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ABSTRACT
Part I of this thesis describes the synthesis and biological evaluation of analogues of the
medicinal drug thalidomide (I). Through a domino hydrogenation-reductive amination one-pot
reaction, fifteen new alkyl amino thalidomide analogues (II) were synthesised in generally high
yields (up to 98%). All analogues were tested for their ability to inhibit the expression of tumour
necrosis factor alpha (TNF) – a generally good indication of the broader biological activity,
including anti-carcinogenic activity. While analogues II were less active than those previously
prepared by the Stewart group, they gave important insight into the structure-activity relationship
of thalidomide analogues. Furthermore, the fluorescent features of analogues II were investigated.
In addition, new thalidomide analogues bearing fluorescent probes and/or azide photoaffinity
labels (PAL) were prepared to elucidate the molecular mode of action of I. Lastly, a brief study
on radiolabelling thalidomide (I) was conducted to give an 18F-thalidomide analogue for potential
use in positron emission tomography (PET).

Part II of this thesis deals with the development of new air-stable Ni(0) complexes for use
as a catalyst in cross-coupling reactions, for example to prepare analogues of thalidomide (I).
Many catalytic cross-coupling processes rely on the use of expensive palladium compounds or
air-sensitive nickel(0) complexes. In this work, nickel(0) phosphite complexes were trialled for
their ability to catalyse the C–C bond forming Mizoroki-Heck reactions as well as C–N coupling
reactions (Buchwald-Hartwig amination). Eventually, this led to the synthesis of five new airstable Ni(0) complexes (III).

Some of these novel complexes (III) proved moderately successful as catalysts in MizorokiHeck reactions between aryl triflates and vinyl ethers, and highly efficient in C–N cross-coupling
reactions between aryl (pseudo)halides and anilines, primary alkyl amines or imines. In addition,
one of the first nickel based catalysts to couple ammonia directly with aryl halides was developed
as part of this work. Furthermore, mechanistic details of this nickel catalysed C–N coupling
process were elucidated by means of NMR spectroscopy, kinetic experiments and DFT
calculations.
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1.

GENERAL INTRODUCTION - PART I

1.1.

The revival of a banned drug
The pharmaceutical drug thalidomide (1) (Figure 1-1) has had a tumultuous history since its

development in the early 1950s by the German pharmaceutical company Chemie Grünenthal.[1]
It was initially intended for use as an anticonvulsant in epilepsy therapy, but lacked efficacy, and
was subsequently marketed in 1957 under the trade name Contergan for use as a sedative and
antiemetic to treat morning sickness in pregnant women. No significant side effects were observed
when thalidomide (1) was tested on rodents, and subsequently, the drug was distributed to over
forty countries. Popular sedatives at the time, such as barbiturates, often exhibited severe addictive properties, and fatal overdoses were not uncommon. Thalidomide (1), at the time, was
considered a safe replacement for barbiturates as it lacked these properties. [2-4]

Figure 1-1. Structure of
isoindole-1,3(2H)-dione (1).

racemic

thalidomide,

(R,S)-2-(2,6-dioxopiperidin-3-yl)-1H-

It was not until 1961 that McBride, in Australia,[5] and Lenz, in Germany,[6] independently
discovered the horrific teratogenic effects of thalidomide (1). Both physicians described a higher
incident rate of birth defects in newborns when their mothers had been taking thalidomide (1)
during pregnancy. The most common teratogenic phenotypes induced by the drug were limb malformation, such as complete absence of the limbs (amelia) or absence of certain regions of the
limb (phocomelia). Phocomelia typically involves an intact stylopod (i.e. humerus and femur), an
absent or truncated zeugopod (i.e. radius/ulna and tibia/fibula), and an almost intact autopod (i.e.
hand/foot). Other frequently observed phenotypes were ear and eye defects, as well as malformations of internal organs such as the kidney and the heart. Numerous inoperable defects such as
gastrointestinal deformities were also reported which often led to early childhood deaths. Indeed,
the mortality rate for babies affected by the teratogenicity of thalidomide (1) was very high (ca.
30-40%), in addition to the unknown number of miscarriages caused by the drug.[7] Although at
a low incident rate, even moderate to severe mental retardation was linked to the use of thalidomide (1) by pregnant women. As a consequence, thalidomide (1) was immediately withdrawn
from the market, sadly not until over 10,000 children had been affected worldwide.[8-9]
Since these early discoveries, numerous, potentially very useful, pharmacological properties
have been discovered. In 1964, shortly after thalidomide (1) had been banned, the Israeli physician Sheskin, serendipitously discovered its effectiveness in the treatment of erythema nodosum
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leprosum (ENL), a painful inflammatory complication in leprosy patients.[10] This discovery promoted further research into the drug’s clinical usefulness, and in the 1980s and 1990s it was found
that thalidomide (1) is effective in the treatment of a variety of immune-related diseases including
rheumatoid arthritis,[11] Behçet’s disease,[12] graft-versus-host disease,[13] lupus erythematosus[14]
and HIV-1.[15] Moreover, in 1999, thalidomide (1) proved effective in the treatment of multiple
myeloma, a plasma cell cancer incurable with conventional chemotherapeutic agents such as melphalan and prednisone.[16-17] This remarkable effectiveness of thalidomide (1) in the treatment of
a variety of diseases has sparked large interest in research groups in developing analogues that
are more potent, and potentially have fewer side effects. Soon after, the American biopharmaceutical company Celgene, which now markets thalidomide (1, Thalomid®), developed the two amino
analogues lenalidomide (2, Revlimid®) and pomalidomide (3, Pomalyst®) (Figure 1-2). While
they are still potential teratogens, both analogues exhibit enhanced potencies, particularly in multiple myeloma therapy. Thalidomide (1) and its analogues 2 and 3 are now often administered in
combination with the corticosteroid dexamethasone for the treatment of multiple myeloma.[18]
Further promising results using thalidomide (1) and its derivatives have been obtained in the treatment of other hematologic and solid malignancies, including myelodysplastic syndrome,
Hodgkin’s lymphoma, light chain associated amyloidosis, primary myelofibrosis, acute myeloid
leukaemia, prostate cancer and metastatic renal cell carcinoma.[19]

Figure 1-2. Structural analogues lenalidomide (2) and pomalidomide (3) developed by the
biopharmaceutical company Celgene.
In light of these new developments, thalidomide (1) gained approval by the US Food and
Drug Administration (FDA) in 1998 for ENL treatment, and for multiple myeloma in 2006. Likewise, lenalidomide (2) and pomalidomide (3) approved by the FDA for multiple myeloma
treatment in 2006 and 2013, respectively. Lenalidomide (2) also received FDA approval for the
treatment of myelodysplastic syndrome, a pre-stage of acute myeloid leukaemia.[1, 20-21]
Prescriptions for each of these drugs are now strictly controlled in many countries by programs such as the USA’s System for Thalidomide Education and Prescribing Safety (STEPS).[9,
22]

Unfortunately, serious restrictions are still not in place in other parts of the world, thus new

cases of embryopathy due to thalidomide (1) exposure have emerged in South America.[23-24]

1.2.

Pharmacokinetics of thalidomide
Thalidomide (1) is a relatively simple compound consisting of a phthalimide and a glutarim-

ide unit (cf. Figure 1-1), with a single stereocentre at the C3’ position. Thalidomide (1) and its
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analogues (2 and 3) are administered as a racemic mixture. It was initially thought that the (S)-enantiomer ((S)-1) was responsible for the teratogenic properties, while the (R)-enantiomer ((R)-1)
caused the sedative effects. However, due to the epimerisable N-methine proton at C3’, a rapid
interconversion between the two enantiomers takes place at physiological pH, 7.4 (Scheme 1-1).[1]
Additionally, it was later shown in a rabbit model that both enantiomers are teratogenic.[25] An
isosteric, enantiomerically stable 3’-fluoro thalidomide analogue was later developed in an attempt to further investigate stereospecific teratogenicity, however, the compound was rendered
unsuitable because of its toxicological profile which greatly differed from that of the parent drug
1.[26-28]

Scheme 1-1. Rapid interconversion between the two thalidomide enantiomers is observed at
physiological pH.
Another problem arises from the fact that thalidomide (1) is poorly soluble in water
(0.012 mg/mL), and is therefore only administered orally,[29] although some studies have shown
that the use of intravenous formulations is also possible.[30] It has also been shown that it is readily
broken down via non-enzymatic hydrolysis into more than a dozen products. Furthermore, thalidomide (1) is metabolised into its many hydroxylated products by liver cytochrome P450.
Evidence suggests that breakdown products are not responsible for the teratogenic effects. [9] The
parent drug 1 and its metabolites are quickly eliminated with the urine, resulting in a mean elimination half-life of about 7 h. Because of these properties, high doses of up to 1200 mg/day are
often required for effective therapy. The high dosage is frequently accompanied with side effects
such as somnolence, constipation, peripheral neuropathy and venous thromboembolism. By using
the amino derivatives lenalidomide (2) and pomalidomide (3) presented in Figure 1-2, the neurosedative side effects can be avoided, however, venous thromboembolisms are still reported.[1, 9,
31]

1.3.

Pharmacodynamics of thalidomide
Over the last 50 years, tremendous efforts have been made towards the elucidation of the

molecular mode of action of thalidomide (1). Understanding the pharmacodynamic details of a
drug is of paramount importance for the development of analogues with higher potencies and
fewer side effects. Over thirty hypotheses have been proposed to explain how thalidomide (1) and
its derivatives cause birth defects, and whether or not their various beneficial properties are linked
to their teratogenic effects. It was established early that thalidomide (1) and its derivatives (2 and
3) have immunomodulatory properties, and they have since been classed as immunomodulatory
drugs (IMiDs).[32] Furthermore, it is clear that IMiDs affect an assortment of biological pathways
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(Figure 1-4). Many reviews have been published in an attempt to interconnect pathways and to
unravel the highly complex mechanism of action.[1, 33-34] Some key discoveries are presented in
the following section.
A significant finding in 1991 established that thalidomide (1) inhibits the production of tumour necrosis factor alpha (TNF-α, referred to as TNF hereafter) which is thought to be a key
factor in the IMiDs’ anti-inflammatory activity.[35-36] TNF is a pro-inflammatory cytokine which
is described as an important regulator in the inflammatory cascade, affecting a multitude of biological cell activities (Figure 1-3, red). Monocytes and macrophages release endogenous TNF in
response to a stimulus from inflammatory agents such as lipopolysaccharide (LPS) or interleukin 1 (IL-1). This partially explains the effectiveness of thalidomide (1) in the treatment of ENL
as very high levels of TNF are found in ENL patients.
In a later study, Baldwin et al.[37] showed that the inhibition of TNF expression is caused by
the downregulation of the transcription factor, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). NF-κB is a central regulator of inflammatory cytokines, including TNF,
which forms an inactive complex with the inhibitor of kappa B (IκB) (Figure 1-3). NF-κB is
activated by the inhibitor of kappa B kinase (IKK) which, upon stimulation by an inflammatory
agent, phosphorylates IκB, marking it for proteolysis. NF-κB is now activated and initiates TNF
expression by binding to the promoter region of the TNF gene. IMiDs disable the function of IKK
(Figure 1-3, green), and hence the activation of NF-κB, ultimately causing an inhibition of TNF
expression. (Figure 1-4A).

Figure 1-3. Proposed mechanism of TNF expression inhibition through blocking the activity of
IKK by IMiDs. Only a few cellular targets of TNF are illustrated.
In 1994, it was discovered that compounds which fall in the IMiD class also inhibit angiogenesis, the formation of new blood vessels. In conjunction, angiogenesis is also known to be a
key process in the growth and metastasis of solid tumours (Figure 1-4B). This is likely due to the
IMiDs’ abilities to inhibit basic fibroblast growth factor (bFGF), as well as to prevent upregulation of vascular endothelial growth factor (VEGF) in tumour and bone marrow stromal cells. It
had previously been suggested that thalidomide’s (1) teratogenic effects are caused by an inhibition of angiogenesis.[1, 38]
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The ability of IMiDs to co-stimulate naïve T cells was demonstrated by Haslett et al. in
1998.[39] T cells are partially activated by antigen-presenting cells (APC) that transport major histocompatibility complex (MHC)-bound peptides to the T cell receptor. For an effective immune
response, and to prevent immunological tolerance (anergy), a co-stimulatory signal is required.
This is achieved by interactions of the accessory molecule B7, on the APC, with the CD28 surface
protein on the T cell. In the presence of an IMiD, the requirement for this secondary signal can
be bypassed; this enhances the production of cytokines which then trigger the proliferation of T
cells (Figure 1-4C). Paradoxically, this can in fact lead to an increase of TNF expression in certain
cases.[40] This phenomenon is one possible explanation for the IMiDs’ clinically diverse effects.
Moreover, T cell activation leads to the release of interleukin 2 (IL-2) and interferon-γ (IFN-γ),
which in turn activate natural-killer (NK) cells (Figure 1-4D). NK cells are cytotoxic lymphocytes
that directly kill cancer cells, including multiple myeloma (MM) cells (Figure 1-4E). At present,
there is also evidence that IMiDs can directly activate NK cells.[41]
Another key cell development area, in which IMiDs are thought to be involved, is the bone
marrow microenvironment. When multiple myeloma cells adhere to bone marrow stromal cells,
interleukin 6 (IL-6) is significantly upregulated, consequently promoting multiple myeloma cell
growth. It was discovered that IMiDs can decrease the upregulation of IL-6, hence indirectly affecting cell growth via this pathway (Figure 1-4F).[42] Unrelated to their immunomodulatory
properties, IMiDs have also shown to cause direct growth arrest of tumour cells, as well as
caspase-dependent apoptosis, programmed cell death (Figure 1-4G).[43]

Figure 1-4. Proposed mechanism of thalidomide (1) in cancer using multiple myeloma (MM) as
an example. The illustration is adapted from Bartlett et al.[34]

1.3.1. Identification of a primary target and the molecular mode of action of
IMiDs
Nearly half a century after the teratogenicity of thalidomide (1) was discovered, in 2010,
cereblon (CRBN) was identified as a direct molecular target in a study by Ito et al.[44] The findings
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are quite dissimilar to the proposed mechanisms presented in the previous section, and a direct
link between them has yet to be established.
In this seminal work, thalidomide-binding proteins were purified utilising magnetic ferrite-glycidyl methacrylate (FG) beads. The carboxythalidomide derivative FR259625 was
covalently bound to the FG beads, and subsequently incubated with HeLa cells (Figure 1-5). Gel
electrophoresis and proteomic analysis were used to identify CRBN and DNA damage-binding
protein 1 (DDB1) as thalidomide-binding proteins. Even when other cell lines were used, including 293T, HUVEC, U266 and Jurkat, no further molecular targets were identified.

Figure 1-5. The carboxy thalidomide derivative (FR25259625) is covalently bound to the amino
group of the FG bead. GMA (glycidyl methacrylate).[9]
CRBN and DDB1 are part of the E3 ubiquitin ligase complex (CRL4CRBN) which also includes cullin-4A (Cul4A) and regulator of cullins 1 (Roc1) (Figure 1-6). Ubiquitin ligases are
used in cells to transfer the small protein ubiquitin, a marker molecule which targets proteins for
proteolysis.[45] While thalidomide (1) binds directly to CRBN, interactions with DDB1 are only
indirect through the CRBN-DDB1 connection. In the same study, it was shown that the doubly
point mutated, yet functionally active CRBN variant, CRBNYW/AA, exhibited significantly diminished

thalidomide-binding

activity.

Furthermore,

phenotypical

malformations

in

thalidomide-exposed zebrafish embryos were not observed when injected with mutated CRBN
mRNA, hence linking the teratogenic effects of thalidomide (1) directly to its interaction with
CRBN.

Figure 1-6. Schematic representation of thalidomide (1) binding to the CRBN part of the E3
ubiquitin ligase complex.[9]
In subsequent work by the group of A. K. Stewart,[46] it was established that the CRBN interaction is also responsible for the antimyeloma activity of IMiDs. It was shown that loss of
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CRBN expression in a multiple myeloma cell line was accompanied by IMiD resistance. Likewise, multiple myeloma patients who had developed a resistance to the IMiD, lenalidomide (2),
consistently showed a reduction of CRBN expression. These findings were further substantiated
in work by Lopez-Girona et al.[47] This group also discovered that the binding affinities of lenalidomide (2) and pomalidomide (3) to CRBN are comparable, while the affinity of thalidomide (1)
is somewhat weaker, which can explain the difference in the drugs’ potencies to a certain extent.
Additionally, it was revealed that in the absence of CRBN, the ability of IMiDs to inhibit TNF
expression was considerably reduced, thus establishing a potential link between CRBN and TNF.
In 2014, two independent reports by Fischer et al.[48] and Chamberlain et al.[49] revealed the
X-ray crystal structures of chicken, human and mouse CRBN-DDB1 E3 ubiquitin ligase in complex with thalidomide (1), lenalidomide (2) and pomalidomide (3), respectively (Figure 1-7). The
key findings of these reports were that IMiDs bind in a hydrophobic pocket within CRBN, lined
by the three tryptophan residues Trp 382, Trp 388, Trp 402 and the phenylalanine residue Phe
404.

Figure 1-7. a) Section of G. gallus DDB1-CRBN E3 ubiquitin ligase in complex with thalidomide
(1). Relevant interactions with surrounding amino acid residues are indicated by dashed lines.
The C5 and C6 positions are fully solvent exposed. b) All three IMiDs superimposed inside the
binding pocket. c) Schematic representation of the binding pocket in CRBN occupied by
(S)-thalidomide ((S)-1)). Red semicircles show hydrophobic interaction and blue dashed lines
indicate hydrogen bonding. d) Surface representation of CRBN orthologues showing
evolutionarily conserved residues. The IMiD binding pocket is highly conserved (red zone)
between species. Illustrations are adaptations from Fischer et al.[48]
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The glutarimide part of the drug acts as an anchor concealed within the pocket, displaying
tight van der Waals interactions with the abovementioned hydrophobic residues (Figure 1-7a, c).
The same moiety is also hydrogen bonded through residues His 380 and Trp 382. In contrast, the
phthalimide unit is partially solvent exposed, but in stacking interaction with proline residue Pro
354, and in close proximity with His 355 and Asn 353 residues. Moreover, the common carbonyl
of the IMiDs at C1 provides a further anchor through hydrogen bonding with His 359; the C5 and
C6 positions are fully solvent exposed. Notably, the binding pocket is selective for the (S)-enantiomer of the drug. Superimposing all three IMiDs shows very little deviation with regards to their
orientation within the binding pocket (Figure 1-7b). Additionally, it was shown via sequence
alignments that the CRBN sequence is evolutionarily highly conserved among species (including
Homo sapiens, G. gorilla, Felis catus, Canis lupus, Mus musculus, Rattus norvegicus, G. gallus
and Danio rerio), particularly the residues that form the IMiD binding pocket (Figure 1-7d). With
respect to CRBN, this should allow for conclusions gained from animal studies to be transferred
to humans.
Regarding the molecular mode of action, it was proposed that CRBN acts as a substrate
receptor for the E3 ubiquitin ligase complex, and IMiDs inhibit that function (Figure 1-8a,c),[9, 44]
however, exact endogenous substrates of CRBN remained elusive at the time. Findings by Ebert
et al.[50], as well as Kaelin et al.[51], then established that lenalidomide (2) causes CRBN to selectively target the two transcription factors IKZF1 (Ikaros) and IKZF3 (Aiolos), ultimately leading
to their ubiquitination and proteasomal destruction (Figure 1-8d). Both IKZF1 and IKZF3 play a
major role in the development of B-cells and are overexpressed in multiple myeloma cells.[52-53]
Eventually, Fischer et al.[48] identified the regulatory transcription protein MEIS2 as an endogenous substrate of CRBN (Figure 1-8b). This is interesting as MEIS2 had previously been found
to be involved in embryonic development, insofar as downregulation of MEIS2 was needed for
proper limb development in chicken embryos.[53-54] More importantly, it was determined that the
endogenous substrate MEIS2 and IMiDs bind mutually exclusively to CRBN (Figure 1-8). This
means that once the binding site is occupied by an IMiD (Figure 1-8a,c), MEIS2 is prevented
from binding to CRBN (Figure 1-8b), thus ubiquitination and regulation of this protein can no
longer take place. Instead, CRBN will now target the abovementioned neosubstrates IKZF1 and
IKZF3 and induce their proteasomal degradation (Figure 1-8d). This pathway ultimately causes
downregulation of interferon regulatory factor 4 (IRF4) and the MYC regulator gene, both of
which are associated with multiple myeloma cytotoxicity.[18, 21]
Thalidomide (1) has proven to exhibit less immunomodulatory activity than its derivatives
lenalidomide (2) and pomalidomide (3). Likewise, 1 was shown to be less potent in targeting the
neosubstrates IKZF1 and IKZF3.[48] The main difference between thalidomide (1), lenalidomide
(2) and pomalidomide (3) is the amino group at the C4 position in the latter two, in addition to
the missing C2 carbonyl group in lenalidomide (2). Considering the phthalimide moieties of
IMiDs are partially solvent exposed (in the case of lenalidomide (2), the isoindolinone moiety)
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(Figure 1-7), it seems plausible that substitutions at C4 or C5 are crucial in changing the environment of the substrate-binding region of CRBN. Different substituents could therefore bring about
specificity for neosubstrates like IKZF1 and IKZF3.[53]

Figure 1-8. IMiDs and MEIS2 bind mutually exclusive to CRBN (a-c). Endogenous substrate
MEIS2 is ubiquitinated and subsequently undergoes degradation; this is presumed to play a role
in limb development (b). IMiD binding causes CRBN to recruit neosubstrates IKZF1/3. Their
degradation downregulates IRF4 and Myc, resulting in multiple myeloma toxicity (d).
Illustrations are adaptations from Fischer et al.[48]
The identification of a direct target of thalidomide (1) and its derivatives has been a major
step towards the elucidation of the molecular mode of action of IMiDs. There is sound evidence
that thalidomide’s interactions with CRBN is linked to both its teratogenic properties and its cytotoxic effects in multiple myeloma cells. However, other properties of the drug, such as
anti-angiogenesis and anti-inflammation, have so far not been linked directly to the reported
CRBN interactions.[9, 55] Other neosubstrates besides IKZF1 and IKZF3 may have yet to be discovered, and although there have been various unsuccessful attempts to identify further molecular
targets, CRBN might not be the only target. This would also explain the dissimilarity to the proposed mechanisms described in the previous section (cf. Figure 1-4). Thus far, connections with
previous hypotheses, e.g. angiogenesis, are only speculative.[9] An alternative approach to identify
a group of molecular targets is presented in section 3.4 of this thesis.

1.4.

Development of analogues
With the discovery of thalidomide’s (1) primary molecular target CRBN, a more target-ori-

ented development of analogues can now be pursued. Even prior to this pivotal discovery,
numerous studies had been conducted in an effort to make more potent analogues which could
have, ideally, less side effects. Some key developments, including examples from the Stewart
group, are presented in this section.
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Apart from the aforementioned amino thalidomide analogues lenalidomide (2) and pomalidomide (3), the same company, Celgene, also developed the drug apremilast (4, Otezla®).[56] The
former two analogues differ from thalidomide (1) only in the sense that they bear an amine moiety
in the C4 position, with lenalidomide (2), being a lactam, also lacking one of the phthalimide
carbonyl groups. In contrast, apremilast (4) features some major structural differences, as the entire glutarimide ring is replaced by a 3,4-dimethoxyphenyl and methyl sulfone moiety (Figure
1-9). Additionally, an acetamide group is attached at the C4 position. Unlike IMiDs, apremilast
(4) is a potent phosphodiesterase type 4 (PDE4) inhibitor. This derivative, which is administered
as a single enantiomer, received US FDA approval in 2014 for the treatment of psoriatic arthritis,
an inflammatory disease of the joints. Apremilast (4) was shown to also inhibit the expression of
TNF,[56] however, unlike IMiDs, it does not co-stimulate T and NK cells, nor does it bind to
CRBN.[57] Older publications often refer to compounds containing a phthalimide unit as thalidomide analogues or IMiDs. Since the IMiDs’ molecular target CRBN was recently identified, this
classification is no longer appropriate. Earlier, compounds like apremilast (4) had already been
termed selective cytokine inhibitory drugs (SelCIDs).[58]

Figure 1-9. Thalidomide (1) and its derivatives developed by Celgene. Compounds 1, 2 and 3 are
classed as immunomodulatory drugs (IMiDs), whereas apremilast (4) is considered a selective
cytokine inhibitory drug (SelCID).
Various studies regarding thalidomide derivatisation, including one from the Stewart
group,[59] focus on the replacement of the glutarimide ring with a phenyl group.[60-62] All reports
describe very similar levels of TNF expression inhibition compared to thalidomide (1). Again,
these findings were published prior to the identification of the molecular target CRBN, which has
shown to selectively bind the glutarimide moiety. Like apremilast (4), these compounds are possibly part of a different class of drugs, and will therefore not be further discussed in this thesis.
An alternative derivatisation approach was presented by Greig et al.[63] who developed a
series of isosteric thiothalidomides in which the carbonyl groups were iteratively replaced with
thiones (Figure 1-10). These compounds were tested for their ability to inhibit lipopolysaccharide
(LPS)-induced TNF production. All isosteres were more active than thalidomide (1) itself, with
an increase of inhibition correlating with the increasing number of thiones (i.e. compound 5 <
compound 6 < compound 7).
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Figure 1-10. Isosteric thiothalidomides developed by Greig et al.[63]
As mentioned in section 1.2, thalidomide (1) exhibits poor water-solubility, and its therapeutic use is often limited for that reason. The group of Hess focussed on developing more
water-soluble thalidomide prodrugs in which an amino acid derived tether is attached to the glutarimide nitrogen atom (Figure 1-11).[29] Compounds 8, 9 and 10, gave the best results with an
increase in water-solubility of more than 15,000-fold compared to the parent drug 1. It was shown
that under physiological conditions, the tethers are readily cleaved via ester hydrolysis, eventually
releasing the parent drug thalidomide (1). Nearly all prodrugs retained their biological activity.
Considering thalidomide’s (1) effectiveness in skin lesions (e.g. ENL), the use of some of these
prodrugs as topical agents was proposed.

Figure 1-11. Water-soluble thalidomide pro-drugs developed by Hess et al.[29] The ester tether is
cleaved hydrolytically under physiological conditions, releasing thalidomide (1).

1.4.1. Analogues developed within the Stewart group
The focus of the Stewart group lies within the modification of the phthalimide unit while
leaving the glutarimide ring intact. In the years 2007 – 2011, numerous compounds were synthesised utilising palladium catalysed cross-coupling reactions, such as the Mizoroki-Heck,[59]
Sonogashira, Suzuki-Miyaura,[64] and Buchwald-Hartwig reactions,[65] to introduce various substituents on the phthalimide ring. All compounds were prepared from the corresponding
halothalidomides. Each analogue was tested for both TNF expression inhibition and cytotoxicity.
The most potent analogues from these series are shown in Figure 1-12.
In TNF expression inhibition studies, the E/Z mixture of butylvinylether analogue 11 was
twice as potent as the parent drug thalidomide (1). Remarkably, the isobutylphenyl compound 12,
obtained through Suzuki-Miyaura cross-coupling, showed a 15-fold increase in TNF expression
inhibition compared to thalidomide (1). The alkynyl aldehyde 13 was obtained from a Sonogashira reaction with the corresponding alcohol, followed by an oxidation. The compound
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exhibited impressive potency with a more than 20-fold increase in TNF expression inhibition.
Another potentially useful effect of alkynyl aldehyde 13 is the high level of apoptotic cytotoxicity
it exhibits. The apoptotic cell death pathway has been targeted in various cancers treatments, in
which the malignant cells are killed selectively.[66-68] With the success of amino derivatives lenalidomide (2) and pomalidomide (3), a series of aniline derivatives were synthesised by means
of Pd-catalysed Buchwald-Hartwig aminations within the Stewart group.[65] In this series, the
tert-butyl aniline derivative 14 was the most potent with an 18-fold increase in TNF expression
inhibition. Further biological assays of derivative 14 and structurally similar compounds are subject of this thesis and presented in chapter 3.

Figure 1-12. Selected thalidomide analogues developed by the Stewart group via Pd-catalysed
Mizoroki-Heck (11), Suzuki-Miyaura (12), Sonogashira (13) or Buchwald-Hartwig (14)
reactions.[59, 64-65]
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1.5.

Project aims – Part I

At this point it needs to be stressed again that although CRBN had been identified before the work
described in this thesis was carried out, the exact location and structure of the binding pocket
was unknown at the time. Therefore, a more target-oriented development of thalidomide
analogues could not be conducted.

1.5.1. Synthesis of thalidomide analogues
With the promising results for the series of hydrophobic aniline derived analogues, like generic compound 15, the primary aim of the study described in this part of the thesis was to
establish whether the aromatic spacer unit is needed for the enhanced activity of said compounds
(Scheme 1-2). Therefore, it was proposed to synthesise amino thalidomide analogues which lack
this spacer group (16). It was proposed to prepare analogues 16 via reductive amination of an
aldehyde or ketone with pomalidomide (3) and 5-aminothalidomide (17), respectively. All compounds synthesised in this series were to be tested for their ability to inhibit the expression of
TNF, as well as for cytotoxicity using the methodology described in subsequent section 1.5.2.
This dual assessment will potentially help gaining further insight with regards to the structure
activity relationship (SAR) of IMiDs.

Scheme 1-2. Proposed synthesis of amino thalidomide analogues 16 lacking an aromatic spacer
group through reductive amination.

1.5.2. Evaluation of biological activity
It has been well established that IMiDs affect the regulation of TNF (cf. section 1.3). Therefore, the expression inhibition of this pleiotropic cytokine has been used as an excellent indication
of broader biological activity by many groups, including the Stewart group (cf. section 1.4). A
TNF expression inhibition assay which determines the effects on the NF-κB pathway (cf. Figure
1-3) was also to be used in this study. This more specific assay was developed by Abraham et al.
in 2007,[69] and has proven to give reliable results in the study of novel thalidomide analogues
within the Stewart group.[59, 64-65] The assay utilises a modified FRT-Jurkat T-cell line, which has
a TNF promoter incorporated into its genome (Figure 1-13).
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Figure 1-13. Site-specific integration of the FRT-TNF/GFP reporter construct into the Jurkat
T-cell line via FLP-FRT recombination. Figure adapted from Abraham et. al.[69]
This promoter controls the expression of the green fluorescent protein (GFP) in lieu of the
TNF gene. While the TNF promoter region is still under the control of NF-κB, upon transcriptional activation, a fluorescent TNF construct is produced instead of regular TNF. Thus, the
expression of TNF can readily be determined by quantitatively measuring the fluorescence by
flow cytometry methods.

