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Abstract

Transition metal complexes and their chemistry are providing synthetic
chemists and the chemical industry with simpler and less tedious syn-
thetic procedures but also opened endless doors to new synthetic trans-
formations that had been thought impossible. The main advantage of
transition metal chemistry is that these complexes are often used in sub-
stoichiometric amounts to perform the desired reaction. Other benefits
such as high atom efficiency or fewer amount of by-products are often
observed as well. Despite all these advantages, the commonly utilised
transition metals are either expensive, toxic, and/or prospected from
politically unstable regions. Copper, a less toxic and economical transi-
tion metal, circumvents these downsides.

The first Chapter outlines a brief overview of Schiff bases and their
utilisation in transition metal chemistry including a discussion on diaz-
abutadiene (DAB) and iminopyridine (ImPy) ligands, their complexes,
and their reported applications. Furthermore, it includes the accounts
for the preparation of DAB and ImPy ligands and their novel copper(I)
complexes. The characterisation and X-ray structures of these com-
plexes and in depth studies into the solution behaviour of [Cu(DAB)]
complexes are discussed as well.

The second Chapter outlines an introduction to the chemistry of amines.
It gives a brief overview over their importance in chemistry and their
preparation, and a focus on the synthesis of primary amines from azide
precursors. Furthermore, the utilisation of amines in the hydroamina-
tion reaction is reviewed and the application of copper(I) complexes in
the literature is examined.

In Chapter 3, results of our successful attempts to exploit [Cu(DAB)] in
the reduction of aryl azides are presented. In addition, computational
studies are included to introduce the proposed reaction mechanism.

The fourth Chapter includes our efforts to apply the prepared copper(l)
complexes in the intra- and intermolecular hydroamination reaction of
primary and secondary amines to a variety of carbon—carbon unsatu-
rated bonds. The preparation for the various starting materials and the
isolation of their corresponding products is discussed.

The fifth Chapter provides a summary and the general conclusions of
our studies and the final Chapter contains all experimental procedures
and characterisation data for all compounds synthesised during this
project.
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Chapter 1

Diazabutadiene and Iminopyridine
Copper(l) Complexes







1.1. Introduction

1.1 Introduction

Schiff bases are widespread in the field of transition metal chemistry, and
have heavily helped the development of not only coordination chemistry but
also of catalytic! and biochemical?? uses of transition metals.

Copper(I) coordination complexes with aromatic diimines with their out-
standing potential for chemical and material applications still attract the
interest of the scientific community and indeed, compounds with either
1,10-phenanthroline (phen) or 2,2"-bipyridine (bipy) derivatives have shown
great promise in the preparation of supramolecular assemblies,* as catalysts
in organic reactions, 9 or as luminescent materials (Figure 1.1). 10-12 Ligands
with rigid backbones around the C-C bond such as phen or bis(arylimino)-
acenaphthene (BIAN) are usually preferred for copper(I) centres due to
the low configurational stability of the resulting complexes even in non-
coordinating solvents.!® Furthermore, complexes bearing more flexible bipy
ligands often require additional ancillary ligands to prevent a disproportion-
ation of the copper(I) centre.'* Therefore, it is not surprising that despite
intensive efforts, reports on the use of even more flexible iminopyridine
(ImPy) and diazabutadiene (DAB) ligands in copper(I) chemistry are still
scarce even though they hold very promising features. !>

\ ) \ /
N N=
R—N N—R
phen BIAN bipy
B 7N\
/ — _
N\ N R—N"  'N—R
ImPy DAB

Figure 1.1: Structures of bidentate N-ligands.

1,3-Diazabutadiene (DAB) complexes have been studied since the 1950’s,
when Krumholz prepared a ferrous-DAB complex [Fe(DAB™®),]L,.! DAB
ligands are easily prepared via a condensation reaction of glyoxal derivatives
and primary amines (Scheme 1.1), since the R group on the DABR ligand can
be easily modified by using different primary amines.

DAB ligands are good ¢ donors and strong 7r-acceptors due to the diimine
system and this ability has been shown on [M(CO),(DAB)] complexes (M
= Cr, Mo, W), where after a one-electron reduction the oxidation state of
the metal remained unchanged as the additional electron was actually ac-
commodated by the DAB ligand.?’ Therefore, these ligands might stabilise
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_ R N
R—NH, * o)\fo \N/)\// “R

H H
DABR

Scheme 1.1: Synthesis of DABR from glyoxal and primary amines.

metal low oxidation-states and give access to low valent metal complexes.
DAB ligands have attracted steady attention from the scientific community
over the years since they not only show exceptional electron accepting effects,
but also display a versatile coordination behaviour.?! These ligands can co-
ordinate to a single metal centre in a monodentate (¢-N, 2e) 22 or bidentate
(o-N, o-N’, 4e)?! fashion (Figure 1.2). Between two metal centres, the DAB
ligand can act as a two sigma donor bridge (o-N, 0-N’, 2e +2e)?® or by chela-
tion to the first metal centre using two sigma interaction and its 7t system to
coordinate to the second metal centre (0-N, o-N’, 172-C=N, 172-C=N’, 8e).24 A
last reported coordination mode (Figure 1.2) displays a sigma coordinated
nitrogen, whereas the other one bridges two metal centres and its carbon—
nitrogen double bond is coordinated as well (¢-N, u-C=N’, 172—C=N’, 6e).>
Even if the 7r-coordination of DAB ligands has been reported for metal car-
bonyl clusters of Groups 7 and 8, the most common coordination mode for
all other transition metal complexes remains the bidentate one (c-N, o-N’,

4e).
t—BuN Pd PPh . ltBu T-BU\N p{\\ClpB
— Pd— - — Pt—PBu
H N8 He/ ¢ ?
J—p” I
/ SN
N Bus P—/ PE—N
t-Bu tBu Cl t-Bu
2e 4e 2e+2e
R
: H
it S8 t-Bu H
oc N—¢C ¢ \N
\/R“/ZF‘*_ Rl s Fe= 00
— co el -FeC
oc” A={ oc” SN co
H H |
R=i-Pr tBu
8e 6e

Figure 1.2: Different coordination modes reported for DAB ligands.

Several applications in catalysis have been reported for DAB-containing
complexes. For example, [Pt(DAB)] complexes have been shown to be ac-
tive in the C-H activation of methane, however, only stoichiometrically
so far.?® Nonetheless, catalytic C~H activation of benzene with [Pt(DAB)]
and acetic acid has been reported with turn-over-numbers (TON) of 1500
(Scheme 1.2).%
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CDQCOZD \ Pt/
- CDgCOZH / o
77/CD3
O TON = 1500

Scheme 1.2: Catalytic C-H activation of benzene with [Pt(DAB)].

Nickel(II) and palladium(II) based systems with DAB have been intensively
studied as polymerisation catalysts of ethylene and a-olefins in the pres-
ence of modified methylaluminoxane (MMAOQO) and they have been shown
to give high molecular weight polymers with a high catalytic activity com-
parable to well-established early transition metal polymerisation catalysts
(Scheme 1.3).28-31

ll:’h
—N_ ,Br 56 bar ;
M+ MMAO + g — /\H/ M = Ni, Pd
=N Vg Toluene, n
| 75°C,1h
Ph

Scheme 1.3: Nickel- and palladium-DAB-based ethylene polymerisation reactions.

Also, [Pd(DAB)] complexes have been successfully applied to Mizoroki-Heck
cross-coupling? and alkynes/alkenes hydrogenation reactions.®® Further-
more, titanium based DAB complexes have been studied in hydrosilylation
reactions.>*

Surprisingly, [Cu(DAB)] complexes have received little attention in the liter-
ature despite both copper and DAB being very promising ingredients for a
successful catalyst. [Cu(DAB)] complexes were first reported by tom Dieck
and co-workers, who prepared different neutral [CuX(DAB®)] and cationic
[Cu(DABR)Z](CuClz), [Cu(DABR)Z](ClO4) complexes.'>!” The crystal struc-
ture for both complex types showed a bidentate coordinated DAB ligand
to a single copper(I) centre. Additionally, coordination polymers were ob-
served where the DAB ligand was bridging between two copper centres
([CusCls(DABR),]) (Figure 1.3).

i-Pr

— ® N NCY
7\ /N ~Cu
el N R—N. N—R , s |
—R \ / S} i-Pr
b4 o Y Cul CI’C“
cl VAN N e /Cu N
| R—N °N—R H bum CI—Cu Pr
X \ o/ N
i Pr
[CuX(DABR)] [Cu(DABR),]Y [CusCls(DABR),]
X = Cl, Br, I, CN, SCN Y = ClOg, CuCls

Figure 1.3: Reported [Cu(DAB)] structures in the literature.
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Accordingly, the catalytic applications of copper(I)-DAB complexes remain
scarce. Anga et al. reported the carbon—carbon cross-coupling followed by an
intramolecular hydroalkoxylation of phenylacetylene and 2-iodophenol to 2-
phenylbenzo[b]furan using 10mol % [Cu(DABbiPh)(NCMe)z](PF6) (Scheme
1.4).%

[Cu(DAB®™")](PFe)

P | (10 mol %) Ph
= . KsPO, (2 equiv) N\ O §—<
Toluene o Ph
HO 110°C, 24 h

86% R =biPh

Scheme 1.4: Synthesis of 2-phenylbenzo[b]furan mediated by [Cu(DABP™), |(PE,).

On the other hand, a recent report by Liu and Yang showed the applica-
tion of [CuCl (DAB*!)] in the Ullmann coupling of iodobenzene and N,N-
diphenylamine to give triphenylamine in 90% yield (Scheme 1.5).3¢ Despite
only a small number of reported applications, copper(I) DAB complexes still
hold great potential to be explored.

[CuCI(DAB*Y)]
(5 mol %) Ph
Ph—| + H KOt-Bu (1.25 equiv) |

Ph” ~Ph g'l(;oelgeréeh Ph N Ph
90%

Scheme 1.5: Ullmann reaction between iodophenyl and diphenylamine.

Iminopyridine (ImPy) ligands are structurally related to DABs where one
coordination site of the ligand is embedded in a pyridyl moiety. This allows
for a ligand with similar electronic properties found in DAB systems, such as
good o-donor and 7-acceptor and eventually act as redox non-innocent lig-
and.¥* Additionally, iminopyridine ligands are sterically less demanding
than DAB ligands. However, they share a similar facile synthesis procedure
as DAB ligands and are readily prepared by a condensation reaction of a
primary amine or aniline source with 2-formylpyridine (Scheme 1.6).

o}
| NN
N + R—-NH
| © MO | ~N
N

R

ImPyR

Scheme 1.6: Typical preparation of ImPyR ligands.
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A wide range of iminopyridine complexes bearing different metal centres
have been disclosed in literature for diverse applications. For example, iron
iminopyridine complexes were reported to catalyse the 1,4-addition of -
olefins to dienes (Scheme 1.7).%

PN J\ [FeCly(ImpyCumene)] /\/\)\
R + X R R NN = R2

Et,0,rt., 6 h

60 — 94%

Scheme 1.7: [Fe(ImPy)]-catalysed 1,4-addition of a-olefins to dienes.

Furthermore, iron and cobalt iminopyridine complexes were found to be ac-
tive in the oxidation of water to dihydrogen and dioxygen, and in the oxida-
tion of activated methylene groups or secondary alcohols to ketones. 4041

Undoubtedly, the area in which iminopyridine based complexes have been
most studied is polymer chemistry. Iron-, cobalt-, nickel-, and palladium-
based iminopyridine complexes have been successfully applied in the poly-
merisation of ethylene. 4243

To the best of our knowledge, there has been only a few reports on cop-
per(I) centred iminopyridine complexes. A variety of different cycloalkyl
and phenyl substituted copper(I) iminopyridines were prepared, their quasi-
reversible redox behaviour studied and a correlation between the tetrahedral
distortion of the complex and its redox potential was found (Figure 1.4). 44

_ ®
/ R R2
\ N\ >N—R
- — - - 3
ARN cof  R- §<>Hn A= R
R=NL N
2 n=0,2,3,4 R4

Figure 1.4: Reported [Cu(ImPyR)] structures in the literature.

Another study described the application of branched and unbranched alkyl
substituted copper(I) iminopyridine complexes in the atom-transfer radical-
polymerisation (ATRP) (Scheme 1.8).%6 These complexes were identified as
effective polymerisation catalysts of methyl methacrylate (MMA) to give
polymers with good molecular weights and PDIs of up to 1.2.46
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o CuBr (1 mol%)  MeO _-O
ImPyR (2 mol %)
OMe Xylene n
90°C,4h

PDI=1.19
My = 11k

Scheme 1.8: Application of [Cu(ImPyR)] complex as polymerisation catalyst.

1.2 Aims and Objectives

The aim of this work is to expand the current, reported library of [Cu(DABY)]
and [Cu(ImPyR)] complexes and possibly identify new families of [Cu(DAB)]
complexes with different binding modes of the DAB ligand.

In order to achieve our goal, we will prepare DAB and ImPy ligands with
different electronic and steric properties and their corresponding copper(I)
complexes. All prepared complexes will be fully characterised by spectro-
scopic methods (i.e. NMR, IR, UV/Vis). Specifically, we will investigate
their behaviour in solution since they are known to be coordinatively labile
complexes even in non-coordinating solvents. 3¢ In view of prospective cat-
alytic applications, we will prepare and characterise iminopyridine ligands
and their copper(I) complexes with similar substituents as on the [Cu(DAB)]
systems. Some of our results presented in this Chapter have been reported
in a peer-reviewed journal.*’

1.3 Preparation of DAB and ImPy Ligands

In a first step, DAB and ImPy ligands were prepared following reported
synthetic procedures. DABR ligands were synthesised via condensation of
different primary amines with aqueous glyoxal whereby pure ligands (R =
Anis, Cy, DIPP, DMA, Mes, and t-Bu) were obtained in good to excellent
yields after a simple filtration at the end of the reaction (Scheme 1.9). 14850
Due to solubility issues, the preparation of DAB*Y and DABP™! was carried
out in a mixture of acetone/H,O and DCM, respectively.”!

For 2,3-propandione or more sterically demanding amine substrates, the
reaction had to be stirred under reflux in either EtOH or DCM, respectively,
to obtain DAB®WM and M* DABPMA in moderate yields (Scheme 1.10).

Bis(3,4,5-trimethoxyphenyl)diazabutadiene DABP'OMe  was  prepared
through a multi-step procedure as the direct formation by a condensation of
the trimethoxyaniline and glyoxal led to the recovery of the starting materi-
als. The aniline was first transformed into the corresponding azide, reduced
to the phosphanimine by PPh; and then heated with glyoxal trimer dihy-
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HCO,H
o (few drops) R N
R—NH,  + o F MeOHh SNENF TR
r.t., 16

) / _g
R= Anis 58% —%—@OMe DMA 79% —§@—N\ Ad  76%2 *ER
Cy 91% —§<:> tBu 75% —§%
Ph

Ph
Mes 90% -§ DIPP 70%  —§ DIPh 88%° -3
Ph
2 Water/acetone mixture used as solvent Ph

b DCM used as solvent

Scheme 1.9: Synthesis of readily prepared DABR ligands.

