate constants. The observed rate constants were calculated plotting the
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logarithm of the benzyl alcohol vs. the tin¥éhe initial rates for catalysts02 and103
0 D08 and bothr

were similar(respectively Kopbs =

[Cp*IrCl2]2 andkobs =
because we extrapolated the rate constants plotting only the few coliietée@oints

T 0.

0.

0 D0® dhdkdose r T O .
on them were four times as fast as the dimer [Cp3]s@ind 105 (kobs = 1

0.

0021

0 103.4Ne toosidered these data as an approximation,

which gave a yield between 0 and 15%.

It was found thathte presence of ong/trogen on the amine mecessary to achievhigh

yields and fast reaction ratesmilarly to the results observed with the corresponding

rhodium complexeand suggesting a common mechanism impart of the substituents

Finally, activities of complexe&06, 102 and [Cp*IrChk]> were comparedGraph12).

This graph reports the average yielt2 or 3 experiments and error bars are referred to

the relative statistal errors. Both catalysts102 and 106 promoted the hydrogen

borrowing reactions better than the dimer [Cp*hiieand, between them, the best one in

toluene was complekO2with chlorides as halide ligands.
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Graph 12
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Again, a semiquantitative analysis of the initial rates of thélseee catalysts gave an
approximation of the observed rate constants. The observed rate constants were calculated
plotting the logarithm of the benzyl alcohol vs. the time. The initial rate for cafiddgst

was twice as fast d96 (respectivelykops= 010098 forl02 andkops=T7 O . 0 0 B08). f o r

These results agredth thoseobserved using the corresponding rhodium catalysts.

4.6 Comparison between Catalyst§ and 1@

To determine if the most active catalyst was the rhodium conm@deor the iridium
complex102, they have been tested in the reaction between benzyl alcohol and piperidine
usingthe same solvent systeas shown ilisraphl3. Graphl3A reports the results using

toluene as solvent, whilBraph13B reports the results usitgamyl alcohol.
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Graph 13
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Again, a semguantitative analysis dahe initial rates of these twgatalysts gave an
approximation of the observed rate constants. The observed rate constants were calculated
plotting the logarithm of the benzyl alcohol vs. the time. The initial rates for cat&B/st

was faster thal®7 both in tolueneandt-amyl alcohol(respectivelykoss= T 0. 009 8 f
102andkobs= T 0 . 0 67Tn@oluéne andkors= T 0. 0 D0Z2ahdkdser T 0. 002 3
for 67 in t-amyl alcohol).Therefore complex102waschose for further screening.

4.7 Solvent Tolerance and Catalyst Loading using Cataly6p

Pleagd with these results, our next attempt wag\taluatef the good activity shown
previouslyby catalyst67 in a broad range of solvents was also maintainesbmplex
102. Thus, monomet02 was testedh a variety of slvents using our standard reaction
betwe@ benzyl alcohol and piperidin&raphl4 repors four experiments carried out
four different solventscomparing thgield profileswith thoseobtained using [Cp*IrCl2

as catalyst.
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Graph 14
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In all these four experiments, catal§6@ showed a better activity than [Cp*IrJd with
good yidds (> 70%) after 24 hourg:or instance, our monomei02 in acetonitrile
afforded produc#6in 70% yield, whereas the dimer gave only0&b yield after the same
reaction time Graph14B). Besides, iridium catalyst02 was activein solvents widely
used in industry, such asethylTHF and isopropyl acetai®raphl4A andGraphl14C)
and, also, in very polar solvents, like DMBraph14D).

In Graph 15, the yields obtainedafter 24 hourdor a broa@r range of solventare

reportedjncludingthosealreadyshownin Graphl4.

Graph 15
OH O Ir catalyst 102 (2 mol% Ir) N
+ N >
H n-decane,
solvent,
20 45 reflux, 24 h 46
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2Yield calalated by comparing the aeaf h-decane antl-benzylpiperidine in the GEhromatogram

Sincen-decanewvas not soluble in DMSQheyieldsfor this solventwerecalculatedoy
H-NMR spectroscopysing 1,3,8rimethoxyberene as internal standatdteresingly,
catalyst102 promotel the reaction with good yietdn both nonpolar, e g. toluene,and

very polar solventssuch as DMFDMSO and NMP. TBME wasthe only example in

which the dimer [Cp*IrC]]. gave ahigher yield thancomplex102. For all the othe
examplescatalyst102 was more active than [Cp*Irg}b in a broad range of solvents,
showing a wide toleranc@dditionally, good yelds were also achieved at 85,Wwhen
2-methylTHF, acetonitrile anttbutanol were used his isan interesting resuliecause

it suggested that the reaction could also work at lower temper#hargtose generally
used.A few attempts to decrease the reaction temperature in these processes have been
reported in the literature. For instan€ayjita et al. describedhatthe reaction between
benzyl alcohol and aniline, which gave complete conversion at 110 °C, also proceeded at
90 °C, butalonger reaction timé40 hours)vasrequired in order to obtain a satisfactory
yield (Table14).2!