Figure 1-14. Exemplary cytograms showing cytotoxicity of thalidomide analogue 13.i Cells
outside the circled region are considered dead. FITC staining allows for determination of the
percentage of cells undergoing apoptosis. a) 94% viable cells after incubation with compound 13
1 μM. 6% of the cells have undergone apoptosis. b) At 10 μM, only 17% of the cells are alive
with the rest having undergone apoptosis. Figure adapted from Stewart et al.[64]
This method has the additional advantage that it allows for concomitant assessment of cytotoxicity of each compound by comparing forward- (FSC) and side-scatter (SSC) as a measure of
cellular size and granularity during flow cytometry (Figure 1-14). A cell population that exhibits
i)
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low granularity is considered dead, as confirmed by staining with the fluorescent DNA-intercalating agent propidium iodide. Subsequently, cells can be treated with fluorescein isothiocyanate
(FITC) which is specific for cleaved caspase-3 as a measure of the percentage of cells that undergo
apoptotic cell death. Figure 1-14 shows exemplary cytograms from the biological evaluation of
the previously mentioned alkynyl aldehyde thalidomide analogue 13 (cf. Figure 1-12).[64] Apart
from the TNF expression inhibition assay, an additional aim of the studies described in this work
was to evaluate selected compounds for their effects on the growth of various cancer cell lines.

1.5.3. Elucidation of thalidomide’s molecular mode of action.
In an attempt to identify further molecular targets of thalidomide (1) and its analogues, it was
proposed to develop molecular probes that can be used both in vitro and in vivo. Previously, the
biotinylated thalidomide analogue 18 had been synthesised within the Stewart group via a copper-catalysed Huisgen 1,3-dipolar cycloaddition (click-reaction).[70] Biotin is often used in
biochemical assays due to its high affinity to bind to avidin and streptavidin which allows for easy
purification of biotinylated proteins via affinity chromatography.[71-73] It was shown that biological activity, with regards to TNF expression inhibition, was retained after biotin attachment. A
preliminary study using the Jurkat cell line and FITC–conjugated streptavidin treatment demonstrated that compound 18 can indeed be detected on a cellular level by fluorescence microscopy.
Accumulation of fluorescence was detected on the cell surface. However, it could not be ruled
out that this effect was due to cell membrane size exclusion.[74]

Figure 1-15. Biotinylated thalidomide analogue 18 developed within the Stewart group.[70]
In light of these results, it was proposed to investigate the synthesis of smaller analogues, in
particular ones that bear a fluorophore that should allow for bioimaging by means of fluorescence
and confocal microscopy. As established through the synthesis of compound 18, the glutarimide
nitrogen provides an excellent point of attachment for a tether to undergo a Huisgen 1,3-dipolar
cycloaddition. In this subsection of click-chemistry, a reaction typically takes place between a
terminal alkyne and an azide, producing a 1,2,3-triazole (Scheme 1-3). While this process does
occur without the use of a catalyst, it requires elevated temperatures and is not regioselective. To
achieve regioselectivity, a copper or ruthenium catalyst is most commonly used. While copper(I)
will give exclusively the 1,4-regioisomer,[75] ruthenium(II) is selectively afford the corresponding
1,5-regioisomer.[76]
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Scheme 1-3. Regioselectivity of the azide-alkyne Huisgen 1,3-dipolar cycloaddition.
For the work presented in this thesis, it was proposed to attach an alkyl azide moiety to
thalidomide (1) via the glutarimide nitrogen. The resulting azide 19 should then undergo a copper-catalysed click reaction with known terminal alkyne bearing fluorophores (20) (Scheme 1-4).
Since copper(I) is known to by cytotoxic, investigating a copper-free cycloaddition alternative
was another aim of this work. The Bertozzi group discovered that azide-alkyne Huisgen 1,3-dipolar cycloadditions can take place at room temperature, without the use of a catalyst, if a highly
strained cyclooctyne (22) is used.[77] A common problem often faced in bioimaging is the high
background noise from the unreacted excess fluorophore in the cells.[78] In this vein, cyclooctyne
pro-fluorophores have recently been developed that will only exhibit fluorescence once they have
undergone the click-reaction.[79] Therefore, another aim of the work described herein was to assess
these pro-fluorophores in combination with thalidomide analogue 19 to give a fluorescent triazole
(23) (Scheme 1-4).

Scheme 1-4. Proposed synthesis of fluorescent probes via copper-catalysed and copper-free,
strain-promoted Huisgen 1,3-dipolar cycloadditions.
While fluorescent probes may be useful for bioimaging and locating compounds within a
cell, they may not provide much information regarding exact molecular targets. Consequently, an
additional aim of the work in this thesis was to synthesise a compound that has both, an azide to
undergo a click reaction with a fluorogenic alkyne, as well as a photoaffinity label (PAL). PALs
form a highly reactive species upon irradiation, typically UV light, and will covalently bind to the
nearest protein. Commonly used photophores include aryl azides, diazirines and benzophenones.[80] It was proposed to synthesise a suitable compound (24) with these features (Figure
1-16). Provided the compound retains the biological activity of the parent drug 1, it should bind
to its protein target upon irradiation. The alkyl azide can then react with a fluorogenic alkyne
which should aid in the identification of a molecular target.
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Figure 1-16. Proposed molecular probe bearing both a photoaffinity label and an azide to react
with a fluorophore.
Lastly, it was proposed to conduct a brief study on 18F-labelling of thalidomide at the facilities of the Australian Nuclear Science and Technology Organisation (ANSTO). The radioactive
18

F-isotope is commonly used for drug in vivo studies using positron emission tomography (PET).

1.5.4. Summary of project aims – Part I
To sum up, there were three primary aims of the work described in Part I of this thesis:
1) The synthesis of novel amino thalidomide analogues lacking an aromatic spacer unit.
2) Biological evaluation, including determining TNF expression inhibition, cytotoxicity and
anti-cancer properties of all analogues obtained from this work.
3) The construction and biological assessment of potential molecular probes (fluorogenic
and photoaffinity-labelled) to elucidate the molecular mode of action of thalidomide (1),
with the azide-alkyne Huisgen 1,3-dipolar cycloaddition reaction being the key process.

C HAPTER 2
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2.

SYNTHESIS OF THALIDOMIDE ANALOGUES

Some results from this chapter were published in the journal ‘Tetrahedron’ in 2015, and coauthored by the candidate.[81]

2.1.

Precursor synthesis
As described by the groups of Brown and Muller,[82-83] and as shown in previous reports by

the Stewart group,[59, 64-65, 70] various racemic thalidomide derivatives can be accessed by the generic precursor shown in retrosynthetic Scheme 2-1. This convergent route requires a phthalic
anhydride to be connected with glutarimide ring 25. While phthalic anhydrides can be readily
synthesised from the corresponding acids, the glutarimide ring 25 can be prepared in large quantities from commercially available Boc-protected L-glutamine 26. This pathway can be used to
synthesise thalidomide (1) itself (Y = C, R = H), and more importantly to give derivative precursors bearing functional groups suitable for cross-coupling chemistry (R = halide) or nitro group
reduction (R = NO2). Furthermore, this route allows access to N-heteroaromatic (C = N) and
fluorinated (R = F) thalidomide analogues. The latter, along with the nitro analogues, can potentially be used in 18F-radiolabelling studies as described in chapter 2.5 of this work.[84-85]

Scheme 2-1. Retrosynthetic pathway to access various thalidomide derivatives.
Although most phthalic acid derivatives were commercially available, iodinated derivative
29 had to be synthesised from dimethylaniline (27). Following a procedure by Kayser,[86] a modified Sandmeyer reaction gave iododimethylbenzene 28 in modest 38% yield (Scheme 2-2).
Benzylic oxidation of 28 with potassium permanganate in water gave iodophthalic acid 29 in
reasonable yields (59%). A study within the Stewart group has shown that the addition of pyridine
can improve the yield of the latter reaction.[87]
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Scheme 2-2. Synthesis of 3-iodophthalic acid (29) from 2,3-dimethylaniline (27).

Reagents and conditions: i) HCl/H2O, NaNO2, -10 °C then KI/H2O, 60 °C then RT, 20 h; ii) NaOH,
KMnO4, H2O, reflux, 7 d.

The resulting diacid 29 was then treated with refluxing acetic anhydride for conversion into
the corresponding anhydride 33 in high yield (Scheme 2-3). The same methodology was used to
prepare other, commercially unavailable, phthalic anhydrides in excellent (34) to moderate yields
(35 and 36).
Scheme 2-3. Synthesis of phthalic anhydrides 33–36 by treatment with acetic anhydride.

Reagents and conditions: i) Ac2O, reflux, 17-22 h.

With all anhydride fragments in hand, TFA salt 25 was prepared according to a procedure
by Brown et al.[83] A CDI/DMAP mediated cyclisation of Boc-protected L-glutamine 26 in THF
at reflux afforded racemic Boc-protected glutarimide 37 in good yield (77%, Scheme 2-4). The
Boc protecting group was easily removed by treatment with trifluoroacetic acid (TFA) and gave
the desired glutarimide salt 25 in quantitative yield.
Scheme 2-4. Synthesis of glutarimide 25 from Boc-Gln-OH (26).

Reagents and conditions: i) CDI, DMAP, THF, reflux, 3 d; ii) TFA, CHCl3, RT, 3 h.

Using methodology previously reported,[59] compound 25 and a phthalic anhydride in the
presence of triethylamine produced thalidomide (1) itself and six derivative precursors (Scheme
2-5). While thalidomide (1), chlorothalidomide 43 and iodothalidomide 45 were obtained in high
yields (77%), reactions en route to the brominated analogue 41, both nitro analogues 38 and 40,
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as well as the reaction giving the bioisosterici N-heteroaromatic variant 39 were slightly lower
yielding.[82, 88] Surprisingly, both of the fluorinated analogues (42 and 44) were only obtained in
low yields, however no further optimisations were attempted.
Scheme 2-5. Synthesis of thalidomide derivative precursors with various synthetic handles.

Regents and Conditions: i) NEt3, THF, reflux, 3-5 d.

2.1.1. Discussion of the spectrometric and crystallographic data of compound 39

The salient characterisation data of one derivative, which features the basic thalidomide-like
core, is presented here in order to aid subsequent discussions of more complex analogues.
The 1H NMR spectrum of compound 39 (Figure 2-1) shows a characteristic singlet in the far
downfield region at δ = 11.17 ppm which can be assigned to the acidic glutarimide NH proton. In
the aromatic region, the 2-H proton resonates as a doublet of doublets at δ = 9.04 ppm (3J = 5.0 Hz
and 4J = 1.3 Hz) due to the proximity of the nitrogen atom; the coupling constants are typical of
pyridine rings. The doublet of doublets at δ = 8.38 ppm shows a similar H-H coupling pattern
with 3J = 7.7 Hz and 4J = 1.3 Hz, and can therefore be assigned to the 4-H aromatic proton. This
leaves the resonance appearing as a doublet of doublets at δ = 7.85 ppm with 3J = 7.7 Hz and 3J =
5.0 Hz which was assigned to the 3-H aromatic proton. Further upfield, the resonance at δ =
The term bioisostere refers to chemical moieties with similar physical or chemical properties, along with
similar biological properties compared to another compound.
i)

Precursor synthesis| 25
5.24 ppm is characteristic of an N-methine proton like 3’-H. Splitting into a doublet of doublets
with 3J = 12.8 Hz and 3J = 5.4 Hz is expected because of the two adjacent diastereotopic 4’-H
protons. The larger coupling constant arises from axial-axial (aa) coupling with one of the 4’-H
protons, whereas the smaller coupling constant is due to the axial-equatorial (ae) coupling with
the second 4’-H proton.

Figure 2-1. 1H NMR spectrum of compound 39 at 400 MHz in DMSO-d6. Solvent peaks are
marked with an asterisk.
The upfield region shows a distinct doublet of doublet of doublets (ddd) at δ = 2.90 ppm with
J = 17.2 Hz, 3J = 13.9 Hz and 3J = 5.4 Hz. As the corresponding COSY-NMR spectrum did not

2

show a correlation with the 3’-H resonance (δ = 5.24 ppm), this signal can be assigned to one of
the diastereotopic 5’-H protons (5’-HA). The two larger coupling constants arise from geminal
coupling and aa-coupling with one of the adjacent 4’-H protons, respectively. The smaller coupling constant is due to ae-coupling with the second 4’-H proton. The complex multiplet at δ =
2.67 – 2.51 ppm stems from two overlapping signals from one of each of the diastereotopic 4’-H
and 5’-H protons (4’-HA and 5’-HB), as confirmed with the aid of COSY-NMR spectroscopy.
Likewise, the multiplet resonating at δ = 2.01 – 2.17 ppm was assigned to 4’-HB.
The 13C NMR spectrum of compound 39 (Figure 2-2) shows four peaks in the far downfield
region (δ = 172.8, 169.7, 165.6, 165.5 ppm) typical of carbonyl compounds. NMR spectrum simulations using the software ChemDraw® Ultra 12 were used to assist in some assignments of
individual carbonyl signals. The resonances at δ = 172.8 ppm and δ = 169.7 ppm arose from the
C-6’ and C-2’ carbon nuclei, respectively. Due to the very close proximity of the resonances at
δ = 165.6 ppm and δ = 165.5 ppm, it cannot be determined which one is attributable to C-5 or
C-7. Due to the deshielding effect of the nitrogen atom in the pyridine ring, the peak furthest
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downfield in the aromatic region at δ = 155.4 ppm can be assigned to the C-2 carbon nucleus.
Likewise, the signal at δ = 150.9 ppm is assigned to the quaternary carbon, C-7a. From HSQC
NMR experiments, it was determined that the resonance at δ = 131.8 ppm is caused by the C-4
carbon nucleus, while the peak at δ = 128.4 ppm belongs to the C-3 nucleus. This leaves the signal
at δ = 127.0 ppm to be assigned to the remaining aromatic quaternary carbon C-4a. The aliphatic
region of the spectrum displays three peaks at δ = 49.1, 30.9 ppm and 22.0 ppm which were unambiguously ascribed to the C-3’, C-5’ and C-4’ carbons, respectively (HSQC NMR).

Figure 2-2. 13C NMR spectrum of compound 39 at 100 MHz in DMSO-d6. Solvent resonances
are marked with an asterisk.
The IR spectrum shows a typical broad band at 3203 cm-1 resulting from imide stretching.
As expected, very strong bands from the carbonyl stretches are present in the area around
1700 cm-1. Sharp bands between 1380 cm-1 and 1103 cm-1 represent in-plane C–H bond bending
of the aromatic ring. Bands arising from out-of-plane C–H ring bending, occur at lower energy in
the fingerprint region around 700 cm-1 region.[89]
The EI mass spectrum of compound 39 shows a signal at m/z = 259.1 with 81% relative
intensity which can be assigned to the molecular ion peak. The signal at m/z = 146.0 with 100%
relative intensity is indicative of cleavage between the glutarimide and phthalimide portions of
compound 39. The EI high-resolution mass spectrum was also in agreement with the molecular
formula C12H9N3O4.
The single crystal X-ray crystallographic structure determination of thalidomide analogue 39
was obtained, ultimately confirming its identity. From the molecular representation shown in Figure 2-3a it is clear that the glutarimide ring is perpendicular to the phthalimide unit through the
N(2)-C(21) axis. Apart from that, it appears as if the glutarimide ring assumes approximately a
half-chair conformation which is in agreement with other reports.[65, 90-92] Figure 2-3b illustrates
the hydrogen bonding between two molecules of compound 39. Interestingly, the bonding occurs
between opposite enantiomers via the O22 and H23 atoms of the glutarimide unit. Bond lengths
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and angles are reported in the caption of Figure 2-3, and are in accord with typical literature
values.[93]

Figure 2-3. (a) X-ray crystallographic structure of compound 39 projected approximately onto
the plane of the isoindole1,3-dione portion. (b) Hydrogen bonded racemic pair of molecules of
39; (N23-H23) = 0.88 Å, d(H23…O22) = 2.01 Å, d(N23…O22) = 2.872(3) Å,
<(N23-H23…O22) = 166.9°. Further crystallographic details are presented in the appendix A of
this work.
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Synthesis of N-alkylamino analogues

2.2.

As described in section 1.4.1, analogues bearing an aniline moiety on the phthalimide ring
showed enhanced TNF expression inhibition compared to thalidomide (1), lenalidomide (2) and
pomalidomide (3). It was clear that a hydrophobic tether on the aniline group brought about a
significant improvement in activity.[65] To further investigate this structure-activity relationship,
the synthesis of a series of thalidomide analogues bearing an alkyl amine moiety on the
phthalimide ring was proposed. This should reveal whether or not the aromatic spacer portion is
needed for enhanced activity (cf. section 1.5).
The initial plan to synthesise these analogues was via reductive amination using pomalidomide (3) as the precursor (Table 2-1). Pomalidomide (3) was readily prepared by palladium
catalysed hydrogenation of 4-nitrothalidomide (38) in excellent 93% yield. This method is also
used by Celgene for the industrial production of pomalidomide (3).[82] A set of reaction conditions
for the reductive amination of propionaldehyde to give N-alkylamino analogue 46 is shown in
Table 2-1. Using sodium cyanoborohydride as a mild reducing agent,[94] along with acetic acid in
methanol at room temperature, only gave a trace amount of product after one day (entry 1). A
reductive amination protocol described by Abdel-Magid et al.[95] using sodium triacetoxyborohydride was also fruitless. Elevated temperatures, different additives and/or solvent systems and
extended reaction times did not afford any product or only trace amounts (entries 2 and 3).
Table 2-1. Synthesis of pomalidomide (3) and trials of reductive amination of propionaldehyde
to give N-alkylamino analogue 46.

Entry

Reducing agent

Additive

Solvent

Temp.

Time

Yield (%)

1

NaBH3CN

AcOH

MeOH

RT

1d

trace

2

NaBH(OAc)3

AcOH

DCE

80 °C

1d

trace

3

NaBH(OAc)3

TsOH,
mol. sieves (3 Å)

THF/DMF
(9:4)

RT

7d

-

Reagents and conditions: i) H2 (300 kPa), Pd/C (10 mol%), MeOH, RT, 1 h.

In a study unrelated to this work, Contino-Pépin et al.[96] reported a reductive amination of
an aldehyde directly with 4-nitrothaliomide (38), without the need to isolate the intermediate
amine or imine. Unfortunately, accurate reaction conditions were not described in this publication.
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In an effort to reproduce these results, a set of reactions were conducted to optimise this
one-pot reaction of 4-nitrothalidomide (38) with propionaldehyde, leading directly to N-alkylamino analogue 46 via intermediately formed amine pomalidomide (3) and imine 47 (Table 2-2).
Table 2-2. Optimisation of the one-pot reaction of nitrothalidomide 38 with propionaldehyde to
give compound 46.

Entry

Equiv.
aldehyde

H2

Additive

Solvent

Temp.

Time

Yield (%)

1

1.2

300 kPa

-

MeOH

RT

24 h

15

2

3.0

500 kPa

AcOH

MeOH

70 °C

20 h

44

3

5.0

300 kPa

p-TsOH

MeOH

RT

20 h

48

4

5.0

300 kPa

20 h

37

5.0

300 kPa

RT

22 h

40

6

5.0

300 kPa

THF/DMF
(9:1)
THF/DMF
(9:1)
THF/DMF
(9:1)

RT

5

AcOH,
mol. sieves (3 Å)
p-TsOH,
mol. sieves (3 Å)

RT

5h

95

p-TsOH

Treating compound 38 with propionaldehyde inside a vessel pressurised with hydrogen at
room temperature in the presence of 10% palladium on charcoal, did indeed deliver the desired
product 46, albeit in low yield (entry 1). Using more aldehyde, increasing the hydrogen pressure,
as well as raising the temperature to 70 °C along with the addition of acetic acid gave a significantly better yield (entry 2). An even larger amount of aldehyde and using p-toluenesulfonic acid
(p-TsOH) as an additive gave roughly the same yield even at lower pressure and room temperature
(entry 3). It was thought that the poor solubility of nitrothalidomide 38 in methanol, as well as the
water being formed in the reaction, could limit the amount of product being produced. Hence, a
mixture of THF/DMF (9:1) was used as the solvent system, and molecular sieves (3 Å) were
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added to the reaction mixture to ensure any water formed in the reaction was removed.[97] However, neither the use of acetic acid nor p-TsOH with those conditions brought any improvement
(entries 4 and 5). It is noteworthy that in all cases the starting material had been consumed, and
the only other isolated product was the intermediate amine, pomalidomide (3). Surprisingly,
simply leaving out the molecular sieves gave the desired compound in an excellent 95% yield
after only 5 hours (entry 6). Presumably, the molecular sieves were catalysing a side reaction,
however, no further mechanistic investigation was conducted as to the nature of this phenomenon.
Using the most efficacious conditions for the domino hydrogenation-reductive amination
one-pot reaction, a series of N-alkylamino analogues with varying alkyl chain lengths were produced (Scheme 2-6).
Scheme 2-6. Synthesis of N-alkylamino thalidomide analogues.

Reaction was conducted in acetone as the solvent; [b] Product resulted from same reaction as amine 54
with propionaldehyde; [c] Product resulted from same reaction as amine 55 with butyraldehyde; [d] Product
resulted from same reaction as amine 56 with valeraldehyde.

[a]

Analogues substituted in the C4 position were generally obtained in good or excellent yields
(49, 46, 50 and 51) from the corresponding aldehyde. However, reductive amination of acetone
with compound 38 gave isopropyl analogue 52 in only modest yield. Analogues derived from
5-nitrothalidomide (40) proved more reactive than their C4 counterparts, undergoing a second
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reductive amination with the excess aldehyde to give the corresponding N-dialkylamino analogues (58, 59, 60, 61 and 62). Gratifyingly, mono- and dialkylamino products were easily
separable by column chromatography, thus giving two new derivatives per reaction in high overall
yield (see footnote Scheme 2-6). It is presumed that the increased reactivity of the C5 analogues
is due to the reduced steric hindrance or differing electronics in this position. In cases where the
dialkylamino compound was the exclusive product, a reaction modification by reducing the reaction time, and using less equivalents of aldehyde increased the amount of monoalkylamino
compound 53 being formed. Only the dialkylamino product 62 was obtained when the C1 building block formaldehyde was used. Again, the reductive amination of acetone to give C5 analogue
57 proceeded only in moderate yields.
A total of fifteen new thalidomide analogues were produced, all of which were fully characterised; crystal structures for compounds 46, 52 and 56 were also obtained (cf. appendix A). As
far as is known, none of the compounds, except 52, had been reported in the literature at the time
of preparation. The characterisation of compound 46 as an example of this type of analogue is
discussed in section 2.2.1. Interestingly, all compounds shown in Scheme 2-6 were highly fluorescent under UV and visible light. A more detailed analysis of this phenomenon is described in
section 2.4.1. All compounds were evaluated for their ability to inhibit TNF expression (chapter 3).

2.2.1. Discussion of the spectrometric and crystallographic data of compound 46

Like the 1H NMR spectrum of compound 39 (section 2.1.1), the spectrum of compound 46
(Figure 2-4) shows a characteristic singlet in the far downfield region at δ = 11.08 ppm resulting
from the highly deshielded glutarimide NH proton. As expected for 1,2,3-trisubstituted benzene
rings, the aromatic region shows a doublet of doublets at δ = 7.58 ppm (3J = 8.5 and 7.1 Hz) for
6-H, as well as two doublets at δ = 7.10 ppm (3J = 8.5 Hz) for 5-H, and at δ = 7.02 ppm (3J =
7.1 Hz) for 7-H, respectively. The broad triplet resonance at δ = 6.55 ppm with 3J = 5.9 Hz is
caused by the aryl alkyl amine proton (NHCH2) which couples with the neighbouring CH2 group.
The 3’-H N-methine proton resonates characteristically at δ = 5.05 ppm as a doublet of doublets
with 3J = 12.9 Hz and 3J = 5.4 Hz owing to its vicinal, diastereotopic 4’-H protons. Evidently, the
larger coupling constant is due to axial-axial coupling, whereas the smaller constant is a result of
axial-equatorial coupling.
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Figure 2-4. 1H NMR spectrum of compound 46 at 400 MHz in DMSO-d6. Solvent peaks and
impurities are marked with an asterisk (EA = ethyl acetate).
Further upfield, the signal at δ = 3.26 ppm is split into an apparent quartet with 3J = 7.4 Hz,
and can be assigned to the CH2 group (1’’-H2) adjacent to the amine. Analogous to the spectrum
for compound 39 (section 2.1.1), the two CH2 groups of the glutarimide ring resonate as a ddd at
δ = 2.88 ppm with 2J = 17.5 Hz, 3J = 14.0 Hz and 3J = 5.4 Hz (5’-HA), and two complex multiplets
at δ = 2.64 – 2.52 ppm (5’-HB, 4’-HA) and δ = 2.08 – 2.00 ppm (4’-HB). Finally, the further upfield
region shows an apparent sextet at δ = 1.59 ppm with 3J = 7.4 Hz for the 2’’-H2 protons which is
caused by coupling with the vicinal CH2 and CH3 groups. Unsurprisingly, the latter CH3 group
resonates as a triplet at δ = 0.93 ppm with 3J = 7.4 Hz.
The 13C NMR spectrum of compound 46 (Figure 2-5) shows four resonances in the downfield
region (δ = 172.8, 170.1, 169.0, 167.3 ppm) for the carbonyl groups. As described in section 2.1.1,
these were assigned to the corresponding carbon nuclei by spectrum simulations. In the aromatic
region of the spectrum, the quaternary C-4 carbon nucleus resonates furthest downfield at δ =
146.5 ppm due to the adjacent nitrogen atom. The C-6 (δ = 136.3 ppm), C-5 (δ = 117.1 ppm) and
C-7 (δ = 110.4 ppm) nuclei resonances were assigned with the aid of HSQC NMR experiments.
The remaining quaternary carbons were identified via DEPT experiments, and assignments of
C-7a (δ = 132.2 ppm) and C-3a (δ = 109.0 ppm) were assisted by spectral simulations. Finally,
signals in the aliphatic region for C-3’ (δ = 48.5 ppm), C-1’ (δ = 43.5 ppm), C-5’ (δ = 31.0 ppm),
C-4’ (δ = 22.2 ppm), C-2’’ (δ = 22.0 ppm) and the CH3 group (δ = 11.2 ppm) could be assigned
through HSQC correlations and the corresponding DEPT spectrum.
The IR spectrum shows a typical broad band at 3397 cm-1 resulting from the amine N–H
stretching. As expected, very strong bands from the carbonyl stretches are present in the area
around 1700 cm-1. Bands at 1623 cm-1 and 1508 cm-1 represent N-H bending. As already observed
for compound 39 (section 2.1.1), sharp bands between 1355 cm-1 and 1254 cm-1 result from
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in-plane bending of the aromatic ring C–H bonds. Bands arising from out-of-plane ring bending,
occur at lower energy around the 700 cm-1 region.[89]

Figure 2-5. 13C NMR spectrum of compound 46 at 100 MHz in DMSO-d6. Solvent peaks are
marked with an asterisk.
The EI mass spectrum of compound 46 shows a signal at m/z = 315.0 with 51% relative
intensity which can be assigned to the molecular ion peak of 46. The signal at m/z = 286.0 with
100% relative intensity is indicative of loss of an ethyl fragment from the propyl tether. Furthermore, the signal at m/z = 203.0 with 78% relative intensity arises from cleavage between the
glutarimide and phthalimide portions. The EI high-resolution mass spectrum was also in agreement with the molecular formula C16H17N3O4.

Figure 2-6. (a) X-ray crystallographic structure of compound 46 projected approximately onto
the plane of the isoindole1,3-dione portion. (b) Hydrogen bonded racemic pair of molecules of
46, along with weak intramolecular bonds. d(N23–H23) = 0.88 Å, d(H23…O24) = 2.07 Å,
d(N23…O24) = 2.935(2) Å, <(N23–H23…O24) = 166.9°; d(N4–H4) = 0.88 Å, d(H4…O3) =
2.37 Å, d(N4…O3) = 3.027(3) Å, <(N4–H4…O3) = 131.4°.
The X-ray crystallographic structure of thalidomide analogue 46 was also obtained (Figure
2-6a). Like in compound 39 (section 2.1.1), the glutarimide ring is twisted against the phthalimide
unit by ca. 90° around the N(2)–C(21) axis, and the glutarimide ring assumes approximately a
half-chair conformation. Figure 2-6b illustrates the hydrogen bonding between two molecules of
compound 46. Again, the bonding occurs between opposite enantiomers via the glutarimide unit.
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A weak intramolecular hydrogen bond between the hydrogen atom on N4 and the carbonyl oxygen atom O3 can also be observed. Bond lengths and angles are reported in the caption of Figure
2-6 which are comparable to the ones in compound 39 (section 2.1.1). Further crystallographic
details of the compound above, as well as of analogues 52 and 56, are presented in appendix A of
this thesis.
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2.3.

Synthesis of molecular probes
The aim of the syntheses described in this section was to prepare precursors that could be

reactive with known fluorescent agents to give molecular probes. An excellent point of attachment
is the phthalimide nitrogen which can be readily alkylated as shown previously.[70] A small tether
linked to this point of attachment should allow for subsequent reactions with fluorophores bearing
nucleophilic or electrophilic functional groups. Additionally, introducing a tether with an alkyne
or azide moiety should enable Huisgen 1,3-dipolar cycloaddition reactions (click reaction) with a
corresponding fluorophore bearing an azide or alkyne.

2.3.1.

Synthesis of molecular probe precursors

The syntheses of several potential molecular probe precursors are shown in Scheme 2-7.
Treating thalidomide (1) with 2-chloroethanol in the presence of sodium hydride in DMF gave
hydroxyethyl derivative 63 in reasonable 44% yield.[98] Chloroethyl derivative 64 was obtained
in moderate 38% yield by treatment of hydroxyl analogues 63 with thionyl chloride.[29] Reacting
thalidomide (1) with 1-bromo-2-fluoroethane in the presence of caesium carbonate gave fluorinated analogue 65 in good yield (77%), which could serve as a standard for prospective
applications of 18F-labelled thalidomide and positron emission tomography (cf. section 2.5).
Scheme 2-7. Synthesis of molecular probe precursors from thalidomide (1).

Regents and Conditions: i) NaH, DMF, RT, 0.5 h then 2-chloroethanol, 40 °C, 2 d; ii) SOCl2, DMF, 0 °C,
1 h; iii) Cs2CO3, DMF, RT, 0.5 h then 1-bromo-2-fluoroethane, RT, 3 d; iv) NaH, DMF, RT, 0.5 h then
1,2-dibromoethane, 60 °C, 1 h; v) NaH, DMF, RT, 0.25 h then 2-azidoethyl toluenesulfonate, 60 °C, 18 h;
vi) NaN3, DMF, 100 °C, 1 d.