R'=1tBu3Ph, R2=H 46% -§

R2 R2
1 0 a)orb) Rl — N
R'=NH, + o N Zar-t
R? R2

/
R'=DMA, R?=Me 26% —%@N\

Scheme 1.10: Synthesis of DAB'BUPh and MepABPMA | 3) Amine (2.0 equiv), glyoxal (1.0
equiv), MeOH, room temperature, 16h; b) Amine (2.0 equiv), 2,3-butadione (1.0 equiv),
HCO,H (few drops), DCM, reflux, 16 h.

drate in THF under reflux to yield DABPOMe in comparable yields with
the ones in literature (Scheme 1.11).%?

Furthermore, DAB ligands with electron neutral or withdrawing aryl rings
were intended to be studied as ligands for copper(I) complexes. In a first at-
tempt, phenyl substituted DAB™ was prepared following a reported proce-
dure.!® The formed beige precipitate was collected and dissolved in CDCl,
or acetone-d6 but in both cases the colour of the solution changed from
colourless to deep red immediately and the 'H NMR spectrum showed
a plethora of signals none of which belonged to the reported compound.
Lowering the reaction temperature to 0°C as reported by Nourmohamma-
dian and Gholami for the same reaction did lead to a similar outcome
(Scheme 1.12).% On the other hand, the reaction of methyl 4-aminobenzoate
or 4-nitroaniline with glyoxal led to the recovery of the starting materials
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MeO NH, MeO N3 MeO N.
a), b), ¢) d) PPhs
MeO MeO MeO
OMe OMe

OMe
1 2
56% 67%
OMe
e)
—— AN NN, A OMe
OMe

45%

Scheme 1.11: Synthesis of DABPMOME3 | 4y Aniline (1.0 equiv), conc. aq. HCI (4.2 equiv),
0°C, 10min; b) NaNO, (1.0 equiv), H,O, 0°C, 10min; ¢) NaNj; (1.0 equiv), H,O, room
temperature, 2h; d) PPh; (1.0 equiv), Et,O, 0°C, 30min; e) Glyoxal trimer dihydrate (0.5
equiv), 4 A molecular sieves, THF, reflux, 16 h.

without any DAB formation even under reflux conditions. Even though
none of these compounds are known in the literature, such reaction out-
comes were surprising, since a DAB® has been reported with a benzoic acid
moiety (R = 4-CO,H-C,H,).>*

N HCO.H R
2 o (few drops)
+ ON MeOH @/ Naox N
R rt,16h
R

R= H
CO.Me
NO,

Scheme 1.12: Attempted synthesis of DABR.

Finally, ImPy ligands were synthesised following reported procedures for
the condensation of 2-formylpyridine and different primary amines.>’
Anis, DIPP, and Ph substituted ImPy® ligands were formed in dry toluene
in the presence of molecular sieves at room temperature after 16h. On the
other hand, Ad, DMA, and Mes substituted ImPy" ligands were synthe-
sised in refluxing EtOH within 2h. In all cases, pure ligands were obtained
after removal of the unreacted starting materials by Kugelrohr distillation in
moderate to good yields (Scheme 1.13).

< & R= Ad  65% DMA 89%

Ny a)orb - . o o

| O L R—NH, Jorb) | VN Anis  66% Mes 84%
=N ZN DIPP 47% Ph 61%

Scheme 1.13: Synthesis of ImPyR ligands. a) Formylpyridine (1.0 equiv), aniline (1.0 equiv),
4 A molecular sieves, room temperature, 16h; b) Formylpyridine (1.0 equiv), aniline (1.0
equiv), 70°C, 2h.

10
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1.4 Synthesis and Characterisation of [Cu(DAB)] Com-
plexes

In the first experiments to form [Cu(DAB)] complexes, [Cu(NCMe),](BE,)
was used as copper(I) source and stirred with two equivalents of DABR
in DCM at room temperature for 16h. Homoleptic, cationic complexes
[Cu(DABR)Z](BF4) (R = Ad, Anis, Cy, DMA, Mes, PhOMe3, and t-Bu) with
two DABR ligands per copper centre were isolated in good yields after re-
crystallisation (Scheme 1.14). The dimethyl-substituted homologous [Cu
(MeDABPMAY,(BF,) was prepared in a similar way as the other homoleptic,
cationic complexes and was isolated in a moderate yield.

/N ® R= Ad 59%

DCM R— N\ ) N—R Anis 82%

[Cu(NCMe)4J(BFy) + R« N N R e /cu\> BrY Cy 64%
r.t., )

2 equiv —N N—R DMA  79%

N\/4 Mes 71%

t+Bu 56%

Cu(DABR),](BF
[Cu(DABT)-I(BFa) PhOMe3 75%

®
DMA—N & N—DMA
DMA N —>DCM N S}
2
[Cu(NCMe)4](BFs) + “N Moo Tien /Cu\ BFS
. DMA—N N—DMA
2 equiv S

[Cu(MDABPMA),](BF,)
61%

Scheme 1.14: Preparation of homoleptic, cationic complexes [Cu(DABX)](BF,) and
[Cu(MeDAB®)(BE,).

No mono-DAB copper(I) complexes could be isolated when a 1:1 Cu/DAB®
stoichiometry was used in different solvents (DCM, acetone, or MeCN) and
only homoleptic, cationic complexes were isolated in all cases. Despite be-
ing reported in literature, no spectroscopic data or yield was provided for
[Cu(DABM®),](BF,) and thus it will be discussed here as well.*®

On the other hand, a different reactivity was observed when DABP'™" or
DABP™! were reacted with [Cu(NCMe) 4J(BF,) and only heteroleptic, cationic
[Cu(DABR)(NCMe)Z](BF4) complexes were formed (Scheme 1.15). The out-
come of the reaction remained unchanged even when different stoichiome-
tries or reaction conditions were employed. Additionally, no [Cu(DAB)]
complexes could be formed with DAB®"" and only starting materials were
recovered.

On the other hand, the reaction of equimolar amounts of DAB and CuCl af-

11
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12

VAR ®
DCM RN VR R= DIPP 65%
[Cu(NCMe)yJBF,) + Ri o~ N, ——— Cu/ BFY ) ;
4l=T4 N R rt,16h / 4 DIPh  86%
MeCN NCMe

1 equiv
[Cu(DABR)(NCMe),](BF4)

Scheme 1.15: Preparation of heteroleptic, cationic [Cu(DABR)(NCMe)Z](BF4) complexes.

forded the heteroleptic, neutral [CuCl(DABR)] complexes (R = Ad, Anis, Cy,
DMA, and t-Bu) bearing one DABR ligand per copper centre (Scheme 1.16).
They were isolated in fair to excellent yields after recrystallisation. Nonethe-
less, no neutral complexes could be isolated for DAB® ligands bearing Mes
or DIPP groups and only starting materials were recovered even with in-
creased reaction temperatures.

any R= Ad 59%
DCM R— N\ y N—R Anis 82%
cucl + Ry~ Ny —Ter cu Cy 64%
o | DMA  79%
1 equiv cl tBu 56%

[CuCI(DABR)]

Scheme 1.16: Preparation of heteroleptic, neutral [CuCl(DABR)] complexes.

All isolated complexes were indefinitely stable towards oxygen and moisture
in the solid state without any particular need for precautions. The only
exceptions were heteroleptic, cationic complexes [Cu(DABR)(NCMe)Z](BF4),
which slowly decomposed over the course of three months if not stored
under an inert atmosphere. A similar reactivity has been disclosed in the
literature for DAB ligands with triphenylmethyl substituents.* Also, after
three days, all complexes dissolved in CD,Cl, started showing significant
broadening of the signals in the 'H NMR spectra, indicating an oxidation
to paramagnetic copper(Il) species. It is also important to note that all these
complexes were strongly coloured and ranged throughout the whole visible
spectrum from red to violet. Red colour was observed for alkyl substituted
ligands DABR (R = Ad, Cy, and t-Bu) and purple for DABPMA,

All complexes were fully characterised by spectroscopic methods as well
as elemental analysis, mass and for several complexes single-crystal were
obtained for X-ray diffraction. In the 'H NMR spectra, the resonances of the
imino protons on the backbone of the ligands appear considerably shifted
to lower field after metal coordination, consistent with the expected electron
donation from the diimine ligands to the copper centre.

This effect is particularly strong in complexes bearing DABR ligands with
alkyl substituents (i.e. J = 8.51 ppm for [Cu(DABAd)z](BF4), compared to
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0 =7.95 ppm in the free ligand) or with a para-anisyl group (i.e. § = 8.99 ppm
for [Cu(DABA™®),](BF,), compared to 6 = 8.45 ppm in the free ligand). In
stark contrast to the general downfield shift of the imine proton upon com-
plexation, [Cu(DABP")(NCMe),](BF,) protons displayed an upfield shift of
0.55 ppm.

Interestingly, no downfield shift was observed for all complexes in the 3¢
{'H} spectra, instead, all signals were slightly shifted upfield. The degree
of shift depended on the substituent on the DAB ligand where similar shifts
were observed for homoleptic and heteroleptic complexes. Small upfield
shifts in the >)C{'H} NMR of 0-1.5 ppm were observed for alkyl-, medium
shifts of 1.5-3.5 ppm for aromatic substituents and the highest upfield shift
of 21.9 ppm was displayed by [Cu(DABP'P")(NCMe),](BF,). The special char-
acteristics of the [Cu(DABDIPh)(NCMe)Z](BF4) in the NMR spectra might be
due to shielding effects of the eight phenyl rings present on the side arms
of the ligand.

The IR spectra of these complexes displayed medium absorption bands be-
tween 1557-1644 cm™! for the asymmetric and between 1358-1569 cm™ for
the symmetric C=N stretches. Alkyl substituted complexes showed higher
energies for both symmetric and asymmetric stretches, whereas aryl sub-
stituted ones exposed lower energies. The energies for the asymmetric
stretches are within the typical region for C=N vibrations. Also, these values
are shifted to lower wavenumbers with respect to those of the free diimine
ligands, which agrees with the coordination of both nitrogen atoms of the
DAB ligands to the copper centre as d electrons are located within the 7*
orbital of the N=C-C=N, system weakening these bonds. Additionally, all
cationic complexes displayed a single stretching band at ~1050 cm™! for the
B-F bonds, as expected for complexes with a counterion without significant
interaction with the metal centre. Mass spectra of all cationic complexes
showed peaks for the expected metal cation, [Cu(DABR),]*, [Cu(DAB”'")],
or [Cu(DABP™M)]*. No molecular peaks were obtained for neutral com-
plexes and values of m/z consistent with [Cu(DABR)(NCMe)]* species were
systematically observed instead.

Suitable crystals for single-crystal X-ray diffraction were obtained for sev-
eral complexes by slow diffusion of hexane into DCM solutions, except
for [Cu(DAB”9),](BF,), where an acetone/pentane combination was used
instead. A summary of the crystallographic data for these compounds is
provided Table 1.1.

Ball-and-stick representations of the obtained structures are given in Figures
1.5-1.8,1.10,1.12, 1.13, 1.15, and 1.16 and selected bond lengths are provided
in the captions of these figures.

In the lattice of [Cu(DAB®Y),](BF,) and [CuCl(DABA™)] four independent
units (A-D) were disclosed (Figure 1.9 and Figure 1.17) and the correspond-

13



1. D1azABUTADIENE AND IMINOPYRIDINE COPPER(I) COMPLEXES

Table 1.1: Summary of the crystallographic data for [Cu(DAB)] complexes. Data were collected using Oxford Diffraction Xcalibur PX Ultra QOCAU>w§mJN:mmb\
[Cu(DABA™S),](BF,), [Cu(DABY),](BF,), [CuCl(DABA™)] and [CuCLDAB®)]) and Xcalibur 3 ([Cu(DABAY),](BE,), [Cu(DABPT)(NCMe),](BF,), and
_Oc:u»,wQE_XZOvaN:mm»vvv diffractometers, and the structures were refined using the SHELXTL, SHELX-97, and SHELX-2013 program m%mﬁmgm.% The absolute

structure of HGCAU>m§mJN:me was determined by a combination of R-factor tests [R} = 0.0315, R} = 0.0393] and by use of the Flack parameter [x* = 0.000(17), x~ =
1.030(17)]. CCDC 1409952 to 1409958.

[Cu(DABM*),1(BF,) [Cu(DABA"*),|(BF,) [Cu(DAB®),l(BF,) [Cu(DABAY),|(BF,) [Cu(DABP'*")(NCMe),l(BF,) [Cu(DABP")(NCMe),I(BF,) [CuCI(DABA"®)]  [CuCI(DABY)]
formulea [CyoHysCuNyI(BFy)  [C3H3CuNyO4](BFy)  [CogHygCuNyI(BF)  [CyyHgyCulN,I(BEy) [CoHyrCuN,J(BFy) [C77HgCuN,](BE,) CyHypCLhCupN,Oy - CogHygCLCupNy
solvent - 1/12 CH,Cl, - 1/ C3H,O CH,Cl, CH,Cl, - -

Fw 735.17 694.04 591.05 828.38 693.95 1133.67 734.60 638.68

T (°C) -100 -100 -100 -100 -100 -100 -100 -100

space group P21242; (no. 19) P-3cl (no. 165) P-1 (no. 2) P-1 (no. 2) P21/c (no. 14) Pbca (no. 61) P2;/c (no. 14) P2;/c (no. 14)

a(A) 14.12849(8) 20.91645(12) 14.4357(4) 11.1511(3) 12.10209(18) 12.10209(18) 31.6929(5) 13.8128(4)

b (A) 15.61579(8) 20.91645(12) 21.4133(7) 11.2689(3) 16.7871(2) 22.3064(5) 11.59389(16) 13.1498(2)

c(A) 16.64347(9) 25.50567(18) 21.8614(7) 18.2683(7) 18.9558(3) 24.4072(6) 34.2062(4) 8.32834(18)

« (deg) 920 90 116.132(3) 83.625(3) 90 90 90 92

B (deg) 90 90 95.076(2) 81.121(3) 107.9455(17) 90 95.2904(13) 102.693(2)

7 (deg) 90 120 93.921(2) 70.353(3) 90 90 90 90

v (A% 3672.01(3) 9663.70(10) 5999.5(4) 2131.73(12) 3663.69(10) 12022.8(5) 12515.3(3) 1475.75(6)

z 4 12 8¢ 2 4 8 16° 24

Ocated (gem ™) 1.330 1431 1.309 1.291 1.258 1.257 1559 1.437

A(A) 1.54184 1.54184 1.54184 0.71073 0.71073 0.71073 1.54184 1.54184

p (mm™") 1.288 1.659 1433 0.568 0.787 0426 3.608 3.613

no. of unique 7215 6387 40463 13887 11585 12099 24208 5365

ref measured

Mwm,wﬁa ol > 6773 5737 29178 11121 9073 8480 16663 4647

R; (obs)? 0.0315 0.0417 0.0599 0.0413 0.0412 0.0513 0.0370 0.0405

wR, (all)® 0.0823 0.1204 0.1864 0.1083 0.1149 0.1494 0.1118 0.1189
il where w™ = 0?(F2) + (aP)? + bP; c) There are four crystallographically independent molecules in the asymmetric unit; d) The molecule has crystallographic C; symmetry.