Table 14

©/\OH @NW [Cp*IrCly, (2.5 mol%) N/@
+ - H
KzCO3 (50 mol%), ©/\

20 6 Toluene 29
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Entry Temperature Reaction time Yield29 (%)
1 110 °C 17 h 100
2 90 °C 17 h 52
3 90 °C 40 h 81

Since runninghe reaction dbwertemperaturgthan the boiling points afolventsvould

be beneficial for industry, ourext effort wago run thestandard reaction between benzyl
alcohol, piperidine and &hol% of iridium in tolueneat temperaturefower than 110 °C
as shown irGraph16. Graphl16A andGraphl6B show the yield profiles achieved using
respectively catalyst02 andthe dimer [Cp*IrCh]2.

Graph 16

©ﬂw O Ir catalyst 102 (2 mol% Ir) @D
+ >
N
H n-decane,
20 45

toluene, 46
24 h

Graph 16A : Catalyst 102 Graph 16B : [Cp*IrCl,],
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204 "
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Using our compled 02, the reaction at 98C was complete after 24 hours and a 90% GC
yield was observed after the same reaction time running the reaction at &9 si@wn

in Graphl16A. Comparing the results witBraphl16B, it was possible tobservethatthe
monomerl02 was definitely more active than the dinadso at lowetempersaure. For
instanceat 80 °Cthe dimer afforded the produ#in 20%yield after 24 hoursshowing
that atalyst102 could pomote the amine alkylatioimnder milc&er more energy efficient
conditions than those traditionally used.

In all the examples reported above, the catalyst |gadas 2mol% of iridium. However,
decreasingthe amount ofmetal used in the reaction would hawconomic and

environmental advantag. Thuswe carried out a few experiments in which the catalyst
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loading 0f102 has been decreasas low as 0.inol% of iridium (Graphl7). A complete

conversion after 24 hours was observed in all the experiments.

Graph 17
OH O Ir catalyst 102 (X mol%) N
+ N >
H n-decane,
20 45 toluene, 46
reflux, 24 h
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The reaction profile ofite experiment carried ousing0.1mol% of catalyst suggesthe
presence of an induction period for the first 30 minutes, in which the catalysitdidow
any activity; effectively, we found the presence of the product in the GC samples only
after 60 minutesThese results suggettat the rate of the addition of amine could
influence the activity of the catalyst, in particular when the catalgsling is as low as
0.1mol% of iridium.

To compare the effect dhe catalyst loading using our compl&82 with the results
achieved with dimer [Cp*IrG]2 in Section 2.4 several reactions were carried out
maintaining the same conditions used previausking 1 equivalent of the amine and 1
equivalent of the alcohol, we analysbé tlata obtained between 0 anéalyleld to have

an approximation opseudefirst order conditions with respect to the staring materials
The observed rate constants have besoulated plotting the logarithm of the benzyl

alcohol vs. the timeGraph18 plotsthe observed rate constants vs. the catalyst loading.
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Graph 18
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A linear dependence between the rate constant and the catalyst lovadiogserved
suggestinghat the reaction rate is now first ordecomplex102. The monomef02 did
not need the dissociation energy to generate the active catalyst, whieadivgas
necessary for the iridium dimer [Cp*Ir{fi, as shown previously in Section42.
Therefore, th@bservedate constastof the reaction depended lineavjth the catalyst
loading of102

4.8 Effects of Water, Bases andAcids in theCatalytic System

To evaluate if the activity of catalydt02 could be improved by thpresenceof an
additive, such as ater, a base or an acid, andthet same time, to study the pH tolerance
of our family of complexes, several reactions were carried out addiffigredit
equivalents of watediisopropylethylamineand acetic acidGraph19A and Graph19B8
show respectively the effect of water and diisopropylethylamine in the reacten.

reactions were monitoredrfé hours using thAmigo automatedamplingreactor.
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Graph 19
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The addition of water in the reaction did not massigélgngehe activity of he iridium
catalyst. It was found that the addition of 1 equivalent of water, which is theolyct

of the reaction, did not poison complé&. Therefore, drying agentg§. molecular
sieves) were not necessary to drive the reaction equiliiduheright. Additionally, the
effect of a weak base, duas diisopropylethylamine, wamoderate either using
substoichiometricor stoichiometric amount obasein respect to the piperidind.he
highest conversion after 6 hours was achiesedadding one equalent of base,
suggesting that could positively help the catalytic activity &62.