The corresponding bromo-derivative 66 was obtained in an analogous manner with 1,2-dibromoethane in a 48% yield. This relatively low yield could be explained by the potential
formation of a dimer. Azidoethyl derivative 67 could either be made by treating abovementioned
bromide 66 with sodium azide, or through a more convergent route from thalidomide (1) and
2-azidoethyl p-toluenesulfonate.[99] Both methods proceeded in high yields (93% and 84%). The
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identity of compound 67 was confirmed by the presence of the sharp azide band at 2120 cm-1 in
the IR spectrum. A detailed analysis of the spectrometric and crystallographic data of compound
67 is reported in section 2.3.5.
With the success of attaching different tethers to thalidomide (1) through the phthalimide
nitrogen (Scheme 2-7), a proof of concept was to be established to investigate whether or not the
same methodology can be used to attach tethers to the more active thalidomide analogue 14 (cf.
section 1.4.1). Compound 14 was synthesised as previously reported[65] and alkyl tethers were
readily attached (Scheme 2-8). Bromide 68 was obtained in a 56% yield after treating compound
14 with 1,2-dibromoethane. Again, the potential dimer formation may have caused the relatively
low yield. The use of 5-chloro-1-pentyne gave terminal alkyne 69 in quantitative yield. This compound can potentially also be used in a Huisgen 1,3-dipolar cycloaddition reaction. In both cases,
the milder base caesium carbonate proved to be the better choice when compared to sodium hydride. Due to the more acidic nature of the glutarimide nitrogen proton, the reaction was very
selective and alkylation of the diarylamine portion was not observed in either case.
Scheme 2-8. Synthesis of molecular probe precursors from thalidomide analogue 14.

Regents and Conditions: i) Cs2CO3, DMF, RT, 0.5 h then 1,2-dibromoethane, 60 °C, 1 h; ii) Cs2CO3, DMF,
RT, 0.5 h then 5-chloro-1-pentyne, NaI, 50 °C, 1 d.

2.3.2. Copper-catalysed click-reactions for the preparation of fluorogenic probes
Next, the reactivity of the azide functionality in compound 67 with various alkynes was investigated, which could be vital in fluorogenic molecular probe studies. Initially, the use of
fluorogenic alkynes 70 and 72 for Cu(I)-catalysed click reactions was explored (Scheme 2-9).
Alkynes 70 and 72 were prepared from commercially available 4-bromo-1,8-naphthalic anhydride[100] and 4-chloro-7-nitrobenzofurazan,[101] respectively (generously provided by Dr Keith A.
Stubbs, UWA).
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Scheme 2-9. Synthesis of fluorescent probes 71 and 73 via copper-catalysed azide-alkyne
Huisgen cycloaddition.

Regents and Conditions: i) CuI, DIPEA, MeCN, 40 °C, 24 h; ii) CuI, DIPEA, MeCN, 40 °C, 1 h.

Following standard copper-catalysed Huisgen cycloaddition protocol using copper (I) iodide
and DIPEA (Hünig’s base),[102-103] triazoles 71 and 73 were acquired in reasonable to excellent
yields. With a total reaction time of only one hour, the click reaction with benzofurazan alkyne
72 was considerably faster than the one with alkyne 70 (24 h); this is likely due to the differences
in sterics and electronics between alkyne 70 and 72. As anticipated, the 1,4-regioisomers were
formed exclusively, as confirmed by ROESY NMR experiments (cf. section 2.3.6, Figure 2-12).
Compounds 71 and 73 can potentially be used in fluorescence or confocal microscopy studies, as
previously reported by the Stewart group.[70, 74] Their fluorescent features are discussed in section
2.4.

2.3.3. Copper-free click-reactions for the preparation of fluorogenic probes
Considering the cytotoxicity of Cu(I), a copper-free version of the abovementioned reaction
was also trialled, as it could possibly serve to carry out bioorthogonal reactions.[104-105] Thus, a
series of cyclooctynes were used in this strain-promoted azide alkyne cycloaddition process
(Scheme 2-10). While 4-dibenzocyclooctynol 74 (DIBO) was synthesised in four steps from phenylacetaldehyde,[106] cyclooctyne 76 was prepared from cyclooctanone in three steps (generously
provided by Dr Keith A. Stubbs, UWA).[107] Without the use of copper, simply stirring either cyclooctyne (74 or 76) with azidoethyl thalidomide 67 in methanol, led to the quick formation of
triazoles 75 and 77 in high and excellent yields (80% and 97%), respectively. As expected, both
products were obtained as a mixture of regiomers that, unfortunately, could not be separated by
standard column chromatography. Additionally, due to the introduction of the second stereocentre, different diastereomers are also present. This made an interpretation of the NMR spectra
difficult, but the identity of both compounds 75 and 77 was confirmed by high-resolution mass
spectrometry. Although neither of the compounds was fluorescent, their syntheses are a proof of
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concept that azido thalidomide 67 can readily undergo copper-free azide-alkyne Huisgen cycloaddition reactions.
Scheme 2-10. Copper-free azide-alkyne Huisgen cycloaddition of cyclooctynes 74 and 76 with
azido thalidomide analogue 67.

Regents and Conditions: i) MeOH, RT, 0.5 h; ii) MeOH, RT, 3 h then 40 °C, 3 h.

To elaborate on the work described in Scheme 2-10, a cyclooctyne that would give a fluorescent triazole upon reaction with azide 67 was sought after. The group of Boons have developed
the non-fluorescent dibenzocyclooctyne 78 (Fl-DIBO) that produces highly fluorescent products.[79] This compound was prepared in five steps from commercially available 3-ethynylanisole
and 3-iodoanisole (generously provided by Dr Charles H. Heath, UWA). Although solubility and
purification proved somewhat problematic, fluorescent triazole 79 was obtained in an excellent
94% yield by simply stirring azide 67 with Fl-DIBO (78) at room temperature (Scheme 2-11).
The identity of compound 79 was unequivocally confirmed by HRMS. Interestingly, the 1H
and

C NMR spectra of 79 exhibited doubling of nearly all signals. This phenomenon and a

13

detailed discussion regarding characterisation data, as well as fluorescence features, are presented
in sections 2.3.7 and 2.4.
Scheme 2-11. Synthesis of fluorescent probe 79 using copper-free azide-alkyne Huisgen
cycloaddition with non-fluorescent Fl-DIBO (78).

Regents and Conditions: i) MeOH/DCM (5:2), RT, 24 h.
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2.3.4. Synthesis of PAL-thalidomide analogue 82
It was shown that thalidomide azide 67 readily undergoes a copper-free click reaction with
Fl-DIBO (78). However, in order for the methodology described in Scheme 2-11 to be potentially
useful for in vitro studies regarding the identification of specific molecular targets of thalidomide,
a photoaffinity label (PAL) needed to be installed on the phthalimide unit. Aryl azides are known
to be efficient and bioorthogonal PALs.[108-109] Hence, azido thalidomide 80 was prepared according to a modified procedure by Brown et al. (Table 2-3).[83] Diazotisation of pomalidomide (3)
with sodium nitrite, followed by quenching with sodium azide gave the desired aryl azide 80 in a
high yield (80%).
Subsequently, a set of reaction conditions was trialled to optimise the attachment of an alkyl
azide tether to the glutarimide nitrogen with 2-azidoethyl toluenesulfonate (81). Using conditions
similar to the ones used to prepare azido ethyl thalidomide analogue 67 gave the desired PAL-thalidomide 82 in a modest 23% yield (entry 1). Using the milder base caesium carbonate
significantly increased the yield to 42% (entry 2). Changing the solvent to acetone and extending
the reaction time had a slightly deleterious effect (entry 3). Optimised conditions were found by
increasing the reaction temperature to 60 °C to give the PAL-thalidomide analogue 82 in a reasonable 44% yield (entry 4). While all the starting material 80 had been consumed, a significant
amount of pomalidomide (3) formation was observed in all cases as a consequence of the reduction of the azide. Given the fact that no reducing agent was present in the reaction, this conversion
is rather unusual. Although DMF can act as a reducing agent under certain conditions, [110] the
same phenomenon occurred when acetone was used as the solvent.
Table 2-3. Synthesis of azido thalidomide 80, and optimisation of the azide tether attachment to
give PAL-thalidomide 82.

Entry

Base

Solvent

Temperature

Time

Yield (%)

1

NaH

DMF

0 °C → RT

3h

23

2

Cs2CO3

DMF

RT

3h

42

3

Cs2CO3

acetone

RT

24 h

36

4

Cs2CO3

DMF

RT→ 60 °C

2h

44

Regents and Conditions: i) AcOH/H2SO4, NaNO2 (aq) then NaN3 (aq), 0 °C, 3 h.

Both compound 80 and compound 82 show distinct azide bands in the IR spectrum around
2120 cm-1. The identity of compound 82 was also confirmed by APCI high-resolution mass spectrometry which showed a daughter ion corresponding to the loss of two nitrogens and addition of
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one hydrogen ([M-N2+H]+] – a typical phenomenon for aryl azides.[111] A potential use of compound 82 along with cyclooctyne Fl-DIBO (78) as a molecular probe is reported in chapter 3.

2.3.5. Discussion of the spectrometric and crystallographic data of compound 67

From the 1H NMR spectrum of compound 67 (Figure 2-7), it is immediately obvious that the
characteristic peak for the glutarimide NH proton around δ = 11 ppm is missing (cf. Figure 2-1
and Figure 2-4), providing evidence for the alkyl tether attachment to thalidomide 1 (cf. Scheme
2-7). The centrosymmetric multiplet at δ = 7.96 – 7.88 ppm, resulting from the four aromatic
protons, clearly shows an AA’BB’ pattern which is typical of ortho disubstituted benzenes. Again,
the N-methine proton (3’-H) resonates as a doublet of doublets at δ = 5.26 ppm with 3J = 13.1 Hz
and 3J = 5.4 Hz due to the axial-axial and axial-equatorial couplings with the diastereotopic 4’-H
protons.

Figure 2-7. 1H NMR spectrum of compound 67 at 600 MHz in DMSO-d6. Solvent peaks and
impurities are marked with an asterisk.
With the aid of a spectrum simulation (ChemDraw® 12 Ultra Pro), the two CH2 groups of
the azido ethyl tether could be assigned to the complex multiplets at δ = 3.99 – 3.82 ppm (1’’-H2)
and δ = 3.43 – 3.35 ppm (2’’-H2). Clearly, the Thal–CH2CH2–N3 fragment causes an AA’BB’
splitting pattern. The fact that simple triplets are not observed suggests that the populations of the
anti and gauche conformations are not statistical (1:2). According to Reich, these more complicated patterns are the result of either the anti or the gauche conformation being preferred over the
other.[112] Although the conformation may differ in solution, the X-ray crystal structure of compound 67, indeed, shows exclusively a gauche conformation of the alkyl tether (cf. Figure 2-9).
Unlike in the spectra of compounds 39 and 46 (cf. Figure 2-1 and Figure 2-4), the signals for the
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diastereotopic protons of the glutarimide ring (4’-H2 and 5’-H2) are now resolved individually.
Assignments were made on the basis of COSY NMR experiments, as well as matching the coupling constants. The 5’-HA proton resonates as a ddd at δ = 3.01 ppm due to geminal coupling
(2J = 17.4 Hz), axial-axial coupling (3J = 14.0 Hz) and axial-equatorial coupling (3J = 5.4 Hz).
Likewise, the geminal 5’-HB proton was assigned to the adjacent ddd at δ = 2.81 ppm, also caused
by geminal coupling (2J = 17.4 Hz), equatorial-axial coupling (3J = 4.3 Hz) and equatorial-equatorial coupling (3J = 2.4 Hz). Both vicinal 4’-protons resonate as more complex multiplets at δ =
2.60 – 2.51 ppm (4’-HA) and δ = 2.13 – 2.08 ppm (4’-HB).
The 13C NMR spectrum of compound 67 is shown in Figure 2-8. The carbonyl resonances at
δ = 171.6, 169.5 and 167.1 ppm were assigned to the corresponding carbon nuclei with the aid of
spectrum simulations. The latter, more intense signal is caused by overlapping resonances of the
C-1 and C-3 nuclei. Likewise, only three signals are found in the aromatic region due to the presence of a mirror plane along the phthalimide unit. The peak at δ = 134.9 ppm can be ascribed to
the resonances of the C-5 and C-6 nuclei. Both quaternary carbons, C-3a and C-7a, give a signal
at δ = 131.2 ppm, while the C-4 and C-7 nuclei resonances are found at δ = 123.5 ppm. As anticipated, the methine carbon (C-3’) resonates characteristically at δ = 49.6 ppm. Finally, through
HSQC NMR experiments the CH2 groups can be assigned to the signals at δ = 48.1 ppm (C-2’’),
δ = 38.5 ppm (C-1’’), δ = 31.1 ppm (C-5’) and δ = 21.2 ppm (C-4’).

Figure 2-8. 13C NMR spectrum of compound 67 at 150 MHz in DMSO-d6. Solvent peaks are
marked with an asterisk.
Considering the IR spectrum of compound 67, it becomes immediately apparent that an azide
is present, as the characteristic sharp peak at 2120 cm-1 represents the strong N≡N asymmetric
stretching absorption.[113] Again, very strong bands from the carbonyl stretches are present in the
region around 1700 cm-1. The bands between 1343 – 1012 cm-1 result from in-plane C–H bending,
whereas bands at around 700 cm-1 originate from out-of-plane C–H bending.
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Figure 2-9. X-ray crystallographic structure of compound 67 projected approximately onto the
plane of the isoindole-1,3-dione portion, and Newman-projection along the C28-C27 axis.
<(N24-N25-N26) = 173.19°, <(N24-C28-C27-N23) = 64.76°. Further crystallographic details are
presented in appendix A of this thesis.
Although no molecular ion peak was present in the mass spectrum, the identity of compound
67 was unambiguously confirmed by its X-ray crystal structure (Figure 2-9), showing a typical
azide bond angle of 173.19°.[114] As mentioned above, the alkyl azide tether assumes a gauche
conformation in which the azide group is separated from the thalidomide fragment by a torsion
angle of 64.76° (cf. Newman-projection in Figure 2-9).

2.3.6. Discussion of the spectrometric data of compound 73

The 1H NMR spectrum of compound 73 (Figure 2-10) shows a characteristic singlet at δ =
7.74 ppm for the 5’’’-H triazole proton, suggesting that the azide-alkyne Huisgen cycloaddition
with alkyne 72 shown in Scheme 2-9 did indeed occur. Both aromatic protons of the benzoxadiazole moiety resonate as doublets at δ = 8.45 ppm with 3J = 8.6 Hz (6’’’-H), and further upfield
at δ = 6.35 ppm with 3J = 8.6 Hz (5’’’-H). The intensities of these signals match those caused by
the four aromatic protons of the parent thalidomide fragment, which give a multiplet at δ = 7.84 –
7.75 ppm with the expected AA’BB’ pattern (cf. Figure 2-7). The secondary amine proton gives
a broad singlet δ = 7.15 ppm.
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Figure 2-10. 1H NMR spectrum of compound 73 at 600 MHz in CDCl3. Solvent peaks and
impurities are marked with an asterisk.
As established in the spectra previously discussed (cf. sections 2.1.1, 2.2.1 and 2.3.5), the
doublet of doublets at δ = 4.94 ppm with 3J = 12.8 Hz and 3J = 5.4 Hz is caused by the 3’H methine proton. The broad singlet at δ = 4.83 ppm is attributable to the CH2 protons adjacent to the
secondary amine group. Compared to the 1H NMR spectrum of the parent compound 67 (cf. Figure 2-7), the multiplet resonance of the 2’’-H protons now resonates further downfield at δ =
4.71 – 4.62 ppm, demonstrating the electron withdrawing effect of the triazole group.[115-116] The
multiplet at δ = 4.36 – 4.24 ppm arising from the 1’’-H protons completes the AA’BB’ splitting
pattern of the ethyl link fragment. Lastly, the four multiplets in the upfield region (δ = 2.92 – 2.87,
2.79 –2.72, 2.69 – 2.61 and 2.12 – 2.05 ppm) can be assigned to the 4’- and 5’-H protons as
discussed earlier (cf. sections 2.1.1, 2.2.1 and 2.3.5).
In the 13C NMR spectrum of compound 73 (Figure 2-11), the typical resonances for the carbonyl groups (C-6’, C-2’, C-1, C-3) were found in the far downfield region at δ = 170.8, 168.8 and
167.5 ppm, with the latter peak having a higher intensity due to overlapping resonances of the
C-1 and C-3 carbon nuclei. As determined through the corresponding DEPT spectrum, the four
peaks at δ = 144.4, 144.0, 143.5 and 142.7 ppm stem from quaternary carbon nuclei, presumably
the ones in the electron-deficient benzoxadiazole ring. The HSQC spectrum was used to ascribe
the peak at δ = 136.4 ppm to the benzoxadiazole C-6’’’’ carbon. Due to the symmetry along the
phthalimide unit, the six carbon nuclei C-5/C-6, C-3a/C-7a and C-4/C-7 give three signals with
doubled intensities at δ = 134.8, 131.6 and 124.0 ppm, respectively. The signal at δ = 124.7 ppm
can be assigned to the remaining quaternary triazole carbon, C-4’’’. Through HSQC experiments,
the signal at δ = 123.3 ppm was unambiguously identified as the C-5’’’ triazole carbon resonance.
Likewise, the peak at δ = 99.7 ppm is attributable to the C-5’’’’ benzoxadiazole carbon. In the
upfield region, the methine carbon resonates at δ = 49.9 ppm. The CH2 carbon nuclei of the ethyl
link give signals at δ = 47.8 ppm (C-2’’) and δ = 40.0 ppm (C-1’’), while the CH2NH carbon
resonates at δ = 39.7 ppm. The signals for the C-5’ and C-4’ carbons complete the spectrum at δ
= 31.8 and 21.9 ppm, respectively.
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Figure 2-11. 13C NMR spectrum of compound 73 at 150 MHz in CDCl3. Solvent peaks and
impurities are marked with an asterisk.
To confirm that the 1,4-regioisomer had formed and not the corresponding 1,5-regioisomer
(cf. section 1.5.3), a selective one-dimensional ROESY NMR experiment was conducted. Figure
2-12 shows the 1D ROESY spectrum superimposed with a section of the 1H NMR spectrum of
compound 73 (cf. Figure 2-10). Selective irradiation of the resonance assigned to the 5’’’-H triazole proton at δ = 7.74 ppm resulted in the appearance of the signals that had been assigned to the
2’’-H and 1’’-H protons, indicating through-space interactions with the 5’’’-H triazole proton.
This effect can only be explained in the case of the 1,4-regioisomer, as the triazole proton of the
1,5-regioisomer would be spatially too far apart from the protons in the ethyl link fragment.

Figure 2-12. Section of the 1H NMR spectrum of compound 73 at 600 MHz in CDCl3
superimposed with the NMR trace of the corresponding selective 1D ROESY experiment.
Irradiation at 7.74 ppm (blue) reveals through-space interactions of 5’’’-H with the 2’’-H2 and
1’’-H2 nuclei (red).
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From the IR spectrum of compound 73 it is clear that the characteristic azide band at
2020 cm-1 of the parent compound 67 is no longer present. The two weak bands at 2920 and
2852 cm-1 are caused by aliphatic C–H stretching vibrations, and the region around 1700 cm-1
shows several distinctive bands arising from C=O stretching vibrations. Due to the presence of a
nitro group, strong bands are visible at 1582 cm-1 (asymmetric ArNO2 stretch), as well as at
1303 cm-1 (symmetric ArNO2 stretch). The bands at 1394 cm-1 and 1121 cm-1 are characteristic
of aromatic in-plane C–H bending absorptions.
Finally, the ESI high-resolution mass spectrum was in agreement with the molecular formula
C24H20N9O7, which corresponds to the molecular ion associated with one hydrogen ([M+H]+).

2.3.7. Discussion of the spectrometric data of compound 79

From the 1H and 13C NMR spectra of compound 79 (Figure 2-14 and Figure 2-15), it becomes
apparent that nearly all signals are doubling up. The group of Boons also reported doubling of
NMR signals when Fl-DIBO (78) was used in click reactions, however, no explanation was
given.[79] This phenomenon is likely due to the presence of two different conformational isomers
of the non-planar cyclooctatetraene (COT) unit with either no interconversion (similar to atropisomerism), or a slow interconversion on the NMR time scale.[117-119] A 3D model of the COT
unit was created using the Chem3D Pro 12 software, demonstrating the two different
“tub-shaped” conformations (Figure 2-13). It is clear that the conformations are diasteromeric to
one another, hence giving different signals in the 1H- and 13C NMR spectra, provided no fast
interconversion takes place.

Figure 2-13. 3D model of the COT unit (generated with Chem3D Pro 12) in compound 79 in its
two different “tub-shaped” conformations. The tetrazole (green) and the cyclopropenone (blue)
moieties have been simplified for clarity.
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In the 1H NMR spectrum of compound 79 (Figure 2-14), alongside the complex multiplet at
δ = 7.96 – 7.84 ppm, attributable to the four aromatic protons on the phthalimide moiety, a set of
two doublets resonates at δ = 7.60/7.57 ppm, each with 3J = 8.6 Hz. The coupling constant is
typical of aromatic ortho coupling, therefore the signal can only be assigned to either the 7’’’-H
or 9’’’-H proton. Another set of two overlapping doublets is apparent at δ = 7.52/7.51 ppm each
with 3J = 8.5. Hz. As the coupling constant also indicates ortho coupling, it can be assigned to
either the 7’’’-H or 9’’’-H proton. A more accurate assignment could be attained by means of an
NOE experiment which, however, was not conducted. Similarly, signals for the 4’’’-H and
12’’’-H protons cannot be precisely assigned, nevertheless, they can be limited to the two sets of
two doublets at δ = 7.38/7.35 ppm with 4J = 2.5 Hz and δ = 7.29/7.28 ppm with 4J = 2.7 Hz, consistent with meta-coupling. In contrast, the signals of the 6’’’-H and 10’’’-H protons resonate as
two sets of two apparent triplets at δ = 7.17/7.16 ppm and δ = 7.13/7.11 ppm. In fact, each triplet
is caused by two overlapping doublets of doublets, one from each conformer, with 3J = 8.6 Hz
(ortho-coupling) and 4J = 2.5 Hz (meta-coupling). The N-methine proton (3’-H) of each conformer resonates as a distinct set of two doublets of doublets at δ = 5.09/5.05 ppm with 3J =
13.1 Hz and 3J = 5.3 Hz. As anticipated, the two CH2 groups of the ethyl link fragment give two
intricate multiplets at δ = 4.52 – 4.34 ppm (2’’-H2) and δ = 3.95 – 3.77 ppm (1’’-H2). The latter
overlaps with the doubled (note the difference between ‘doubled’ and ‘doublet’) singlet resonances of the two methoxy groups at δ = 3.89/3.90 ppm and δ = 3.87/3.85 ppm. Finally, the CH2
groups of the glutarimide ring resonate as multiplets at δ = 2.90 – 2.78 (5’-HA), 2.77 –
2.62 (5’-HB), 2.59 – 2.37 (4’-HA) and 2.12 – 1.98 ppm (4’-HB).

Figure 2-14. 1H NMR spectrum of compound 79 at 500 MHz in DMSO-d6. Solvent peaks are
marked with an asterisk.
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The 13C NMR spectrum of compound 79 (Figure 2-15) exhibits doubling of most signals as
well. For instance, the carbonyl groups of the thalidomide portion resonate far downfield as sets
of two singlets at δ = 171.3/171.2 (C-6’), 169.3/169.2 ppm (C-2’) and 167.00/166.95 ppm (C-1,
C-3). The highly deshielded carbon nuclei adjacent to the methoxy groups (C-5’’’, C-11’’’) give
signals at δ = 162.52/162.49 ppm and δ = 162.44/162.43 ppm. By comparison to literature values
of similar compounds,[79] the cyclopropenone carbonyl resonance (C-8’’’) can be identified as the
signal at δ = 152.2/152.1 ppm. Considering the corresponding DEPT spectrum, the eight doubled
signals at δ = 151.12/151.08, 150.0/149.9, 142.1/142.0, 135.4/135.3, 133.0/132.9, 129.6/126.5,
118.4/118.3 and 116.9/116.7 ppm can be identified as the eight quaternary carbon resonances (Cq)
from the COT ring. Through an HSQC experiment, the signals at δ = 135.0/134.9 ppm and δ =
123.5/123.4 ppm can be ascribed to the symmetric C-5/C-6 and C-4/C-7 carbons of the
phthalimide moiety, while the peak at δ = 131.21/131.17 ppm is assigned to quaternary carbon
nuclei, C-3a and C-7a. The six Ar–CH carbon nuclei of the benzo substituents on the COT ring
give doubled signals at δ = 132.9/132.8, 118.0/117.9 and 117.5/117.4 ppm, and single resonances
at δ = 116.4, 116.1 and 114.8 ppm. Upfield of these resonances are the signals at δ = 56.0 and
55.8 ppm, attributable to the two methoxy carbon nuclei. While the signal at 38.8/38.6 ppm can
clearly be ascribed to the N-methine carbon (C-3’) by means of the DEPT spectrum, assignments
for the signals at δ = 46.4 (C-2’’) and 38.8/38.6 ppm (C-1’’) can readily be made via HSQC
correlations. Once again, the signals for the C-5’ and C-4’ carbons complete the spectrum at δ =
31.2 and 20.99/20.96 ppm, respectively.

Figure 2-15. 13C NMR spectrum of compound 79 at 125 MHz in DMSO-d6. Solvent peaks are
marked with an asterisk.
The IR spectrum of compound 79 shows a distinct band at 1852 cm-1 which results from the
absorption of the cyclopropenone carbonyl C=O stretch. Three additional sharp bands are found
in the 1700 cm-1 region for the C=O stretches of the carbonyl groups of the thalidomide unit. The

48 | Synthesis of Thalidomide Analogues
bands between 1395 cm-1 and 1300 cm-1 are characteristic of aromatic in-plane C–H bending absorptions. Characteristic C–O-C asymmetric stretch absorptions from the methoxy groups can be
observed at 1225 cm-1 and 1189 cm-1. The corresponding C–O-C symmetric stretch absorptions
are found at lower energy at 1028 cm-1 and 999 cm-1. Distinct bands at 820 cm-1 and 726 cm-1
represent out-of-plane bending of the aromatic C–H bonds.[89]
The identity of compound 79 can ultimately be confirmed by the ESI mass spectrum which
shows a peak at m/z = 654.1 with a relative intensity of 100%, and at m/z = 638.2 with 68%
relative intensity. These can be assigned to the molecular ion in association with a potassium ion
([M+K]+) or a sodium ion ([M+Na]+), respectively. Furthermore, the ESI high-resolution mass
spectrum was in agreement with the molecular formula C34H26N5O7 which corresponds to the
molecular ion associated with one hydrogen ([M+H]+).
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2.4.

Fluorescence profiles
Since the discovery of the fluorescent properties of quinine solutions by Sir John Fredrich

William Herschel in 1845, fluorescence has become one of the most prevalent and valuable tools
in biochemistry and biophysics. Due to high resolution techniques and sensitivity, fluorescence
now has a broad range of applications such as cellular and molecular imaging.[120] The aim of the
study described in this section was to assess how structural changes affect the fluorescence of
various thalidomide analogues. One major problem that is often encountered in cellular imaging
is non-specific background autofluorescence which can impede the specific fluorescence label.[121] Therefore, it is desirable to being able to ‘tune’ the fluorescence, thus averting issues
associated with autofluorescence. All spectra presented in this section were acquired by Dr
Charles Heath.

2.4.1. Fluorescence profiles of the N-alkylamino analogues
An interesting feature of all alkylamino analogues (cf. section 2.2) is that they inherently
exhibit very intense fluorescence, potentially opening an avenue to probe cellular processes of
thalidomide (1) without the need to greatly alter its structure. A literature search revealed that
several other groups have reported the fluorescence of amino substituted phthalimides, which
were also assessed for their potential as fluorescent probes.[122-126]
The excitation and emission spectrum of each alkylamino thalidomide analogues was recorded. For solubility reasons, DCM was chosen as the solvent. Figure 2-16 shows the excitation
spectra of all synthesised monoalkylamino thalidomide derivatives.

Figure 2-16. Excitation spectra of monoalkylamino derivatives. All spectra were recorded at a
concentration of 0.1 mg/mL in DCM. Global excitation maxima are indicated in green.
Notably, a characteristic pattern emerges depending on the substitution position. Analogues
substituted in the C5 position show three distinct excitation maxima with a global maximum at
351 nm, on average. In this series, only the isoproylamino derivative 57 slightly deviates with a

50 | Synthesis of Thalidomide Analogues
global excitation maximum at 344 nm. In contrast, the C4 substituted analogues show bimodal
excitation spectra with an average global maximum at 446 nm. The spectrum of the ethylamino
analogue 49 is an exception where the two distinct maxima nearly coalesce to one broad absorption peak; the global maximum is somewhat shifted to higher energy at 437 nm.
Emission spectra were recorded using the corresponding maximum excitation wavelength as
indicated in Figure 2-16. From the corresponding emission spectra (Figure 2-17), depending on
the substitution pattern, two distinct emission maxima are evident. While all C5 analogues, on
average, had an emission maximum in the region of blue light at 468 nm, derivatives substituted
in the C4 position emitted at slightly lower energy around 487 nm. As fluorescence emission is
generally independent of the excitation wavelength (Kasha’s rule),[120] this shift in emission is not
due to the selection of different excitation maxima.

Figure 2-17. Emission spectra of monoalkylamino derivatives. Each spectrum was obtained by
using the maximum excitation wavelength as indicated in Figure 2-16. All spectra were recorded
at a concentration of 0.1 mg/mL in DCM. Average emission maxima are indicated in red.
Remarkably, all C5 analogues exhibit an unusually large Stokes shift (difference between
maximum excitation and emission wavelength) of up to 124 nm. A large Stokes shift is desirable
for bio-applications, as small Stokes shifts can lead to self-absorption of the emitted wavelength
resulting in self-quenching. Furthermore, if the excitation wavelength is very close to the emission
wavelength, scattering excitation light would obstruct the detection.[127]
The excitation and emission spectra of the C5 dialkylamino analogues are shown in Figure
2-18. Similar to the spectra for the monoalkylamino analogues (cf. Figure 2-16), multiple excitation maxima are apparent. Interestingly, with increasing length of the alkyl chain, the global
excitation maximum experiences a small shift towards lower energy (430 nm – 442 nm). This
behaviour is mirrored in the emission spectra, in which the maxima are also shifted towards lower
energy with increasing alkyl chain length (blue light spectrum, 485 nm – 494 nm), thus located
in the same region as the emission of the C4 monoalkylamino derivatives (cf. Figure 2-17).
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Figure 2-18. Excitation and emission spectra of dialkylamino derivatives. All spectra were
recorded at a concentration of 0.1 mg/mL in DCM. Global excitation maxima are indicated in
green. Emission maxima are indicated in red.