14



1.4. Synthesis and Characterisation of [Cu(DAB)] Complexes

Figure 1.5: Structure of the cation present in the crystal of [Cu(DABAd)z](BF4). Most hy-
drogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(l)-
N(1) 2.0374(11), Cu(1)-N(2) 2.0389(11), Cu(1)-N(31) 2.0559(12), Cu(1)-N(32) 2.0267(11); N(1)-
Cu(1)-N(2) 81.95(5), N(1)-Cu(1)-N(31) 120.12(5), N(1)-Cu(1)-N(32) 129.81(5), N(2)-Cu(1)-
N(31) 119.50(5), N(2)-Cu(1)-N(32) 128.66(5), N(31)-Cu(1)-N(32) 81.91(5).

Figure 1.6: Structure of the cation present in the crystal of [Cu(DABtBu)Z](BF4). Most hy-
drogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(1)-N(1)
2.010, Cu(1)-N(4) 2.026; N(1)-Cu(1)-N(4) 82.15(3), N(1)-Cu(1)-N(1) 124.77(4), N(4)-Cu(1)-
N(4) 122.40(2), N(1)-Cu(1)-N(4) 126.49(8).

15
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Figure 1.7: Structure of the cation present in the crystal of [Cu(DABCy)Z](BF4). Most hy-
drogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(1)-
N(1) 2.041(3), Cu(1)-N(2) 2.011(3), Cu(1)-N(21) 2.020(3), Cu(1)-N(22) 2.031(3); N(1)-Cu(1)-
N(2) 82.31(12), N(1)-Cu(1)-N(21) 117.44(12), N(1)-Cu(1)-N(22) 121.20(11), N(2)-Cu(1)-N(21)
135.45(12), N(2)-Cu(1)-N(22) 124.09(12), N(21)-Cu(1)-N(22) 81.47(11)

Figure 1.8: Structure of the cation present in the crystal of [Cu(DABA“iS)z](BRI). Most hy-
drogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu-N(1)
2.0099(17), Cu-N(2) 2.0095(17), Cu-N(21) 2.0292(18), Cu-N(22) 2.0027(17), N(1)-Cu-N(2)
82.35(7), N(1)-Cu-N(21) 121.46(7), N(1)-Cu-N(22) 126.91(7); N(2)-Cu-N(21) 120.85(7), N(2)-
Cu-N(22) 128.18(7), N(21)-Cu-N(22) 82.41(6), 145.46(7), N(2)-Cu-N(21) 145.49(7), N(2)-Cu-—
N(22) 107.64(7), N(21)-Cu-N(22) 82.41(6).
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ing bond lengths and angles for the structures (B-D) are given in Table 1.2

and Table 1.3.

Figure 1.9: Structures A-D of the four cations present in the crystal of [Cu(DABCy)2](BF4).

Table 1.2: Selected bond lengths (A) and angles (°) for the four independent cations (A to D)

present in the crystal of [Cu(DABY),](BF,).

A B C D

1 Cu(1)-N(1) 2041(3)  2.023(3) 2.043(3)  2.050(3)
2 Cu(1)-N(2) 2011(3)  2.016(3)  2.007(3)  2.007(3)
3 Cu(1)-N(21) 20203)  2.033(3) 2.0213)  2.022(3)
4 Cu(1)-N(22) 2031(3)  2014(3) 2.030(3)  2.016(3)
5 | N(1)-Cu(l)-N(2) 8231(12) 8175(13) 81.99(12) 81.68(12)
6 | N(1)-Cu(1)-N(@21) 117.44(12) 114.25(13) 121.22(13) 122.44(13)
7 | N(1)-Cu(1)-N(22) 121.20(11) 135.08(13) 118.96(12) 118.90(12)
8 | N@)-Cu(1)-N@1) 13545(12) 124.22(13) 134.36(12) 132.88(12)
9 | N@)-Cu(1)-N(22) 124.09(12) 125.03(12) 123.18(12) 124.04(12)
10 | N(21)-Cu(1)-N(22) 81.47(11) 81.96(12) 82.01(12) 82.01(12)

17
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All copper centres in the obtained structures are tetracoordinated. To prop-
erly quantify their distortion from the ideal tetrahedral geometry, the 14
index, introduced by Yang et al., was calculated.®® This index is based on
the formula 74 = %, « and B are the two largest 6 angles in the
four-coordinate species where an index of 1.0 represents an ideal tetrahe-
dral and an index of 0.0 an ideal square-planar geometry. The calculated
74 values for all complexes ranged between 0.88 for [Cu(DABAd)Z](BF4) and
[Cu(DABPT)(NCMe), ](BF,) and 0.74 for [Cu(DABA™®),](BF,), which agrees
with distorted tetrahedral arrangements. Nonetheless, the calculated 7
value for [Cu(DABMeS)Z](BF4) was considerably lower (0.49) indicating that
this geometry might be described as distorted square-planar. The difference
can be seen with the bare eye when comparing cationic complexes (Figures
1.5-1.10, 1.12, and 1.13). Indeed, for the homoleptic, cationic complexes
[Cu(DABR)Z](BF4) and [Cu(DABR)(NCMe)Z](BF4) the angles between the N-
C-N chelate planes vary, being ca. 90, 89, 84, 81, 87, 88, 86, and 54° for R =
Ad, Anis, Cy-A, Cy-B, Cy-C, Cy-D, t-Bu, and Mes. These planes are almost
orthogonal except for [Cu(DABM®),](BF,). The significantly smaller angle
seen in this complex is associated with a pair of intramolecular 77 — 7t inter-
action between the adjacent mesityl rings on the two coordinated ligands
(Figure 1.10).

Figure 1.10: Structure of the cation present in the crystal of [Cu(DABMeS)Z](BF4). Most hy-
drogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu-N(1)
2.0239(16), Cu-N(2) 2.0256(17), Cu-N(21) 2.0268(15), Cu-N(22) 2.0334(17); N(1)-Cu-N(2)
82.24(7), N(1)-Cu—-N(21) 108.44(7), N(1)-Cu-N(22) 145.46(7), N(2)-Cu-N(21) 145.49(7), N(2)-
Cu-N(22) 107.64(7), N(21)-Cu-N(22) 82.41(6).

In this complex, the N(1)-bound ring overlays the N(21)-bound ring with
centroid---centroid and mean interplanar separations of ca. 3.63 and 3.53 A,
the two rings being inclined by ca. 5°, whilst the N(2)- and N(22)-bound
rings overlap in a similar fashion (centroid---centroid and mean interpla-
nar separations of ca. 3.51 and 3.46 A, rings inclined by ca. 1°). Overall,
the 74 index clearly accounts for the intramolecular 7-stacking with the
mesityl rings in [Cu(DABMeS)Z](BF4). No such interaction was evidenced
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in [Cu(DABAniS)Z](BF4), the other homoleptic complex bearing aromatic sub-
stituents in this study. However, through DFT calculations the energy differ-
ence between the observed unfolded structure of [Cu(DAB”™),](BF,), and
a folded structure similar to [Cu(DABM®),](BF,), was determined to be only
1.9kcalmol™! (Figure 1.11). The most likely reason why the slightly more
stable folded version is not observed in the solid state is a different crystal
packing favouring the unfolded structure.

Figure 1.11: Calculated structures for unfolded (right) and unfolded (left) DAB ligands on
[Cu(DABA™S),I*,

For heteroleptic, cationic complex [Cu(DABP'P )YINCMe), ](BF,), the diiso-
propylphenyl groups adopt an almost perpendicular orientation relative to
the chelate plane with torsion angles about the N(1)-C(Ar) and N(2)-C(Ar)
bonds of ca. 78 and 79°, respectively. This arrangement effectively shields
the copper(I) centre above and below the coordination plane, which make
accommodating a second DAB ligand difficult (Figure 1.12).

Figure 1.12: Structure of the cation present in the crystal of [Cu(DABDIPP)(NCMe)z](BF4).
Most hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(1)-
N(1) 2.0821(12), Cu-N(2) 2.0798(12), Cu-N(30) 1.9424(15), Cu-N(35) 1.9391(14); N(1)-Cu-—
N(2) 78.82(5), N(1)-Cu-N(30) 112.60(6), N(1)-Cu-N(35) 117.91(5), N(2)-Cu-N(30) 110.21(6),
N(2)-Cu-N(35) 117.88(5), N(30)-Cu-N(35) 114.52(6).

19



1. D1azABUTADIENE AND IMINOPYRIDINE COPPER(I) COMPLEXES

20

Similar torsion angles are observed for [Cu(DABP™ h)(NCMe)z](BF4) with
values of 77 and 80° (Figure 1.13). Additionally, the obtained structure for
[Cu(DABDIPh)(NCMe)Z](BF4) shows how the imine protons and carbons C(1)
and C(2) are interlaid in-between four phenyl rings explaining their upfield
shift in the 'H and '3C NMR spectra upon complexation (Figure 1.14).

Figure 1.13:  Structure of the cation present in the crystal of [Cu(DABP™Th)
(NCMe),](BF,). Most hydrogen atoms are omitted for clarity. Selected bond lengths [A]
and angles [°]: Cu(1)-N(1) 2.100(2), Cu(1)-N(2) 2.087(2), Cu(1)-N(70) 1.951(3), Cu(1)-N(80)
1.949(3); N(1)-Cu(1)-N(2) 79.91, N(1)-Cu(1)-N(70) 118.78, N(1)-Cu(1)-N(80) 114.34, N(2)-
Cu(1)-N(70) 115.46, N(2)-Cu(1)-N(80) 122.21, N(70)-Cu(1)-N(80) 105.38.

Figure 1.14: Interlaid DAB backbone in the solid state structure of [Cu(DABDIPh)
(NCMe),](BF,). Most hydrogen atoms are omitted for clarity.
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Heteroleptic, neutral complexes [CuCI(DAB®)] (R = Anis and Cy) both pre-
sent central Cu,Cl, rings in which the copper(I) and the chlorine ions each
occupy opposite corners. This ring is perfectly flat in [CuCI(DABYY)] as
a consequence of the centre of symmetry in the middle of the ring (Fig-
ure 1.15), but distinct folds of ca. 21, 13, 16 and 26°, respectively, are
seen between the two CuCl, planes for the four independent complexes
of [CuCI(DABA™$)] (Figure 1.16).

Figure 1.15: Structure of the cation present in the crystal of [CuCI(DAB®Y)]. Most hydro-
gen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(1)-Cl(1)
2.3625(5), Cu(1)-N(1) 2.0875(15), Cu(1)-N(2) 2.1025(15), Cu(1)-CI(1A) 2.2909(5); C1(1)-Cu(1)~
N(1) 114.93(4), C1(1)-Cu(1)-N(2) 112.57(4), C1(1)-Cu(1)-Cl(1A) 101.846(17), N(1)-Cu(1)-N(2)
79.94(6), N(1)-Cu(1)-CL(1A) 125.28(5), N(2)-Cu(1)-CL(1A) 122.07(5), Cu(1)-Cl(1)-Cu(1A)
78.154(17).

Figure 1.16: Structure of the cation present in the crystal of [CuCI(DABA™$)]. Most hy-
drogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(1A)-
CI(1A) 2.2773(7), Cu(1A)-N(1A) 2.073(2), Cu(1A)-N(2A) 2.0641(19), Cu(1A)-CI(2A) 2.3534(7);
CI(1A)-Cu(1A)-N(1A) 125.29(6), CI(1A)-Cu(1A)-N(2A) 123.56(6), CI(1A)-Cu(1A)-Cl(2A)
105.29(2), N(1A)-Cu(1A)-N(2A) 80.53(8), N(1A)-Cu(1A)-Cl(2A) 109.85(6), N(2A)-Cu(1A)-
CI(2A) 110.54(6), Cu(1A)—-Cl(1A)-Cu(2A) 73.58(2).
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Figure 1.17: Structures A-D of the four cations present in the crystal of [CuCl(DABA“iS)].
Most hydrogen atoms are omitted for clarity.
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Table 1.3: Selected bond lengths (A) ar}d angles (°) for the four independent cations (A to D)
present in the crystal of [CuCI(DABAMS)].

A B C D

1 Cu(1)-Cl(1) 22773(7) 2.2884(7) 2.3042(6)  2.2984(6)
2 Cu(1)-Cl(2) 2.3534(7) 2.3339(7) 2.3317(7)  2.3408(7)
3 Cu(1)-N(1) 2.073(2) 2.0853(19) 2.0788(19)  2.074(2)
4 Cu(1)-N(2) 2.0641(19) 2.0576(19) 2.0670(18) 2.0648(19)
5 Cu(2)-Cl(1) 2.3396(7) 2.3338(7) 2.3363(6) 2.3342(7)
6 Cu(2)-Cl(2) 22913(7) 22906(6) 2.2726(6) 2.2711(7)
7 Cu(2)-N(21) 2.0522(19) 2.0564(19) 2.0447(19) 2.038(2)
8 Cu(2)-N(22) 2.0772(19) 2.0793(18) 2.0788(19) 2.0793(19)
9 | Cl(1)-Cu(1)-Cl(2) 10529(2) 103.92(2) 103.54(2) 104.35(2)
10 | CI1)-Cu(1)-N(1) 12529(6) 119.67(6) 121.52(6) 125.99(6)
11| CI(1)-Cu(1)-N(2) 12356(6) 121.50(6) 119.52(6) 120.53(6)
12 | Cl2-Cu(1)-N(1) 109.85(6) 11547(6) 113.47(6) 108.72(6)
13| Cl2-Cu(1)-N(2) 110.54(6) 11543(6) 118.03(6) 115.76(6)
14 | N(1)-Cu(1)-N(2)  80.53(8)  80.49(8)  80.60(7)  80.65(8)
15 | Cl(1)-Cu(2)-Cl(2) 105.30(2) 103.85(2) 104.39(2) 105.44(2)
16 | Cl(1)-Cu(2)-N(21) 121.77(6) 120.62(6) 121.38(5) 122.61(6)
17 | Cl(1)-Cu(2)-N(22) 108.41(6) 110.46(6) 111.78(6)  110.30(6)
18 | Cl2)-Cu(2)-N(21) 117.49(6) 117.72(6) 118.15(6) 118.41(6)
19 | Cl2)-Cu(2)-N(22) 122.74(6) 123.77(6) 119.96(6) 118.01(6)
20 | N(21)-Cu(2)-N(22)  80.37(8)  80.31(7)  80.67(8)  80.72(8)
21 | Cu(1)-Cl(1)-Cu(2)  7358(2)  73.07(2) 7557(2)  75.53(2)
22 | Cu(1)-Cl(2)-Cu(2) 74.87(2)  7555(2)  72.61(2)  72.97(2)
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The observed Cu:---Cu distances in each independent unit (2.74-2.83 A) are
just around the sum of their van der Waals radii (2.80 A),%! which might be
indicative of a weak attractive interaction between the two closed-shell d10
metal ions. No such interaction can be postulated in [CuCl(DAB®Y)] as the
observed Cu---Cu separation of 2.934 A is too long.