Noyori and ceworkers showed that strong bases like potassium hydroxide or potassium
tert-butoxide were necessarygenerate the active cataly&trepresentativexampe has
been previously reported i&cheme41%’ The mechanism to generate the active
ruthenium complex has been reported in the literafeigu(e 33).°¢ A strong base was
necessary for the genéiam of the 16electron complex from the precatalyst a Dcb

elimination of hydrochloric acid.
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Figure 33

|
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Therefore, theactivity of our complexes could be potentially improved bprdtonation
of the coordinatedmine, which would givareadive 16-electron complex which would

promptlydehydrogenate the alcoh&ligure34).

Figure 34
| strong | SQ > : I'r : >
lr\N base Ir\ RCHZOH |I’\ clI \N\H
cl H H THo N H}\_ HoH
16- electron R/>o
complex R O

Thus, the standard reaction between benzyl alcohol and piperidine wed oat in the
presence of aubstoichiometri@mount of potassium hydroxide t@rt-butoxide.Graph
20reports the yield of the two experimentsthetime, comparing the yield profiles with
two other reactions, one carried authout any base and the second carried out with a

substoichiometriamount of potassium carbonate.
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Graph 20
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Unfortunately, both the reactions with potassium hydrexddtert-butoxidegavevery

poor yields whereas a weaker base such as potassium carbonate gave a complete
conversion after 24 hourfhese results suggest that a strong base, instead of activating
the complex, formed a species which is inactive in lwang hydrogenAdditionally, a

closer comparison of this last run and the reaction carried out without base showed that
the latter had a faster reaction rate.

Furthermore, the effect of acidvas studiedSeveral reactions were carried out adding
differert equivalents of acetic acids(aph21A). Graph21B shows the effestof the

substoichiometri@additionof two different acids, acetic acid apdoluenesulfonic acid.

Graph 21
Ir catalyst 102

oH O (0.5 mol%) R g@
N n-decane,
H
20
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45 toluene, 110 °C 46
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Graph 21A : Effect of Acetic Acid
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Interestingly, itwas found that the addition @D mol% of a weak acid, such as acetic

acid, slightly improved the activity of catalydt02, which could be udeal in scalingup

processes. This substoichiomeimount of acid was paramountiticrease the reaction

rate However increasing the amount of acetic acid in the reaction, the activity of complex

102 decreased. An additiant 25 mol% of acid gavea slower reetion rate than the one

obtained when no acid was present. When 1 equivalent of acetic acid was added, the GC

yield of product46 was slightly more than 50% after 24 hours, whereas the reaction

carried ait with 10mol% of acid gavecomplete conversion aftéhe same time. It was

also found that the pKof the acid used was fundamental. Whegsulastoichiometric

amount ofstrongacid was usedin this case 2%n0l% of p-toluenesulfonic acid, the

reaction rate dropped significantly, giving less than 30% G@ wter 24 hoursGraph

21B). The presence of acid in the reaction could protonate either the piperidine or the

coordinated amine in complé&@2. In the first case, the protonated amine wdiddome

non-nucleophilic and, therefordess reactive. In the second case, the complex would

change structure, because the protonated amine couldmatreoordinated to the metal,

causing the dropping of reaction rate.

4.9 Substrate Scope using CatalyBi2: Secondaryand TertiaryAmines

With an efficient family of catalysts in handie sought to extend the substrate scope

using our best stataf-the-art iridium complex, 102. Preliminary investigations

commenced with the development and the optimisation of procettucdgain agood

seledivity for the synthesis of secondary and tertiary amiféstly, we focused othe

optimisation of the procedure to synthesistectivelysecondary amingdable15).



Table 15

OH
©/\ Ir catalyst 102 % QANW
0 N
(1 mol%) - ©/\H : )
toluene, 18 h,
124

+

PN
NH, sealed vessel 125

Entry | Amine equivalent{ Temperature| Ratio124: 125 | Conversionl24 (%)

1 1 110 °C 0:100 -
2 2 110 °C 67:33 6 4
3 2 130 °C 100: 0 100

It was found that using catalyBi2 only atertiary aminavasobservedvhen 1 equivalent

of primaryamineand 1 equivalent girimaryalcohol were used; the amine was alkylated
twice by two molecules of alcohol (entry 1). Reactihgquivalents of amine and 1
equivalent of alcohol at1D °C, a mixture of secondary and tertiary amines was isolated
(entry 2) Fortunately, a good selectivity for the synthesithefsecondary amin&24was
achieved when the reactions were carried wsihg 2 equivalents of amine arid
equivalent of alcohol at 13T (entry 3).With these optimised conditions in hand, the

scope wasext explored using primary and secondary alcohiable16).