2.4.2. Fluorescence profiles of click reaction products
The naphthalimide 71, obtained from the click-reaction presented in sections 2.3.2 and 2.3.3,
showed a bimodal excitation spectrum with a global maximum in the near UV region at 333 nm
(Figure 2-19). A large Stokes shift of around 100 nm gave the emission maximum in the violet
light spectrum at 434 nm.

Figure 2-19. Excitation and emission spectra of triazole 71. All spectra were recorded at a
concentration of 0.1 mg/mL in DCM. Global excitation maxima are indicated in green. Emission
maxima are indicated in red.
In contrast, the benzoxadiazole compound 73 exhibited three absorption peaks with a global
maximum in the blue light region at 476 nm (Figure 2-20). In agreement with a previous report,[128] a comparatively small Stokes shift of 37 nm gave the emission maximum in the green
light region at 513 nm.

52 | Synthesis of Thalidomide Analogues

Figure 2-20. Excitation and emission spectra of triazole 73. All spectra were recorded at a
concentration of 0.1 mg/mL in DCM. Global excitation maxima are indicated in green. Emission
maxima are indicated in red.
The triazole 79 obtained from the copper-free click reaction (Scheme 2-11) only exhibited
one excitation maximum in the near UV region at 347 nm, with a shoulder at 375 nm, and a
maximum emission in the blue light region at 485 nm. The large Stokes shift of 138 nm is consistent with previous reports from the literature dealing with similar Fl-DIBO compounds.[79] A
common problem often faced in bioimaging is high background noise from the unreacted fluorophore in the cells.[78] As both precursors (67 and 78) to form fluorescent probe 79 are
non-fluorescent (cf. Scheme 2-11), this system could be suitable for bioimaging.

Figure 2-21. Excitation and emission spectra of triazole 79. All spectra were recorded at a
concentration of 0.1 mg/mL in DCM. Global excitation maxima are indicated in green. Emission
maxima are indicated in red.
In conclusion, it was shown that the attachment of an alkylamino tether to the thalidomide
phthalimide unit, or the addition of a fluorophore via click reactions, results in fluorescent compounds. Depending on the compound, the excitation maxima ranged between 333 and 476 nm,
whereas emission maxima lay between 434 and 513 nm. Moreover, very large Stokes shifts of up
to 138 nm were observed in some instances. While a potential application of fluorescent probe 79
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is discussed in chapter 3, the applicability of probes 73 and 71, as well as the N-alkylamino analogues (cf. section 2.4.1), has yet to be assessed in biological assays.

2.5.

Fluorine-18 radiolabelling studies

The study to attach a radioactive fluorine label to thalidomide was conducted at the ANSTO
radiochemistry facilities in collaboration with Dr Lidia Matesic and Dr Nigel Lengkeek.
Fluorine-18 is one of the most important radioisotopes for positron emission tomography
(PET). It is readily synthesised in small compact cyclotrons by proton bombardment of 18O-enriched water. Its relatively short half-life (109.7 min) and the only decay product being innocuous
O, make 18F attractive for in vivo imaging.[85, 129]

18

Aromatic nitro-compounds have shown to be suitable precursors for
ments via nucleophilic aromatic substitution reactions (SNAr).[85,

130]

F-labelling experi-

18

The synthesis of

4-[18F]fluorothalidomide ([18F]44) from 4-nitrothalidomide (38) has been described by Choe et
al.[84] However, radiochemical yields (RCY) were quite poor, and in vivo applicability in studies
of angiogenesis in mice was limited. In an effort to improve the 18F-labelling efficiency, the less
sterically hindered 5-nitrothalidomide (40) isomer was chosen for this study. Having the fluorine
in the C5 position may also alter the drug metabolism with regards to hydroxylation (cf. section
1.2),[131-132] potentially giving more conclusive in vivo study results. Alternatively, it was proposed
to introduce a radioactive 18F-label to the aliphatic sidechain of bromoethylthalidomide 66 via a
nucleophilic substitution reaction.[133]

2.5.1.

18F-labelling

of thalidomide

In general, adding aqueous H18F to a solution of 2.2.2-cryptand and K2CO3 in MeCN/H2O
followed by azeotropic distillation gave the dried crypt-222·K18F complex 82 (Figure 2-22). The
cryptand serves to capture the potassium cation, separating it from the fluoride ion. This increases
the solubility of fluorides in polar aprotic solvents, and enhances fluoride nucleophilicity.[129]

Figure 2-22. Structure of the crypt-222·K18F complex 82 showing the capture of the K+ ion.
As proposed, a set of reaction conditions to synthesise 18F-labelled thalidomide [18F]42 via
an SNAr reaction is shown in Table 2-4. Subjecting the precursor 40 to the crypt-222·K18F complex in DMF at 100 °C gave an RCY of 10% after five minutes (entry 1). The poor RCY did not
improve significantly with extended reaction times (entries 2 and 3). Increasing the temperature
to 120 °C only had a small impact, increasing the RCY to 14% at the five minute time point
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(entry 4). Changing the solvent to DMSO did not affect the RCY at 100 °C (entries 6-8), however,
increasing the temperature to 150 °C dramatically improved the RCY to 48% after only five
minutes (entry 9). Extended reaction times had a deleterious effect, decreasing the RCY to 24%
after 20 minutes (entries 10 and 11). Microwave irradiation was also considered, however due to
time-constraints, no experiments could be conducted. Under further investigation, it was revealed
by the HPLC chromatogram that significant amounts of defluorination at later reaction time points
caused a drop in RCY. While the result shown in entry 9 was promising, an issue arose concerning
reproducibility. Inexplicably, every attempt to repeat the result from entry 9 was unsuccessful,
giving either no product or only very small amounts (<5% RCY).
Table 2-4. 18F-labelling of 5-nitrothalidomide 40 via nucleophilic aromatic substitution (SNAr).

Entry

Solvent

Temperature (°C)

Time (min)

RCY (%)*

1

DMF

100

5

10

2

DMF

100

10

13

3

DMF

100

20

13

4

DMF

120

5

14

5

DMF

120

20

12

6

DMSO

100

5

10

7

DMSO

100

10

12

8

DMSO

100

20

10

9

DMSO

150

5

48

10

DMSO

150

10

40

11

DMSO

150

20

24

* All values are decay corrected.

The RCY in each case was determined by radio HPLC, and is the ratio of radioactivity associated with the product peak of [18F]42 and the total amount of radioactivity present immediately
before HPLC injection (Figure 2-23). The identity of radiolabelled compound [18F]42 was confirmed by co-injecting it with non-radioactive standard 42. Peaks corresponding to products of
decomposition were often located near the peak for the 19F standard. Nonetheless, from Figure
2-23b it is clear that the radioactivity detection peak aligns with the UV detection peak at around
10.6 minutes, thereby confirming the presence of [18F]42.
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Figure 2-23. Exemplary HPLC chromatograms of the radioactive channel (top) and UV channel
(bottom). a) Crude reaction mixture b) co-injection of the collected product peak with the 19F
standard 42.
Attempts of labelling thalidomide via aliphatic nucleophilic substitution are presented in Table
2-5. Subjecting bromide 66 to the dried crypt-222·K18F complex in MeCN at 100 °C only showed
decomposition of the precursor 66 at each time point (entries 1-3). No improvement was observed
after lowering the temperature to 80 °C, with decomposition of the starting material 66 still prevailing (entries 4-7).
Table 2-5. 18F-labelling of bromoethyl thalidomide 66 via aliphatic nucleophilic substitution.

Entry

Solvent

Base

Temperature (°C)

Time (min)

RCY (%)

1

MeCN

K2CO3

100

5

decomposition

2

MeCN

K2CO3

100

10

decomposition

3

MeCN

K2CO3

100

20

decomposition

4

MeCN

K2CO3

80

2

decomposition

5

MeCN

K2CO3

80

5

decomposition

6

MeCN

K2CO3

80

10

decomposition

7

MeCN

K2CO3

80

20

decomposition

8

MeCN

K2(ox)

70

5

no reaction

9

MeCN

K2(ox)

70

10

no reaction

10

MeCN

K2(ox)

70

20

no reaction

11

DMF

K2(ox)

120

5

no reaction

12

DMF

K2(ox)

120

10

no reaction

13

DMF

K2(ox)

120

20

no reaction

56 | Synthesis of Thalidomide Analogues
Using the weaker base potassium oxalate and further lowering the temperature to 70 °C seemed
promising as the starting material 66 remained intact, however, no desired substitution product
[18F]65 was formed (entries 8-10). Likewise, conducting the reaction at higher temperature
(120 °C) with DMF as the solvent showed only starting material and no traceable fluorinated
product [18F]65 (entries 11-13). It should be noted that no experiments with non-labelled reagent
were conducted, as they would not give a proper representation of the conditions in a radiolabelling procedure.i

2.5.2. Future directions for radiolabelling
Due to the limited time available at the ANSTO radiochemistry lab, no further studies could
be conducted. While the results of labelling thalidomide via the SNAr route (Table 2-4) were
promising, they were very inconsistent. An alternative approach could involve replacing the nitro
moiety with a better leaving group such as the trimethylammonium group (83) as also reported
by Kim et al. (Scheme 2-12).[84]

Scheme 2-12. Proposed future direction for radiolabelling studies using trimethylammonium
triflate 83.
Given the success of the click reactions described in section 2.3 (Scheme 2-9), another route
to introduce the 18F-label could be to utilise alkyne 84 and [18F]-fluoroethylazide 85 to potentially
give 18F-labelled triazole 86 (Scheme 2-13). The [18F]-azide 85 can be obtained from 2-azidoethyl
toluenesulfonate (81) (cf. section 2.3.4), and the synthesis has been described by Årstad et al.[134]
Due to the additional synthetic step, this method would, however, take significantly longer, and
thus the additional decay of 18F in the process would ultimately lead to a weaker PET signal.

Scheme 2-13. Proposed future direction for radiolabelling studies utilising copper-catalysed click
reactions.

In radiolabelling experiments, the substrate typically is present in extreme excess (million-fold) compared to the very small amount of 18F-reagent available.
i)
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3.

BIOLOGICAL EVALUATION

3.1.

TNF expression inhibition and cell viability

All assays presented in this section were conducted at the University of Western Australia in
collaboration with Professor Lawrie Abraham. All aniline derived compounds have been
previously been published in the journal ‘Medicinal Chemistry Communications’ in 2011,
co-authored by the candidate, and are presented in this chapter for comparison (cf.
section 1.4.1).[65, 87]
One aim of this project was to determine if the aromatic spacer unit, used in previous Stewart
group analogues, is needed for the enhanced activity of the thalidomide analogues derived from
palladium catalysed Buchwald-Hartwig amination reactions (section 1.5.1). Figure 3-1 shows the
TNF expression inhibition of selected compounds developed in this series in comparison to thalidomide (1), and currently used therapeutic agent lenalidomide (2).[65] Two general trends
became evident for both concentrations at 10 μM and 100 μM. Firstly, analogues with the aniline
substituent in the C4 position were more active than its C5 counterpart. Secondly, an increase in
hydrophobicity of the aniline unit generally resulted in an increase of activity. Compound 87,
bearing no alkyl tether, showed no increase in activity compared to lenalidomide (2) at 10 μM. In
contrast, the most active compound, t-butyl aniline derivative 14, was nine-fold more active (35%
inhibition) than lenalidomide (2), and eighteen-fold more active than thalidomide (1) itself. Remarkably, almost complete inhibition of TNF expression (95%) was observed for compound 14
at higher concentrations (100 μM).
The same analogues were also tested for cytotoxicity via flow cytometry (Figure 3-2). At
10 μM, all compounds showed low cell death levels (max. 11%), comparable to thalidomide (1)
(5%). However, a significantly higher cytotoxicity was observed compared to both thalidomide
(1) and lenalidomide (2) at the higher dose of 100 μM. As in the case of TNF expression inhibition, there is a correlation between hydrophobicity and cytotoxicity, with t-butyl analogue 14
showing the highest cell death (86%). Through FITC staining (cf. section 1.5.2, Figure 1-14), it
was determined that at 100 μM, in nearly all cases the cell death was entirely caused by apoptosis;
a phenomenon that had also been observed for alkynyl aldehyde analogue 13 (cf. section 1.4.1)
previously synthesised by the Stewart group.[64] As the apoptosis assay was only conducted once
for each compound, some discrepancies between total cell death and apoptosis are noticeable (e.g.
compound 93). In some cancer treatments is has been shown, that malignant cells are killed selectively via apoptosis.[66-68] Various studies deal with the relationship between TNF expression
and apoptosis which suggest that NFκB activation prevents apoptosis.[135-137] As the assay used in
this work specifically targets the NFκB pathway of TNF (cf. section 1.5.2), it seems plausible that
the TNF expression inhibition presented in Figure 3-1 leads directly to the apoptotic cell death
shown in Figure 3-2.
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Figure 3-1. TNF expression inhibition of selected compounds previously synthesised through
Buchwald-Hartwig aminations compared to thalidomide (1) and lenalidomide (2). All compounds
were assayed in triplicate as racemic mixtures in 0.1% DMSO solution using the Jurkat cell line.
Significance compared to thalidomide (1) was estimated using the unpaired Student’s T-test. † not
significant; * significant (p-value < 0.05); ** very significant (p-value < 0.01). Error bars
represent the standard error of the mean.

Figure 3-2. Cell death and apoptosis caused by selected compounds previously synthesised
through Buchwald-Hartwig amination reactions compared to thalidomide (1) and lenalidomide
(2). Cell death assays were conducted in triplicate while the apoptosis assay was only done once.
All compounds were assayed as racemic mixtures in 0.1% DMSO solution. Error bars represent
the standard error of the mean.
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To determine whether or not the aromatic spacer groups are necessary the for enhanced activity of the compounds shown in Figure 3-1, the compounds lacking the aromatic unit (cf. section
2.2) were also tested for the ability to inhibit TNF expression inhibition (Figure 3-3). N-heteroaromatic analogue 39 was tested in order to determine, how an additional nitrogen atom within the
phthalimide ring system would affect the activity. It became immediately apparent that none of
the compounds were as active as their aniline derived counterparts (cf. Figure 3-1).

Figure 3-3. TNF expression inhibition of compounds synthesised as reported in section 2.2
compared to thalidomide (1) and lenalidomide (3). All compounds were assayed in triplicate as
racemic mixtures in 0.1% DMSO solution using the Jurkat cell line. Significance compared to
thalidomide was estimated using the unpaired Student’s T-test. † not significant (p-value > 0.05);
* significant (p-value < 0.05); ** very significant (p-value < 0.01). Error bars represent the
standard error of the mean.
At 10 μM, no compound showed any significant enhanced activity compared to thalidomide
(most p-values fell outside the 0.05 confidence interval). Moreover, all compounds were less active than current therapeutic agent lenalidomide (2). At 100 μM, similar trends were observed as
for the aniline derived counterparts (cf. Figure 3-1). Generally, analogues substituted in the C4
position were more active than the ones with a substituent in the C5 position. Again, an increase
in hydrophobicity (i.e. longer alkyl chain) correlated with higher activity, with analogues bearing
a pentylamine substituent (51 and 56) showing the highest TNF expression inhibition (42% and
13%, respectively). None of the dialkylated analogues (58 – 61) showed any increase in activity.
Unusually, some compounds initiated an increase in the production of TNF (e.g. 60); an effect
that had also been observed in rare cases with the compounds obtained via Buchwald-Hartwig
reactions.[65] The fact that the TNF expression inhibition of propylaniline derivative 89 (24% at
10 μM) is about six times as high as that of propylamine derivative 46 (4% at 10 μM), suggests
that the aromatic spacer unit is indeed needed for the enhanced activity to inhibit TNF expression.
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Although the bioisosteric N-heteroaromatic analogue 39 did not show a substantial increase
in activity compared to thalidomide (1), replacements of phenyl rings with pyridyl rings can often
be used to improve metabolic stability of a drug.[138] As discussed in the pharmacokinetics section
(cf. section 1.2), the metabolic stability is often a problem encountered in therapies using thalidomide (1) when very high doses need to be administered for an effective treatment.
Figure 3-4 shows the amount of cell death caused by the alkylamino analogues. Generally,
they exhibited only low cell death at both 10 μM and 100 μM. The most active compound 51 also
caused the highest percentage of cell death at 100 μM (15%). Strangely, dialkylamino compounds
60 and 61 did not show any enhanced TNF expression inhibition (cf. Figure 3-3), but cell death
was relatively high (31% and 36%, respectively). Again, in most cases the cell death was entirely
caused by apoptosis. Discrepancies (e.g. 53 and 61) could be explained by the fact that the apoptosis assay was only conducted once for each of these compounds.

Figure 3-4. Cell death and apoptosis caused by compounds synthesised as reported in section 2.2
compared to thalidomide (1) and lenalidomide (2). Cell death assays were conducted in triplicate
while the apoptosis assay was only performed once. All compounds were assayed as racemic
mixtures in 0.1% DMSO solution. Error bars represent the standard error of the mean. An
apoptosis assay for compounds 39, 49 and 54 was not conducted.
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3.2.

Growth inhibitory effects in various cancer cell lines

All assays presented in this section were conducted at the University of Newcastle, Australia, in
collaboration with Professor Adam McClusky. All previously reported compounds were prepared
by the candidate for this assay.
It was established that thalidomide analogues containing an aniline substituent exhibit high
inhibition of TNF expression, particularly when the aniline unit had a hydrophobic aliphatic group
attached (cf. Figure 3-1). At high concentrations, this effect was accompanied by high cell death
through apoptosis (cf. Figure 3-2). As mentioned before, the apoptotic cell death pathway has
been targeted in various cancer treatments.[66-68] Therefore, a cell growth inhibition assay was
conducted in which various cancer cell lines were subjected to an initial 25 μM screen of selected
aniline substituted thalidomide analogues that had shown the highest TNF expression inhibition
(cf. section 3.1). As a comparison, current therapeutic agents pomalidomide (3), lenalidomide (2)
and thalidomide (1) itself were also assayed.
The growth inhibition in the human breast cancer cell line MCF-7 was between 26 – 42%
when subjected to aniline derived thalidomide analogues (Figure 3-5). The results of the TNF
expression inhibition assay were mirrored insofar, as the most hydrophobic C4 analogues (90 and
14) were also the most active compounds in this assay. The t-butyl aniline derivative 90 was about
four times more active than the parent drug 1. In the ovarian cancer cell line A2780, the growth
inhibition was even more pronounced. While all C4 analogues were significantly more active than
their C5 counterparts, C4 pentyl analogue 90 inhibited cancer cell growth by 54%, which is an
18-fold increase in activity compared to thalidomide (1). In contrast, with a maximum growth
inhibition of 13%, neither of the compounds were particularly successful in restricting the growth
of the prostate cancer cell line Du145.
The effect on the growth of the human lung cancer cell line H460 was only modest, with all
analogues showing very similar inhibitory effects between 20 – 30% (Figure 3-6). Nonetheless,
all aniline derived compounds were still significantly more active than both pomalidomide (3)
and lenalidomide (2) or thalidomide (1). The growth inhibition effects were also generally modest
in the skin cancer cell line A431. Again, the t-butyl aniline derivative 14 was the most active with
24% growth inhibition.
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Figure 3-5. Cell growth inhibition of breast, ovarian and prostate cancer cell lines in response to
25 M of the corresponding compound. All compounds were assayed in triplicate as racemic
mixtures.

Figure 3-6. Cell growth inhibition of lung and skin cancer cell lines in response to 25 M of the
corresponding compound. All compounds were assayed in triplicate as racemic mixtures.
Figure 3-7 shows the results of several brain tumour cell lines that were assayed. Cancer cell
growth in the neuroblastoma cell line BE2-C was inhibited by up to 32% after treatment with
t-butyl aniline derivative 90. Given glioblastoma multiforme is the most aggressive type of brain
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tumour, with a median survival time of only fifteen months,[139-140] it was promising to observe
that compound 90 caused almost 60% growth inhibition in the murine glioblastoma SMA cell
line. In this case, once more, it was obvious that all C4 analogues were significantly more active
than the corresponding C5 analogues. Unfortunately, in the paediatric glioblastoma cell line
SJ-G2, the cell growth inhibition was not as pronounced, with i-propyl (88), and t-butyl aniline
derivative 14, causing only about 25% growth inhibition. Likewise, in the adult glioblastoma cell
line U87 all compounds exhibited growth inhibitions of less than 20%.

Figure 3-7. Cell growth inhibition of neuroblastoma and glioblastoma cell lines in response to 25
M of the corresponding compound. All compounds were assayed in triplicate as racemic
mixtures.
Finally, pancreas cancer cell line MIA PaCa-2, and the two colon cancer cell lines HT29 and
SW480 were assayed (Figure 3-8). The two colon cancer cell lines differ in their cytogenetics
(modal chromosome number), morphological features, and their ability to synthesise carcinoembryonic antigen (CEA).[141] The cancer cell growth inhibition in the pancreas cell line was only
modest. All C4 analogues inhibited cell growth by only 20-30%, while C5 analogues proved less
active again. In the SW480 colon cancer cell line, once again, t-butyl aniline derivative 14 demonstrated the highest activity in the series with 46% cell growth inhibition. Of all tested cancer cell
lines, the highest levels of growth inhibition was observed in colon cancer cell line HT29. Notably, analogues 88, 14 and 95 caused between 60-70% cell growth inhibition. Notwithstanding the
unusually large error bar for compound 14, it is interesting that in this particular example, C5
t-butyl aniline derivative 95 is similarly active as its C4 counterpart 14.
In summary, twelve cancer cell lines were assayed for cell growth inhibition in response to
treatment with the aniline derived thalidomide compounds that proved most active in the TNF
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expression inhibition assay (cf. section 3.1). Once more, the hydrophobicity of a compound correlated with its activity (i.e. the ability to suppress cancer cell growth), with the C4 substituted
analogues generally being more effective than their C5 counterparts (a structure-activity relationship is discussed in the subsequent section 3.3). At a relatively high screen concentration of
25 μM, all compounds caused higher cell growth inhibition than current therapeutic agents thalidomide (1), pomalidomide (3) and lenalidomide (2). While some results were promising,
particularly in the colon cancer cell line (HT29), as well as in the murine glioblastoma cell line
(SMA), it has yet to be determined whether or not the compounds tested are selective for tumourigenic cells over healthy cells.

Figure 3-8. Cell growth inhibition of colon and pancreas cancer cell lines in response to 25 M
of the corresponding compound. All compounds were assayed in triplicate as racemic mixtures.

3.3.

Structure-activity relationship
It was established that an aromatic spacer between the amine and the alkyl tether is necessary

for the enhanced biological activity of thalidomide analogues described in this work (cf. section
3.1 and 3.2). Furthermore, analogues substituted in the C4 position were generally more active
than their C5 counterpart. More importantly, a strong correlation between hydrophobicity and
activity was apparent, which needed to be investigated further.
A quantitative measurement of hydrophobicity is the logP value in which P is the partition
coefficient. P is defined as the ratio of the concentration of a specific compound in octanol to its
concentration in water (P = [solute]octanol/[solute]water).[142] Hence, a higher value means higher solubility in the octanol layer and higher hydrophobicity. The logP value is often used in medicinal
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chemistry to estimate a drug’s ability to cross the cell membrane. A value between -0.4 and +5.6
is generally considered desirable with respect to factors such as bioavailability and drug-likeness
(Lipinski’s rule of five).[143-145] While the logP value can be determined experimentally, it is often
estimated computationally (clogP).[146] The software ChemDraw® Ultra 12 was used in this study
to determine clogP values of various thalidomide analogues that had been assayed for TNF expression inhibition. All clogP values are tabulated in Table 3-1 along with each compound’s
corresponding TNF expression inhibition at 100 μM.
Table 3-1. Calculated logP values of various thalidomide analogues* and their TNF expression
inhibition. All calculations were performed with the software ChemDraw® Ultra 12.
Carbon
Substitution
R=
-NH-Ph
-NH-p-Tol
-NH-p-C6H4-Et
-NH-p-C6H4-iPr
-NH-p-C6H4-Pr
-NH-p-C6H4-Pent
-NH-p-C6H4-tBu
-NH-p-C6H4-OMe
-NH-p-C6H4-C(O)Me
-NH-Et
-NH-iPr
-NH-Pr
-NH-Bu
-NH-Pent
-N-Et2
-N-Pr2
-N-Bu2
-N-Pent2

87
91
96
97
98
99
88
92
89
93
90
49
14
95
100
101
102
103
49
53
52
57
46
54
50
55
51
56
58
59
60
61

C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C4
C5
C5
C5
C5
C5

clogP
2.55
3.06
3.58
3.98
4.11
5.17
4.38
2.54
2.19
1.11
1.41
1.64
2.16
2.69
2.06
3.12
4.18
5.24

TNF Expression
Inhibition at 100 μM (%)
17.0
16.0
49.0
19.0
68.0
67.0
75.0
65.0
81.2
84.6
92.5
93.6
95.3
89.3
45.0
29.0
16.0
9.00
5.62
6.60
3.85
6.05
7.26
3.43
14.3
1.69
41.7
13.4
5.75
6.50
4.91
-3.26

* All aniline derived compounds have been described in previous work by the Stewart group and are listed
for comparison.[65, 87]

Figure 3-9 shows the TNF expression inhibition of each compound plotted against its clogP
value. It is clear that the biological activity dramatically increases with increasing clogP value,
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particularly in the case of the aniline derived analogues (i.e. ArNH). This trend is less pronounced
for the alkylamine analogues (i.e. AlkNH). Interestingly, no increase in activity was observed
with increasing logP value for the dialkylamino analogues (i.e. Alk2N), suggesting that the free
amine proton may be involved in binding to the active site, possibly as a hydrogen bond donor.

Figure 3-9. Plot of TNF expression inhibition vs. calculated logP values grouped by compound
substitution type and pattern.

3.4.

Identification of molecular targets

The bioassay described in this section was conducted in collaboration with Prof Lawrie Abraham
and Dr Keith Stubbs. The candidate synthesised all compounds for this assay.
Thalidomide (1) may affect several biological pathways, and although CRBN has recently
been identified as a molecular target,[44, 48] any study which identifies further targets is considered
extremely important (cf. section 1.3.1). While the method used to identify CRBN as a molecular
target involved thalidomide-immobilised FG beads, this approach utilises PAL-thalidomide analogue 82 (cf. section 2.3, Table 2-3). Compound 82 contains both an aryl-azide, as well as a tether
bearing an additional azide moiety (Scheme 3-1). It was proposed that once 82 has been subjected
to cells and reached its ultimate protein target(s) (Scheme 3-1, A), the aryl azide could be
photo-activated by UV light. This would form a very reactive nitrene species which could then
bind to proteins in close proximity (B).[109, 147] As shown in section 2.3 with azidoethylthalidomide
67 (cf. Scheme 2-11), the aliphatic azide tether can then undergo a click reaction, after protein
denaturation, with non-fluorescent Fl-DIBO (78) to give a fluorescent triazole (C). The addition
of this moiety allows for visualisation of the protein targets after gel electrophoresis (D), similar
to the study done by Hanover et al.[148] Proteolytic digestion of the purified protein, followed by
mass spectrometric analysis should then identify molecular targets.

68 | Biological Evaluation
Scheme 3-1. Schematic representation of the proposed method to identify a molecular target of
thalidomide (1).

To determine whether the azide derivatisation dramatically affects the activity of thalidomide
(1), compounds 67 and 82 were first tested in the TNF reporter assay (cf. section 3.1). Figure 3-10
shows that neither azide exhibits significant enhanced or diminished TNF expression inhibition
(p-value > 0.05). This clearly suggests that the installation of an azide moiety does not affect the
activity of thalidomide (1), and both azides, 67 and 82, closely resemble the parent drug.
To find the optimal irradiation conditions for the photoaffinity binding step (Scheme 3-1, B),
UV absorbance spectra as a function of irradiation time were recorded (Figure 3-11). Solution
spectra were recorded before and after irradiation at 254 nm with a 6 watt handheld UV lamp. It
is clear that the maximum absorption peak of PAL-thalidomide derivative 82 at 262 nm diminishes after 5 minutes, and disappears completely after 15 minutes (Figure 3-11a). For solubility
reasons, chloroform was used as the solvent, however, this is assumed to not detract from the
photoaffinity features of compound 82. Although there appears to be a solvent absorption overlap
when a DMSO/H2O mixture was used, a peak at 262 nm is still visible which diminishes upon
UV irradiation (Figure 3-11b).
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Figure 3-10. TNF expression inhibition of azides 67 and 82 compared to thalidomide. All
compounds were assayed in triplicate as racemic mixtures in 0.1% DMSO solution. Significance
compared to thalidomide was estimated using the unpaired Student’s T-test. † not significant
(p-value > 0.05). Error bars represent the standard error of the mean.
To confirm that the diminishing absorption peak is indeed due to a photoreaction of the aryl
azide, spectra of compound 80 lacking the alkyl azide tether (cf. Table 2-3) were also recorded.
Evidently, aryl azide 80 exhibits the same absorption maximum as PAL-thalidomide 82 at 262 nm
which disappears upon UV irradiation (Figure 3-11c). Lastly, a UV absorption spectrum of the
alkyl azide thalidomide derivative 67 was recorded, which shows no absorption peak at 262 nm
confirming the selective photoreactivity of the aryl azide in PAL-thalidomide 82 (Figure 3-11d).

Figure 3-11. UV absorption spectra of a) PAL-thalidomide 82 in CHCl3 (330 μM), b) PALthalidomide 82 in 2:1 DMSO/H2O (330 μM), c) aryl azide 80 in CHCl3 (330 μM), d) alkyl azide
67 in CHCl3 (330 μM). Each sample was irradiated with a 6 watt handheld UV lamp (254 nm)
for the time period indicated.
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In a preliminary study, the PAL-thalidomide 82 (100 μM) was incubated with Jurkat cells in
separate experiments for either 6 h or 24 h, respectively (cf. Scheme 3-1A). Following the incubation period, the cells were UV irradiated (254 nm) for 15 minutes to initiate the photoreaction
(cf. Scheme 3-1B). Subsequently, the cells were treated with Fl-DIBO (78) for 2 h (cf. Scheme
3-1C). Unfortunately, an attempt to isolate the target protein via gel electrophoresis (cf. Scheme
3-1D) was unsuccessful as no clear fluorescent band could be identified.
At this stage it is not clear what exactly caused the inconclusive outcome of this assay. It is
possible that the desired click reaction, to form a fluorescent triazole, did not take place in the
aqueous cell medium. The test reaction with Fl-DIBO (78) described in section 2.3 was conducted
in a MeOH/DCM mixture as solubility in water was very poor (cf. Scheme 2-11), hence insolubility of Fl-DIBO (78) may have inhibited the desired click reaction. Furthermore, the azide
derivatisation may not affect TNF expression, however, it might compromise binding at the protein level. The crystal structure of the primary target CRBN in complex with IMiDs was published
after the work described in this section was conducted.[48-49] Given the glutarimide ring is buried
within the hydrophobic binding pocket (cf. section 1.3.1), the azidoethyl tether may prevent the
PAL-thalidomide 82 from entering this site. However, additional and very complex crystallographic evidence would be required to confirm this hypothesis. Alternatively, potentially a more
selective PAL such as a diazirine could be used in future studies.[149]
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4.