The sp? character of the C and N atoms in the chelate ring of all com-
plexes is confirmed by imine bond lengths of 1.269(2)-1.275(3) A for cationic
[Cu(DABYY),](BE,), or 1.280(3) A for neutral [CuCI(DABY)], for instance,
and both are very similar to standard sp? C=N double bonds.®

In an attempt to better understand the steric environment imposed by these
diimine ligands in the solid state, and maybe also the specific stoichiometries
obtained for the prepared complexes, we quantified such effect of DAB® us-
ing the percent buried volume (%Vp) method, originally developed by Cav-
allo and co-workers as a steric probe of N-heterocyclic carbene ligands. %4
A simple on-line tool calculates the percentage of the volume of a metal-
centred sphere of defined radius that is occupied by a given ligand.®

For these calculations we used the crystallographic data obtained for cationic
complexes [Cu(DABR)] (R = Ad, Anis, DIPP, DIPh, Mes, t-Bu), and accord-
ing to the obtained %Vp values (41.4-50.1), the steric demand of the diimine
ligands used in this study follows the sequence: DABAMS~DAB“Y <DABA? ~
DAB®U<DABPP <DABM® <DABP™!, 1t was not surprising to find that the
most sterically hindered ligand was DABP™. However, it was surprising
that DABM® and not DABP™F was second in this list as the isolation of het-
eroleptic [Cu(DABDIPP)(NCMe)Z](BF4) would suggest. These values clearly
show both steric and electronic factors determine the nature of the accessible
complexes for these ligands.

1.5 Investigation into Solution Behaviour of [Cu(DAB)]

As mentioned before, all prepared and isolated complexes were coloured,
with shades ranging from pink to violet. UV/Vis studies were carried
out to understand the behaviour in solution as there have been accounts
on ligand dissociation in related complexes.'® The main focus laid on ho-
moleptic cationic complexes as there is some precedent in the literature for
[CuCI(DAB®)] complexes,'® and also the low solubility of CuCl in organic
solvents would impede any titration experiments.

In a first step, the absorption spectrum of [Cu(DAB*™*),](BF,) was recorded
in DCM (15um) and it revealed an intense broad band between 420 and
452nm (e = 35280+697 Lmol ! cm™!) and a smaller band at a higher wave-
length (593 nm, 5100+70 L mol~! cm™!). Both bands were assigned to drr - 7t*
metal-to-ligand charge transfer (MLCT) absorptions since the free ligand,
DABA™S, in DCM displayed a band at 375 nm (248104293 Lmol~! cm™).
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The initial measurements were followed by titration experiments carried out
with [Cu(NCMe),](BE,) solutions in degassed DCM (15 pm) and increasing
amounts of free ligand DAB™® (0.2-3 equiv). A constant increase of both
bands was observed between 0.2 and 1.6 equivalents of ligand (Figure 1.18).
With higher equivalents of added ligand, a band at 425nm appeared and

progressively red-shifted towards the absorption band of DAB"™S,
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Figure 1.18: UV/Vis spectra for the titration experiments with [Cu(NCMe),](BF,) (15 pm)
and different equivalents of DABA™® in DCM.

Plotting the absorption intensity against the equivalents of ligand showed
that the intensity of both bands increased continuously up to 1.5 equivalents
of ligand, and remained constant above that (Figure 1.19, a and b). Further-
more, Job plots for these two bands indicate a mol fraction of 0.64 and 0.62
for DABA™S | with both values very close to a 2:3 Cu/L ratio for the species
in solution (Figure 1.19, c and d).
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Figure 1.19: Absorption intensities versus ligand equivalents and Job plot for the titration
experiments with DABA™S in DCM.
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These results suggest a different stoichiometry of the species in solution
when compared to isolated [Cu(DABAnis)2](BF4). It is important to point out
that the UV /Vis spectrum obtained for [Cu(DABA™S),](BF,) was virtually
identical to that from a titration experiment with a 2:3 and not a 1:2 Cu/L
ratio as it could have been expected (Figure 1.20).
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Figure 1.20: Comparison of UV /Vis spectra in DCM for the Cu/ DABANS system ([Cu] =
15 um).

These observations were further investigated using NMR spectroscopy and a
"H NMR spectrum of a 15 um solution of [Cu(DAB”™®),](BF,) in CD,Cl, was
recorded. As suspected, no signals corresponding to [Cu(DABA™S),](BE,)
were found at this low concentration. Instead, the signals corresponding to
free DABA™ were observed, together with those corresponding to a new
ligated species with a single chemical environment for all diimine hydrogen
atoms present (Figure 1.21).
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Figure 1.21: Comparison of 'H NMR spectra for the Cu/DAB*™ system in CD,Cl,.
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Unfortunately, the low concentration prevented the acquisition of a DOSY
spectrum within reasonable time. Taking these results into account, a struc-
ture featuring a dinuclear copper complexes with three bridging DAB™S is
proposed for the copper complex formed in the titration experiments, featur-
ing a dicopper complex with three bridging diimine ligands (Figure 1.22).%!

2®
N~ =N

. S
MeCN— Gl NT = NyCu—NCMe 2BF, N= -$- N@OMe

Figure 1.22: Plausible structure for the species formed by the Cu/DAB*™ system in DCM.

[Cu(DABAd)Z](BF4) was investigated next in order to obtain more informa-
tion about these homoleptic complexes. DABAY does not absorb in the vis-
ible region and the only absorption observed in DCM is at 228 nm (14450+
503 Lmol ! cm‘l), which is useful in this context. The measurements for
[Cu(DABAY),](BF,) were carried out at a higher concentration (typically
300 uM) as both the complex and the ligand are significantly less absorbent
than in the previous case. Nonetheless, it should be noted that identical
UV /Vis bands were recorded at lower concentrations, down to 40 um. Two
absorption bands were observed in the spectrum of [Cu(DABAd)Z](BF4), the
first, a small one at 430 nm and a second one, much stronger, at 530 nm and
both were attributed to d7r — 7* MLCT absorptions.

Again, titration experiments were performed in degassed DCM with a con-
stant concentration of [Cu(NCMe),](BF,) (300 pm) and an increasing concen-
tration of DABAY (60-900 1M, 0.2-5 equiv, Figure 1.23). Between 0.2 and 1
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Figure 1.23: UV /Vis spectra for the titration experiments with [Cu(NCMe),](BF,) (300 pm)
and different equivalents of DABAY in DCM.
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equiv of ligand an absorption band at 530nm was observed together with
a very small band at 326 nm. From 1 to 2 equivalents of ligand, the inten-
sity of the band at 326 nm decreased, whereas the absorption band at 430
and 530 nm steadily increased. Further addition of DAB” (up to 5 equiva-
lents) did not alter the absorption spectrum. Plotting the absorption inten-
sity against the equivalents of ligand showed that the intensity at 326 nm
increased up to 1 equivalent of DAB”? and then dropped, whereas the in-
tensity at 430 and 530 nm steadily increased up to 2 equivalents and then lev-
elled off (Figure 1.24). Additionally, the UV /Vis spectrum of [Cu(DABAd)Z]
(BF,) and the one obtained from the titration experiment with a Cu/L ra-
tio of 1:2 are identical. Therefore, it was assumed that the band at 326 nm
belonged to a heteroleptic complex [Cu(DABAd)(NCMe)z](BF4).
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Figure 1.24: Absorption intensities plotted versus ligand equivalents for the titration experi-
ments with DAB*? in DCM.

In order to gather additional evidence, we next carried out UV/Vis stud-
ies in MeCN, a coordinating solvent and two bands were observed again
in the spectrum of [Cu(DABAd)z](BF4), one at 398nm and a more intense
one at 525nm. When this spectrum was recorded at different concentra-
tions (0.15-1.2 mm), it became clear that as the concentration was reduced,
the band at 525nm decreased in intensity at a faster rate than the band at
398 nm (Figure 1.25). When intensities of these bands were plotted against

Absorbance
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Figure 1.25: UV /Vis spectra for the titration experiments with [Cu(NCMe),](BF,) (300 pm)
and different equivalents of DABA4 in MeCN.
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concentration, both lines eventually cross each other, giving evidence that
these two bands do not belong to the same species in solution. Further ev-
idence comes from a vastly different shape of normalised spectra recorded
at different concentrations. The absorption intensities were divided by the
concentration (Figure 1.26). If both bands had belonged to the same species,
they would have shown identical band intensities. It is also evident that the
band at 398 nm has the same extinction coefficient throughout all measure-
ments, whereas the band at 525nm varies and thus gave evidence for the
presence of an alternate species at different concentrations. These results
indicate that MeCN can indeed dls(}alace the DAB*Y ligand at low concentra-
tions, possibly forming [ [Cu(DABA YINCMe),|(BF,) in situ.

e[M L'em™
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Figure 1.26: Absorption spectra of [Cu(DABAd)Z](BF4) at different dilutions normalised by
their concentrations.

Furthermore, titration experiments in degassed MeCN with a constant con-
centration of [Cu(NCMe),](BF,) (0.2mmMm) and a variable amount of DABAd
led to additional information compared to titration experiments obtained in
DCM. For 0.1, 0.13, and 0.2 equivalents of ligand, only an absorption band
at 398 nm was observed. The band at 525nm started appearing after 0.6
equivalents of ligand were added and persisted throughout the end of the
titration experiment (Figure 1.27).

When the absorption intensities for each band were plotted against the
equivalent of ligand added, it showed that the intensity of the band at
398 nm increased linearly until about 2 equivalents of ligand after which
the intensity levelled off. On the other hand, the intensity of this band at
525nm steadily increased throughout the titration experiment (Figure 1.28,
a, b). The Job plot derived from this data showed that the maximum for the
398 nm band laid within 0.5mol fraction of the ligand, pointing towards a
1:1 Cu/L ratio (Figure 1.28, ¢, d). For the band at 525 nm, the maximum
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Figure 1.27: UV/Vis spectra for the titration experiments with [Cu(NCMe),](BF,) (200 11m)
and different equivalents of DABA? in MeCN.

absorbance was between 0.6 and 0.7, which could be attributed to a 1:2 or
a 2:3 copper/ligand ratio. Considering the bulky adamantyl groups on the
ligand, a 1:2 stoichiometry for the copper complex was favoured.
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Figure 1.28: Absorption intensities versus ligand equivalents and Job plot for the titration
experiments with DAB*9 in MeCN.

The extinction coefficient for the absorption band at 398 nm, attributed to
heteroleptic [Cu(DABAd)(NCMe)Z](BF4), could be calculated from titration
experiments with a large excess of [Cu(NCMe),](BF;) (up to 1000 equiv)
to prevent the formation of the homoleptic complex. Under these con-
ditions, no band at 525nm was observed and an extinction coefficient of
2191422 L mol™' em™! was obtained (Figure 1.29).

On the other hand, the dilution of [Cu(DABAd)z](BF4) (0.06-0.6 mm) in solu-
tions of acetonitrile saturated with DAB*Y led to UV/Vis spectra with only
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Figure 1.29: Absorbance of [Cu(DABAd)(NCMe)Z](BF4) in different concentrations in MeCN.

the band at 525 nm, and the extinction coefficient found for this species was
7448+255 L mol~t cm™! (Figure 1.30).
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Figure 1.30: Absorbance of [Cu(DABAd)2]+ in different concentrations in MeCN.

With this data in hand, the equilibrium constant for the reaction depicted in
Scheme 1.17 was found to be 5.02 x 10°. It is important to note that only data
obtained at copper concentrations between 0.04 and 0.3 mM could be used in
these calculations, since at higher concentrations the Beer-Lambert law is not
fulfilled any more, most probably because of additional equilibria present
in the system. Using the thermodynamic principle AG = -RT In K where AG
is the free energy, R the Boltzmann constant, T the temperature in Kelvin,
and K the equilibrium constant, the free energy for this equilibrium was
determined to be 4.1kcalmol~!. The initial energy differences calculated by
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Scheme 1.17: Equilibrium between homo and heteroleptic species of [Cu(DABAd)z](BF4).
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DFT methods between homo- and heteroleptic complex were too high and a
different structure was proposed with an interaction between the BF,~ anion
and the copper centre, which lowered the energy difference significantly
to 7.6 kcalmol™! between the two species. (The computational experiment
was calculated with M06-X2, 6-31g, sdd(Cu), and in MeCN with PCM as
solvation model Figure 1.31). Despite being slightly different in energy the
experimental and theoretical results support the idea of a heteroleptic type
complex [Cu(DAB”Y)(NCMe),]*.

Figure 1.31:  Calculated, lowest energy structure for the heteroleptic species
[Cu(DABAY)(NCMe),]* for the equilibrium of [Cu(DABAY),|(BE,).

All attempts to isolate the proposed heteroleptic [Cu(DABAd)(NCMe)Z](BF4)
failed and no crystals suitable for X-ray analysis could be grown. Upon
concentration, only homoleptic [Cu(DABAd)z](BF4) was observed by NMR
spectroscopy. However, further evidence could be obtained by 'H NMR
analysis. Several spectra of [Cu(DABAd)Z](BF4) were recorded in CD;CN at
different concentrations (Figure 1.32). When the concentration was lowered
from 12 to 0.3mm, an upfield shift of the signal of the imine hydrogen in
the copper complex was observed from 8.3 to 8.0 ppm and the si§nal also
became very broad indicating a rapid exchange process of the DAB"? on the
NMR scale (Figure 1.32, a, b, and c). When the same spectrum was recorded
at —40°C, three imine environments were observed, homoleptic complex
(6 = 8.3ppm), free DABA? (5 = 7.8 ppm), and a new signal (§ = 8.0 ppm).
Furthermore, as a mixture of [Cu(NCMe),](BF,) and DAB*? in a 1:0.2 ratio
showed only the band at 398 nm in the UV /Vis spectrum, these conditions
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were studied by "H NMR (Figure 1.32, d) and only a single resonance at & =
8.0 ppm was obtained at room temperature.