Table 16

Ir catalyst 102 or R |
OH 123 (1 mol%) Ir
/I\ + /\/\/\NHZ > )\ /I\

R R’ toluene, 18 h, - R ”/\/\/\ Cl Cl HE\I\R
sealed vessel 124, 126-128 102 R=H,
103, R = Me
Entry Alcohol Catalyst | Temperature| Isolated Yield (%)
12 R=Ph,R=H 102 130 °C 1299
2 R=Ph,R=H 103 110 °C 124 91
3R? R = (CH)6CHs, R = H 102 130 °C 1281
4 R = (CH)6CHs, R = H 103 110 °C 126 84
5P R, R = (CHy)s 102 110 °C 1280
6° R =Ph,R=CHs 102 130 °C 1280

a2 equivalents of amine were usé€@ mol% of iridium wereused.
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The optimised procedure for the synthesis of secondary aalswedforded the product
126in high yield(entry3). In entries 5 and 6, two secondary alcohols have been used as
substrates and, in both the entries, the amoficbmplex102 has been increased to
2 mol% of iridium in orderto achieve a good yield. Interestingsyarting with these two
secondary alcohols, only the mealkylated secondary amines were observed in the
crude NMR spectra, even though 1 equivalergmine and 1 equivalent of alcohol were
used. These results suggeihat increasing the steric budkthe product disfavoured its
approach to the cataly$br a further alkylation The same effect was also observed
increasing the steric bulk on the aminethe tethered chain of the catalyssihy the
iridium monomerl03 instead of the cataly4i02, we obtained a complete selectivity for
the monoalkylated product using only one equivalentpofary amine and one
equivalent oprimaryalcohol at 110 °Cehtries 2 and 4) with yields comparable to those
reportedin entries 1 and 3The methyl group on the coordinated amwves probably
bulky enoughto disfavour thepproactof the secondary amimeeartheactive siteof the
catalyst.

The next attempt wa® bptimisethe reaction condition® obtain a variety of tertiary
amines.Table17 reported the resultstartingwith primary and secondary alcohalsd

with primary and secondary amines

Table 17
Ir catalyst 102 R2 RS
OH R3 0 “N° : ! : )
+ “NH (1 mol% Ir) . Ir—
R)\R1 R? toluene, R)\R1 CI/CI’ HN\H
110°C, 18 h, 125, 129-132
sealed vessel 102
Entry Alcohol Amine Isolated Yield (%)
12 R=Ph,R=H R? = (CHp)sCHs, R®*=H 1284
28 R = (CH)eCHs, R!=H | R?=(CH)sCHs, R®=H 1268
3 R = (CH)eCHs, Rt =H R2 R®= (CH)s 1306
4 R, Rt = (CH)s R2 R®= (CHy)s 1317
gbc R =Ph,R=CHs R? R = (CH)s 132 72

a2 equivalents oflcoholwere used® 2 mol% of iridium were used; reaction performed at 13C.

Entries 1 and 2 were performed using 2 equivalents of a primary alcohotatio ab
second alkylation of the amine. The reaction between piperidina-anothnol gave the
corresponding tertiary amine in excellent yieddt(y 3). Inentries 4 and 5, the reactions
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were carried out between a secondary alcohol and a secondary afatiegghe final
products in good yield$n both the entries, the amount of compl€R has been increased

to 2mol% of iridium in order to isolate the products in better yields

4.10 Substrate Scope using CatalystZtFunctional Groups

The scope wasext investigated with respectttte functional groups that can be tolerated
using ourfamily of catalyss. First efforts explored the functionagjroupstoleratedoy the
complexeon thebenzene ring of benzylalcohol The results are summarisien Table

18.

Table 18

Ir catalyst 102

©/\OH O (1 mol% Ir) H I\O /|'r\
+ > N
R// H toluene // a” |

110 °C, 18 h, 133-140
sealed vessel

Entry R Isolated Yield (%)
1 4-Br- 13,39
2 3-Br- 1394
3 2-Br- 1399
4 4-NO2- 1380
5 4-MeO- 137 90
6 4-NH2CO- 138 56 (
7 4-CN- 139 82
8 4-HO- 140 62

aIn brackets, the yield obtained usitagmyl alcohol as solvent.