SUMMARY AND CONCLUSIONS – PART I
The first part of this thesis described the synthesis and biological evaluation of various ana-

logues of the pharmaceutical drug thalidomide (1). One of the aims was to determine whether the
aromatic spacer unit in the aniline derived thalidomide analogues, previously reported by the
Stewart group,[65] is necessary for their enhanced ability to inhibit TNF expression. In summary,
fifteen new N-alkylamino thalidomide analogues (48) were prepared, in generally high yields,
using a domino hydrogenation-reductive amination one-pot reaction (Scheme 4-1). The main result from the biological evaluation of these compounds was that analogues missing the aromatic
spacer group are significantly less active in terms of TNF expression inhibition. Nonetheless, the
N-alkylamino analogues show a similar trend as their aniline based counterparts with regards to
hydrophobicity in correlation to biological activity. A structure-activity relationship (SAR) was
established, indicating that more hydrophobic thalidomide derivatives generally cause a higher
inhibition of TNF expression (cf. section 3.3).

Scheme 4-1. New N-alkylamino thalidomide analogues prepared through a domino
hydrogenation-reductive amination one-pot reaction.
Interestingly, all N-alkylamino thalidomide analogues were strongly fluorescent. It was
shown that the emission wavelength can be tuned via the substitution pattern, and to a certain
extent, through varying the alkylchain length. Moreover, a number of fluorescent probes were
synthesised through copper catalysed and copper-free click chemistry (Figure 4-1).

Figure 4-1. Thalidomide fluorescent probes synthesises through copper-catalysed (71 and 73)
and copper-free click chemistry (79).
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The latter utilised a strain-promoted process involving cyclooctyne pre-fluorophores (79)
that is potentially useful for in vitro and/or in vivo studies. In addition, a brief study on radiolabelling thalidomide (1) was conducted to give an 18F-thalidomide analogue for potential use in PET
applications (cf. section 2.5.)
Finally, a thalidomide analogue (82) bearing an azide photoaffinity label and alkyl azide
tether was synthesised (Figure 4-2). As its biological activity was similar to the parent compound
thalidomide (1), it was proposed to use PAL-thalidomide 82 for the identification of thalidomide’s
(1) molecular targets. A preliminary in vitro study was conducted using Jurkat cells. Unfortunately, the outcome was inconclusive, and additional experiments are required to establish
whether PAL-thalidomide 82 is a suitable candidate in terms of elucidating the molecular mode
of action of thalidomide (1).

Figure 4-2. Thalidomide analogue bearing an azide photoaffinity label and an alkyl azide tether
for in vitro click chemistry.
While the protein CRBN had been identified as a molecular target of thalidomide, it was
suggested that there are additional biological targets. During the course of the work described in
this PhD thesis, the exact structure of the thalidomide CRBN binding pocket was reported (cf.
section 1.3.1). A key result from this study was that thalidomide binds CRBN through the glutarimide unit while the phthalimide unit is partially solvent exposed. Thalidomide analogues
lacking the glutarimide were shown not to bind to CRBN, whilst still inhibiting TNF expression.
This may explain, in part, why PAL-thalidomide 82 did not give any conclusive results in the in
vitro study, given the alkyl azide tether is attached to the glutarimide unit. Nevertheless, as mentioned in the introductory chapter (cf. section 1.4), thalidomide derivative apremilast (4), missing
the glutarimide moiety, does not bind to CRBN, yet it still inhibits TNF expression. [56-57] This
strongly suggests, that an additional target might still exist which is yet to be found.

PART II: NEW NICKEL CATALYSTS FOR
ORGANIC SYNTHESIS
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5.

GENERAL INTRODUCTION - PART II

5.1.

A brief history of organonickel chemistry
When nickel was first isolated by mineralogist Axel F. Cronstedt in 1751, the reputation of

this group 10 metal was of a rather accursed nature. The discovery of a new ore which was thought
to contain copper caused great excitement among miners. However, after several arduous
attempts, all they were able to obtain was a seemingly worthless metal. Superstitiously, the miners
named it Kupfernickel (copper-nickel) after ‘Old Nick’, a mischievous demon who was accused
of having bewitched the ore.[150-151] The miners’ disappointment notwithstanding, a new chemical
element was discovered. Today, the ill-fated ore is known as nickeline, a mineral consisting of
nickel arsenide.
In 1890, Ludwig Mond serendipitously discovered that nickel readily reacts with carbon
monoxide at low temperatures to form the very volatile nickel(0) tetracarbonyl (Ni(CO)4).[152-153]
This organonickel compound decomposes upon heating to over 180 °C, depositing nickel metal
and releasing carbon monoxide gas. Despite the extreme toxicity of Ni(CO) 4 (estimated to be
immediately fatal at 30 ppm),[154] this so-called ‘Mond process’ has been used to refine nickel
industrially. Mond’s discovery is now considered the cornerstone of organonickel chemistry,
which quickly sparked huge enthusiasm for this new field of research.[153] In 1897, Paul Sabatier
found that in the presence of nickel metal, ethylene is quickly hydrogenated to form ethane. For
this pivotal discovery, he received the Nobel Prize for Chemistry in 1912. Although, research in
the field of organonickel chemistry continued, findings during the war periods were often
obscured or received little attention (cf. section 5.2).
It was not until 1948 that another breakthrough in the chemistry of nickel was achieved by
Walter Reppe and co-workers who reported the polymerisation of acetylene to cyclooctatetraene
(COT) in the presence of nickel catalysts.[155] Interestingly, mechanistic aspects of this transformation involved one of the earliest proposals of a metallacycle.[153] Undeniably, one of the major
contributors to organonickel chemistry was Günther Wilke in the 1960s and 1970s, with his fundamental findings regarding the structure and reactivity of nickel complexes for olefin
oligomerisation reactions.[153, 156-157] At the time, an unrelated polymerisation method, developed
by Karl Ziegler and co-workers, produced long-chain alkylaluminium compounds via repetitive
insertion of ethylene into the Al-C bond.[158] Wilke’s work in the field of nickel chemistry was
initiated when his group serendipitously discovered that trace amounts of nickel in the Ziegler
process led to early alkyl chain growth termination to form exclusively 1-butene. This phenomenon became known as the ‘nickel effect’.[159] Investigations into this effect ultimately led to the
development of novel methods to produce transition-metal complexes. Thus, the all-trans-cyclododecatriene nickel(0) compound (Ni(cdt)) was the first nickel(0) olefin complex to be isolated
(Figure 5-1). Ni(cdt) is a chiral compound as the three double bonds assume a propeller-like arrangement about the nickel metal centre. Interestingly, Ni(cdt) catalyses the trimerisation of
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1,3-butadiene to form all-trans-cyclododecatriene (CDT) again.i In fact, it was shown that in this
process, the CDT ligand is replaced by three molecules of 1,3-butadiene which, in turn, form a
new molecule of CDT (i.e.: 3C4H6 + Ni(cdt) → Ni(cdt) + CDT). Hence, the CDT ligand is handed
down from the Ni(cdt) complex from generation to generation.[151]

Figure 5-1. Some synthetically and industrially relevant nickel olefin complexes synthesised by
Wilke’s group.
The homoleptic nickel olefin complex Ni(C2H4)3 was also prepared by Wilke’s group. It was
shown to catalyse the reaction between tributylaluminium and ethylene to give the industrially
useful chemical triethylaluminium. Moreover, the synthesis of bis(η3-allyl) nickel(II) opened up
the synthetically and industrially very relevant area of π-allyl transition metal complexes. More
importantly, Wilke also prepared the 18-electron complex bis(1,5-cyclooctadiene)nickel(0)
(Ni(cod)2). Initially used predominantly for olefin oligomerisation reactions, it has proven to be
an excellent catalyst for a plethora of cross-coupling reactions, and is now widely used for this
purpose. Despite its closed-shell configuration, Ni(cod)2 is very labile and readily decomposes
under air.[153, 156] A central theme of this part of the thesis is the development of air-stable alternatives to Ni(cod)2.

5.2.

Milestones in metal catalysed cross-coupling reactions
Broadly speaking, in a cross-coupling reaction, two different carbon atoms are linked in a

targeted way to form a new C–C bond. The concept of cross-coupling reactions can also be
extended to heteroatoms (e.g.: the formation of C–N and C–O bonds). In contrast, the term
homocoupling is used for the linkage of identical carbon atoms. In this section, some of the most
significant findings in the field of coupling chemistry are presented.
In 1855, Charles-Adolphe Wurtz reported the first metal mediated homocoupling reaction of
alkyl halides (104) in the presence of stoichiometric amounts of sodium (Scheme 5-1).[160]
Although this method was later extended to the homocoupling of aryl halides by Fittig,[161] due to
the very reactive nature of organosodium reagents, applications of this type of reaction has
remained limited. Nearly half a century later, in 1901, Ullmann reported that electron deficient
aryl halides (106) undergo homocoupling in the presence of superstoichiometric amounts of
copper.[162] Initially, the reaction only occurred under relatively harsh conditions which limited
its general applicability. Today, numerous milder reaction variants exist which allow for a wider
substrate and coupling partner scope.[163] With the advance of Grignard reagents at the beginning
In this thesis, ligand abbreviations are used with upper case letters when not bound to a metal, and lower
case letters are used for ligands as part of a metal complex (e.g. CDT vs. Ni(cdt)).
i)
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of the 20th century, several investigations regarding the reactivity of organomagnesium
compounds were ongoing. These included the work of Bennett and Turner, who were the first to
report the homocoupling of phenylmagnesium bromide (108) in the presence of stoichiometric
quantities of chromium(III) chloride (Scheme 5-1).[164-165]

Scheme 5-1. First homocoupling reactions using stoichiometric amounts of metals.i
While the above examples demonstrate that it was possible to form new C–C bonds in the
presence of stoichiometric amounts of metals, the use of catalytic quantities for such reactions
remained largely elusive in the early years of the 20th century. It is all the more surprising that
the first report of a cross-coupling reaction which only used catalytic amounts of a metal received
little or no attention after its publication during the interwar period in 1924 by Job. Phenylmagnesium bromide (108) was reacted with ethylene (110) in the presence of nickel(II) chloride.[166-168]
Following treatment with CO2, Job unexpectedly isolated the corresponding phenylpropionic acid
111 (Scheme 5-2).
In 1939, Meerwein reported the first decarboxylative coupling of cinnamic acids (113) with
aryldiazonium salts (112), catalysed by copper(II) salts with retention of the double bond configuration (114).[169] Similar to Job’s reports, Meerwein’s pioneering studies received little
acknowledgement from the scientific community at the time. In 1943, Kharasch demonstrated the
cobalt catalysed cross-coupling of Grignard reagents (108) with vinyl bromide (115) to give styrenes (116).[170] While this report has had a greater influence on succeeding researchers, the poor
selectivity for cross-coupling over homocoupling was restricting, like the previous examples, and
only allowed for limited synthetic applications.[165]

i)

Bond formations through coupling reactions are indicated with bold bonds hereafter.
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Scheme 5-2. First reports of a C–C bond forming cross-coupling reactions that use only catalytic
amounts of metal sources.
The selectivity issue was solved, in part, by Castro and Stephens, in 1963, when they described the first selective C(sp)-C(sp2) cross-coupling reaction between copper(I) acetylides (118)
and aryl (117) or vinyl halides (Scheme 5-3).[171] Notwithstanding the high effectiveness of this
process, it too had some drawbacks that arose from the inherent poor solubility of copper(I) acetylides and the solvents that could be used to conduct this reaction. Apart from the requirement of
relatively high temperatures, stoichiometric amounts of copper were needed, considerably limiting the general practicability.[165]

Scheme 5-3. The first selective C(sp2)-C(sp) cross-coupling reaction between an aryl halide and
a copper(I) acetylides.
With the establishment of the Wacker process in 1959, which employed catalytic amounts
of palladium (Na2PdCl4) for the oxidative conversion of ethylene to acetaldehyde,[172] researchers
had begun to see the potential of this precious metal for use in synthesis. Thus, one of the most
significant contributions to coupling chemistry came from Mizoroki (1971)[173] and Heck
(1972)[174] who, independently, discovered the highly efficient palladium catalysed coupling of
aryl (120), benzyl, and styryl halides with olefins (110, 116) (Scheme 5-4). Due to its high versatility, and owing to tremendous advancements in the following years, this coupling reaction has
become an invaluable method used in organic synthesis. Today, applications of the MizorokiHeck coupling reaction range from the preparation of simple hydrocarbons all the way to impressive enantioselective syntheses of natural products.[165, 175] The Mizoroki-Heck reaction has also
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found many applications in industry such as the production of pharmaceutical drugs (cf. section
5.2.2 for an example).

Scheme 5-4. Discovery of the palladium catalysed Mizoroki-Heck reaction.
Despite the increasing popularity of palladium in synthesis, in 1972, Kumada and Corriu
concurrently demonstrated that organonickel compounds can be used for the coupling of aryl
(122) and alkenyl halides with Grignard reagents (123) (Scheme 5-5).[176-177] In contrast to
Kharasch’s cobalt catalysed system (cf. Scheme 5-2), no undesired homocoupling was observed.

Scheme 5-5. Selective nickel catalysed cross-coupling reaction using Grignard reagents.
Nonetheless, during this period, palladium remained the metal of choice in cross-coupling
chemistry. In 1975, owing to the studies by Sonogashira,[178] the Castro-Stephens C(sp2)-C(sp)
coupling reaction (cf. Scheme 5-3), evolved into a palladium catalysed process using a copper(I)
halide as a co-catalyst (Scheme 5-6). Not only did this method require merely catalytic quantities
of copper, the coupling between aryl halides (120) and alkynes (125) could also be conducted at
room temperature. Due to the high functional-group tolerance of the Sonogashira process, the
reaction scope was greatly increased when compared to the Castro-Stephens coupling reaction.
While investigating alternatives to organomagnesium coupling partners, in 1977, Negishi reported the use of organozinc reagents (127) in C–C cross-coupling reactions.[179] Notably, nearly
three decades after its initial discovery, Organ and co-workers reported a version of this reaction
that was even capable of efficiently cross-couple two sp3-hybridised carbon centres.[180] Like their
magnesium counterparts, these organometallic regents are highly sensitive to air and moisture.
Nevertheless, Negishi set the stage for further developments of milder and easier to handle organometallic reagents for palladium catalysed cross-coupling chemistry.
In 1978, Stille showed that organotin reagents (131) can be used in the coupling of acid
chlorides (130) to give ketones (132).[181] Prior to Stille’s discovery, this had not been possible in
a selective fashion with other available organometallic reagents such as Grignard or organolithium reagents due to their high reactivity towards the resulting ketones. Further elaboration of this
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reaction extended the reaction scope to numerous other electrophiles, including aryl, vinyl, allyl
and benzyl halides.[182] Unfortunately, the high toxicity of organotin compounds remained the
major disadvantage of this process in industry which remains today.

Scheme 5-6. Further seminal discoveries in palladium catalysed C–C cross-coupling chemistry.
Possibly one of the most powerful methods for C–C bond formations was unveiled by Suzuki
and Miyaura in 1979. Employing palladium catalysis, they demonstrated that alkenylboranes
(134) can be coupled with aryl (133) and alkenyl halides.[183-184] Due to the relatively low toxicity
of organoboron compounds, as well as their general air- and moisture-stability, the Suzuki-Miyaura reaction has become another essential tool used frequently in organic synthesis. In
the following years, it was shown that other kinds of organoboron compounds can be used in this
cross-coupling process, including arylboranes, boronic acids, as well as compounds containing
C(sp3)-B or (sp)-B bonds.[185] In more recent years, further modifications of the organoboron reagent, such as the Genet/Molander BF3K salts[186-187] or the Burke MIDAi (N-methyliminodiacetic
acid) boronates,[188] have facilitated milder and more selective Suzuki-Miyaura reaction variants.[165]

i)
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Considering the prevalence of aromatic amines in biologically active molecules, [189] it is
somewhat surprising that the first report on palladium-catalysed aromatic C–N bond formations
did not appear until 1983. This early report by Migita involved the use of toxic and moisturesensitive amidostannane reagents (136), which were coupled with aryl halides (133) to give the
corresponding anilines (137).[190]
It took another decade until Buchwald[191] and Hartwig,[192] independently, disclosed their
pivotal findings on palladium catalysed C–N cross-coupling reactions in the absence of these tin
reagents. Both groups reported the coupling of aryl halides (133, 140) with free amines (138, 141)
in the presence of strong bases such as LiHMDS or NaOtBu. Today, the Buchwald-Hartwig amination is a highly developed reaction which is now routinely used in synthetic chemistry to
prepare aromatic amines.[165, 189] As shown in part I of this thesis, the Buchwald-Hartwig reaction
has also been used extensively by the Stewart group to synthesise new thalidomide analogues (cf.
section 1.4.1).[65]

Scheme 5-7. First palladium catalysed C–N cross-coupling reactions.
Many of the named reactions are being continuously modified to further increase scope and
functional-group tolerance. One of the main parameters in this context is the choice of ligands,
which can be crucial for the outcome of a reaction. Highly intricate, and sometimes synthetically
complex ligands have been developed which often allow for selective transformations, including
enantioselective reactions.[165] The plethora of ligands that exist today is impressive along with
their commercial availability. As such, a detailed discussion of these would go beyond the scope
of this introductory chapter.
The examples in this section delineate only a very condensed image of the continuous efforts
that have gone into the field of metal catalysed cross-coupling chemistry. Nonetheless, they
demonstrate how the methods for C–C bond formations have evolved. Particularly in the last
quarter of the 20th century, a new paradigm in carbon framework construction has emerged.
Cross-coupling chemistry is now an effective complementary tool to more classic C–C bond
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forming processes such as Aldol-, Grignard- or Wittig reactions.[193] Fittingly, in 2010, the main
contributors Richard Heck, Ei-ichi Negishi and Akira Suzuki were awarded the Nobel Prize in
Chemistry for their achievements in palladium catalysed cross-coupling chemistry.[165]

5.2.1. General mechanism of cross-coupling reactions
Unsurprisingly, the development of transition metal catalysed cross-coupling reactions has
been constantly accompanied by efforts towards elucidating the reaction mechanism of these
complex processes. As such, extensive mechanistic studies by Stille on his coupling of organotin
reagents (cf. Scheme 5-6) were particularly influential.[182] Undoubtedly, understanding the mechanism of a reaction is vital for optimising the catalytic processes, as well as for the development
of novel transformations. While each named cross-coupling reaction has their own distinct mechanistic signature, there is a general pattern that can be found in all these reactions. The vast
majority of studies regarding mechanistic aspects focus on palladium catalysed processes, however, many features also pertain to other transition metals, particularly to the group 10 neighbour
nickel.[165, 175, 194-195]

Figure 5-2. Generalised mechanism of transition metal catalysed cross-coupling reactions.
A well accepted, but highly generalised catalytic cycle is shown in Figure 5-2. The catalytically active species enters the catalytic cycle after an activation step, typically through the loss of
ligands. In this process, the metal is often reduced to its active oxidation state. A reduction from
a +II to a 0 oxidation state is the most common case for nickel and palladium, whereas metals
such as rhodium often begin in the +III oxidation state and are reduced to Rh(I). The metal then
undergoes oxidative addition to the electrophilic coupling partner R–X. Subsequently, the second
organyl group M’–R’ is transferred to the metal via transmetallation. In the last step, both organyl
fragments are connected to form a new R–R’ bond through reductive elimination. This final step
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also regenerates the catalytically active zerovalent metal species and the cycle can start anew.[165,
196-197]

It is important to note that the Mizoroki-Heck coupling mechanism diverges considerably

from this generalised cycle, as it does not have a transmetallation step and the C–C bond is not
formed in the reductive elimination step. A more detailed description of this process is reported
in chapter 6. Likewise, a more thorough discussion of the mechanistic aspects of the Buchwald-Hartwig C–N cross-coupling reaction is presented in chapter 7.

5.2.2. Industrial applications of cross-coupling reactions
Today, it is estimated that up to 90% of all commercially produced chemicals are
manufactured with the aid of catalysts.[197] In the production of pharmaceutical and agrochemical
compounds, metal-catalysed cross-coupling reactions have become a particularly important
tool.[165, 198] To demonstrate their general applicability, a few selected industrial applications are
presented in Figure 5-3. The synthesis of the asthma drug Singulair® (143) involves a palladium
catalysed Mizoroki-Heck reaction to attach the phenylpropanol unit in the early stages.[199] An
industrial application of the Buchwald-Hartwig amination can be found as a key step in the
synthesis of the anti-cancer drug Gleevec® (145).[200] In this instance, the aminopyrimidine unit is
joined at a late stage with the amide containing unit. The drug Crizotinib® (144), which is used in
the treatment of non-small cell lung carcinoma, is synthesised in a six-step process. In the
penultimate step, the pyrazole moiety is introduced via a palladium catalysed Suzuki-Miyaura
cross-coupling.[201] Remarkably, this transformation was even shown to be feasible on a 50 kg
scale.

Figure 5-3. Cross-coupling chemistry in the commercial synthesis of pharmaceutical drugs.
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5.3.

The resurge of nickel in catalysis
The previous section dealt with the development of metal catalysed cross-coupling chemistry

and crucial findings within this field of research. It is without a doubt that the increased use of
palladium in organic synthesis in the 1970s is largely responsible for the popularity of cross-coupling chemistry today. While nickel played a role in the early years of metal catalysed C–C bond
forming processes, it was essentially dwarfed by its downstairs neighbour in group 10 of the periodic table during the ascent of palladium catalysis. This reputation is understandable with
regards to the often superior selectivity and broader substrate scope of palladium based catalysts,
however, a cost comparison of these group 10 metals would suggest otherwise. While nickel metal
only costs ca. USD 1.00/mol, the heavier counterpart palladium is nearly 3000 times more expensive at USD 2,800/mol.[202] This obvious difference has recently been addressed in a review on
nickel catalysis by Jamison et al.[157] in which the authors note: “To the uninitiated, nickel might
seem like just the impoverished younger sibling of palladium in the field of transition metal catalysis.” Of course, the price difference is not the only reason why nickel has experienced a
renaissance in the field of cross-coupling chemistry within the last decade.

5.3.1. Nickel readily activates ‘inert’ C–O bonds for coupling reactions
It was recognised early that nickel could facilitate electrophiles that were traditionally inert
towards oxidative addition in palladium catalysis.[203-205] Therefore, cheaper aryl chlorides typically had to be replaced by the more expensive bromides or iodides in palladium systems.
Moreover, it was shown in computational studies that the energy barrier in the oxidative addition
is considerably lower in the nickel system compared to palladium.[194, 206] Thus, it has been demonstrated that easily accessible, but inherently less reactive, phenol derived electrophiles (e.g.:
tosylates,[207] mesylates,[208] esters,[209] carbamates,[210] sulfamates[211] or aryl ethers[212]) can often
be used in nickel catalysed cross-coupling reactions. Phenols are ubiquitous in nature and synthetic systems, and the ease of their functionalisation makes them particularly attractive
candidates for use in cross-coupling chemistry. Moreover, compared to their halide counterparts,
phenol derived electrophiles are generally cheaper and more environmentally benign. While there
are a number of reports on palladium systems catalysing cross-coupling reactions that utilise phenol-based substrates, they are mainly limited to triflates, mesylates and tosylates. Aryl triflates
are both expensive to make, due to the cost of triflic anhydride, and relatively unstable. The precursor for mesylates, mesyl chloride, is highly toxic; and while tosylates are cheap, their high
molecular weight makes this functional group somewhat less appealing with respect to atom economy. Numerous extensive reviews deal with the unique property of nickel catalysts to activate
typically inert C–O bonds for coupling reactions.[157, 213-218] A comprehensive summary of the
literature is not attempted herein, however, some landmark discoveries in the field are presented
in this section.
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A seminal contribution in this field came in 2004 by Dankwardt, who reported a nickel catalysed Kumada type reaction with a variety of aryl alkyl ethers (146) (Scheme 5-8a).[212] This
effective process also exhibited an excellent functional group tolerance; the reaction even proceeded in the presence of free hydroxy alkyl and phenol moieties contained within the substrate.
The group of Chatani developed a Ni(cod)2 based system for a Suzuki-Miyaura reaction with
anisoles (146) and boronic esters (149) (Scheme 5-8b).[219] A later report revealed that this methodology is also suitable for the coupling of alkenyl ethers (150) (Scheme 5-8c).[220] The same
group unveiled a successful reaction of anisoles (146) undergoing Buchwald-Hartwig aminations
in the presence of Ni(cod)2 and an N-heterocyclic carbene (NHC) ligand (Scheme 5-8d).[221] Unfortunately, very large amounts of catalyst and ligand were required (20 mol% and 40 mol%,
respectively). Currently, no reports exist on palladium activating C–O ether bonds for cross-coupling reactions, highlighting the benefits of nickel catalysis in this context.

Scheme 5-8. Nickel catalysed cross-coupling reactions with aryl and alkenyl ethers. a) Kumada
type couplings; b) Suzuki-Miyaura couplings with anisoles; c) Suzuki-Miyaura couplings with
alkenyl ethers; d) Buchwald-Hartwig aminations.
Other rather unorthodox leaving groups in cross-coupling reactions are sulfamates (154) and
carbamates (157), which too, are easily accessible from phenols. Thus, Snieckus and co-workers
described a Kumada-type coupling reaction with aryl sulfamates (154) in the presence of a relatively large amount of a nickel-NHC complex (Scheme 5-9a).[222] Based on this work, the group
of Ackermann also reported a Ni(cod)2 catalysed Buchwald-Hartwig amination using aryl sulfamates (154) as the coupling partner (Scheme 5-9b).[211] It was also recently shown by Garg et al.
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that a similar methodology can be used with the green solvent 2-methyl-THFi and a NHC ligand.[223] The same group reported the use of both sulfamates (154) and carbamates (157) in
Suzuki-Miyaura couplings with nickel as the catalyst (Scheme 5-9c).[210]

Scheme 5-9. Nickel catalysed cross-coupling reactions with sulfamates and carbamates. a)
Kumada type couplings; b) Buchwald-Hartwig aminations; c) Suzuki-Miyaura couplings.
Further notable examples include cross-coupling reactions with aryl esters. Concurrent reports by the groups of Shi[224] and Garg[209] demonstrated the coupling of aryl pivalates (159) and
acetates (160) with boronic acids (158) or boroxine (161), respectively (Scheme 5-10a). The
nickel complex (PCy3)2NiCl2 was again used by Shi et al. for the Negishi coupling of aryl
pivalates (159) with organozinc reagents (162) (Scheme 5-10b).[225] Even at relatively low temperatures (50 – 70 °C), the reaction proceeded smoothly to give coupling products 148 in high
yields. To perform a C–N cross-coupling reaction with aryl pivalates (159) (Scheme 5-10c), the
Chatani group used the same Ni(cod)2/NHC methodology that had already been successful in
their coupling of aryl ethers.[226] Compared to the aryl ether coupling (cf. Scheme 5-8d), efficient
product (153) formation was observed even at decreased temperatures and a lower catalyst loadings. Despite the high level of sophistication the Mizoroki-Heck has reached today, very few
examples have been reported utilising C–O bond activation, with the main ones involving expensive sulfonates.[217] Albeit with a relatively high catalyst loading, the Watson group reported the
use of pivalates (159) in the Ni(cod)2/DPPF catalysed coupling of styrene derivatives (163), giving selectively (E)-1,2-disubstituted olefins (164) (Scheme 5-10d).[227]

2-Methyl THF is considered a green solvent as it is synthesised via catalytic hydrogenation from
furfural, an aldehyde obtained from biomass.

i)
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Scheme 5-10. Nickel catalysed cross-coupling reactions with aryl esters. a) Kumada type
couplings; b) Negishi couplings; c) Buchwald-Hartwig aminations; d) Mizoroki-Heck reactions.
While all the above examples involve functionalised phenols, the ultimate goal would be to
use phenols directly in cross-coupling processes. Shi and co-workers found a solution to this challenge, at least in part, by treating naphthols sequentially with methylmagnesium bromide and
arylmagnesium reagents.[228] In the presence of NiF2 and PCy3, new C–C bonds were formed on
a broad substrate scope. In this highly atom-economic process, it was shown that a magnesium
phenolate complex is formed in which the MgO- acts as the leaving group. In light of these sophisticated developments, other inherently inert functional groups, such as fluorides,[229-230]
cyanides,[231] or phosphates,[232-233] proved to be suitable coupling partner for cross-coupling
chemistry.[214]

5.3.2. Further advances in nickel catalysis
Due to the lower energy required for oxidative addition,[194, 206] it was shown in the previous
section that, compared to palladium, a wider range of leaving groups can be employed in nickel
cross-coupling reactions. In addition, nickel has shown a unique behaviour, in that Ni(I) and
Ni(III) oxidation states are easily accessible, leading to a plethora of different reductive coupling
processes,i including the coupling of alkyl halides.[157, 234-235] Moreover, apart from two-electron
transfer processes which are typically encountered in cross-coupling chemistry (cf. Figure 5-2),
one-electron processes too, have been observed in nickel catalysed processes, both independently
or as part of the Ni(0)/Ni(II) pathway. As a consequence, different modes of reactivity, including

i)
In contrast to traditional cross-coupling processes, which join electrophilic and nucleophilic coupling
partners, reductive coupling refers to joining two electrophilic components. This avoids the use of often
highly reactive nucleophilic coupling partners (e.g. aryl zinc).
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radical mechanisms, have been observed. These transformations can involve Ni(I)/Ni(III) or
Ni(0)/Ni(I)/Ni(II) species.[157, 206, 236-238]
One of the greatest challenges in cross-coupling chemistry is the coupling of sp3-hybridised
electrophiles. Due to the electron rich nature of C(sp3)-X bonds, oxidative addition of such bonds
is inherently slow, especially for secondary or tertiary alkyl halides. Furthermore, upon carbon-metal bond formation, β-hydride elimination is a likely scenario which leads to undesired
by-products. Fu and co-workers provided one of the early examples of C(sp3)-C(sp3) cross-coupling in 2003 (Scheme 5-11a).[239]

Scheme 5-11. Nickel catalysed cross-coupling reactions of sp3-hybridised carbons.
In this report, both primary and secondary alkyl halides (165) were coupled efficiently with
alkylzinc compounds (166) via a Negishi cross-coupling reaction. The key to the success of this
transformation was the use of the tridentate PyBOXi ligand in combination with the pre-catalyst
Ni(cod)2. The group of Fu later proposed the involvement of Ni(I)/Ni(III) species for this type of
reaction.[240-241] Remarkably, the reaction even proceeded at room temperature. In another report,
Jarvo et al. presented a nickel catalysed alkyl-alkyl coupling reaction involving the activation of
benzylic C–O bonds (168) (Scheme 5-11b).[242] Interestingly, this Kumada type process was entirely stereoselective (up to 99% ee) with an inversion of the initial configuration (170). The same
group later demonstrated tuneable stereoselectivity in a Suzuki-Miyaura reaction of various benzylic esters (171) with arylboronic esters (149).[243] Depending on the added ligand, the new
C(sp3)-C(sp2) bond formed either under inversion (172) (using the NHC SIMes)ii or retention of
the initial stereochemistry, leading to compound 173 (using the phosphine PCy3) (Scheme 5-11c).
i)

ii)
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A prerequisite in traditional cross-coupling chemistry is the pre-functionalisation of substrates with either a halide or pseudohalide like an aryl triflate (cf. section 5.2 and 5.3.1).
Conversely, direct functionalisation of a hydrocarbon, or C–H activation, has become an increasingly popular field of research in the last twenty years.[244-245] This method is designed to decrease
the number of synthetic steps towards the molecular target, as well as the amount of waste products, often from pre-halogenation of the substrate.