—38.33
—8.28
—8.13
—38.03
—38.00
—7.78

Cu*/DABAY=1:0.2, 0.2mM, 20 °C (e)
w

0.3mM, 20 °C (c)

1.2mM, 20 °C (b)
12mM 20 °C (a)
bpm 8.3 8.2 8.1 8.0 7.9 78 7.7 7.

Figure 1.32: Comparison of '"H NMR spectra for the Cu/ DABAY system in CD3;CN.

Overall, these results show that even if they might not be isolable, [Cu(DABF)
(NCMe),](BF,) complexes can be formed as diluted solutions either by dilu-
tion of pre-isolated [Cu(DABR)z](BF4) complexes or by the reaction of the
ligand with a large excess (e.g. 5 equiv) of the copper source. Notably, the
heteroleptic [Cu(DABAd)(NCMe)Z]+ showed a similar UV /Vis spectrum as
the isolable, cationic, heteroleptic complexes [Cu(DABDIPP)(NCMe)z](BF4)
and its lowest energy band appeared at 353nm (1709 +4 Lmol !em™) in
MeCN. Quite surprisingly, this particular compound is almost as stable as
the rest of the complexes reported in this work.

Since similar complexes had been shown to be fluorescent,® the fluores-
cence of [CuCI(DABA™)], [Cu(DABA"),](BE,), [CuCl(DABAY)], and [Cu
(DAB”Y),](BE,) was investigated. In a first step, [CuCl(DAB”"*)] was mea-
sured and showed fluorescence at three distinct wavelengths (350, 410, and
450nm) in DCM. However, the fluorescence was very weak and superim-
posed by the fluorescent signal of the photospectroscopic grade solvent. The
signal from the solvent could not be lowered by distillation and thus, the flu-
orescence spectrum of complex was calculated by subtraction of a blank
DCM sample (Figure 1.33). Additionally, the fluorescence of DABA™ was
measured as well as [Ru(bipy);]Cl,, which was used as reference sample.
Figure 1.33 shows that in presence of CuCl the fluorescence of DABA™® ig
quenched. In comparison to [Ru(bipy);]Cl, and even DABA™S, the quantum
yield of the copper complex is very low. Furthermore, [Cu(DABA“iS)z](BF 4)s
[CuCl(DAB*Y)], and [Cu(DABAd)Z](BF4) did not show any fluorescence un-
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der any excitation wavelength.
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Figure 1.33: Fluorescence measurements of DABA™S, [CuCI(DAB”™S)], and [Ru(bipy);1Cl,
at an excitation wavelength of 450 nm in DCM.

1.6 Synthesis and Characterisation of [Cu(ImPy)] Com-
plexes

Initially, to synthesise [Cu(ImPy®),](BF,) complexes successful reported pro-
cedures for similar copper(I) complexes were followed (Scheme 1.18). 4446
Unfortunately, reaction of ImPy*™ with [Cu(NCMe),](BF,) in MeOH or
MeCN did not lead to the formation of the desired complex and the ob-
tained solids turned readily green in air, which indicated an oxidation to
copper(I) and indeed, the "H NMR spectrum showed only very broad sig-
nals as expected for paramagnetic copper(Il) species.

Co L
/)
MeCN or \ N N N—R

MeOH \

/ e
[Cu(NCMe)4](BFy) + / —— Cu BF4
\ N “weg rt.16h R_N/ \N
2 equiv 7 \

Scheme 1.18: Reported procedures for the synthesis of homoleptic, cationic [Cu(ImPyR)]
(BEF4) complexes.
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In a further attempt to synthesise a [Cu(ImPy)] complex, a method reported
by van Stein et al. from Cu(OTf)-(CsHg),5 was used.®” Indeed, we could
then obtain [Cu (ImPy”""),](OTf) from ImPy”"™" and Cu(OTf)- (C,Hg), s in
excellent yield (Scheme 1.19). Related [Cu(ImPyR)z](OTf) complexes (R =
Ad, Anis, and Mes) were then prepared using the same method in similar
good yields (45-95%).

®
/
\ N\ >N_R R= DIPP  96%
— Toluene Y
o Ad 84%
- —_— cu oTf
CulOT)(CrHglos + 77 rt, 16 h VRN Anis  45%
N N—R N
\

R— N
7°O
2 equiv \_<:\> Mes 67%

[Cu(ImPyR),](OTf)

Scheme 1.19: Adopted procedure for the formation of [Cu(ImPyR)](OTf).

All isolated complexes were indefinitely stable towards oxygen and mois-
ture in the solid state without any particular need for precautions. Also,
all complexes showed the same brown colour in the solid state and these
properties matched the reports on similar copper(I) ImPy complexes. #4667
These complexes were then fully characterised by spectroscopic methods
and single-crystal X-ray diffraction.

Similar to [Cu(DAB)] complexes, in the 'H NMR spectra the resonances
of the imino proton on the backbone of the ligand appeared to be shifted
to a lower field after metal coordination agreeing with the expected elec-
tron donation from the ImPy ligand to the copper centre. In contrast to
[Cu(DAB)], the magnitude of the downfield shift seemed to depend greatly
on the substituent on the ImPyR. The imino proton on [Cu(ImPyAd)z](OTf)
showed only a shift by 0.07ppm compared to the free ligand, whereas
[Cu(ImPy~"™),](OTf) displayed a shift of 0.80 ppm. In the *C NMR spec-
tra no significant downfield shift was observed for the imino carbon (i.e.
6 = 156.2 ppm for [Cu(ImPy”%),](OTf), compared to § = 156.2 ppm in the
free ligand or 6 = 164.6 ppm for [Cu(ImPy"""™),](OTf), compared to & = 168.8
ppm in the free ligand).

The IR spectra of the obtained [Cu(ImPyR)z](OTf) complexes revealed me-
dium absorption bands for the asymmetric C=N stretches between 1596~
1647cm™ and for the symmetric C=N stretches between 1506-1593cm™,
with the electron rich ligand ImPy”™* showing the lowest wavenumber for
all [Cu(ImPy®)] complexes. The energies for both symmetric and asym-
metric stretches were within the typical region for C=N vibrations. The
wavenumbers for the C=N stretches shifted towards lower energies upon
complexation to the copper(I) centre by about 75cm™!. Additionally, for all
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complexes a band around 1270 cm™! was evident, which is associated with
the presence of the OTf~ counterion.®® Furthermore, the mass spectra for all
prepared [Cu(ImPy)] complexes displayed /: signals for the expected metal
cation [Cu(ImPy®),]*.

Suitable crystals for single-crystal X-ray diffraction for [Cu(ImPy"),](OTf)
and [Cu(ImPyDIPP)Z](OTf) were grown by slow diffusion of petroleum ether
into DCM solutions. Ball-and-stick representation are given in Figure 1.34
and 1.35 with selected bond lengths and angles provided in the captions
of these figures. The summary for the crystallographic data is provided in
Table 1.4.

Figure 1.34: Structure of the cation present in the crystal of [Cu(ImPyAd)z](OTf). Most
hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(l)-
N(1) 2.077(2), Cu(1)-N(8) 2.026(2), Cu(1)-N(21) 2.080(2), Cu(1)-N(28) 2.020(2); N(1)-Cu(1)-
N(8) 81.25(7), N(1)-Cu(1)-N(21) 119.79(7), N(1)-Cu(1)-N(28) 119.99(7), N(8)-Cu(1)-N(21)
116.67(7), N(8)-Cu(1)-N(28) 142.27(7), N(21)-Cu(1)-N(28) 81.42(7).

Figure 1.35: Structure of the cation present in the crystal of [Cu(ImPyDIP P)z](OTf). Most
hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu(1)-
N(1) 2.051(2), Cu(1)-N(8) 2.026(2), Cu(1)-N(21) 2.057(2), Cu(1)-N(28) 2.021(2); N(1)-Cu(1)-
N(8) 80.98(9), N(1)-Cu(1)-N(21) 110.45(9), N(1)-Cu(1)-N(28) 127.33(9), N(8)-Cu(1)-N(21)
134.01(9), N(8)-Cu(1)-N(28) 128.58(8), N(21)-Cu(1)-N(28) 80.76(9).
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Table 1.4: Summary of the crystallographic data for [Cu(ImPy)] complexes. Data were
collected using Oxford Diffraction Xcalibur PX Ultra ([Cu(ImPyAd)z](OTf)) and Xcalibur 3
([Cu@ImPyPPP),1(OTf) and [Cu(ImPyP?),(OH,)](OTf),) diffractometers, and the structures
were refined using the SHELXTL, SHELX-97, and SHELX-2013 program systems. 5,

[CulmPy*9),1(OTH)  [Cu(lmPyP?),1(OTH) [CulmPyP'*?),(OH,)I(OTH),
formulea [C3,HyoCuN,J(CF;0,5)  [CyHuuCuN,[(CF3055)  [CagHyCuN,Ol,(CF;0,9)
solvent 1/2 CH,Cl, - 3 H,0
Fw 735.75 745.36 966.49
T (°C) -100 -100 -100
space group P2;/n (no. 14) P-1 (no. 2) Fdd2 (no. 43)
a(A) 12.3905(3) 9.1002(5) 21.033(3)

b (A) 19.0233(5) 10.9858(6) 21.3226(13)
c(A) 14.4810(3) 19.3481(7) 39.427(2)
« (deg) 90 89.693(4) 90

B (deg) 102.996(2) 79.192(4) 90

7 (deg) 90 82.793(4) 90

v (A% 3325.85(14) 1884.64(16) 17682(3)
z 4 2 16
Peated (gem™) 1.469 1.313 1.452
A (A) 1.54184 0.71073 0.71073
# (mm™1) 2.744 0.689 0.689
no. of unique 6376 7408 1983
ref measured

Zgi‘elfo‘l’)ed IFo| > 4921 5713 4177
R, (obs)? 0.0397 0.0504 0.0391
wR, (all) 0.1092 0.1271 0.0905

a) Ry = ZI5E b) wR, =

(w(R-F)*]

05
lw(E)?])

where w™! = 0?(F2) + (aP)? + bP.
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Both structures showed tetracoordinated copper centres with 74 values®
of 0.69 for both structures indicating a distorted tetrahedral coordination
sphere. The obtained values were within the range of 0.69-0.72 for similar
reported [Cu(ImPy)] complexes.** Furthermore, no interaction between the
counterion and the imine hydrogen or any other atom was evident in either
structures. The sp? character of the C and N atoms in the chelate ring was
confirmed with bond lengths of 1.284(2) and 1.272(4) respectively. %2 Due to
the pyridyl moiety on the ImPy ligand a lower buried volume was expected
for ImPyAcl and ImPyDIPP. In fact, with buried volumes of 39.0 and 41.2%,
both were lower than any found for the DAB ligands.

During the preparation of X-ray suitable samples of [Cu(ImPy""™"),](OTf)
a turquoise crystalline-solid formed along the brown crystals of [Cu(Im-
PyP"),](OTf). Due to the turquoise colour, it was assumed that the cop-
per(I) centre oxidised to copper(ll) which was confirmed by X-ray diffrac-
tion of the sample (Figure 1.36). This complex displayed a penta coordi-

Figure 1.36: Structure of the cation present in the crystal of [Cu(ImPy"'™T),(OH,)](OTf),.
Most hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles
[°]: Cu(1)-N(1) 1.977(5), Cu(1)-N(8) 2.100(6), Cu(1)-N(21) 2.000(5), Cu(1)-N(28) 2.091(6),
Cu(1)-O(1) 2.015(4); N(1)-Cu(1)-N(8) 80.1(2), N(1)-Cu(1)-N(21) 172.1(2), N(1)-Cu(1)-N(28)
94.4(2), N(1)-Cu(1)-O(1) 93.1(2), N(8)-Cu(1)-N(21) 98.1(2), N(8)-Cu(1)-N(28) 128.6(2), N(8)-
Cu(1)-O(1) 110.2(2), N(21)-Cu(1)-N(28) 80.7(2), N(21)-Cu(1)-O(1) 94.8(2), N(28)-Cu(1)-O(1)
121.2(2).

nated copper(Il) centre with two ImPyP"* ligands and a H,O molecule. To
assign the correct geometry between the possible trigonal bipyramidal and a

square pyramidal one the 75 value was calculated using the formula 75 = %
where « and f3 are the greatest valance angles of the coordination centre and
B > a.%° An index of 1.0 represents an ideal trigonal bipyramidal and an
index of 0.0 an ideal square pyramidal geometry. For the [Cu(ImPy""T),
(OH,)](OTf), complex a 15 value of 0.73 was obtained characterising it as

a predominantly trigonal bipyramidal geometry. To the best of our knowl-
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edge, there are only reports on two similar structures based on pyridyl ben-
zothiozoles and 2-phenyleth-1-yl iminomethylpyridine with calculated 5
values of 0.72 and 0.92 (Figure 1.37).”%7! Additionally, the observed copper-
nitrogen and copper—oxygen bond lengths in [Cu(ImPy”""),(OH,)](OTf),
related well with the reported distances. The copper(I) complex might be
oxidised by dioxygen or H,O under formation of hydroxide to give the cor-
responding copper(Il) complex.

r S ]e® M 20
agss O
@ \_ /N o
NG /N N /NI

Clu~=OH, 2 (BFy) Cu;- OH; 2 (ClOy

N/ \N— N/ N
\ Ph—/_ N 4 \
esSo ) i

)9

Figure 1.37: Related structures to [Cu(ImPyDIPP)2(OHZ)](OTf)z based on benzothiozoles and
phenylethyliminopyridines.

1.7 Conclusions

Three related families of copper(I) complexes bearing diazabutadiene lig-
ands have been prepared and fully characterised: homoleptic [Cu(DABY),]
(BF,), heteroleptic [Cu(DABX) (NCMe),](BF,) and neutral [CuCI(DABY)] com-
plexes. Surprisingly, the ratio between copper and ligand is not dictated by
the stoichiometry of the reaction but rather by the chosen copper source
and the type of ligand. All these complexes are indefinitely stable in the
solid state and do not require any particular precautions to exclude oxygen
or moisture, except for [Cu(DABR)(NCMe)Z](BF4). The prepared complexes
displayed a tetracoordinated copper centre in the solid state, with different
degrees of distortion from the expected tetrahedral geometry. Unfortunately,
no fluorescence was observed for [Cu(DAB)] complexes.

The solution behaviour of [Cu(DAB)] complexes was investigated by UV /Vis
and NMR spectroscopy and the obtained results showed that even if they
might only be stable under diluted conditions, heteroleptic cations [Cu
(DABR) (NCMe),]* appear to be intermediates in the formation of the iso-
lated homoleptic [Cu(DABR)z](BF4) complexes. Furthermore, a diimine lig-
and in the homoleptic complex might be displaced by a coordinating solvent
in diluted solutions or the initial complex might even rearrange into a bin-
uclear species, which is in agreement with the known lability of copper di-
imine complexes. While this feature is often regarded as a drawback for the
exploitation of the photochemical properties of these compounds, it can also
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be regarded as a very easy activation mode for catalytic applications. There-
fore, addition of a sub-stoichiometric amount of such copper complexes to a
solution will give rise to a new coordinatively unsaturated species prone to
act as a catalyst. In fact, we recently reported that these complexes are com-
petent catalysts for the copper(I)-catalysed Click azide-alkyne cycloaddition
reaction,”? with [Cu(DAB®Y),](BF,) as the best performing catalyst and in
the aryl azide reduction reaction with toluene and water as reductants.