We demonstrated that, using compl€R, the group tolerance was broad, which included
halogens (entries-3), nitro and nitrile groups (entries 4 and 7), methoxy and phenoxy
groups (entries 5 and 8) and also primary amides (entry 6). In this last case, a 56% vyield
was achieved using toluene as solvent, possibly due to a poor solubility of the starting
materialamide. However, we managed to increase the yield up to 71% by changing the

solvent tot-amyl alcohol. Additionally, benzyl alcohols with substituents in ihes,
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metaandortho positions were well tolerated, as showreitries 1, 2 and 3. Pleasingly,

even though nitro and nitrile groupsacted slowly in many catalytic systems, as reported
for instance by Williams and emorkers® and by Fujitaet al?? these two functional
groupswerewell tolerated in our system and produt8 and139were isolated in high
yields. Besides, nitroarenes could be reduced to the corresponding anilines in hydrogen
borrowing processes, as reported by ghoups of Derit§®* and Peri$®> Onthe contrary,

using our compled 02, theformation of byproducts in thigeaction was not sigficant

and the isolated yield wdmgh.

We also explored the functional group tolerance on the amines, for Whidle 19

summariseshie results obtained.

Table 19

Ir catalyst 102 or 103 R2 RS j | 7\— )
3 ~ -
OH R (1 mol% Ir) N /Ilr\

+ ~NH - N
, - Cl .

R/LR1 R2 toluene, R)\R1 Cl I-i R
110°C, 18 h, 141-146 102, R=H,
sealed vessel 103, R = Me

Entry Alcohol Amine Catalyst | Isolated Yield (%)
1abc R= |(IQC1:|_:b)If|CH3, R>=Bn, RR=H 102 1485
gave | R= Eaclib)ﬂCHS’ R?=4-CICeHsCHp, RB=H| 102 14,24
5 |R= |(:Qc1:|_:b)|f|CH3’ RZ2=CH(Ph)(CH), RB=H | 102 1487
4 R=Ph,R=H | R R®=((2-CH3)CHy)s 102 1496
2 —
R®= 145 72

5pd R=Ph,R=H | CH(CHs):CH)(COOMe), 102

R3 = H, hydrochloride (e . %6 %)
R?= 146 63

6 | R=Ph R=H | CH(CHs).CH)(CO®BN), | 102 ’
R3: H (e . Rl %)
R? = 146 44

7% | R=Ph,R=H | CH(CH:):CH)(COOB), | 103 ’
R3: H (e . P28 %)

22 equivalents ohiminewere used®? 2 mol% of Iridium were used¢ reaction performed at 130 °C

41 equivalent of NaHC@was used.
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Three diferent benzylamines gave the corresponding product®ad yields (entries

1-3). Two equivalents of amine were used in entries 1 and 2 to obtain a good selectivity
for the monoalkylated product. Amines branching a substituent i@{hasition were

also tolerated (entries 3 and 4). Starting with the amino acid esters, a branched
functionalised substituent in the-position was introduced. We were able to use the
methyl ester ofL-valine which gave the alkylated product in 72% vyieldtig 5).
However, a small amount of racemisation occurred and the prbdfbetas isolated with
76%e.e.Starting with the benzyl ester bfvaline,productl46was obtained in a slightly

lower yield (63%), but the enantiomeric excess was higher @&Ydentry 6). Using
catalyst103 product146 was isolated in lower yield (44%), but the side reaction of
racemisation did not occur and the enantiomeric excess at the end of the reaction was
comparable to the optical purity of the starting material (enNt®@ur hypothesis was that

the racemisation process could occur during the formation of the imine. The presence of
an EWG inthe b-position made the proton ihe U-position more acidi@nd prone to

form the corresponding enolatd7, as shown ifrigure35. Effectively, the racemisation

was higher when 1 equivalent of sodium hydrogen carbonate was added (emtrg 5).
formation of the enolate would loose the stereogenic information, affording a small

amount of the racemic amiid8.

Figure 35
0 S 0
S
OR B 2 OR BH OR
N o N
s = BH (/N _ B s
Ph Ph Ph
147 148

To demonstrate the possible applications of this methodalsmg our catalystghe
synthesis osome actual pharmaceutical intermediates developed by AstraZeasca
attempted usip complex102. For each reaction, several solvents were screened, which
included toluenel,4-dioxane, acetonitrilen-butyl acetate, 2nethylTHF andt-amyl
alcohol. Scheme92 reported thebestoptimised conditions fothe synthsis of three

pharmaceutical intermediates
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Scheme92