Scheme 5-12. Nickel catalysed C–H activation reactions.
Traditionally involving precious metals, Chatani et al. revealed the first report of a nickel catalysed C–H activation reaction (Scheme 5-12a).[246] In this example of an oxidative cycloaddition
of alkynes (175) to aromatic amides (174), the reactivity is due to the presence of a 2-pyridylmethyl group which acts as a directing group for ortho C–H activation. While the reaction conditions
are very harsh, Chatani’s recently extended this methodology to aliphatic C–H activation using a
large bidentate quinoline directing group (177) (Scheme 5-12b).[247]

Scheme 5-13. Nickel catalysed coupling of organozinc reagents with aziridines.
A further intriguing use of nickel(II) catalysis was unveiled by the group of Doyle, who
succeeded in the coupling of organozinc compounds (180) with N-tosyl aziridines (170) (Scheme
5-13a).[248] In this ring-opening transformation, the addition of the organozinc reagent occurred
regioselectively in the more substituted position of the aziridine (181). This reaction occurred
under very mild conditions at room temperature, and it was proposed that a single electron transfer
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oxidative addition is involved in the reaction mechanism. The group later showed that the regioselectivity can be altered by replacing the tosyl group with the bulkier cinsyl (Cn)i group (182),
favouring addition to the less substituted position (183) (Scheme 5-13b).[249]

5.4.

Project aims – Part II
The examples described in this introduction highlight the fact that nickel is not only a cheap

alternative to its ‘wealthy’ sibling palladium, but that it possesses some unique properties which
allow for transformations that, as far as is known, are not feasible with palladium catalysis. Notwithstanding the recent advances in the field of C–O bond activation, some limitations remain,
particularly with regards to reaction types and substrate scope. Moreover, many transformations
still require high catalyst loadings or physically very forcing reaction conditions, as shown in the
previous sections. More importantly, most catalytic processes use the highly air-sensitive, and
relatively expensive reagent Ni(cod)2 as the Ni(0) source.[153] Undoubtedly, the use of Ni(cod)2
has numerous benefits, but its instability makes transport difficult. Furthermore, the synthesis of
Ni(cod)2 is not trivial, involving the very pyrophoric reagent triethylaluminium.[250] While stable
Ni(II) sources can be used for some cross-coupling reactions, these systems often require additional activation or reduction agents.[208, 237, 251-253]
It should be noted that when the research described in part II of this thesis was initiated, very
few air-stable Ni(0) catalysts had been reported.

5.4.1. Development of air-stable Ni(0) alternatives and their catalytic activity
For the reasons stated above, the development of air-stable nickel(0) catalysts is highly desirable, and was the principle aim of the work described in this part of the thesis. Ideally, these
should be generally applicable in a variety of cross-coupling reactions, without the need for extra
additives. Candidates in this category were nickel species bearing phosphite ligands which were
known to be air-stable,[254] and as such, they were the starting point of the studies described herein.
Homoleptic nickel(0) phosphite complexes (185), such as Ni[P(OPh)3]4 or Ni[P(OEt)3]4 are accessible from cheap Ni(II) sources, and their syntheses do not require any pyrophoric reducing
agent (e.g. Et3Al used in the preparation of Ni(cod)2).[254-256] The excess phosphite acts as the
reducing agent in the synthetic route shown in Scheme 5-14. The phosphite ligands are either
commercially available, or can be readily synthesised by simply treating the corresponding alcohol with phosphorous trichloride.[257]

i)
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Scheme 5-14. Synthesis of homoleptic nickel(0) phosphite complexes.
At the time of initiating this PhD study, nickel phosphite complexes had previously been
used in Mizoroki-Heck coupling reactions of electron-deficient olefins; however, the substrate
scope was not fully established and catalyst exploration was limited. [258] Furthermore, nickel
phosphites had been used in C–S coupling reactions with allylic acetates and alkenyl halides,[259260]

as well as in hydrocyanation reactions.[261-263] Additionally, phosphites had been used in com-

bination with Ni(OAc)2•4H2O for amino carbonylation reactions with DMF.[264] Phosphites have
also been used in combination with palladium in Mizoroki-Heck reactions,[265-266] however, very
large amounts of phosphite were required for efficient conversions. Historically, a seminal investigation in the field of nickel phosphite chemistry was undertaken by Tolman, and led to the
further understanding of the effects of cone angles and phosphorus ligand exchange equilibria of
nickel zerovalent nickel complexes.[267-268] This early work is commonly used as an example to
teach ligand exchange through many organometallic text books today.[269] Furthermore, the Tolman group conducted reactions of cyanides with zerovalent nickel phosphite complexes,[270] as
well as calorimetric studies dealing with ligand exchange reactions between phosphites and
Ni(cod)2.[271]
Another main aim of the work described in this part of the thesis was to test air-stable nickel
phosphites in Mizoroki-Heck and Buchwald-Hartwig coupling reactions that currently use the
very sensitive Ni(cod)2.[272-273] The Mizoroki-Heck reaction was chosen because of the abovementioned precedent with nickel phosphites, whereas the Buchwald-Hartwig amination has already
been extensively used by the Stewart group for the preparation of aniline derived thalidomide
analogues (187), using palladium catalysis (cf. section 1.4.1).[65] Therefore, the ultimate goal was
to assess whether said thalidomide analogues (187), can also be synthesised via potentially more
economical nickel catalysis (Scheme 5-15). Apart from the known nickel phosphite complexes,
it was also proposed to synthesise new versions of this type of complex, and explore their practicality in various cross-coupling reactions.

Scheme 5-15. Alternative synthesis of thalidomide analogues through nickel catalysed C–N
cross-coupling reactions.
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Furthermore, it was planned to investigate mechanistic features of reactions catalysed by
nickel phosphites. Potential reaction intermediates were proposed to be identified by X-ray crystallography as well as NMR spectroscopy. Kinetic and computational data were anticipated to aid
in the identification of further mechanistically relevant aspects, such as rate determining steps.

5.4.2. Summary of project aims – Part II
To sum up, there were four primary aims of the work described in Part II of this thesis:
1) The development of air-stable nickel(0) phosphites.
2) Their evaluation of these catalysts in a range of Mizoroki-Heck and Buchwald-Hartwig coupling reactions.
3) Explore an alternative synthesis of thalidomide analogues mediated by nickel catalysis.
4) Investigate mechanisms of nickel phosphite catalysed reactions.

C HAPTER 6
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6.

NICKEL CATALYSED MIZOROKI-HECK REACTIONS

Some results from this chapter have been submitted for publication to the journal ‘Australian
Journal of Chemistry’ and the manuscript, co-authored by the candidate, is currently under
review.
As mentioned in the introductory chapter, the Mizoroki-Heck reaction represents an important milestone in metal catalysed cross-coupling chemistry (cf. section 5.2).[175, 251, 274] The
Mizoroki-Heck reaction generally refers to a C–C bond forming process between an aryl or
alkenyl (pseudo)halide (188) and an olefin (189), in which the double bond is retained (190, 191)
(Scheme 6-1). Since its concurrent discovery by Tsutomu Mizoroki (1971)[173] and Richard Heck
(1972)[174] (cf. Scheme 5-4), remarkable efforts have gone into the advancement of this coupling
reaction. Today, the Mizoroki-Heck reaction is considered one of the most important methods in
synthetic chemistry to form new C–C bonds.

Scheme 6-1. General pattern of the palladium or nickel catalysed Mizoroki-Heck coupling
reaction.
Following an initial period of reaction fine tuning, today, the Mizoroki-Heck reaction often
can be carried out under very mild reaction conditions, which now generally allows for an excellent functional group tolerance. These properties allow for its applicability in the construction of
highly complex molecules, for example in complex natural product synthesis. Due to the continuous development of new catalytic systems, it is now also possible to perform the Mizoroki-Heck
reaction in a chemo-, regio- and even an enantioselective manner.[275-277] While the MizorokiHeck reaction is traditionally catalysed by palladium, nickel catalysis offers advantages that can
also be utilised in this process, as discussed in the introduction chapter. (cf. section 5.3.1).[157] This
chapter describes attempts to employ air-stable nickel(0) phosphite catalysts in Mizoroki-Heck
reactions.

6.1.

Mechanism of the Mizoroki-Heck reaction
While the Mizoroki-Heck reaction also follows the broad outline of the generalised catalytic

cycle of cross-coupling reaction presented in the introductory chapter (cf. section 5.2.1, Figure
5-2), there are some distinct features which are unique for this C–C bond forming process. Since
its discovery, extensive studies have been conducted to understand the complex mechanistic details of the Mizoroki-Heck reaction, including kinetic studies, electrochemical measurements and
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X-ray crystallography. Today, many mechanistic details have been elucidated, and numerous extensive reviews and books dealing with these aspects of the Mizoroki-Heck reaction have been
published.[175, 197, 251, 274] While most mechanistic studies focus on palladium catalysed systems, a
computational investigation by Liu et al. suggests that nickel based systems are quite similar, but
show distinct differences in the energetics of certain steps.[194] Hence, the generally accepted proposed catalysed cycle for the Mizoroki-Heck reaction shown in Figure 6-1, can be used to view
both palladium and nickel catalysed systems.
The catalytic cycle starts, after in situ generation of the catalytically active species L2M, with
an oxidative addition of the electrophilic coupling partner 188 (step A) to form metal(II) complex
L2MR1X. Typically through ligand exchange, the olefin coupling partner 189 coordinates to the
metal centre (step B). The next step is the actual C–C bond forming step, in which the olefin
undergoes a syn-insertion into the M-C bond (step C). It is this step that determines the regioselectivity (i.e. the formation of 1,2- vs. 1,1-disubstituted olefins; cf. Scheme 6-3). Subsequently,
an internal C–C bond rotation is required to provide a synperiplanar orientation of one of the
β-hydrogens with respect to the metal (step D). Unlike other elimination processes, the product
(190) forming β-hydride elimination step is only possible from this syn-orientation (step E).
Moreover, this step determines whether the product will have an E- or Z- configuration. Finally,
the catalyst is regenerated by a base-assisted reductive elimination of the metal hydride complex
L2MHX (step F). Bases typically chosen for the Mizoroki-Heck reaction are non-nucleophilic
amine bases (e.g. NEt3, DIPEA, Cy2NMe), and also simple inorganic bases like K2CO3 or NaHCO3. [175, 197, 251, 274]

Figure 6-1. Generalised proposed catalytic cycle for the Mizoroki-Heck coupling reaction with
palladium or nickel.
The above mechanism shows that one of the fundamental differences of the Mizoroki-Heck
reaction, compared to other cross-coupling reactions, being the absence of a transmetallation step.
In addition, the new C–C bond is formed via olefin insertion into the M-C bond and not through
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reductive elimination. It is important to note that the catalytic cycle in Figure 6-1 depicts a rather
simplified mechanistic picture of the Mizoroki-Heck reaction. Many parameters, such as ligands,
catalyst source, substrates and the choice of solvent influence the exact nature of the catalytic
cycle, and ultimately the outcome of the reaction in terms of regioselectivity, stereoselectivity,
etc. Thus, it is not attempted in this section to give a complete picture. Nonetheless, two mechanistic aspects need to be discussed in more detail for a better understanding of the studies
described in the following chapter of the thesis.
Firstly, the olefin coordination step (cf. Figure 6-1) typically requires a ligand dissociation
step to precede (Scheme 6-2). This can either occur through the oxidative addition product 192
losing a neutral ligand (L) to give intermediate 193 (neutral pathway), or by dissociation of the
anionic ligand (X-) to give cationic intermediate 194 (polar pathway). In both cases, the substitution by the olefin is thought to be assisted by solvent molecules (s). Triflate anions are easily
cleaved off and typically undergo the polar pathway. Likewise, halide scavengers such as silver
or thallium salts can be used to favour the polar pathway.[197] It has been shown that cationic
palladium complexes are more reactive towards π-complexation of alkenes, greatly enhancing the
reaction rate.[278] Hence, the polar pathway often allows Mizoroki-Heck reactions to proceed at
milder conditions than the neutral pathway.[273]

Scheme 6-2. Neutral and polar pathways during the olefin coordination step of the MizorokiHeck reaction. s: solvent molecule; the dashed line indicates that L2 can also be a chelating ligand.
A second mechanistic aspect of the Mizoroki-Heck reaction not shown in the generalised
catalytic cycle is the regioselectivity, which is one of the major challenges encountered in this
coupling process. Scheme 6-3 shows the two possible pathways through which the MizorokiHeck reaction can proceed.

Scheme 6-3. The olefin insertion controls the regioselectivity in the Mizoroki-Heck reaction.
Depending on the orientation of the coordinating olefin, this can either lead to a linear 1,2-disubstituted olefin product (190) or the branched 1,1-disubstituted product (191). The formation
of a mixture of these regioisomers is also possible. Both steric and electronic factors of the olefin
coupling partner affect the regiochemistry. With the use of electron-deficient olefins (R2 = EWG),
linear products (190) are usually favoured, whereas electron-rich olefins (R2 = EDG) typically
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give the branched products (191). Due to the higher electrophilicity of the metal in the polar route,
coordination of electron-rich olefins is often preferred in this case. Therefore, the regioselectivity
in the Mizoroki-Heck reaction can be controlled by both the choice of substrate and the type of
reaction pathway (inter alia).[197, 274]
The studies described in this thesis only dealt with the coupling of electron-rich olefins with
aryl triflates (cf. section 6.3), and hence the formation of 1,1-disubstituted products (191).

6.2.

Synthesis of nickel phosphites
As mentioned in section 5.4.1, nickel(0) phosphites are known to be air-stable and have pre-

viously been used in Mizoroki-Heck reactions.[258] The homoleptic nickel(0) phosphite complex
Ni[P(OPh)3]4 (195) is commercially available but unusually expensive. Hence, it was prepared
according to the procedure by Olechowski et al.[255] Stirring commercially available nickelocene
(Ni(Cp)2)i in excess triphenylphosphite at room temperature gave the desired compound
Ni[P(OPh)3]4 (195) (Scheme 6-4). Contrary to the literature report, the reaction conducted for this
study was rather sluggish and low yielding (44%). A further survey of the literature revealed that
triarylphosphite complexes of nickel can also be obtained from the much cheaper nickel(II) nitrate
hexahydrate.[254] To this end, Ni(NO3)2·(H2O)6 was treated with ethanolic sodium borohydride in
the presence of stoichiometric amounts of triphenylphosphite at -60 °C to give the desired nickel
complex 195 in a good yield (71%) after only 15 minutes. While this convenient procedure works
well with triarylphosphites, it is unsuitable for the synthesis of trialkylphosphite complexes of
nickel, such as Ni[P(OEt)3]4 (196). Instead, nickel(II) chloride hexahydrate was used as the nickel
source, according to a procedure by Birdwhistell et al.[256] Reacting NiCl2·(H2O)6 with triethylphosphite in the presence of methanolic diethylamine at 0 °C gave the desired nickel
complex Ni[P(OEt)3]4 (196) in a workable yield (50%) after 20 minutes (Scheme 6-4).
Scheme 6-4. Synthesis of homoleptic nickel(0) phosphites complexes from Ni(II) sources.

Reagents and conditions: i) P(OPh)3 (12 equiv.), neat, RT, 3 d; ii) P(OPh)3 (4.0 equiv.), NaBH4,
EtOH, -60 °C → RT, 15 min; iii) P(OEt)3 (5.3 equiv.), Et2NH, MeOH, 0 °C, 20 min.

i)
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Ni[P(OPh)3]4 (195) and Ni[P(OEt)3]4 (196) proved to be stable over several months of regular
exposure to air, with the latter showing signs of decomposition after ca. three months. Both compounds were generally obtained as white powders which turned green and sticky upon
decomposition into Ni(II) compounds and free phosphite. A cost analysis was performed, based
on prices of the commercially available starting materials.i From this, the production cost of
Ni[P(OPh)3]4 (195) from Ni(NO3)2·(H2O)6 was estimated at US$ 0.29/mmol. The cost to produce
Ni[P(OEt)3]4 (196) from NiCl2·(H2O)6 was estimated at US$ 0.18/mmol. In comparison, commercially available Ni(cod)2 costs ca. US$ 6.70/mmol. Of course, Ni(cod)2 can also be produced from
cheaper starting material, however, its synthesis and handling is disproportionately more challenging compared to the nickel phosphites.[250] Labour was also not included into these
calculations.

6.3. Mizoroki-Heck reaction of electron-rich olefins with nickel phosphites
With the air-stable nickel(0) complexes Ni[P(OPh)3]4 (195) and Ni[P(OEt)3]4 (196) in hand,
an evaluation of their catalytic activity was conducted. Both compounds had already shown to
catalyse Mizoroki-Heck reactions between aryl bromides and iodides and electron deficient olefins, albeit the substrate scope being limited.[258] In a recent report by Skrydstrup and
co-workers,[273] it was shown that aryl triflates like nitrile 197 can be coupled with the electron-rich olefin butyl vinyl ether (198) using the air-sensitive Ni(cod)2 in combination with the
chelating ligand 1,1’-bis(diphenylphosphino)ferrocene (DPPF), and Cy2NMe as the base
(Scheme 6-5). Under the reported conditions, the reaction occurred regioselectively to give hydrolytically unstable 1,1-disubstitued olefins (199) (cf. section 6.1). These were subsequently
hydrolysed to the corresponding ketones (200) in high yields, upon treatment with aqueous HCl.

Scheme 6-5. Report by Skrydstrup and co-workers.[273] Mizoroki-Heck reaction of aryl triflates
(197) with butyl vinyl ether (198) using air-sensitive Ni(cod)2.
The following sections deal with the study of using air-stable nickel(0) phosphite such as
Ni[P(OPh)3]4 (195) and Ni[P(OEt)3]4 (196) as a potential replacement for air-sensitive Ni(cod)2.
The above reaction between nitrile substituted aryl triflate 197 and butyl vinyl ether (198) to give
4-cyanoacetophenone (200) in 78% yield was chosen as the benchmark reaction for this investigation.

i)

Prices were taken from the US websites of Sigma-Aldrich or Strem Chemicals (May 2015).
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6.3.1. Optimisation of the nickel phosphite catalysed Mizoroki-Heck reaction
Table 6-1 lists different conditions for the model reaction between aryl triflate 197 and butyl
vinyl ether (198). The yield of the desired product 200 was determined by gas chromatography
using dodecane as an internal standard, and promising results were subjected to work-up and
isolation. Surprisingly, simply replacing the air-sensitive Ni(cod)2 with air-stable Ni[P(OPh)3]4
(195), and otherwise identical reaction conditions, gave a very similar yield (70%, entry 2) to the
one from the benchmark reaction (78%, entry 1). Replacing the DPPF ligand with the smaller bite
angle ligand DPPE, had a slightly deleterious effect on the yield. The bite angle of diphosphines,
like DPPF or DPPE, can be crucial for the outcome of cross-coupling reactions.[279] Thus, the
combination of DPPF with the triethylphosphite complex of nickel, Ni[P(OEt) 3]4 (196), gave
hardly any product (7%, entry 4). In contrast, if Ni[P(OEt)3]4 (196) was used in combination with
DPPE, the yield was increased dramatically to 79% (entry 5).
Table 6-1. Optimisation of the Mizoroki-Heck reaction between triflate 197 and butyl vinyl ether
(198).[a]

Entry

Catalyst

Ligand

Base

Solvent

Yield (%)[b]

1

Ni(cod)2

DPPF

Cy2NMe

1,4-dioxane

(78)[c]

2

Ni[P(OPh)3]4

DPPF

Cy2NMe

1,4-dioxane

75 (70)

3

Ni[P(OPh)3]4

DPPE

Cy2NMe

1,4-dioxane

60

4

Ni[P(OEt)3]4

DPPF

Cy2NMe

1,4-dioxane

7

5

Ni[P(OEt)3]4

DPPE

Cy2NMe

1,4-dioxane

79 (79)

6

Ni[P(OEt)3]4

DPPE

Et3N

1,4-dioxane

0

7

Ni[P(OEt)3]4

DPPE

DIPEA

1,4-dioxane

89 (81)

8

Ni[P(OEt)3]4

DPPE

K2CO3

1,4-dioxane

<1

9

Ni[P(OEt)3]4

DPPE

Cy2NMe

toluene

> 99 (83)

10

Ni[P(OEt)3]4

-

Cy2NMe

toluene

0

11

Ni[P(OEt)3]4

DPPPE

Cy2NMe

toluene

0

12

Ni[P(OEt)3]4

Xantphos

Cy2NMe

toluene

0

13

Ni[P(OEt)3]4

PPh3

Cy2NMe

toluene

0

All reactions were conducted on a 0.50 mmol scale using 4.0 equiv. of butyl vinyl ether (198). [b] GC
yield using dodecane as an internal standard. Isolated yields are indicted in brackets. [c] Benchmark reaction
from work by Skrydstrup et al.[273]
[a]

Next, the role of the base was explored. Intriguingly, the reaction did not proceed when triethylamine was used (entry 6), whereas Hünig’s base (DIPEA) gave the desired product 200 in
high yield (81%, entry 7). Unfortunately, only trace amounts of product were formed when K2CO3
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was used as the base (entry 8). The yield was slightly improved be changing the solvent from
1,4-dioxane to toluene (83%, entry 9). Interestingly, no reaction occurred in the absence of added
phosphines (entry 10), or if diphosphines with large bite angles, such as DPPPE or Xantphos,
were employed (entries 11 and 12). Using the monodentate ligand triphenylphosphine was also
futile (entry 13).
Table 6-2. Role of the ratio of reagents and reaction time in the coupling of 197 with 198.[a]

Entry

Ni[P(OEt)3]4

DPPE

Cy2NMe

198

Time

Yield (%)[b]

1

5 mol%

5 mol%

3.0 equiv.

4.0

1h

0

2

5 mol%

5 mol%

3.0 equiv.

4.0

2h

0

3

5 mol%

5 mol%

3.0 equiv.

4.0

4h

6

4

5 mol%

5 mol%

3.0 equiv.

4.0

6h

36

5

5 mol%

5 mol%

3.0 equiv.

1.5

18 h

95 (76)

6

5 mol%

5 mol%

1.0 equiv.

4.0

18 h

> 99 (84)

7

5 mol%

5 mol%

1.0 equiv.

1.5

18 h

80

8

2 mol%

2 mol%

1.0 equiv.

1.5

18 h

> 99 (85)

9

2 mol%[c]

2 mol%

1.0 equiv.

1.5

18 h

0

10

2 mol%[d]

2 mol%

1.0 equiv.

1.5

18 h

0

11

2 mol%

4 mol%

1.0 equiv.

1.5

18 h

51

12

1 mol%

1 mol%

1.0 equiv.

1.5

18 h

38

13

1 mol%

1 mol%

1.0 equiv.

1.5

4d

6

14

-

2 mol%

1.0 equiv.

1.5

18 h

0

All reactions were conducted on a 0.50 mmol scale. [b] GC yield using dodecane as an internal standard.
Isolated yields are indicted in brackets. [c] Reaction was conducted at 60 °C. [d] Reaction was conducted at
80 °C.
[a]

Subsequently, it was found that the product yield is dramatically diminished with reduced
reaction times. No product was detected by GC at the 1 h and 2 h time points (Table 6-2, entries
1 and 2). The desired product started to form after 4 h (entry 3), but it was evident that extended
reaction times are necessary for high conversions (entry 5). Gratifyingly, it was also found that
both the amount of alkene 198 and Cy2NMe could be greatly reduced without significantly affecting the yield (entries 5 – 7). Impressively, the reaction was still high yielding when the catalyst
loading and the amount of DPPE were lowered to 2 mol% (85%, entry 8). Unfortunately, the
reaction did not proceed when the temperature was reduced to 60 °C or 80 °C, respectively (entries 9 and 10). Additionally, the ratio of Ni[P(OEt)3]4 (196) to DPPE ligand appeared to be
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crucial, as the yield dropped significantly (51%) when the amount of diphosphine was doubled
(entry 11). This discovery, and the fact that additional phosphine ligand is needed, suggest a preactivation step to access a catalytically active species (cf. section 6.1). Furthermore, the yield was
greatly diminished when the catalyst loading was dropped to 1 mol% (38%, entry 12). Extended
reaction times at 1 mol% catalyst loading surprisingly led to even less product (6%, entry 13),
possibly indicating decomposition of the intermediately formed 1,1-disubstituted alkene. As expected, no product was formed in the absence of any catalyst (entry 14).

6.3.2. Scope of the nickel phosphite catalysed Mizoroki-Heck reaction
With the optimised conditions in hand (Table 6-2, entry 8), the substrate scope was explored
next. All aryl triflates in this section were synthesised by treating the corresponding phenols with
triflic anhydride according to literature procedures.[280-281] Unfortunately, the seemingly optimised
conditions only worked on a limited number of substrates (Table 6-3).
Table 6-3. Scope of the aryl triflate coupling partner 201.[a]

All reactions were conducted on a 0.40-1.00 mmol scale using 1.5 equiv. of butyl vinyl ether (198) unless
noted otherwise. Isolated yields are indicated unless in brackets (GC). [b] Reaction conducted with
Ni[P(OPh)3]4 (195) (5mol%) and DPPF (5mol%) in 1,4-dioxane, 4.0 equiv. 198, 3.0 equiv. Cy2NMe. [c] No
improvement in yield after extending the reaction time to 3 d. [d] NMR yield. [e] Isomerisation to conjugated
olefin (10:6, E:Z).
[a]

Reactions with substrates bearing an electron-withdrawing substituent were only moderately
or modestly yielding under standard conditions, giving trifluoromethyl ketone 204 (42%), both
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diketones 208 (66%) and 209 (56%), as well as biphenyl ketone 210 (16%). In all cases, large
amounts of the corresponding aryl triflates were left in the reaction mixture. Unlike its trifluoromethyl counterpart 204, 4-fluoroacetophenone (203) was obtained in poor yield (<5%). A nitro
group (205) proved entirely unreactive with the catalyst system, and only starting material was
identified in the reaction mixture. Neutral substrates (leading to compound 211) or electron-rich
substrates bearing alkyl groups (leading to compounds 212, 213, and 214), ethers (216 and 219)
and amides (218) were unreactive or the corresponding ketones were obtained in poor yields.
Longer reactions times did not result in an increased yield in any case. N-heterocyclic substrates
were rather unreactive too, giving quinoline derivative 215 in poor yield (7%). Interestingly, the
reaction conditions where Ni(cod)2 was simply replaced with Ni[P(OPh)3]4 (cf. Table 6-1, entry
2) worked well in some instances where the optimised conditions with Ni[P(OEt)3]4 (cf. Table
6-1, entry 8) had failed. Thus the naphthyl ketones 206 and 207 were obtained in moderate (56%)
to high yields (82%), respectively. Likewise, isoeugenol derivative 217 was isolated in excellent
yield (89%) when the Ni[P(OPh)3]4/DPPF catalyst system was used. Similar to the report by the
group of Skrydstrup,[273] the initial terminal olefin isomerised to the conjugated olefin 217 in the
course of the cross-coupling reaction.
Notwithstanding the limited substrate scope of the air-stable nickel(0) phosphites
Ni[P(OPh)3]4 (195) and Ni[P(OEt)3]4 (196), it was shown that it is possible to replace the air-sensitive Ni(cod)2 as a catalyst in cross-coupling reactions. Further investigation and optimisation of
the catalytic system are necessary to understand its limited applicability, and to make the use of
nickel phosphites a viable method for Mizoroki-Heck reactions on a wider substrate scope.

6.3.3. Mechanistic considerations
In an effort to understand the limited applicability of nickel phosphites in the Mizoroki-Heck
reactions, investigations regarding mechanistic features were considered briefly. The catalytically
active species was of particular interest, as this may provide hints as to why many substrates were
unreactive in the nickel phosphite catalyst system. As described in section 6.1 of this thesis, the
first step in the catalytic cycle in the Mizoroki-Heck reaction is the oxidative addition of the aryl
or vinyl (pseudo)halide to the metal centre. Isolating the oxidative addition product should ultimately allow for a deduction to reveal the catalytically active species.[282-283] In this vein,
Ni[P(OEt)3]4 was treated with an equimolar amount of aryl triflate 197 and DPPE in the absence
of an alkene (Scheme 6-6).
Due to their potential paramagnetic nature, analysing nickel complexes by NMR is often
very difficult.[284] Fortunately, the 19F NMR spectrum was promising as it showed a single sharp
resonance at δ = -79.7 ppm, typical for triflates.[112] Moreover, a single resonance in the 31P NMR
spectrum at δ = 56.7 ppm indicated the presence of the DPPE ligand bound to nickel.[285] No 31P
NMR signal was observed that would be characteristic for triethylphosphite bound to nickel (ca.
160 ppm).[112] This is interesting insofar, as early studies by Tolman reported low lability of ethyl
phosphites in zerovalent nickel complexes.[267] The corresponding IR spectrum did not show an
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absorption that would indicate the nitrile group (ca. 2200 cm-1) from compound 197 being present. Therefore, it was concluded that an oxidative addition product like 220 was not obtained.
Scheme 6-6. The attempt to isolate an oxidative addition product (220) led to the isolation of
nickel(II) dppe-complex 221.

Reagents and conditions: i) Ni[P(OEt)3]4 (1.0 equiv.), DPPE (1.0 equiv.), toluene, 100 °C, 19 h.