Moreover, a series of novel copper(I) iminopyridine complexes was prepared
and fully characterised. The two complexes characterised by X-ray diffrac-
tion, [Cu(ImPy”%),](OTf) and [Cu(ImPyP),](OTf), displayed a slightly dis-
torted tetrahedral coordinated copper(I) centre. All isolated complexes show-
ed to be moisture and oxygen insensitive in the solid state whereas ox-
idation in solution was observed and the oxidised copper(Il) complex of
[Cu(IrnPyDIP P)Z(OHZ)](OTf)Z was characterised by X-ray diffraction.
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Preparation of Amines and Application
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2.1. Introduction

2.1 Introduction

Amines are one of the main building blocks in synthetic chemistry as well as
in biochemistry.”® They play an important role in life itself as amino acids are
linked through their amino group and carbonic acid ends to form proteins
necessary for any form of life on earth.”* The importance of amines is also
given by their ability to interact on a supramolecular level through hydrogen
bonding. This may be through the lone pair on the nitrogen interacting with
carbonyls or through hydrogen bonding with other protic molecules. This
is apparent since drug molecules such as Morphine (analgesic), Ritalin (cen-
tral nervous system stimulant), or Afloqualone (sedative) contain amines as
functional groups (Figure 2.1). It is therefore not surprising that since the
discovery of amines by Wurtz, chemists have developed many methods for
their preparation.””

\
N
F
/ ) m
OH N
O HoN
o
o
OH

Morphine Ritalin Afloqualone

Figure 2.1: Examples of drug molecules containing amine groups.

2.2 Preparation of Primary Amines

A straight forward method to access primary amines is the Gabriel synthe-
sis.”® An alkyl halide is transformed into the corresponding alkyl phthala-
mide and consecutively deprotected to give the primary amine. However,
it is clear that this procedure generates a large amount of by-products in
the form halogen salts and phthalic acid or phthalhydrazide (Scheme 2.1).
Additionally, this method is not very useful when the amino functionality
needs to be introduced at a later stage of a multi-step synthesis since carbon-
halogen bonds react readily with most nucleophiles.

0 o]
X o X N2H, NH
R x + | N — ] N —— R/\NH2+ |
= ® -KX = R NH
K
o] o]

Scheme 2.1: Gabriel synthesis.
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On the other hand, nitro and azido groups can be used as amino synthons
as well and additionally, they are stable towards most reaction conditions.
Amines can be accessed from nitro groups by reduction and the most com-
monly one is in the presence of palladium on charcoal under either hydro-
gen or CO atmosphere.”” Particularly, the use of CO allows for a broader
functional group tolerance since alkenes, nitriles, or acetophenone are not
reduced under these conditions.”®

Nonetheless, the most utilised synthon for amines are azides, which upon
rearrangement or reduction give access to their corresponding primary a-
mines.”’

Azides are a versatile functional group and have been utilised in various
reactions and among them are cyclisation, ring expansions but also ring con-
tractions.®” Another innovative reaction involving azides is the 1,3-dipolar
azide-alkyne Huisgen reaction, which gives rise to a mixture of regioiso-
meric 1,2,3-triazoles.?! This reaction was further developed and the copper(I)-
catalysed azide-alkyne cycloaddition (CuAAC) allows for the exclusive for-
mation of a 1,4-disubstituted 1,2,3-triazoles (Scheme 2.2).

R

NN

R= + Re—N, — \Q(N

R1

Scheme 2.2: Copper(I)-catalysed azide-alkyne cycloaddition.

Also, CuAAC generated a lot of interest towards Click chemistry, a term de-
fined by Sharpless, and describes reactions, which are high yielding, stere-
ospecific, can be conducted in easily removable or benign solvents, and cre-
ate only by-products that are easily removed without chromatography.®
Ultimately, this allowed for a rapid development in the medicinal chemistry
due to a simpler method of labelling of biological molecules (i.e. DNA and
proteins). %

Azides have also found application in the Curtius rearrangement, which
forms primary amines upon thermal decomposition of acyl azide into an
acyl nitrene, which rearranges into the corresponding isocyanate. A con-
sequent hydrolysis gives access upon release of CO, to the primary amine
(Scheme 2.3).%¢ However, this methodology suffers from the harsh reaction
conditions to access acyl azides, which are formed by the reaction of the
corresponding carbonic acid with SOCl, followed by NaNj; or hydrazine,
then by nitric acid. These reagents are well known to react with many other
functional groups, which need to be protected before accessing the amine
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through the Curtius rearrangement. Additionally, the heat sensitivity of acyl

azide does not allow for high reaction temperatures preceding the rearrange-

ment.

®_ N AT o N H;0
J'J\ /N// o ! N R1_NH
R' g"‘ =Nz R1&N' : ~o —co, 2

Scheme 2.3: The Curtius rearrangement.

Furthermore, the Schmidt reaction allows the preparation of primary amines
directly from carbonic acids.”® These are dehydrated by a Brensted acid to
give the corresponding oxonium ions, which react with hydrazoic acid to
form protonated acyl azides. Ultimately, these rearrange to isocyanates and
upon hydrolysis and release of CO,, the corresponding primary amines are
formed (Scheme 2.4). Unfortunately, this method does not allow for ketones
or alkenes to be present as side-reactions are observed giving rise to their

corresponding amides or imines.®
o} H* ® HN3 0 ® N '|-| H,O
J\ P — J\ NF —— R-NE R'-NH,
R OH ~ H20 R! R’ -~ N A =Nz e —-H*
H (0] -CO,

Scheme 2.4: The Schmidt reaction.

Additionally, various methods have been reported to access amines directly
by the reduction of azides.”® This is being widely used in the synthesis of
aminoglycosides, highly potent, broad-spectrum antibiotics, containing mul-
tiple amino groups on an oligosaccharide core.® During their synthesis, the
azide group has been employed as protecting group for amines and has
allowed for a rapid development in this field. In comparison to other pro-
tecting groups, azides can be introduced orthogonally on aminoglycosides
in three different positions. Additionally, azides allow for an easier interpre-
tation of NMR spectra compared to carbamates due to the absence of slowly
interconverting E/Z rotamers, which lead to multiple sets of signals.®”

Azides need to be reduced to access the amine functionality, which can be
achieved by main group metal hydrides””®® or by H, methods utilising
transition metals.®® However, these methodologies do not allow for func-
tional groups such as alcohols, acids, or unsaturated groups such as alkenes,
alkynes, nitriles or carbonyls on the substrate. Nonetheless, a catalytic
methodology was developed by Kotsuki et al., which reduced aliphatic and
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aryl azides in good yields with a high functional group tolerance in the pres-
ence of palladium (Scheme 2.5).%° HSiEt; was necessary as reducing agent,
generating a substantial high molecular weight by-products compared to
hydrogenation by H,.

Pd(OH)./C
20 mol %)
- + HSIEt _ Goml%) -
R™ Ny 3 EtOH,2050°C & 2
(1.5 equiv) 0.5-36 h 11 examples

15-99%

Scheme 2.5: Palladium-catalysed reduction of aliphatic and aryl azides with HSiEt,.

The most popular methodology, especially in carbohydrate chemistry, is the
Staudinger reduction, which transforms the azide in the presence of triaryl-
or trialkylphosphines to iminophosphoranes, which upon hydrolysis form
the primary amines and the corresponding phosphine oxides.”’ The reac-
tion mechanism is believed to proceed via a four-membered phosphazide
transition state, which subsequently loses N, and forms the iminophospho-
rane.’! The Staudinger reduction allows for mild reaction conditions and re-
duces the azide selectively in the presence of esters or benzyl esters, which
are frequently used as alcohol-protecting groups. However, this method’s
disadvantage is the generation of a stoichiometric, high molecular weight
by-product.

R. _N _ R—NH
AEN™ rt. SNTOSN N=N H*/H,0 2
R\ /N + PPh, — [S) | —_— 'l\l— ll_,Ph _— R\ //PPh3 _ +
N 3 \,®PPh3 " 3| TN, N rt,1h
(O)PPhg

Scheme 2.6: Staudinger reduction.

Another metal-free reduction has been reported in the presence of dithiol
and stoichiometric amounts of triethylamine (Scheme 2.7).%2 The reaction
proceeds under mild conditions, however, it requires an oxygen-free environ-
ment and 2-5 equiv of dithiol and NEt;. Nonetheless, excellent yields were
achieved within minutes for electron poor aryl azides, whereas aliphatic
ones required much longer reaction times of up to 20h. A very good yield
for the reduction of 1-adamantylazide was obtained after 120 h.

NEts
R— N3 + _— R— NH2 +
SH SH MeOH/N; s—s

r.t., 1 min—-120 h
(2-5 equiv) 9 examples
84-99%

Scheme 2.7: Azide reduction with propan-1,3-dithiol.
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Additionally, the reduction of heterocyclic- and electron poor aryl-azides
with hexamethyldisilathiane (HMDST) under mild reaction conditions was
disclosed and moderate to very good yields were obtained (Scheme 2.8).”
However, this reaction generates stoichiometric amounts of elemental sulfur
and two equivalents of methoxytrimethylsilane as by-products, lowering the
atom efficiency significantly.

| | MeOH
R—Ns + g i ———— R—NH; + MeOSiMe; +S
TSNS it os6h 2 s =0
(2 equiv) 16 examples
45-92%

Scheme 2.8: Azide reduction with hexamethyldisilathiane.

Several methods have been reported for metal salt assisted catalytic reduc-
tion in the presence of NaBH,. Notably, a procedure was disclosed ex-
ploiting CuSO, and NaBH, for the formation of amines from aryl azides
(Scheme 2.9).”* Unfortunately, this methodology did not seem to tolerate
other functional groups prone to reduction, which was possibly due to the
four-fold excess of H™ present in the reaction.

CuSO4
(1 mol %)
Ar—Nz+ NaBH; ———> Ar—NH,
. MeOH
(1equiv) goC, 5h 6 examples

80-95%

Scheme 2.9: Copper(II) assisted reduction of aryl azides in the presence of NaBHj.

On the other hand, a similar reaction based on CuSO, was reported but with
sodium ascorbate as reducing agent instead (Scheme 2.10). This procedure
seemed to work only with very electron-poor aryl azides, however, allowed
for carbonic acids or esters to be present in the reaction. Nonetheless, longer
reaction times were required and much lower yields were obtained.

CuSOq4
. (6 mol %)
Ar—N3+ sodium ascorbate ——— Ar—NH,
. THF/HO (1:2)
(0.5 equiv) 80 °C. 9-23 h 4 examples

25-68%

Scheme 2.10: Copper(Il) assisted reduction of aryl azides in the presence of sodium ascor-
bate.

A rather unusual reduction was disclosed by Peng et al., where the trans-
formation of 4-azido-7-nitrobenzo|c][1,2,5]oxadiazole to the corresponding
amine was observed in the presence of CuCl in a 3:1 mixture of DMSO/H,0O
at 80°C (Scheme 2.11).%® Unfortunately, no other substrates were investi-
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gated and the mechanism of this reaction and the involved reducing agent
remained unclear. However, a copper(ll) hyperfine splitting was observed
during the reaction by Electron Paramagnetic Resonance (EPR), which indi-
cated the formation of a copper(Il)-nitrene species.

N3 NH,
/N\o CuCl (20 mol %) N
</  DMSO/H0 (3:1) =\

80 °C, 24 h
N02 NOZ

74%

Scheme 2.11: Copper(I)-catalysed reduction of aryl azides in DMSO/H,O.

2.3 Preparation of Secondary Amines

Secondary amines may be formed using a variety of reactions that gen-
erally require a primary amine as a reactant.”” The most common route
is direct N-alkylation by treating the primary amine with an alkyl halide
(Scheme 2.12).%7 Alkyl halides can be replaced by alcohols in this direct
alkylation as long as they are first transformed into sulfate or sulfonate es-
ters. This method seems deceptively simple, however, it suffers from sev-
eral drawbacks, such as over-alkylation of the amine to tertiary ammonium
salts.”® This may be prevented by using a large excess of amine, which can
be a very expensive workaround, especially if chiral amines are used. Ad-
ditionally, this reaction generates at least a stoichiometric amount of waste
product.

R—NH, + J/

R—NH, + X—R! o
Hydroamination

N-Alkylation \ /7
N
o\ R™ "R
Nu / \
g
RIN™ R R—NH, + HO—R'
Addition reactions Amination of alcohols

Scheme 2.12: Overview of the different methods to synthesise secondary amines.

A second method involves the nucleophilic attack on an imine or iminium
salt to form the corresponding secondary amine. A notable example of
this approach is the Mannich reaction (Scheme 2.13), whereby an imine is
formed from a primary amine and formaldehyde, which undergoes a nu-
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0]

0 o]
RNH  + + )j\ R. /\)J\
HJ\H

-H0 N

Scheme 2.13: The Mannich reaction.

cleophilic attack by an enolate, formed by the reaction between the acetyl
group and the amine. This well-established methodology has been used in
the synthesis of many natural products (e.g. Febrifugine” and Nikkomycine
B,'% Figure 2.2).

N HO 0 co® (L
\W O HN 2 ~" “NH
CQ(NW \©\)YJ\N“\. N«
: H
o o OH  NHs 0
HO o

Febrifugine Nikkomicyn B

Figure 2.2: Natural products synthesised via a Mannich reaction.

The direct catalytic amination of alcohols has recently gained a lot of (Scheme
2.14).1%! In a first step, the alcohol undergoes a two electron oxidation in
the presence of the transition metal to give the corresponding aldehyde and
metal hydride. Through a condensation reaction with the primary amine, an
imine is formed, which is then reduced by the previously formed metal hy-
dride to form the secondary amine. As appealing and powerful this one-pot
reaction is, its main obstacle is the use of expensive metals such as iridium
or ruthenium as low conversions are achieved with other metals. !

R

OH *

M] -M

PN
R ™ (M]—H
o | * - H0 R
H H

X - T M—H
|

Scheme 2.14: Direct catalytic amination of alcohols in a one-pot reaction.