H
OH N Ir catalyst 102 g\
a) E( . [ j (1.5 mol% Ir) _ N
N bNBoc

Toluene
Boc o
149 150 130 °C, 24 h 151 67%
L Ir catalyst 102 HNWOJ
e} r catalyst F N
F HO™ | (2.0 mol% Ir) \ﬁj "0
b) + N >
N 0] toluene N
Boc 130 °C, 48 h Boc
152 153 154, 68%
N
Ir catalyst 102 N
©) H,N N butyl acetate, 2N i
SOzpr n-ou y0 acetate,
155 156 130°C, 24 h 157, 83%

In the first example (a), the optimised conditions afforded the prdohitcfrom the
reaction between cyclobutand49 and N-Boc-piperazine150 in 67% yield using
1.5mol% of iridium in toluene. In the second example (b), prodiset was isolated in
68% yield from a reaction betwedbs2 and153 which were obtained and used without
any other purification from the AstraZeneca Process R&D Sitedochsfield. In order

to obtain this intermediate in satisfactory yield, the lgatdoading was increased to

2 mol% of iridium and the reaction time was longer (48 hours, instead of 24). In the last
example (c), the reaction betweenamhinobenzyl alcoholl55 and piperazine
N-propylsulfonamidel56 gave the produci57in 83% yield using Imol% of catalyst

102. Interestingly, it was found that, for this substrate, the best solvemtlnggl acetate
instead of tolueneThese reactions showed tlwher furctional groupswveretolerated,
such as carbamates, safamides, anilines and heteroaromatics.

To demonstrate that cataly€i?2 was more activéhan the dimefCp*IrCl2],, we repeated

a fewof the experiments reported above using [Cp¥Qhstead ofl02, using the same
conditions for each reactipa.g.the same reaction time arétalyst loadingThe results

are shown irFigure 36. In all the examples, a higher yield was obtained using catalyst
102 than using the dimemwhich confirmed that iridium compled02 promoted the

hydrogen borrowing processes better than [Cp3]eCl
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Figure 36

TS A S -

NBoc
P

151, wi 102, 679 136, wi 102, 809
, WIFh catalys? ,67% , WIFh catalysF , 80% 132, with catalyst 102, 72%
(isolated yield) (isolated yield) (isolated yield)
with [Cp*IrCl,],, 36% (NMR with [Cp*IrCl,],, 57% (NMR . N y
. with [Cp*IrCl5],, 0%
conversion) converson)
HN /\/ij[oj
F N
o e
HoN K/NSOZPr

QOC

154, with catalyst 102, 68%
(isolated yield)
with [Cp*IrCl,],, 35% (NMR
conversion)

157, with catalyst 102, 83%
(isolated yield)
with [Cp*IrCl5],, 0%

As described in the introduction, hydrogen borrowing methodology can be used to
generateN-heterocycles from the reaction of a primary amine withdlots. Thus,the
scope was then investigated widspect to the use of diols anenzylamindo synthesise
N-heterocycles Table 20). Reactions between benzylamiand three different diols
(1,4-butanediol, 1,5entanediol and 1;6exanediol) were explored. Both iridium
complexesl02 and103 were tested for these reactions. The corresponding products were
obtained in moderate yields using both cataly®and103. For these reactions the best
catalyst was the iridium compléX3, which could be used at lower temperature (110 °C
instead of 130 °C) and lower catalyst loading (in@l% instead of 2.0mol%).
Additionally, it gave a better yield for two substrates rjest6 and 8). To complete the
screening,two other iridium catalysts were testdd the reaction between the
1,5pentanediol and benzylamineur complex105 and the dimer [Cp*IrGl.. Both of

them afforded produet6 in lower yields than those achievedwl03 (entries6, 9 and

10). Again, these results support the importance of thielhbiety in the catalyst, because

the catalystl05 which contains a coordinated tertiary amine in the side chain, gave the
lowest yield.
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Table 20

Ir catalyst 102 or II
103 (X mol% Ir) ©AN\1 A j
NH, - c” | N
©/\ ¥ HO%OH toluene )” cl rR'R

110 °C, 24 h, 46, 158, 159 102,R=H,R'=H
sealed vessel 103. R=Me. R' = H
105, R = Me, R' = Me

Entry n= Catalyst Catalyst loading | Isolated Yield (%)
1 2 102 2 .nbo | 1% 158P50
28 2 102 2 .ndo | 1% 1589

3 2 103 1.n0o | 1% 1580

42 3 102 2 .ndo | 1% 4 62 6

52 3 103 2 .nfo | 1% 46 47
6 3 103 1 .n0o | 186 46 64
7 4 102 2 .nbo | 1% 159 28
8 4 103 1.n0o | 1% 159 45
9 3 105 2 .ndo | 1% 46 15
107 3 [ Cp*oor 2 .nbo | 1% 46 38

aReaction performed at 130 °€NMR conversion.