Gratifyingly, an X-ray crystal structure could be obtained, which identified the isolated material as the ionic complex [Ni(dppe)2](OTf)2 (221) (Figure 6-2). As expected for a diamagnetic
low-spin d8 nickel(II) complex,[151] the X-ray data revealed a square-planar geometry about the
nickel centre. This is in agreement with a previous report of the same nickel complex with nitrate
and chlorate anions, respectively.[286]

Figure 6-2. X-ray crystal structure of the square-planar [Ni(dppe)2](OTf)2 complex (221).
Hydrogen atoms and the triflate anions are omitted for clarity. Ellipsoids are drawn at the 60%
probability level. Selected bond lengths (Å) and angles (°): (P1-Ni1) = 2.2384(10); (P2-Ni1) =
2.2618(7); (P1-Ni1-P2) = 84.95(3). Further crystallographic details of compound 221 can are
presented in appendix A.
Although an oxidative addition product could not be isolated, there are some conclusions
that can be drawn from the isolation of complex 221. Because of the presence of the triflate anion,
it seems likely that an oxidative addition of aryl triflate 197 has taken place. Since the triflate
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anion is not bound to the metal centre, it is plausible that the Ni[P(OEt)3]4 catalysed MizorokiHeck reaction proceeds through the polar reaction pathway (cf. section 6.1, Scheme 6-2), as proposed by the group of Skrydstrup.[273] In addition, the lack of nickel bound P(OEt)3 suggests that
the oxidative addition in this Mizoroki-Heck cross-coupling process occurs from a coordinatively
unsaturated Ni(dppe) species rather than from a Ni[P(OPh)3]2 species. However, additional experimental data would be needed to confirm this hypothesis.

C HAPTER 7
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7.

NICKEL CATALYSED C–N COUPLING REACTIONS
Independently reported in 1995 by its eponymous discoverers,[191-192] the Buchwald-Hartwig

reaction traditionally refers to the palladium catalysed C–N coupling reaction between aryl
(pseudo)halides (222) and amines (223) (Scheme 7-1). Although Migita had already reported a
similar palladium catalysed method for aromatic C–N bond formations (cf. Scheme 5-7),[190] the
use of toxic and hydrolytically sensitive tin amide reagents considerably limited the general applicability of this protocol. More classic methodology for aromatic amine (224) formation
typically include simple nitration-reduction sequences, nucleophilic aromatic substitution (SNAr),
benzyne processes, and Ullmann-type reactions. While these processes are still widely being used,
due to their milder reaction conditions, the metal catalysed alternatives are often favoured.[175, 189]

Scheme 7-1. General pattern of the palladium or nickel catalysed Buchwald-Hartwig amination.
As with most cross-coupling processes, the majority of research involved palladium catalysed systems, while nickel variants have been somewhat overlooked (cf. section 5.3). This is
quite surprising, considering Buchwald and co-workers had reported a nickel catalysed alternative
for aromatic C–N bond formations only two years after their initial discovery of the abovementioned palladium catalysed process.[272]
This chapter deals with the investigation of air-stable nickel(0) systems as alternatives to
Ni(cod)2 for aromatic C–N coupling reactions. Since nickel phosphites had already proven useful
in Mizoroki-Heck coupling reactions, at least to a certain extent (cf. chapter 6), these were also
the starting point for the investigations described in this chapter. In addition, the synthesis of
novel nickel(0) complexes, and attempts to elucidate their catalytic mechanistic aspects are reported herein.

7.1.

Mechanism of the Buchwald-Hartwig amination
Not surprisingly, most mechanistic studies of the Buchwald-Hartwig amination, including

reactions kinetics, deal with palladium systems.[175, 189, 287-288] However, more recent investigations
suggest that nickel catalysed systems share many commonalities.[289-290] Hence, for a general understanding of this C–N coupling process, the generalised catalysed cycle consisting of four basic
steps, (Figure 7-1) can be considered for both palladium and nickel systems.
As with most transition metal catalysed cross-coupling processes (cf. Figure 5-2), after in
situ generation of the catalytically active species LnM, the catalytic cycle typically starts with the
oxidative addition of the aryl (pseudo)halide 222 (step A). Whether oxidative addition occurs
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from an LM or a L2M complex depends on a number of variables, such as the catalyst source,
ligands, base and the solvent. Next, the amine coupling partner 223 ligates to the metal centre
(step B), which in turn facilitates deprotonation to form an aryl amido complex (step C). One of
the most commonly used bases is NaOtBu, but milder bases such Cs2CO3 can sometimes be utilised to greatly enhance the functional group tolerance.[189] The final step is the reductive
elimination of the desired aryl amine product 224 with concomitant regeneration of the catalyst
LnM (step D). An undesired side-reaction often encountered with primary or secondary alkylamines bearing hydrogen atoms α to the nitrogen atom, is the β-hydride elimination (step E). This
pathway ultimately results in the irreversible formation of the unwanted imine 225 along with the
reduced arene product Ar–H.[175]

Figure 7-1. Generalised proposed catalytic cycle for the Buchwald-Hartwig amination with
palladium or nickel. Dashed lines indicate undesired reaction pathways.
The catalytic cycle shown above was the basis for mechanistic considerations discussed later
in this chapter (cf. section 7.2.5 and 7.4.4). While many aspects and variations of the Buchwald-Hartwig reaction are not addressed in this introductory section, it is felt that further
elaboration would not contribute to the understanding of the work described in this thesis.
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7.2.

C–N cross-coupling reactions with nickel phosphites

Results presented in this section were published in the journal ‘Advanced Synthesis & Catalysis’
in 2014, and co-authored by the candidate.[291]
The important investigation by Buchwald et al. mentioned previously,[272] utilised the
air-sensitive Ni(cod)2 as the catalyst in combination with DPPF for the amination of aryl chlorides. Based on this study, a benchmark coupling experiment was conducted between
4-chloroanisole (226) and p-toluidine (227) with the Ni(cod)2/DPPF catalyst system. The toluidine coupling partner 227 was chosen, as primary anilines are typically among the most readily
coupled substrates.[175] In agreement with the literature report, the corresponding diarylamine 228
was obtained in a high 84% yield (Scheme 7-2).

Scheme 7-2. Benchmark reaction between 4-chloroanisole (226) and p-toluidine (228) based on
work by Buchwald et al. using air-sensitive Ni(cod)2.[272]

7.2.1. Optimisation of the nickelphosphite catalysed for the coupling of anilines
Initially, a number of different ligands were screened for their potential to form a catalytically
active system with nickel phosphites (Table 7-1). Using only Ni[P(OPh)3]4 in the absence of any
additional ligands, no reaction between 4-chloroanisole (226) and p-toluidine (227) occurred (entry 1). When Ni[P(OPh)3]4 was combined with DPPF, the resulting species catalysed the reaction
to give diarylamine 228 in a good 68% yield (entry 2). Changing the solvent from toluene to
1,4-dioxane resulted in a significantly diminished yield (entry 3). As already observed during the
investigation of nickel phosphite catalysed Mizoroki-Heck reactions (cf. Table 6-1, entry 4), the
combination of the alternative nickel alkylphosphite complex Ni[P(OEt)3]4 with DPPF proved
fruitless (Table 7-1, entry 4). Using (±)-BINAP (the racemic version is simply referred to as
BINAP, hereafter) as the additional ligand, which has a slightly smaller bite angle than DPPF,[292]
had no influence on the yield within the margin of error (66%, entry 5). However, the ratio between nickel complex and the added diphosphine seemed important as the yield diminished (53%)
when the amount of BINAP was halved (entry 6). Little or no product was obtained when 226
and 227 were reacted in the presence of other bidentate and monodentate phosphines, including
Ad2PBu, DPPE, DavePhos, XPhos, Xantphos and TMEDA (entries 7-15).
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Table 7-1. Ligand screening for the Ni[P(OPh)3]4 catalysed C–N cross-coupling reaction between
4-chloroanisole (226) and p-toluidine (227).[a]

Entry

Ligand (mol%)

Conversion (%)[b]

Yield (%)[c]

1

- [d]

0

0

2

DPPF (10)

76

68

3

DPPF (10)[e]

88

44

4

DPPF (10)

0

0

5

BINAP (10)

84

66

6

BINAP (5)

70

53

7

Ad2PBu (10)

<1

n.d.

8

Xantphos (5)

26

n.d.

9

XPhos (10)

<1

n.d.

10

DPPE (5)

<1

n.d.

11

Phen (10)

1

n.d.

12

TMEDA (10)

1

n.d.

13

DavePhos (10)

<1

n.d.

14

MeDalPhos (10)

0

0

15

MorDalPhos (10)

0

0

[f]

All reactions were conducted on a 0.82 mmol scale using 1.2 equiv. of p-toluidine (227). [b] Determined
by GC. Only promising candidates were subjected to work-up and isolation. [c] Isolated yields. [d] NaH
(1.4 equiv.) was used. [e] 1,4-Dioxane was used as the solvent. [f] Ni[P(OEt)3]4 (5 mol%) was used. n.d.: not
determined.
[a]

Given the success of the combination of Ni[P(OPh)3]4 and DPPF (entry 2), a brief investigation into the role of the base was conducted. (Table 7-2). Increasing the amount of NaOtBu (3.0
equiv.) had a slightly deleterious effect on the yield (52%, entry 2). Likewise, when NaH or
KHMDS were used as the base, the yield dropped significantly (entries 3-5). Moreover, varying
the amounts of phosphine and nickel, and their ratio, seemed to be detrimental to the reaction
(entries 6-8). It became clear, however, that a 1:2 ratio between nickel and diphosphine ligand is
favourable to the catalytic process and yields. Interestingly, the presence of an additional phosphite ligand seemed only to hinder the cross-coupling reaction (entry 9), possibly affecting the
ligand dissociation equilibrium. Finally, inspired by previous reports by Hartwig et al. involving
DPPF derivatives and palladium catalyzed C–N cross-couplings,[293-294] it was examined whether
changes to the DPPF ligand, such as alterations of the electronics and sterics (Figure 7-2), had an
influence on the reaction. Each of these ligands was either commercially available or prepared
according to known literature procedures.[295]
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Figure 7-2. DPPF and some of its derivatives with different electronics and/or sterics.
No reaction occurred when the very bulky tert-butyl analogue, DtBuPF, was used (entry 10).
Using the cyclohexyl or isopropyl DPPF variants (DCyPF and DiPrPF, respectively) had a negligible effect on the reaction yield (entries 11 and 12). Similarly, the use of electron-poor
(p-CF3-DPPF) and electron-rich (p-MeO-DPPF) analogues, only moderately affected the yield of
the amination reaction. Hence, given the additional synthetic requirements of these ligands, this
line of enquiry was concluded.
Table 7-2. Base and ligand screening for the Ni[P(OPh)3]4 catalysed C–N cross-coupling reaction
between 4-chloroanisole (226) and p-toluidine (227).[a]

Entry

Ligand (mol%)

Base (equiv.)

Conversion (%)[b]

Yield (%)[c]

1

DPPF (10)

NaOtBu (1.4)

76

68

2

DPPF (10)

NaOtBu (3.0)

72

52

3

DPPF (10)

NaH (1.4)

20

18

4

DPPF (10)

NaH (3.0)

78

30

5

DPPF (10)

KHMDS (1.4)

7

n.d.

6

DPPF (5)

NaOtBu (1.4)

59

47

7

DPPF (10)

NaOtBu (1.4)

40

n.d.

8

DPPF (4)

NaOtBu (1.4)

32

n.d.

[d]

[e]

9

DPPF (10) + P(OPh)3 (10)

NaOtBu (1.4)

39

n.d.

10

DtBuPF (10)

NaOtBu (1.4)

0

0

11

DCyPF (10)

NaOtBu (1.4)

69

66

12

DiPrPF (10)

NaOtBu (1.4)

75

65

13

p-CF3-DPPF (10)

NaOtBu (1.4)

59

50

14

p-OMe-DPPF (10)

NaOtBu (1.4)

75

61

All reactions were conducted on a 0.82 mmol scale using 1.2 equiv. of p-toluidine (227). [b] Determined
by GC. Only promising candidates were subjected to work-up and isolation. [c] Isolated yields. [d] Catalytic
loading of 10 mol% was used. [e] Catalytic loading of 2 mol% was used.
[a]

The combination of Ni[P(OPh)3]4 and DPPF provided the best catalytic conditions (Table
7-2, entry 1), and hence focus lay on identifying the exact catalytic species implicated in this C–
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N cross-coupling reaction. This nickelphosphite/DPPF catalytic system was still lower yielding
than the benchmark Ni(cod)2/DPPF system (cf. Scheme 7-2). Nonetheless, the potential to form
a Ni(dppf)2 species (229), as either a pre-catalyst or catalytically active species, through the use
of either Ni(cod)2 or Ni[P(OPh)3]4 seemed plausible. A literature search revealed that Ni(dppf)2
(229) had indeed been isolated before.[296] Longato and co-workers reported the synthesis of this
homoleptic nickel(0) complex via treatment of commercially available (dppf)NiCl2 with sodium
naphthalide in the presence of an additional equivalent of DPPF. Unfortunately, attempts to reproduce this procedure was unsuccessful (Scheme 7-3). Instead, the preparation of Ni(dppf)2
(229) was attempted by treating Ni(cod)2 with DPPF. Gratifyingly, this method gave the desired
homoleptic nickel(0) complex 229 in moderate yield (45%), as confirmed by 31P NMR spectroscopic analysis (δ = 15.0 ppm).[296]
Scheme 7-3. Synthesis of the homoleptic nickel(0) complex, Ni(dppf)2 (229), and discovery of a
new air-stable nickel(0) complex, (dppf)Ni[P(OPh)3]2 (230).

Reagents and conditions: i) DPPF (1.0 equiv.), Na-naphthalide, THF/toluene, RT, 45 min; ii) DPPF (2.0
equiv.), toluene, 100 °C, 2 h; iii) DPPF (2.0 equiv.), toluene, reflux, 2 h; iv) DPPF (1.0 equiv.), toluene,
reflux, 2 h.

It was also considered whether Ni(dppf)2 (229) is also formed when nickel phosphite
Ni[P(OPh)3]4 (195) is treated with DPPF. Surprisingly, the desired complex 229 was not formed,
as concluded from the absence of the characteristic 31P NMR resonance at δ = 15.0 ppm. In its
place, two triplets (δ = 127.3, 23.3 ppm) with matching coupling constants (J = 30.0 Hz) were
evident. While the downfield resonance is typical for phosphites, the upfield resonance is characteristic for a DPPF ligand bound to nickel (cf. spectrum in appendix C). This strongly suggested
that the mixed phosphine-phosphite complex (dppf)Ni[P(OPh)3]2 (230) had formed in excellent
yield (93%, Scheme 7-3). Single crystals obtained from a toluene/hexane solution of 230 were
suitable for X-ray crystallographic analysis. The data obtained ultimately confirmed the identity
of compound 230. Figure 7-3 shows the X-ray crystal structure of (dppf)Ni[P(OPh)3]2 (230) with
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a distorted tetrahedral geometry about the Ni(0) centre. Attempting to force the substitution of the
remaining phosphite ligands on complex 230 with DPPF (toluene, 100 ºC) proved fruitless
(Scheme 7-3). A similar observation was made by Tolman, who reported that treatment of the
homoleptic nickel phosphite complex Ni[P(O-p-C6H4OMe)3]4 with the bidentate phosphine ligand DMPE also gave exclusively the corresponding mixed phosphine-phosphite complex, with
no evidence for Ni(dmpe)2.[267] The shorter distances of the nickel-phosphite bonds, compared to
the nickel-phosphine bonds in complex 230 might partially explain this phenomenon in terms of
bond strength (cf. caption Figure 7-3). The similarity of the conditions under which complex 230
was formed (cf. Scheme 7-3) and the C–N cross-coupling conditions (cf. Table 7-2, entry 1) suggest that a Ni(dppf)2 (229) species is unlikely to be involved in the catalytic cycle of the reaction
between 4-chloroanisole (226) and p-toluidine (227).

Figure 7-3. X-ray crystal structure of the new nickel(0) complex (dppf)Ni[P(OPh)3]2 (230).
Ellipsoids have been drawn at the 50% probability level. Hydrogen atoms have been omitted for
clarity. Selected bond lengths (Å): (P1-Ni1) = 2.210(2); (P2-Ni1) = 2.213(2); (P3-Ni1) = 2.106(2);
(P4-Ni1) = 2.125(2). Selected bond angles (°): (P1-Ni1-P2) = 107.67(8); (P1-Ni1-P3) =
103.68(8); (P1-Ni1-P4) = 116.53(8); (P2-Ni1-P4) = 112.54(8); (P3-Ni1-P4) = 104.98(8);
(P3-Ni1-P2) = 111.04(8). CCDC: 983669. Further crystallographic details of compound 230 are
presented in appendix A.
Given that (dppf)Ni[P(OPh)3]2 (230) could be considered a putative catalyst or pre-catalyst
in the amination reaction studied herein, this complex was also trialled in this coupling reaction
(Table 7-3). The coupled secondary amine 228 was successfully produced in the system catalysed
by the homoleptic nickel complex Ni(dppf)2 (229) (59%, entry 3), and similarly in the presence
of the new mixed phosphine-phosphite nickel(0) complex 230 (61%, entry 4). Nonetheless, the
yields were still lower than the ones obtained from the benchmark Ni(cod)2/DPPF system (84%,
entry 1). Remarkably, the (dppf)Ni[P(OPh)3]2 complex (230) in combination with additional
DPPF (5 mol%), as an additive, produced the amine product 228 in a yield that was comparable
to that obtained in the benchmark system (82%, entry 5). More importantly, it was found that
complex 230 is air-stable in its solid form, unlike its Ni(0) counterpart Ni(cod)2. Even after three
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months of regular exposure to air, no loss of catalytic activity was observed, and the 31P NMR
spectrum of 230 did not indicate any signs of decomposition within this time period. Unfortunately, this system was not effective when the amination reaction was attempted under air (entry
6), possibly due to some of the intermediates in the catalytic cycle being susceptible to degradation by oxygen. Very recently, during the final stages of this study, another air-stable Ni(II)
pre-catalyst, (dppf)Ni(o-tolyl)Cl, was reported by the group of Buchwald.[297] Interestingly, their
system also afforded higher yields in amination reactions when DPPF was added, along with one
equivalent of acetonitrile. Furthermore, the group showed that base sensitive substrates are tolerated when the mild inorganic base K3PO4 is used. One disadvantage of this Ni(II) pre-catalyst is
that it is activated by the amine coupling partner, resulting in the formation of an o-tolylamine
by-product. Unfortunately, these conditions were not compatible with the (dppf)Ni[P(OPh)3]2
(230) system (entry 7).
Table 7-3. Testing of various nickel(0) complexes in the C–N cross-coupling reaction between
4-chloroanisole (226) and p-toluidine (227).[a]

Entry

Catalyst

Ligand (mol%)

Conversion (%)[b]

Yield (%)[c]

1

Ni(cod)2

DPPF (10)

99

84

2

Ni[P(OPh)3]4

DPPF (10)

76

68

3

Ni(dppf)2

-

67

59

4

(dppf)Ni[P(OPh)3]2

-

77

61

5

(dppf)Ni[P(OPh)3]2

DPPF (5)

94

82

6

(dppf)Ni[P(OPh)3]2 [d]

DPPF (5)

0

0

7

(dppf)Ni[P(OPh)3]2 [e]

DPPF (5)

5

n.d.

All reactions were conducted on a 0.82 mmol scale using 1.2 equiv. of p-toluidine (227). [b] Determined
by GC. Only promising candidates were subjected to work-up and isolation. [c] Isolated yields. [d] Reaction
was conducted under air. [e] Reaction was conducted in tBuOH using K3PO4 (3.0 equiv.) as the base and
MeCN (1.0 equiv.) as an additive.
[a]

7.2.2. Scope of the leaving group using the new nickel complex 230
The amination compatibility of various substituted aryl substrates containing phenol derived
leaving groups, including tosylates and sulfamates, has previously been reported for a range of
nickel catalysts including the air-sensitive Ni(cod)2,[298] and more recently with air-stable
NiCl2·(DME).[223] The latter catalytic system was combined with an NHC, and required an additional reducing agent to convert the nickel(II) pre-catalyst into an active Ni(0) species. To test the
catalytic ability of (dppf)Ni[P(OPh)3]2 (230) with regards to different leaving groups, C–N
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cross-coupling reactions of a range of aryl (pseudo)halides with p-toluidine (227) were first examined (Table 7-4).
Interestingly, there seemed to be no drop off in reactivity across the halides surveyed (entries
1-3). By contrast, the yields obtained for the aryl triflate (56%, entry 4) and the less commonly
reported aryl tosylate (46%, entry 5) were both modest, with starting materials 231 and 227 remaining. Unfortunately, more inert leaving groups, used successfully in previous studies of
cross-coupling chemistry,[205, 213-214, 219, 299] were not reactive in the (dppf)Ni[P(OPh)3]2 (230) system (entries 6-8). Given their lower cost, aryl chlorides were predominantly used for further
investigations.
Table 7-4. Scope of the leaving group of catalyst 230 in the C–N cross-coupling reaction with
p-toluidine (227)[a]

[a]
[c]

Entry

X

Yield (%)[b]

1

Cl

99

2

Br

100[c]

3

I

100[c]

4

OTf

56

5

OTs

47

6

OAc

0

7

OC(O)CF3

0

8

OMe

0

All reactions were conducted on a 1.5 mmol scale using 1.2 equiv. of p-toluidine (227). [b] Isolated yields.
GC conversion.

7.2.3. General scope of the coupling partners using nickel complex 230
Next, the catalytic ability of (dppf)Ni[P(OPh)3]2 (230) was surveyed in cross-coupling reactions of a range of aryl chlorides with p-toluidine (227) (Table 7-5). 1-Chloronaphthalene
produced compound 235 in very high 93% yield. No correlation could be discerned between the
electronics of the aryl chloride and the yield, with reactions involving 4-chloroanisole (leading to
228) and 4-chlorobenzophenone, (producing 242) both providing high yields of the desired diarylamine. Other electron-poor substrates were equally compatible producing nitrile 238 and
fluoride 241 in excellent to good yields (93% and 72%). Surprisingly, the trifluoromethyl compound 240 was only formed in modest yield (21%), albeit after an extended reaction time. The
acetophenone derivative 239 was obtained in only moderate yield (63%), possibly due to a competing aldol reaction. The substitution pattern of a methyl substituent in the coupling partner was
determined to affect the yield slightly, possibly for steric reasons, with lower yields obtained for
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products with the methyl group in the ortho position (237 and 236). In the case of the two chloropyridine substrates trialled, moderate to good results were observed, depending on the position
of the nitrogen (244 and 243). The quinaldine derivative 245 could also be prepared successfully
in excellent 93% yield. This N-heterocyclic compound was shown to be a key intermediate in the
synthesis of dibenzonaphthyridines, some of which have been used as potent antimicrobial and
anticancer agents.[300]
Table 7-5. Scope of the aryl chloride coupling partner (233) with p-toluidine (227).[a]

All reactions were conducted on a 1.50 mmol scale using 1.2 equiv. of p-toluidine (227). Isolated yields
are indicated [b] 40 h reaction, GC showed 21% conversion after 18 h.
[a]

As shown in part I of this thesis, aniline derived thalidomide analogues such as 96 exhibit
enhanced biological activity (cf. chapter 3), and they can be prepared through palladium catalysed
C–N coupling reactions.[65]
Scheme 7-4. Alternative synthesis of aniline based thalidomide analogues via nickel catalysis.[a]

Compound 96 was obtained as a mixture with starting material 43, and the yield was determined by
H NMR spectroscopy.

[a]
1
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In order to assess whether this process could also be achieved with a more economical nickel
system, and to determine if the catalyst (dppf)Ni[P(OPh)3]2 (230) would function on more complex ring systems, it was attempted to couple 4-chlorothalidomide (43) with p-toluidine (227)
(Scheme 7-4). Although the conversion to thalidomide analogue 96 was only achieved in low
yields (<10%), the large amounts of starting material 43 were promising (ca. 90%), as this may
allow for future optimisation of this reaction. It was felt that the acidic glutarimide N-H proton
could potentially consume the base, however, the addition of extra NaOtBu was of no avail. To
circumvent solubility issues of chloride 43 in toluene, the solvent was also changed to 1,4-dioxane. Nonetheless, the yield could not be improved. Likewise, using the very recent procedure by
the Buchwald group,

[297]

employing K3PO4 as a mild base in tBuOH (cf. Figure 7-4, entry 7),

only furnished the thalidomide analogue 96 in low yields.
Following the success of the aryl chlorides, a small reaction trial was performed with a range
of aryl bromides with p-toluidine as the amine coupling partner (Table 7-6). In this case, there
seemed to be no discernable reactivity pattern or predictable change in activity, when compared
to the corresponding aryl chlorides. Compound 235 and 237 were produced in higher yields (99%
and 91% respectively), but the methoxy-substituted compound 228 was prepared in slightly lower
yield at 63% in the case of the aryl bromide as the electrophile. Interestingly, the reaction leading
to 243 underwent a second C–N coupling to form the corresponding tertiary amine.
Table 7-6. Scope of the aryl bromide coupling partner (246) with p-toluidine (227).[a]

[a]
All reactions were conducted on a 1.50 mmol scale using 1.2 equiv. of p-toluidine (227). Isolated yields
are indicated. [b] Compound resulted from competing experiment with 4-bromochlorobenzene. The
monocoupled products were only obtained in 8% yield with a 2:1 ratio favouring the ArBr coupled product.
[c]
A large amount of the dipyridylaniline product was also produced in 83% yield in this instance.
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The differences in the aryl halide (Br or I) leading to product 247 had no effect on the yield. The
remaining aryl bromides resulted in good conversions to the secondary amines, except in the case
of the fluorinated derivative 248. The reaction of 4-bromochlorobenzene with p-toluidine (227)
resulted mainly in the formation of the p-phenylenediamine derivative 251 (52%), whereas the
monocoupled derivatives were only isolated in a total of 8% yield (2:1 favouring Ar–Br coupled
product).
A range of amines suitable for this reaction was also explored (Table 7-7). Using
(dppf)Ni[P(OPh)3]2 (230) as a catalyst, the slightly hindered anilines 254 and 255 bearing methyl
substituents in the ortho position was successfully obtained, albeit in moderate yields (63%).
Strangely, while the use of an aryl bromide coupling partner was higher yielding (93%) in the
case of monomethyl substrate 254, trimethylaniline derivative 255 was only obtained in modest
yield (25%) when bromobenzene was used instead of chlorobenzene. A possible explanation
could be the large size of the bromine atom, compared to chlorine, which may hinder initial ligation (cf. Figure 7-1, step B) of the sterically encumbered amine coupling partner to the nickel
center.
Table 7-7. Scope of the amine coupling partner 252 with chlorobenzene (122).[a]

All reactions were conducted on a 1.50 mmol scale using 1.2 equiv. of amine coupling partner (252).
Isolated yields are indicated [b] BINAP was used as the added ligand.

[a]

The two electron rich anilines 257 and 258 were obtained in excellent yields, as was the
naphthylamine substrate 256. In the latter case, bromobenzene proved to be the higher yielding
electrophile. In contrast, the reaction with 4-aminoacetophenone giving compound 259 was low
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yielding. Again, this is possibly due to a competing aldol reaction that can take place under these
conditions. The secondary aniline leading to tertiary amine 260 was coupled in reasonable 63%
yield. Unfortunately, coupling benzylamine gave only modest yields of N-phenylbenzylamine
(261), even when the more reactive aryl bromide was used. The coupling of morpholine was
successful to give N-phenylmorpholine (139) in 76% yield, but more so when BINAP was used
as an additive instead of DPPF. This alternative diphosphine additive was also preferentially used
for the coupling of other secondary amines leading to products 262, 263 and 265. Even the coupling of a primary alkylamine to produce compound 264 was moderately successful when BINAP
was used as an additive.

7.2.4. Limitations of the catalytic system using nickel complex 230
While it was shown that a variety of substrates are compatible with the new air-stable
nickel(0) catalyst 230, certain limitations remain. Table 7-8 shows both chloride and amine coupling partners that did not give any, or very little desired product in the C–N cross-coupling
reaction with (dppf)Ni[P(OPh)3]2 (230) as the catalyst.
Table 7-8. Substrates that did not undergo C–N cross-coupling with (dppf)Ni[(P(OPh)3]2.[a]

All reactions were conducted on a 1.50 mmol scale using 1.2 equiv. of amine coupling partner. Chlorides
were attempted to couple with p-toluidine (227) and amines with chlorobenzene (122). [b] Amide formation.
[a]

In the case of the unprotected phenol 267, no desired diarylamine product could be detected.
As shown by the Hartwig group, the Buchwald-Hartwig cross-coupling methodology can also be
extended to C–O bond formation.[301] Unfortunately, only the starting material 267 was isolated
in this case. Moreover, no C–N coupling reaction occurred in the presence of a nitro-substituent
(269 and 270). In either case, thin layer chromatography indicated complex reaction mixtures in
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the absence of any starting material. It has been shown that nitro groups can inhibit nickel catalysed Mizoroki-Heck coupling reactions due to their ability to scavenge radicals. [302] As
mentioned in the introductory chapter (cf. section 5.3.2), one-electron processes are not uncommon in nickel catalysed systems due to the many readily accessible oxidation states of nickel.[206]
At this stage however, it cannot be confirmed whether one-electron processes, are involved in the
C–N coupling reactions described in this chapter. In the case of compounds 270, 271 and 275, a
C–N coupling reaction failed due to the reactive nature of the ester groups, which were converted
into the corresponding amides by reaction with the amine coupling partner 252.
Further limitations of the (dppf)Ni[P(OPh)3]2 (230) catalytic system are aminopyridines 272
and 273 as coupling partners. A speculative explanation for the unsuccessful coupling could be
that the second nitrogen atom provides an additional ligand binding site to the nickel center which
may inhibit the catalytic cycle. Moreover, the very electron-deficient pentafluoroaniline (274) did
not undergo a C–N coupling reaction with chlorobenzene, possibly due to its low nucleophilicity.
As far as is known, only one report exists where pentafluoroaniline (274) is used in a cross-coupling reaction.[303] In this particular example, C–N coupling of compound 274 is achieved with
2-triflatotropone in the presence of a palladium catalyst. Lastly, neither the acyclic secondary
amine substrates (276, 277 and 278) nor indole (279) underwent the desired coupling reaction
with chlorobenzene. This result was not surprising, given the fact that none of the products in
section 7.2.3 (Table 7-6 and Table 7-7), with the exception of compound 243, reacted in a second
C–N cross-coupling reaction to give a tertiary amine. In this context, the groups of Fort [304] and
Buchwald[305-306] have developed both nickel- and palladium-based systems that can also couple
acyclic secondary amines efficiently.
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7.2.5. Mechanistic studies with nickel complex 230
In an effort to better understand mechanistic aspects of the new catalyst (dppf)Ni[P(OPh)3]2
(230), a brief study was conducted with particular focus on ligand dissociations from this complex. An early insight into the reaction catalytic cycle was attempted through the monitoring of
the model reaction between 4-chloroanisole (226) and p-toluidine (227) by 31P NMR spectroscopy
(Figure 7-4).