2.4 Hydroamination Reactions

Currently one of the most popular strategies for the formation of C—N bonds
is the hydroamination reaction, which adds a secondary or primary amine to

49



2. PREPARATION OF AMINES AND APPLICATION IN HYDROAMINATION REACTIONS

50

a C=C or C=C bond in the presence of a catalyst (Scheme 2.15). Hydroamina-
tion has benefited from the recent advances on catalyst design and availabil-
ity of inexpensive, small molecules containing unsaturated carbon—carbon
bonds and amine groups. 192

NHR! R

Scheme 2.15: Intramolecular hydroamination of different unsaturated carbon-carbon bonds.

The required catalyst can be either a Bronsted acid or base, early or late tran-
sition metal, or Group 1 and 2 complexes. ' This is an attractive and 100%
atom efficient approach that has been utilised in the synthesis of several dif-
ferent natural products the first one being Monomorine, a trail pheromone
isolated from the Pharaoh ant (Figure 2.3).104 Crispine A, active component
to treat colds isolated from a herb in the daisy family, was prepared via a se-
quence containing the intramolecular hydramination of a homopropargylic
amine to form 5,6-dihydro-8,9-dimethoxypyrrolo[2,1-a]-isoquinoline, which
was then hydrogenated.!? For tricyclic Porantheridine, which was isolated
from Porenthera Cyrombosa (Figure 2.3), a key intermediate oxazolidine was
prepared from an allene using a silver-catalysed intramolecular hydroami-
nation reaction.'%

H ~o
o H
N ~
: = P
N

Monomorine Crispine A Porantheridine

Figure 2.3: Natural products for which the hydroamination reaction was utilised.

Inherently, the addition of an amine to an unsaturated carbon-carbon bond
might lead to Markovnikov or anti-Markovnikov products (Scheme 2.16).
A similar regioselectivity problem is observed for internal carbon—carbon
unsaturated bonds and E- or Z-alkenes can be formed as products when
alkynes are used. Both selectivity issues can be addressed with an appro-
priate catalytic system. However important, these are not relevant for the
presented work and the Reader is advised to refer to the excellent reviews
available in literature. 10210
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e R R R
R1/ + /NH —>‘ ‘ + ‘R1/\/ ~RS ‘
R ' R? b 1
Mark;)\;nlk;) anti-Markovnikov
A R R4
R2 R3 :R1 Rz RB\N/R4 ' i "q \N '
Z N — /\( * RN e AN
R R* 1 s N pa e A R! :
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E-selectivity Z-selectivity

R' > R2 > NR3R*

Scheme 2.16: Different regioselectivity in the hydroamination gives rise to different products.

Hydroamination reactions do not only give rise to secondary or tertiary
amines but allow for the synthesis of imines and enamines as well. Enam-
ines usually originate from the addition of secondary amines to alkynes and
allenes, whereas imines usually require primary amines (Scheme 2.17).

Primary amines Secondary amines
R! R!
\\ \\
AN R! ~ R? AN | Rl R2 R! _R?
. catalyst —~X N” . catalyst NN 'l\‘/ - \@A '|\‘ A
NHoR? NHR2R® R3 R
NS R2 N R2
R N ,|\l R x |
~
catalyst R1/W/ N catalyst R /\( N Re
NHoR? NHR2R3 i

Scheme 2.17: Formation of imines and enamines in hydroamination reactions.

The formation of imines over enamines is thermodynamically favoured by
18.6 kcal mol 1.1 However, only secondary enamines can rearrange to im-
ines, since tertiary enamines would form zwitterionic iminium species
(Scheme 2.17). Apart from their relevance in naturally occuring bioactive
substrates,”* imines and enamines are important building blocks in chem-
istry as well (Scheme 2.18).102

Enamides (R* or R’ = CO,R) have found application in polymer research and
industry. %1% A prominent example is N-vinylpyrrolidone (NVP), which is
prepared from pyrrolidone and ethylene under high pressure on a 31000 ta™
scale worldwide. The polymer is usually prepared by radical polymerisation
and offers remarkable physical properties such as being bio compatible and
stable within a wide pH range. 1011
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[2+2] and [4+2] heterocycle addition

assymetric Z 0 R4 o
hydrogenation R R¢ \P\
R® l‘\l/ R? R2 1 R
R3 R1 RZ RS o R
R‘\H*\ N R4 \ T’ polymerisation
R Laecvivés\Rs F*f% R0 Re R

or [M], H2

Scheme 2.18: Different uses for imine and enamine building blocks.

Imines and enamines are often prepared to be used in asymmetric hydro-
genation to form the corresponding amines. The hydroamination of alkynes
to form imines and consecutive asymmetric hydrogenation is much easier
to achieve than a direct asymmetric hydroamination of alkenes.!?? Indeed,
only in 2010 did Buchwald et al. report a rhodium-catalysed intramolecular
asymmetric hydroamination of alkenes.!!? Two years later, Shibata et al. dis-
closed the first intermolecular enantioselective version utilising a ruthenium
catalyst. 13

Additionally, imines and enamines can be used as dienophiles in the [2+2]
and [4+2] heterocycloaddition. !!*!15 Several groups reported these reactions
with high regio- and enantioselectivity to form highly functionalised hetero-
cycles. 116117

On the other hand, intramolecular hydroamination reactions allow the di-
rect, expedient construction of different nitrogen-containing heterocycles.
A wide range of differently substituted pyrrolines, tetrahydropyridines, aze-
panes, pyrrolidines, piperidines !’ and indoles!'?’ have been prepared using
a hydroamination protocol, as well as 1,4-oxazines, 1,4—0xazepines,121 and
cyclic guanidines'? (Scheme 2.19).

Z M — T
n

T O G

Scheme 2.19: Different N-heterocycles prepared via hydroamination.
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Hydroamination reactions have also found application in industry. The most
prominent example is probably the Takasago process, which produces (-)-
menthol on a 1500ta~! scale.'”® A hydroamination reaction is the first step
in this process, transforming myrcene with lithium dibutylamide into ger-
anyl amine. After four additional reaction steps, (-)menthol is obtained
(Scheme 2.20). Geranyl amine is further used as starting material for access-
ing a variety of terpenoids, such as geraniol, nerol, citral, or (+)-citronellal,
or (+)-citronellol. '%*

= N -
LiNEt, NEt,
| HO""

myrcene geranyl amine (-)-menthol

Scheme 2.20: Overview of the Takasago process.

The first reported example of a hydroamination reactions dates back to 1936
and was described by Kozlov.!* The reaction involved the addition of ani-
line to acetylene in the presence of HgCl, (Scheme 2.21). This reaction was
later modified to use internal alkynes and, instead of HgCl,, HgO with BF;
was used to give the desired hydroamination products.'?® Despite its toxic-
ity, mercury was commonly used until the 1990.'*

H NHz  HgCl Ny~
Z e
H neat

17%

Scheme 2.21: The first reported catalytic hydroamination reaction.

The first account on the hydroamination of alkenes was reported in 1954
for the addition of ammonia to ethene in the presence of metallic lithium or
sodium under high pressures of 1000 bar and temperatures around 200 °C.1?
The first transition metal-catalysed hydroamination reaction was reported
by Coulson in 1971 for the addition of secondary aliphatic amines to ethene
with rhodium(I-1IT) and iridium(IIT) complexes. '*

Early transition metals received an increasing attention in this context after
Bergman and Livinghouse reported the application of zirconocenes and ti-
tanocenes in the hydroamination of alkenes and alkynes in 1992,13%13! and
a broad area of research has evolved since.10%1%3

Thermodynamically, the addition of ammonia or amines to olefins is a vi-
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able reaction with a free enthalpy for the addition of ammonia to ethylene
of AG® ~ —4.1kcal mol~1.132 Free enthalpies for the hydroamination of higher
alkenes are between —6.9 and —16.0 kcal mol~!. Nevertheless, the addition of
N-H is characterised by a high activation barrier, preventing the reactions
to occur under ambient conditions. This is due to electron repulsion be-
tween the lone pair on the nitrogen and the 7r-electrons on the unsaturated
carbon—carbon bond. '3 Additionally, an increased temperature to overcome
the high activation energy would only favour the formation of starting ma-
terials as the entropy of the reaction is highly negative. Hence, the use of a
catalyst to lower the activation barrier is essential.

The reaction mechanism for the hydroamination reaction is mainly domi-
nated by the nature of the catalyst and can be divided into five distinct cat-
egories: Bronsted acids, Brensted bases and alkali and earth alkali metals,
early transition metals (Group 4), and late transition metals with a differen-
tiation between Group 9 and Groups 10-11.

Brensted acid catalysts would react by protonation of the carbon—carbon
unsaturated bond and formation of a carbenium ion, to which the amine
group would add (Scheme 2.22). Upon proton transfer from the formed
ammonium product to the carbon—carbon unsaturated bond on the next
molecule of starting material, the catalytic cycle would be closed. It is clear
from the last step, that due to the more basic character of the nitrogen the
protonation of the 7t system should be less favourable. However, good yields
were reported for this reaction with [PhNH,][B(CFs),] as catalyst.!3*

Scheme 2.22: Proposed reaction mechanism for Bronsted acid-catalysed hydroamination.

Bronsted bases and Group 1 and 2 metals would initially form a metal-
amido species under formation of H, or by deprotonation of the free amine
by a metal ligand. The metal-amido bond would consecutively insert into
the unsaturated carbon—carbon bond forming the carbon-nitrogen and a
carbon—-metal bond (Scheme 2.23). In the final step, the carbon—-metal bond
would be protonated by a second free amine forming the product and a
metal-amido species to close the reaction cycle.'® Due to the inherent insta-
bility of Group 1 and 2 metals, the reactions need to be run under oxygen-
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and moisture-free conditions. Additionally, these catalysts suffer from a lim-
ited functional group tolerance.

R

-

Ml +HNR; = =~ M=NR, NR [M] = Na, n-BuLi

0.5 Ha
V

Y HNR,

NR;

Scheme 2.23: Proposed reaction mechanism for Brensted base and Group 1 and 2 catalysed
hydroamination with sodium and n-BuLi as example catalysts.

Early transition metals in Group 4 differentiate themselves from Group 1
and 2 as their key intermediate would be a metal-imido species (Scheme
2.24). This would be formed by coordination of the free amine and its dou-
ble deprotonation by two metal ligands, often methyl ligands, to give the
metal-imido intermediate. The metal-imido species would then undergo a
[2+2] addition with the unsaturated carbon—carbon bond to form a metalo-
cycle. This would then be protonated and opened by a free amine to form
a bis-amido species, which would release the reaction product and form the
metal-imido species via proton transfer. 13° Overall, Group 4 catalysts suffer
from the same inherent disadvantages as Group 1 and 2 metals.

M—NR’

\ Me
MRg + NHR' —5= M<NR' )/NHZFU [MRe] = %;\Me

Scheme 2.24: Proposed reaction mechanism for Group 4-catalysed hydroamination with
with [TiCp,Me,] as example catalyst.

On the other hand, Group 9 metals would undergo an oxidative addition
with the amine to form a metal-hydride and metal-amido bond, followed
by an insertion of the unsaturated carbon—carbon bond into the latter to form
a new nitrogen—carbon and metal-carbon bonds (Scheme 2.25).136137 Alter-
natively, the unsaturated carbon—carbon bond might insert into the metal-
hydride bond.!3® In a last step, the product would be formed by a reductive
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elimination to close the reaction cycle and to regenerate the catalyst.

3
M—NHR!
NHZRL/ Y 2 Re
R2 M]

M] ||-|

M\)\
- >\_ NHR!
)\NHFU

Scheme 2.25: Proposed reaction mechanism for Group 9 catalysed hydroamination with
[RhCI(PPhs),], as example catalyst.

EtP Cl PEt
S T SR 0

E,P” o~ PEL

The mechanism for late transition metals in Groups 10 and 11 would involve
the activation of the unsaturated carbon—carbon bond by coordination of
a Lewis acidic metal centre to reduce the electron density on the carbon-
carbon bond and making it more prone to nucleophilic attack by the lone
pair on the amine (Scheme 2.26). After protonation of the carbon-metal
bond by the present ammonia, the product would be formed and removed
from the active catalyst to close the reaction cycle. >

O R1 al
el
NH,R? [M] = [Pd(triphos)](OTf)2
[M]
1

o R PhoP”” " p N pp,
R! MJ\ ® Ph
)\ NH,R? Triphos

NHR?

Scheme 2.26: Proposed reaction mechanism for Group 10 and 11 catalysed hydroamination
with [Pd(triphos)](OTf) as example catalyst.

Late transition metals of Groups 9-11 are very versatile catalysts as they
tolerate a much broader range of functional groups and are mostly oxygen
and moisture insensitive. Nonetheless, their application is overshadowed
by a high environmental toxicity (Ni, Pd, Co) and/or high economical cost
(Au, Ag, Pt, Pd, Ir). On the other hand, copper does not bare any of these
disadvantages. However, despite being in Group 11, the reactivity and the

scope of copper complexes have not been thoroughly studied in the litera-
ture, 102103

Hence, only a handful of reports targeted the addition of amines to alkynes
with copper complexes. A recent report disclosed the hydroamination of
trifluoromethyl substituted alkyne with anilines and secondary, aliphatic
amines. The reaction occurred in the presence of the strong Lewis acid
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Cu(OTf), and molecular sieves and the products were isolated in good yields
after reduction with NaBH3CN to their corresponding amines (Scheme
2.27).140

NHPh
a), b)
Ar———CF3 + PhNH; ——— Ar
CF3
25 examples
43-99%

Scheme 2.27: Reported hydroamination of CF; substituted alkynes. a) Cu(OTf), (10 mol %),
4 AMS, THF, 40°C, 12h; b) NaBH;CN, AcOH, room temperature, 5 min.

Recently, a reductive hydroamination of alkynes with N,N-dibenzyl-O-benz-
oylhydroxylamine in the presence of Cu(OTf), and HSiMe(OEt), was re-
ported to give the corresponding enamines or amines.!*! It was proposed
that an intermediate copper(I)~-hydride would attack the alkyne to give a
vinyl-copper(I) species, to which the nitrogen—-oxygen bond would insert to
give access to the enamine and benzylalcohol as by-product (Scheme 2.28).

Cu(OTf)5 (2 mol %) NR2R3
= LR N” Re HSiMe(OEt) BINAP
/ A W ? THF PR
Ph OBz . ]
(3.0 equiv) 45°C, 18 h R

Scheme 2.28: Reductive hydroamination.

The intermolecular hydroamination of terminal allenes with piperidine and
morpholine derivatives in the presence of Cu(OTf), and 4 A molecular sieves
was reported (Scheme 2.29).'%2 However, elevated temperatures and an in-
creased catalyst loading were necessary for the reaction to proceed.