One of the reason for éselow yields could be the fomation of tke lactone in a
sel-condensation of the dioThus, 1,5pentanedio&nd iridium catalyst02were heated

at 100 °C for two days in deuterated toluene to see if the corresponding lactone was
observed. NMR analysis of the crudel{, **C- and HMQC NMR3 did not show any
signals that could come from the lactdr&®, butthe corresponding hemiacetd1lwas
obtained in 209MR conversion $chemed3).

Scheme93
o OH
Ir catalyst 102 Ir catalyst 102
o (1 mol%) (1 mol%) o
~ HO™ ™>">""0H -
Toluene-d?, Toluene-d?,
160 100 °C, 48 h 100 °C, 48 h 161, 20%

(NMR conversion)

The oxidation bdiols to lactones is a welklnown reaction; however, thew conversion

obtainedwith 102 suggests that our catalyst did not release easilyhith would have
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led to the formation of the lactod®0. This lack of reactivity in the oxidation of didis

lactonescould be an advantagéth respect taisingother iridium catalyst$®

4.11 Substrate Scope: Racasation

The small amount of racemisation that occurred in the reactions betwekrv#tiae
methyl or benzyl ester and benzyl alcohol using catdl§@i(entries 5 and 6T able19)
suggests that this class of compounts/ be ative as racemisation catalysts

A variety of resolution strategies amported in the literaturte separate two enantiomers
which include diastereomeric crystallisatisn enzymatic resolutiors or chiral
chromatography. Diastereomeric crystallisatiomsiesually robust and simple to operate,
but with the disadvantage of low yields (max. 5G¢@lacker and ceworkers reported
that the iridium dimer [Cp*ld]2 (SCRAM) could be an efficient catalyst fohet
racemisation of primary, secondary and tertiary anfih&fectively, if the unwanted
enantiomer undergoes a racemisation reaction, the yield and the productivity of these
processes will improvéFigure37).8°

Figure 37
Racemisation process Rz\N’Rs
— g
RZ2 _R® H
N unwanted
R’ R2 RS
R 4 N

v /EVR'I
R H

Resolution process
wanted

Amine racemisation processes carpbemoted by hydrogen borrowirggnd the group of
Professodohn Blackehas made great efforto develop and improve thimsethodology
One of the catalysts thaanbe usedor these reactionis SCRAM, [Cp*Irly]2; Figure38

reports thgoroposednechanism for amine racemisation using this cat&yst.
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Figure 38
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The first step of the mechanismtlee dissociation of the dimer to give a-&lécton
complexA, which cancoadinatethe amine to generapecieB. Theiridium catalyst
dehydrogenateghe amine to form the correspondimginium (C). The following
hydrogenation step gives the racemic amine because the catalystaiatingtiishthe
two enantiotopidaces of theminium ion (C andD). The final step ighe dissaciation of
the amine to regenerate the active monaofer

Our aim was tdest our complexes in the amine racemisation processes to evaluate their
activity. To compare the results withose achieved previously with the SCRAM catalyst,
we chose the reaction shownTiable21, which was previouslpptimised by Dr. Jessica
Breenin the group oProfessodohn Blacker(S)-(1 )-N,U-Dimethylbenzylamind 62was
heatedat reflux with 4 mol% of catalyst. To analyse the enantiomeric exetdbe end

of the reactionby chiral GG compound163 was treated with 2 equivalents of
trifluoroacetic anhydridewhich affordedL64. A few of our catalysthiavebeen testeds

shown inTable21.
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Table 21

: Ir catalyst _
N (4 mol%) _ @/g\u/ TFAA jl\
©/\H solvent, DCM 0~ CF,
reflux, 15 h
162 163 164
CI/I’r\!\l Ir\ r\[“\ |/IIF\N\
cl HH CIMe/ Me HH e
102 105 106 107
Entry Solvent Temperature Catalyst e.e. (%)
1 Toluene 110 A 10 99 %
2 EtOAC 80 AC 102 99 %
3 Toluene 11AC 105 99 %
4 EtOAC 80 AC 105 99 %
5 Toluene 110 A 106 99 %
6 EtOAC 80 AC 106 99 %
7 Toluene 110 A 107 25 %
8 EtOAC 80 AC 107 18 %
9 Toluene 110 A| [Cp*lrlge 0 %
10 EtOAc 80 AC [Cp*lrlj: 0 %