Cu(OTf),
H (10 [nol %) S~
N () T U
N 1,4-dioxane K/ X
o 80°C, 18 h

19 examples
29-89%

Scheme 2.29: Reported intermolecular hydroamination of allenes.
The intermolecular addition of tosylamide to styrene derivatives with a

Cu(OTf), BINAP system to access the corresponding amines in moderate
to excellent yields (Scheme 2.30) was disclosed by Taylor et al. !4

Similarly, reports on copper(I)-catalysed hydroamination reaction are scarce
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Cu(OTf) (10 mol %)

NHTs
BINAP (10 mol %
Ar& + TsNH, #
1,4-dioxane Ar
75°C,18h
14 examples

26-97%
Scheme 2.30: Reported intermolecular hydroamination of alkenes with tosylamide.

as well. A first report mentioned the hydroamination of 6-hexynylamine
with [Cu(NCMe),](PF;) (Scheme 2.31).1#* However, this reaction was only
run as part of a screening to identify an optimal catalyst among different
metal complexes.

[Cu(NCMe)4](PFg)

/\/\/ NH, (1 mol %) =
=

MeCN
80°C,20 h

81%

Scheme 2.31: Reported copper-catalysed hydroamination of 6-hexynylamine.

Alternatively, 5 mol % of [CuMe(IMes)] led to full conversion at 120 °C within
9h in nitrobenzene.*> Unlike in the first report, the sensitivity of the copper
complex required moisture- and oxygen-free conditions. Interestingly, this
substrate was also studied with a zeolite based, heterogeneous copper(l)
catalyst in MeCN, which displayed an excellent activity. 14¢

Furthermore, the intramolecular hydroamination of terminal allenes in the
presence of a variety of copper(I) and copper(Il) salts has been reported at

room temperature in DCM (Scheme 2.32).147
AL, R1
% N
> culGmal%) p [Cul= CuCl,CuBr, Cul,
R2 DCM, r.t., 24 h R2 CuCly, CuFa, CU(OTf)g
R3 R®
7 examples

17-95%

Scheme 2.32: Reported intramolecular hydroamination of allenes.

Challenging alkenes have also been studied with copper catalysis. The in-
tramolecular addition of secondary amines to terminal alkenes was reported
in the presence of [Cu(Ot-Bu)] and Xantphos (Scheme 2.33).14® Elevated tem-
peratures, prolonged reaction times and oxygen- and moisture-free condi-
tions were required to obtain the pyrrolidines in excellent yields.

To conclude this chapter, it was shown that azides are easily prepared and
are used in many important reactions in organic chemistry. Among which,
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PPh, PPh,
NHR3 Cu(Ot-Bu) (10 mol %) (0]
Rl Xantphos (10 mol %) R! NR? =
R? MeOH/toluene (1:1) R2 N
\ 100 °C, 48 h
19 examples
79-99% Xantphos

Scheme 2.33: Reported intramolecular hydroamination of alkenes.

they are used as synthon or protecting group for primary amines, since
they allow access to primary amines under mild reducing conditions. This
renders azides very useful, since the amine group can be introduce in a late
stage of a multistep synthesis.

A plethora of different methodologies for the reduction of azides to amines
have been developed, amidst the Staudinger reduction is the most utilised
one, since it allows for very benign reaction conditions and does not in-
terfere with other functional groups and protecting groups. However, this
reduction generates stoichiometric amounts of waste product and it is desir-
able to develop a method, which circumvents this issue and catalysis might
offer this solution.

Additionally, the importance of the hydroamination reaction was disclosed
due to its ability to access secondary amines, imines, enamines, and hete-
rocyclic compounds, which are important building blocks in chemistry and
industry. This reaction offers a 100% atomic efficiency generating no by-
products. However, due to a large activation barrier the reaction requires
the use of a catalyst, which can be in the form of a Brensted acid or base, al-
kali, earth alkali metals, or transition metal complexes. Unfortunately, most
of these catalysts require oxygen- and/or moisture-free conditions, are in-
compatible with a variety of functional groups, or are toxic, expensive or
their economic availability is influenced by politics. It is therefore desirable
to study copper(I) complexes as catalysts in the hydroamination reaction,
since they do not display most of the afore mentioned downsides or at least
to a lower extend.
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Chapter 3

Aryl Azide Reduction by [Cu(DAB)]
Complexes
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3.1. Aims and Objectives

3.1 Aims and Objectives

Azides are an important functional group in organic chemistry, and are
particularly used as synthon or protecting group for primary amines. The
amine functionality is accessed by the reduction of the azide and a plethora
of methodologies have been developed with various reducing agents.

Our group has recently discovered the reduction of azides in the presence
of [Cu(DAB)] complexes in a mixture of toluene and water without any
obvious reducing agent.

The aim of this work is to investigate this reduction catalysed by [Cu(DAB)]
complexes and to develop optimised reaction conditions by screening differ-
ent copper(I) complexes bearing DAB, ImPy, or NHC ligands, solvents, and
temperatures. Moreover, a variety of different aryl and heterocyclic azides
will be prepared and tested to investigate the substrate scope. Since no
obvious reducing agent is present in this reaction, we will find a possible
oxidation product and the corresponding reaction mechanism by computa-
tional methods. An optimal method and basis set will be looked for and the
calculation will be run with a solvation model.

3.2 Optimisation of the [Cu(DAB)]-Catalysed Aryl Azide
Reduction

While studying the formation of aziridine 5, our group discovered the cat-
alytic reduction of aryl azides to anilines by [Cu(DAB)] complexes.'® At
70°C and over the course of three days, the reaction of phenylazide 3a in the
presence of [Cu(DABCy)Z](BF4) gave aniline 4a in high yields (Scheme 3.1).

NO,

[Cu(DAB®)2](BF4)

N3 NH2
IO -]
+ B —— + N
THF
OoN OoN /\
Ph

70°C,87h
3a 4a 5
85% 0%

Scheme 3.1: Aryl azide reaction previously observed in our group.

An initial optimisation of the reaction conditions was undertaken and sol-
vents such as EtOAc, MeOH, and MeCN led to very little conversion into ani-
line 4a after 87 h (Table 3.1, entries 1-3). Surprisingly, in absence of styrene
the conversion into aniline in THF dropped to 5% (Table 3.1, entry 4). This
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might indicate a non-innocent role of the styrene when the reaction is run
in THE. Additionally, no other by-products were observed. Propan-2-ol and
toluene led to slightly better but still unsatisfactory results after 87h (Ta-
ble 3.1, entries 5 and 6). On the other hand, H,O and 1,4-dioxane displayed
very good conversion of 72 and 87% (Table 3.1, entries 7 and 8). Following
these results, different mixtures of water and organic solvents were tested
and excellent conversion of >95% was obtained in a 1:1 water/toluene mix-
ture (Table 3.1, entry 9).

Table 3.1: Solvent screening for the aryl azide reduction reaction.

[Cu(DAB%),](BF4)

N NH
| X (5 mol %) /©/ 2
T, 87h
o 3
OZN 02N

3a 4a
\ solvent T (°C) conv. (%)?

1 | EtOAc 70 <5
2 | MeOH 60 <5
3 | MeCN 80 6
4 | THF 70 5
5 | propan-2-ol 80 16
6 | toluene 110 19
7 | H,O 100 72
8 | dioxane 100 87
9 | toluene/H,O 100 >95

2 IH NMR conversions were calculated with respect
to 1,3,5-trimethoxybenzene as an internal standard
as an average of at least two independent reactions.

In a next step, different [Cu(DAB)] catalysts were screened with model sub-
strate 3a in a 1:1 mixture of toluene/H,0O. Homoleptic complexes with
DABR bearing aliphatic substituents (R = Cy, t-Bu) led to conversions of 24
and 5% into aniline 4a (Table 3.2, entries 1 and 2). Moreover, [Cu(DAB""),]
(BF,) led to a conversion of 48%. However, not all DAB systems with aro-
matic substituents showed an increased reactivity and with [Cu(DABMeS)Z]
(BF,) only 7% of aniline 4a was formed (Table 3.2, entries 3 and 4). Nonethe-
less, total conversion into aniline was achieved with [Cu(DABDMA)Z](BF4)
(Table 3.2, entry 5). Neutral, heteroleptic complex [CuCl(DABPMY)] and
heteroleptic, cationic complex [Cu(DABDIPP)(NCMe)Z](BF4) showed a lower
reactivity with a conversion of 28 and 10%, respectively, which led to the
conclusion that these two types of complexes held a lower reactivity for this
reaction (Table 3.2, entries 6 and 7). For neutral complexes, their low reactiv-
ity might be linked to their general low solubility.
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Table 3.2: Catalyst screening for the aryl azide reduction reaction.

[Cu]

Q/ N3 (5 mol %) /©/ NH,
Tol/H,0 (1:1)
OxN 100°C,87h OxN
3a 4a
‘ catalyst conv. (%)?

1| [Cu(DABY),](BF,) 24
2 | [Cu(DAB™Y),](BE,) 5

3| [Cu(DABA™S),](BF,) 48
4 | [Cu(DABM®),](BF,) 7

5| [Cu(DABPMA),|(BE,) >95
6 | [CuCl(DABPMA)] 28
7 | [Cu(DABPP)(NCMe),](BE,) 10

2 IH NMR conversions were calculated with respect to
1,3,5-trimethoxybenzene as an internal standard as an
average of at least two independent reactions.

While studying [Cu(DABDMA)Z](BF4), we observed that the conversion into
4-nitroaniline 4a fluctuated between 80 and >95%, whereas a 1:2 mixture of
toluene/water gave persistently excellent conversions of >95%. This solvent
ratio was then used for all further studies.

Next, copper(I) complexes based on M*DABR, NHC, and ImPy ligands were
tested with varying results. [Cu(MeDABDMA)Z](BF4) showed the same re-
activity as [Cu(DABDMA)z](BF4) with either 10 or 5mol % and both com-
plexes were considered to have equal activity and due to convenience [Cu
MeDABPMA), (BF,) was chosen (Table 3.3, entries 1 and 2).

ImPy based complexes did not reach the same conversion as [Cu(DABDMA)2]
(BF;) (Table 3.3, entries 3 and 4). On the other hand, neutral NHC com-
plexes [CuX(NHC)] displayed improved conversions compared to homolep-
tic NHC complexes [Cu(NHC),](BF,) (Table 3.3, entries 5-9). Additionally,
higher conversions were observed for unsaturated NHC ligand complexes
and IPr excelled the most (Table 3.3, entries 5 and 9). Furthermore, iodine
based [Cul(IPr)] led to a better conversion than [CuBr(IPr)] (Table 3.3, en-
tries 6 and 7). However, only 24% of aniline 4a was formed in the presence
of 5mol % of [Cul(IPr)]. Furthermore, only small or no conversion was ob-
served for Cul and [Cu(NCMe),](BF,) (Table 3.3, entries 10 and 11). Overall,
[Cu(DABDMA)Z](BF4) remained the catalyst of choice for this transformation.

Organic azides are generally prone to decomposition at elevated temper-
ature and their stability depends on their substituents.!® This instability
was confirmed by heating 1-azido-4-nitrobenzene 3a in a 1:2 toluene/wa-
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Table 3.3: DAD, ImPy, and NHC based catalyst screening.

N3 [Cu] NH,
(10 mol %)
Tol/Hz0 (1:2)
O:N 100°C,16h  OxN

2

3a 4a
conv. (%)? conv. (%)?
catalyst (10mol % [Cu]) (5mol% [Cu])
1 | [Cu(DABPMA),I(BE,) >95 >95
2 | [CuM*DABPMA),|(BF,) >95 >95
3 | [Cu(ImPyPMA),](OTf) 88 -
4 | [Cu(ImPyP™™),](OT) 57 -
5 | [Cul(IAd)] 84 -
6 | [Cul(IPr)] >95 24
7 | [CuBr(IPr)] 75 -
8 | [Cul(SIPr)] 84 -
9 | [Cu(IPr),](BE,) 19 -
10 | Cul 9 -
11 | [Cu(NCMe),](BE,) 0 -

2 111 NMR conversions were calculated with respect to 1,3,5-trimethoxybenz-
ene as an internal standard.

pu— N(—\N @
Ny N~R — N~ "R —
R™ R [\ A
Y \( (C] 7\ NN NN
Cu Cu BFy4 N__N ~ ~
| * Ad™ ™ TTAd . .
X R\NAN’R .
X=Br, | \—/
IAd IPr

[CuX(NHC)] [Cu(NHC),](BF4) SIPr

ter mixture at 100 °C for 16 h, which led to the decomposition of 15% of the
substrate according to the "H NMR spectrum. In an attempt to avoid decom-
position to unknown products, the model catalytic reaction was carried out
at 80 °C, however, only a disappointing 15% conversion into 4a was obtained.
Consequently, the temperature for further reaction remained at 100 °C.

Overall, the optimal reaction conditions were identified with [Cu(DABDMA)Q]
(BF,) as catalyst with a loading of 10 mol % in a mixture of toluene/H,0 (1:2)
at 100 °C.

3.3 Preparation of Aryl Azides

As a second step in this study, a range of aryl and heterocyclic azides was
prepared following literature procedures. These consisted on addition of
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sodium nitrate to a solution of aniline in aqueous hydrochloric acid to form
an arenediazonium intermediate, which was then treated with sodium azide
to give the corresponding aryl azide substrate in good to excellent yield
(Table 3.4).

Table 3.4: Preparation of aryl azides.

1) aq HCI, H>0, 0 °C
NH, 2 NaNO, 0°C

N
X 2 3)NaNg, 0°C e
R ——————— PRy~
= L=

entry ‘ R yield (%)
1 4-NO, 3a 74
2 3-NO, 3b 69
3 2-NO, 3c 91
4 4-CN 3d 71
5 4-C(O)CH;  3e 96
6 4-C(O)OCH; 3f 94
7 3,5-(CF;), 3g 73
8 4-CF, 3h 79
9 4-Cl 3i 68
10 4-Br 3j 72
11 4-1 3k 49
12 4-CHj,4 31 79
13 4-OCHj4 3m 74
o
14 N U L
W
Ng

4-Azidopyridine 30 and furazan 3p were prepared by simple aromatic sub-
stitutions. The corresponding chloroarene precursors were treated with
sodium azide in ethanol or water/acetone mixture to give azides 30 and
3p in average to excellent yields (Scheme 3.2).

3.4 Substrate Scope of [Cu(DAB)] Catalysed Aryl Azide
Reduction

With an optimised catalytic system in hand, the substrate scope was next in-

vestigated. It is important to note that the work-up procedure greatly influ-
enced the final, isolated yields. Several work-up procedures were tested and
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|\ cl a) |\ N3
N_ .~ N =
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cl N3
=N, b) =N,
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NO,
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NO,
42%

Scheme 3.2: Preparation procedure for pyridine and furazane based azides 30 and 3p. a)
NaNj (2 equiv), EtOH, 75°C, 4h; b) NaN; (3.0 equiv), acetone/H,0, room temperature,
15 min.

the optimal one consisted of dissolving the reaction mixture in EtOAc and
filtration through celite to remove solids. The solids and reaction residue
needed to be washed several times (~10) with EtOAc. The organic solution
was then washed wi