Using SCRAM, the racemisation occurred completely and a.e%vas observed in both
toluene and ethyl acetatenfries 9 and 10). Four other different conxale have been
tested in botlsolvents. Iridium catalyst$02 and 106 bearing a primary amine on the
tethered chain were found to be inactive in this rea¢aatnies 1 to 4)as well as complex
105which contais a tertiary amineghtries 5 and 6)We were pleased to observe that
the corresponding diiodide catalys07 with a tertiary amine on the tethered chain
afforded compound64 with enantiomeric excesss low as 25% in toluene and 18% in
ethyl acetatelnterestingly, the catalyst containing a primary amine in the side chain,
which was our best catalyst in the alkylation of amine, was not active in this reaction. On
the contrary, the catalyst bearing gitgy amine was the most active among our family
suggesting thahereactionmechanism for these two complexes is differ&he role of

the halide ligandsvas also importaniThe dichloride comple205did notracemse the

aminel62 whereagliiodidecatalystl07, which contains exactly the sanethered chain,
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afforded the compounds with the lowese.among our monomer3he importance of

the halide ligandsgn the amine racemisation processes diiesadybeenreported in the
literature, for instancey Blackeret al®® Interestingly, catalys107in entries 7 and 8
could be recovered in quantitative yield after the racemisation reactions by precipitation
from hexane. Analys by NMR spectroscopy shodiea good purity of the recovered
complex, meaning that it could potentially be recycled.

Unfortunately, the dimer [Cp*Is]> was more active than our best cataly@f and using

the same contlon, SCRAM catalyst gava complete racemisation of the amiriéhe
proposed mechanism for the amine racemisation using SCRAM suggests that the amine
162 coordinates the iridium in the presence of two iodide ligands (sp@clegure38).
Therefore, theamine on the tethered chain must digate to generate an active site on
the complex allowing the coordination of the amik&. A comparison of the Xay
structures 0102and105shows that the nitrogeindium bond was shorter and, therefore,
stronger in complef02than in105 Thus, wecould assume that the dissociation of the
coordinated amine would also be fastet@7than in106, which supported the difference

of reactivity observed iffable21.

4.12 Substrate Scope using CatalystZt0Amino alcohols

Diamine moieties are present in several biologically active compdiineigure 39

reports three examples of drugs containing a diamine in their structure.

Figure 39
H
b N o0
ACHN™ cl "N 00
OCHEt, COOH 2
Tamiflu® Lorabid® Eloxatin®

Tamiflu® is a powerful antiviral used to prevent and treat influenza A and influgf%a B
which has ben considered as a front line defence against the avidhlftrabid® is a
cephalosporin with antibacterial acty®® and Eloxatin® is a 1,2diaminoplatinum
complex which has shown high antican activity®! Thus, he ssibility of using amino
alcoholsas starting materials was considered. The final products wemrthin two
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nitrogens inthe b position to each other that coulde functionalised orthogonally.
Additionally, since the amine racemisatiogactionswith catalyst102 did not occur
easily, it would be potentially possible to obtain enantiopure compounds starting with
chiral aminoalcohols.

First of all, wesoughtin theliterature to erify that this type of alcohdias not been used

in hydrogen borrowing befor&o the best of our knowledge, orilyree examplebave

been reportedn which aminoalcoholshave been used ithe hydrogenborrowing
methodology. In the first paper, Williams andworkersutilised two different amino
alcohols to synthesise two pharmaceutical compoundggmyield using a ruthenium
catalystand dppfas additivgSchemed4).1®

Schemed4
[Ru(p-cymene)Cl,],
1.25 mol%
R\N/\/OH + HNMe2 ( o) . R\N/\/NMGZ
Ph dppf (2.5 mol%) F'>h
R =Ph t1o1IL(|)e:1(<:a, Antergan®, 75%
R =2-Py Tripelennamine®, 75%

However, he substrate scopeaslimited and otheprotectinggroupson the aminavere
not reported in this paper.

In the secondexample Kempe andco-workers reported thaan iridium(l) catalyst
generatedh situby mixing [IrCl(cod)p anda P,N liganctould promote th&l-alkylation
of aromatic and heteroaromatic amines with amino alcofidiss methodologyalso
showed some limitationbecausehereaction did not work whesecondary alcoholsr

aliphatic aminesvere useqScheme95).%

Scheme95

[IrCl(cod)], | AN
(1 mol% |
(\/L \/Q e N
Py,NP(i-Pr), (1 mol%) H

t-BuONa, diglyme,
110 °C 93%

The aubhors also observed that the reaction proceeded faster whmmdpyridine was
used for which they managed addonly 1 mol% of iridium. However, when they used

3-aminopyridine and -aminopyridine, the yields decreased, even if they increased
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