Figure 7-4. Model reaction between 4-chloroanisole (226) and p-toluidine (227) monitored by
P NMR spectroscopy. 31P NMR (toluene, 243 MHz, unlocked) spectra showing the change of
(dppf)Ni[P(OPh)3]2 (230) over time. The formation of cross-coupling product 228 at each time
point was monitored by gas chromatography.
31

As the reaction requires adequate stirring to ensure quick dissolution of all reagents, an
on-line NMR experiment was not feasible. Instead, an aliquot of the reaction mixture was taken
at specific time-points (Figure 7-4). To ensure that the cross-coupling reaction still takes place
under these conditions, each aliquot was also monitored by gas chromatography to follow the
formation of product 228. The GC analysis of the reaction mixture highlights an impressive conversion (4% → 56%) for this reaction between the sampling at the 15 and 30 minute time periods.
Moreover, in the early stages of the reaction, it is clear that the catalyst 230 is consumed, as
indicated by the disappearance of the characteristic phosphine (δ = 23.3 ppm) and phosphite (δ =
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127.3 ppm) resonances. Also evident is a new resonance emerging in the phosphite region of the
spectra at δ = 139.8 ppm, however, not corresponding to free triphenylphosphite (δ = 127.9 ppm).
An increase in the intensity of the free DPPF phosphine resonance δ = -16.4 ppm is clear too.
Both these factors suggest that the bis-triphenylphosphite nickel complex Ni[P(OPh)3]2 (230’) is
possibly formed in the early stages of the reaction, as opposed to a presumed (dppf)Ni species.
A proposed catalytic cycle is delineated in Figure 7-5. Following other Ni(0)/Ni(II) catalytic
cycles proposed for nickel catalysed C–N coupling reactions,[289-290] an oxidative addition of the
aryl halide to Ni[P(OPh)3]2 (230’) resulting in the formation of Ar(X)Ni[P(OPh)3]2 (230’’) seems
plausible. Furthermore, a base promoted amination to give Ar(RHN)Ni[P(OPh)3]2 (230’’’) is estimated. The final, and possibly slow, reductive elimination is thought to be assisted through the
coordination of DPPF. A previous example has shown that phosphines assist in the thermal reductive elimination of cross-coupling reactions from platinum complexes, however, the unique
nature of this nickel catalyst system limits the potential of such direct comparisons from the literature.[307]

Figure 7-5. Proposed catalytic cycle for C–N cross-coupling reactions catalysed by
(dppf)Ni[P(OPh)3]2 (230).
Unfortunately, using 31P NMR spectroscopy, the identification of paramagnetic Ni(II) tetrahedral species is impossible, and pathways involving these species cannot be discounted at this
stage. Further studies are required to identify intermediates from this coupling process, thus far
however, every attempt to isolate intermediates, such as the proposed oxidative addition product
230’, has been unsuccessful. Further mechanistic studies of a related C–N coupling reaction are
presented in section 7.4.4 of this thesis.
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7.3. Synthesis of new nickel phosphite complexes and their catalytic
activity
In the previous sections, it was shown that homoleptic nickel(0) phosphite complexes like
Ni[P(OPh)3]4 (195) and Ni[P(OEt)3]4 (196) can serve as stable replacements for the air-sensitive
Ni(cod)2 in Mizoroki-Heck reactions (cf. section 6.3) and Buchwald-Hartwig aminations (cf. section 7.2.1). Additionally, the phosphine-phosphite nickel(0) complex (dppf)Ni[P(OPh)3]2 (230)
was identified as an air-stable alternative to Ni(cod)2 in C–N cross-coupling reactions. With the
success of this new catalyst, it seemed obvious to develop derivatives, in which either the phosphine or the phosphite portion is altered.

7.3.1. Synthesis of homoleptic nickel(0) phosphite complexes
To change the phosphite portion of complex 230, the corresponding homoleptic nickel(0)
phosphite complexes had to be prepared. As described in section 6.2, the procedure by Robinson
et al.[254] allows for easy access of such compounds from nickel nitrate hexahydrate. Phosphites
were either commercially available or synthesised from phosphorous trichloride according to a
procedure by Cumper et al.[308] Similar to the previous synthesis of Ni[P(OPh)3]4 (195) (cf.
Scheme 6-4), the para- and meta-tolyl analogues (280, 281) were obtained by treating
Ni(NO3)2·(H2O)6 with sodium borohydride in the presence of the corresponding phosphites in
good yields (Scheme 7-5). Their identity was confirmed by the 31P NMR resonances (280: δ =
132.5 ppm; 281: δ = 130.6 ppm), which matched those reported by Robinson[254] and Tolman[267].
In an attempt to synthesise the ortho-tolyl analogue, Ni[P(O-o-Tol)3]4, only the three-coordinate
complex Ni[P(O-o-Tol)3]3 (282) could be isolated in workable 47% yield (31P NMR: δ =
128.8 ppm). This phenomenon had already been observed by the Tolman group in 1970.[309] However, due to the very unstable nature of this coordinately unsaturated electron Ni(0) complex, an
X-ray crystal structure of 282 had never been determined. Satisfyingly, during the work for this
thesis, it was possible to obtain crystals suitable for X-ray crystallographic analysis from an ethanol solution of Ni[P(O-o-Tol)3]3 (282). A detailed discussion of the crystallographic data of
compound 282 is presented in section 7.3.5.
Scheme 7-5. Synthesis of homoleptic nickel(0) phosphites from nickel(II) nitrate hexahydrate.

Reagents and conditions: i) P(O-p-Tol)3 (4.0 equiv.), NaBH4, EtOH, -60 °C → RT, 15 min; ii) P(O-m-Tol)3
(4.0 equiv.), NaBH4, EtOH, -60 °C → RT, 15 min; iii) P(O-o-Tol)3 (3.0 equiv.), NaBH4, EtOH, -60 °C →
RT, 15 min.
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It has been well established that chelating diphosphines (e.g. DPPF or BINAP) can greatly
influence the properties of a metal complex catalyst.[279] In this vein, the use of chelating diphosphites in cross-coupling chemistry was also considered for the studies described in this thesis.
Pringle and co-workers have reported the synthesis of 2,2’-biphenol and 2,2’-binaphthol based
diphosphite complexes of nickel(0), and their use in hydrocyanation reactions.[310-311]
According to these reports, 2,2’-biphenol (283) was treated with phosphorous trichloride and
triethylamine to give diphosphite 284 in a good yield (84%, Scheme 7-6). The subsequent
treatment of Ni(cod)2 with 284 to afford the homoleptic nickel complex 285 (referred to as
Ni(BiPhenOPhos)2 herein) was also high yielding (83%). Due to the axial chirality of the three
biphenol units, diphosphite 284 can exist as three different diasteromeric pairs (RRR/SSS,
RSS/SRR, RSR/SRS). Consistent with the report by Pringle et al.,[311] the 31P NMR spectrum of
ligand 284 only shows one main singlet resonance at δ = 145.59 ppm, which indicates the
presence of only one of the possible diasteromeric pairs as the major product. The literature report
concluded by X-ray crystallography that the RRR/SSS diasteromeric pair was the sole product.
Unfortunately, NMR data or specific rotations were not reported, and hence the configuration of
complex 284 in this study cannot be determined by comparison. In contrast to the literature report,
two minor 31P NMR signals were also observed in the spectrum of complex 284 (δ = 145.77,
145.73 ppm; ratio: ca. 15:1:1). This suggests that the other diastereomers may have also formed
as minor products. The diphosphite complex of nickel(0), Ni(BiPhenOPhos) 2 (285), can exist as
twelve possible diastereomers. Remarkably, the 31P NMR spectrum of complex 285 only shows
one major singlet resonance at δ = 162.66 ppm and a minor singlet resonance at δ = 166.41 ppm
(ratio: ca. 8:1). A similar phenomenon had been described in the early reports by the Pringle
group.[310-311]
Scheme 7-6. Synthesis of the chelate diphosphite nickel(0) complex, Ni(BiPhenOPhos)2 (285).

Reagents and conditions: i) PCl3, NEt3, THF, -40 °C → RT, 2 h; ii) Ni(cod)2, toluene, 100 °C, 1 h.

7.3.2. Synthesis of new phosphine-phosphite nickel(0) complexes
With the phosphite complexes 280 and 281 in hand, it was now possible to synthesise variants of (dppf)Ni[P(OPh)3]2 (230). Following the same methodology described in section 7.2.1 (cf.
Scheme 7-3), the homoleptic nickel(0) phosphite complexes 280 and 281 were treated with DPPF
in refluxing toluene to give the mixed phosphine-phosphite complexes (dppf)Ni[P(O-p-Tol)3]2
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(286) and (dppf)Ni[P(O-m-Tol)3]2 (287) in moderate to good yields (Scheme 7-7). As anticipated,
the 31P NMR spectra for either compound showed two characteristic triplet resonances (cf. Table
7-9 for a summary of 31P NMR chemical shifts). In order to alter the phosphine portion, it was
proposed to simply react the precursor Ni[P(OPh)3]4 (195) with different diphosphines. In this
vein, Xantphos was combined with precursor 195 to give the desired complex,
(Xantphos)Ni[P(OPh)3]2 (288), in a high yield (85%). Interestingly, the 31P NMR spectrum did
not show the expected pair of triplets. Instead, two doublets of triplets (dt) resonated in the phosphite region of the spectrum (δ = 121.2, 117.9 ppm), as well as a doublet of doublets (dd) in the
upfield region (δ = 21.3 ppm), typical for a Xantphos ligand bound to a metal (Table 7-9) (cf.
spectrum in appendix C). This phenomenon can be explained by an inequivalence of the two
methyl groups within the Xantphos ligand when bound to a metal. Thus, the two Xantphos phosphorous atoms are no longer superimposable, causing additional P-P coupling to be observable.
Similar to literature reports,[312-313] two methyl signals (δ = 1.38, 1.31 ppm) are apparent in the 1H
NMR spectrum of complex 288. In a study by van Leeuwen and co-workers on rhodium complexes,[314] it was proposed that a rigid conformation of the Xantphos ligand, when bound to a
metal, is responsible for this effect. To corroborate this hypothesis, an X-ray crystal structure of
complex 288 would be desirable. Unfortunately, suitable crystals could not be obtained.
Scheme 7-7. Synthesis of new phosphine-phosphite nickel(0) complexes.

Reagents and conditions: i) toluene, reflux, 2 h; ii) toluene, reflux, 2.5 h; iii) toluene, reflux, 2 d; iv) toluene,
reflux, 2 d.
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Table 7-9. Comparison of the 31P NMR (C6D6) chemical shifts (δ) of phosphine-phosphite nickel
complexes and of the free ligands.[a]

[a]
[b]

Nickel complex

δ (complex)

δ (free
phosphine)

δ (free
phosphite)

(dppf)Ni[P(OPh)3]2
(230)

127.3 (t, J = 30.0 Hz),
23.3 (t, J = 30.0 Hz)

-16.4

127.9

(dppf)Ni[P(O-p-Tol)3]2
(286)

128.6 (t, J = 31.9 Hz),
23.6 (t, J = 31.9 Hz)[c]

-16.4

129.5[b]

(dppf)Ni[P(O-m-Tol)3]2
(287)

127.7 (t, J = 32.0 Hz),
23.6 (t, J = 32.0 Hz)[c]

-16.4

129.3[b]

(Xantphos)Ni[P(OPh)3]2
(288)

121.2 (dt, J = 82.6, 43.8 Hz),
117.9 (dt, J = 82.6, 20.6 Hz),
21.3 (dd, J = 43.8, 20.6 Hz)[c]

-17.9[c]

127.9

(binap)Ni[P(OPh)3]2
(289)

127.3 (t, J = 21.4 Hz),
36.2 (t, J = 21.4 Hz)[c]

-14.9[b]

127.9

All chemical shifts are reported in parts per million (ppm) relative to external conc. H 3PO4 standard.
CDCl3 was used as the NMR solvent. [c] CD2Cl2 was used as the NMR solvent.

Figure 7-6. X-ray crystal structure of (binap)Ni[P(OPh)3]2·2PhCH3 (289). Ellipsoids are drawn
at the 50% probability level. Hydrogen atoms, solvent molecules and the minor component
(disorder) have been omitted for clarity. Selected bond lengths (Å): (P1-Ni1) = 2.2149(10);
(P2-Ni1) = 2.2136(10); (P3-Ni1) = 2.1070(9); (P4-Ni1) = 2.1176(10). Selected bond angles (°):
(P1-Ni1-P2) = 94.51(4); (P1-Ni1-P3) = 103.32(4); (P1-Ni1-P4) = 116.35(4); (P2-Ni1-P4) =
122.86(4); (P3-Ni1-P4) = 103.11(4); (P3-Ni1-P2) = 115.52(4). CCDC: 1045787. Further
crystallographic details of compound 289 are presented in appendix A.
In section 7.2.3 it was shown that the addition of free BINAP to the (dppf)Ni[P(OPh)3]2 (230)
catalyst system provided higher yields in some C–N cross-coupling reactions (cf. Table 7-7).
Consequently, in predicting an active catalytic species, the phosphine-phosphite complex
(binap)Ni[P(OPh)3]2 (289) was also prepared. To this end, stirring the precursor Ni[P(OPh) 3]4
(195) with BINAP afforded the desired complex 289 in a good yield (69%, Scheme 7-7). In this
case, the 31P NMR spectrum showed the expected pair of triplets (Table 7-9) (cf. spectrum in
appendix C).
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Crystals suitable for X-ray crystallography were optained as a toluene solvate. The crystal
structure of complex 289 shows a distorted tetrahedral geometry about the nickel centre (Figure
7-6). The BINAP bite angle (P1-Ni1-P2) of 94.51° exhibits the greatest deviation from the
tetrahedral angle (109.5°), but it is close to the natural bite angle of free BINAP (93°).[279] This
result is in agreement with comparable nickel complexes, [(R)-binap]Ni(η2-NCPh),[315]
[(S)-binap]Ni(cod)[316] and [(S)-(binap]Ni(o-tol)Cl.[317] As already determined for the
(dppf)Ni[P(OPh)3]2 (230) catalyst (cf. Figure 7-3), the Ni-P bond lengths between metal center
and phosphites are smaller than between metal center and the phosphine. A possible consequence
of these characteristics regarding ligand dissociation from complex 289 is discussed in section
7.4.4 of this thesis.

7.3.3. Revisiting the C–N coupling of anilines
Next, the model C–N coupling reaction between 4-chloroanisole (226) and p-toluidine (227)
was revisited, in order to screen the new nickel(0) complexes (cf. Scheme 7-5, Scheme 7-6 and
Scheme 7-7) for their catalytic activity (Table 7-10).
Table 7-10. Screening of the new nickel(0) complexes for their catalytic activity in the C–N
coupling reaction between 4-chloroanisole (226) and p-toluidine (227).[a]

Entry

Catalyst

Ligand (mol%)

Conversion (%)[b]

Yield (%)[c]

1

Ni[P(OPh)3]4

DPPF (10)

76

68

2

Ni[P(O-p-Tol)3]4

DPPF (10)

91

62

3

Ni[P(O-m-Tol)3]4

DPPF (10)

87

76

4

Ni[P(O-o-Tol)3]3

DPPF (10)

2

n.d.

5

Ni(BiPhenOPhos)2

DPPF (10)

0

0

6

(dppf)Ni[P(OPh)3]2

-

77

61

7

(dppf)Ni[P(OPh)3]2

DPPF (5)

94

82

8

(dppf)Ni[P(O-p-Tol)3]2

DPPF (5)

98

86

9

(dppf)Ni[P(O-m-Tol)3]2

DPPF (5)

7

n.d.

10

(Xantphos)Ni[P(OPh)3]2

Xantphos (5)

0

0

11

(binap)Ni[P(OPh)3]2

BINAP (5)

100

>99

12

(binap)Ni[P(OPh)3]2

-

100

>99

All reactions were conducted on a 0.50 mmol scale using 1.2 equiv. of p-toluidine (227). [b] Determined
by GC. Only promising candidates were subjected to work-up and isolation. [c] Isolated yields.
[a]

In comparison to the initially studied complex Ni[P(OPh)3]4 (195) (entry 1), the analogous
tolyl phosphite complexes Ni[P(O-p-Tol)3]4 (286) and Ni[P(O-m-Tol)3]4 (287) only had a
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moderate effect on the yield of the diarylamine product 228. While the use of para-tolyl phosphite
complex 286 resulted in a somewhat lower yield (entry 2), the reaction was slightly higher
yielding with meta-tolyl variant 287 (entry 3). The sterically more demanding P(O-m-Tol)3 ligand
is likely to dissociate quicker from the nickel centre than the structurally isomeric P(O-p-Tol)3
ligand.[267] Initially, When mixed with DPPF in the reaction flask, this combination may
potentially lead to a faster formation of the catalytically active species in the case of
Ni[P(O-m-Tol)3]4 (287). On the contrary, the very labile three-coordinate complex
Ni[P(O-o-Tol)3]3 (282) proved unsuitable as a catalyst in the C–N coupling reaction (entry 4).
Likewise, when the homoleptic diphosphite complex Ni(BiPhenOPhos)2 (285) was used, no
desired product 228 was formed (entry 5). It is possible that the high stability of
Ni(BiPhenOPhos)2 (285) does not facilitate ligand exchange with DPPF to form a catalytically
active species.[311] Compared to (dppf)Ni[P(OPh)3]2 (230) (entry 7), the use of analogous
(dppf)Ni[P(O-p-Tol)3]2 (286) did not have a significant effect on the yield (entry 8). Strangely,
using the structural isomer (dppf)Ni[P(O-m-Tol)3]2 (287) gave hardly any desired product (entry
9). It is not clear what led to the large discrepancy in the yields between the conditions in entry 3
and 9, given that the same catalytically active species is potentially formed in either case.
Unfortunately, the Xantphos analogue 288 also proved unsuitable as a catalyst for the C–N
coupling reaction (entry 10). Impressively, the use of (binap)Ni[P(OPh) 3]2 (289) as the catalyst
gave the desired product 228 in quantitative yield even without additional phosphine ligand
(entries 11 and 12). This outcome helps to explain the results from section 7.2.3, where
(dppf)Ni[P(OPh)3]2 (230) in combination with BINAP increased the yield for some substrates (cf.
Table 7-7). However, the catalytically active species at this stage remained unclear.

7.3.4. Revisiting the Mizoroki-Heck reaction with the new nickel catalysts
With the successful use of the new phosphine-phosphite nickel(0) catalysts
(dppf)Ni[P(OPh)3]2 (230) and (binap)Ni[P(OPh)3]2 (289) in C–N coupling reactions, it was
self-evident to revisit the Mizoroki-Heck reaction studies in chapter 6. To recapitulate, the allegedly most efficacious conditions for the Mizoroki-Heck reaction between cyano-substituted aryl
triflate (197) and butyl vinyl ether (198) involved the use of either Ni[P(OPh)3]4 (195) or the alkyl
variant Ni[P(OEt)3]4 (196) (Table 7-11, entries 1 and 2). With the latter catalyst the desired ketone
(200) was obtained in high 85% yield, however, the substrate scope was very limited (cf. Table
6-3). Hence, the abovementioned new nickel complexes (cf. Scheme 7-5, Scheme 7-6 and Scheme
7-7) were screened to potentially identify a nickel catalyst with a broader substrate scope (with
generous contributions from fellow PhD student Nikki Man).
Both tolyl phosphite complexes Ni[P(O-p-Tol)3]4 (286) and Ni[P(O-m-Tol)3]4 (287) proved
unsuitable for the Mizoroki-Heck coupling reaction (Table 7-11, entries 3 and 4), as was the
coordinatively unsaturated Ni(0) complex Ni[P(O-o-Tol)3]3 (282) (entry 5). Surprisingly, the diphosphite complex Ni(BiPhenOPhos)2 (285), which was entirely unreactive in the C–N coupling
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reaction (cf. Table 7-10), gave the desired Mizoroki-Heck coupling product 200 in modest 32%
yield (entry 6).
Table 7-11. Screening of the new nickel(0) complexes for their catalytic activity in the MizorokiHeck coupling reaction between triflate 197 and butyl vinyl ether (198).[a]

Entry

Catalyst (mol%)

Ligand (mol%)

Yield (%)[b]

1

Ni[P(OPh)3]4 (5)

DPPF (5)[c]

70

2

Ni[P(OEt)3]4 (2)

DPPE (2)

85

3

Ni[P(O-p-Tol)3]4 (5)

DPPF (10)

0

4

Ni[P(O-m-Tol)3]4 (5)

DPPF (10)

0

5

Ni[P(O-o-Tol)3]3 (5)

DPPF (10)

(1)

6

Ni(BiPhenOPhos)2 (5)

DPPF (10)

32

7

(dppf)Ni[P(OPh)3]2 (5)

- [d]

(16)

8

(dppf)Ni[P(OPh)3]2 (5)

DPPF (5)

9

(dppf)Ni[P(OPh)3]2 (5)

DtBuPF (5)

10

[d]

[d]

49

[d]

25

(dppf)Ni[P(OPh)3]2 (5)

DCyPF (5)

[d]

20

11

(dppf)Ni[P(OPh)3]2 (5)

DiPrPF (5)[d]

65

12

(dppf)Ni[P(O-p-Tol)3]2 (5)

DPPF (5)

0

13

(dppf)Ni[P(O-m-Tol)3]2 (5)

DPPF (5)

0

14

(binap)Ni[P(OPh)3]2 (5)

-

0

15

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

(1)

All reactions were conducted on a 0.50 mmol scale using 4.0 equiv. butyl vinyl ether (198) and 3.0 equiv.
Cy2NMe. [b] Isolated yields are reported. GC conversion are indicated in brackets. [c] 1,4-Dioxane was used
as the solvent. [d] Only 1.5 equiv. butyl vinyl ether (198) and 1.0 equiv. Cy2NMe were used.
[a]

The use of phosphine-phosphite nickel(0) complex (dppf)Ni[P(OPh)3]2 (230) was moderately successful, but more so when additional DPPF ligand was used (entries 7 and 8).
Interestingly, it was found that the use of sterically more demanding DPPF analogues as additives
had a considerable effect on the yield. The tert-butyl and cyclohexyl derivatives DtBuPF and
DCyPF, caused a drop in yield (entries 9 and 10), whereas isopropyl derivative DiPrPF resulted
in a reasonable 65% yield (entry 11). Lastly, analogues of (dppf)Ni[P(OPh) 3]2 (230) were also
screened, but neither (dppf)Ni[P(O-p-Tol)3]2 (286), (dppf)Ni[P(O-m-Tol)3]2 (287) nor
(binap)Ni[P(OPh)3]2 (289) produced significant amounts of the Mizoroki-Heck cross-coupled
product 200 (entries 12 -15).
Unfortunately, none of the newly developed air-stable nickel(0) complexes was able to compete with the earlier established Ni[P(OEt)3]4 (196) (entry 1) with regards to yield. Although the
yield with the phosphine-phosphite complex (dppf)Ni[P(OPh)3]2 (230) in combination with DiPrPF was promising (entry 11), it too, exhibited substrate scope limitations. Substrates that could
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not be coupled with the Ni[P(OEt)3]4 (196) system (cf. Table 6-3), were also unreactive in the
(dppf)Ni[P(OPh)3]2/DiPrPF system (results not shown). Notwithstanding its high air-sensitivity,
Ni(cod)2 currently still appears to be the nickel catalyst of choice for Mizoroki-Heck reactions
with electron-rich olefins (cf. Scheme 6-5).[273]

7.3.5. A coordinatively unsaturated nickel(0) complex
Results from this chapter were published in the journal ‘Acta Crystallographica Section C’ in
2015, and co-authored by the candidate.[318]
The three-coordinate Ni(0) complex Ni[P(O-o-Tol)3]3 (282) was obtained from the reaction
of Ni(NO3)2·(H2O)6 with sodium borohydride in the presence of P(O-o-Tol)3 (cf. Scheme 7-5).
This coordinatively unsaturated complex had already been reported by Tolman and co-workers,
along with several other three-coordinate nickel(0) complexes and the equivalent tetrakis(aryl
phosphite)nickel(0) complexes,[309] but crystal structure details were not published. As mentioned
earlier, in the course of this study is was possible to obtain crystals suitable for X-ray crystallographic analysis. The structure of complex 282 is shown in Figure 7-7.

Figure 7-7. X-ray crystal structure of Ni[P(O-o-Tol)3]3 (282), projected onto the plane of the
phosphorous atoms. Displacement ellipsoids are drawn at the 20% probability level. Only one of
each of the disordered groups is shown. Hydrogen atoms have been omitted for clarity. The green
dotted line represents one of the agostic interactions. CCDC: 1045544. Further crystallographic
details of compound 282 are presented in appendix A.
Table 7-12 contains a selection of intramolecular parameters for Ni[P(O-o-Tol)3]3 (282), collected together with those of two close analogues available for comparison (with generous
contributions from Prof Brian Skelton, UWA), the nickel(0) complex [Ni(PPh3)3][319] as well as
the nickel(I) compound [Ni(PPh3)3]BF4·BF3·OEt2.[320] For the discussion in this section, it is pertinent to consider the relevant cone angles for the ligands in question. Cone angle values of 145°
in PPh3 and 165° in P(O-o-Tol)3 were determined according to an early model by Tolman.[267]
While the conformational flexibility of the ligands has led to various revisions of cone angles,[321]
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determined in the solid state the relative differences are tangible. Thus, the exact cone angle for
P(O-o-Tol)3 has been calculated as 163.6°, using an method to determine an exact cone angle by
solving for the most acute right circular cone that contains the entire ligand (with generous contributions from Dr Duncan Wild, UWA),[322] and this value is close to the one predicted earlier in
the work by Tolman.[267]
The Ni-P bonds are longest, as expected,[323] for the Ni(I) cation [Ni(PPh3)3]+, and shortest
for complex 282, which seems counterintuitive given the larger cone angle of P(O-o-Tol)3. However, the shorter bond lengths in phosphites simply reflect the greater conformational flexibility
of the P-O-C linkage. The same phenomenon was observed for the phosphine-phosphite complexes (dppf)Ni[P(OPh)3]2 (230) and (binap)Ni[P(OPh)3]2 (289) (cf. Figure 7-3 and Figure 7-6).
While the P-Ph bond has significant rotational freedom, it has less ‘bend’ than the phosphite ligand. In the case of zero-valent [Ni(PPh3)3], the phenyl rings in each ligand adopt a pseudo-parallel
alignment of pairs of phenyl rings on adjacent ligands.[319] Moreover, this complex exhibits agostic interactions of the ortho-phenyl proton with the metal centre.[324] A close approach of ortho
hydrogen atoms to the nickel centre is also evident in the case of Ni[P(O-o-Tol)3]3 (282), suggestive of agostic interactions (cf. Figure 7-7). The closest of these approaches is ca. 2.3 Å, ranging
out to ca. 3.0 Å.
Table 7-12. Selected bond lengths (Å) and angles (°) for complex 282 and two related
three-coordinate Ni(0) and Ni(I) complexes.
Parameter

Ni[P(O-o-Tol)3]3 (282)

[Ni(PPh3)3][a]

[Ni(PPh3)3]BF4[b]

Ni1-P1

2.102 (2)

2.154 (2)

2.215 (2)

Ni1-P2

2.068 (8)

2.148 (2)

2.209 (2)

Ni1-P3

2.092 (14)

2.156 (1)

2.183 (2)

Ni1-Pavg

2.087 (14)

2.152 (8)

2.202 (5)

P2-Ni1-P1

123.1 (2)

121.2 (1)

107.00 (6)

P3-Ni1-P1

115.03 (6)

118.5 (1)

141.98 (7)

P2-Ni1-P3

119.4 (2)

120.2 (1)

110.91 (9)

Two molecules in the asymmetric unit. Parameters of only one molecule are reported. [b] Crystallised as
the BF3 diethyl etherate.

[a]

It was suggested that the disorder of the phenoxy rings (and the split occupancy for P2) might
reflect two different agostic interactions between the phenyl hydrogen atoms and the nickel centre, above and below the trigonal plane. The displacement ellipsoid of the Ni(0) atom is slightly
extended along a direction approximately orthogonal to the trigonal plane, allowing it to interact
with the two hydrogen atoms of components C246 and C226 (Ni…H226 = 2.30 Å and
Ni…H246 = 2.64 Å) on one side, and with hydrogen atoms attached to components C236 and
C256 (Ni…H256 = 3.09 Å and Ni…H236 = 2.86 Å) on the opposite of the apical faces of the
nickel. This suggests that there is one structure where the Ni(0) atom interacts more strongly with
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an aryl hydrogen atom, and deviates from the trigonal plane defined by the three phosphorous
atoms in the direction of that respective hydrogen atom (e.g. H226). In the other structure, the
nickel atom interacts more strongly with an aryl hydrogen atom on the opposite face (e.g. H236),
and these two structures are in dynamic equilibrium.
In summary, a highly air-sensitive three-coordinate nickel(0) has been structurally characterised. While Ni[P(O-o-Tol)3]3 (282) was first reported in 1970,[309] it has now had its
three-dimensional structure determined for the first time.
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7.4.

C–N cross-coupling reactions with primary alkyl amines

Results presented in this section were published in the journal ‘European Journal of Organic
Chemistry’ in 2015, and co-authored by the candidate.[325]
As mentioned previously, the coupling of primary alkyl amine is more challenging compared
to anilines, due to the possibility of undesired β-hydride elimination (cf. section 7.1). In section
7.2.3 it was shown that (dppf)Ni[P(OPh)3]2 (230) is an excellent catalyst for C–N coupling reactions between aryl halides and anilines.

7.4.1. Optimisation of the coupling with primary alkyl amines
Unfortunately, the yield of this coupling process dropped dramatically (<10%) when primary
alkylamines, such as n-hexylamine (290), were used (Table 7-13, entry 1). Interestingly, the yield
could be enhanced to a certain extent (32%) via addition of BINAP to the catalytic system (entry
2). This led to the development of the (binap)Ni[P(OPh)3]2 (289) complex (cf. section 7.3.2),
which exhibited high catalytic activity in the coupling of aryl halides with anilines, even when no
extra diphosphine was added (cf. section 7.3.3, Table 7-10).
Table 7-13. Optimisation of the nickel catalysed primary alkyl amine coupling reaction.[a]

Entry

Catalyst

Ligand (mol%)

Base (%)

Yield (%)[b]

1

(dppf)Ni[P(OPh)3]4

DPPF (5)

NaOtBu

(<10)

2

(dppf)Ni[P(OPh)3]4

BINAP (5)

NaOtBu

32

3

(binap)Ni[P(OPh)3]4

-

NaOtBu

99

4

(binap)Ni[P(OPh)3]4

[c]

-

NaOtBu

62

5

(binap)Ni[P(OPh)3]4

[d]

-

NaOtBu

0

6

(binap)Ni[P(OPh)3]4

-

NaHMDS

(80)

7

(binap)Ni[P(OPh)3]4

-

KHMDS

(18)

8

(binap)Ni[P(OPh)3]4

-

Cs2CO3

0

All reactions were conducted on a 0.25 – 0.50 mmol scale using 1.2 equiv. of n-hexylamine (290).
Isolated yields are indicated. Numbers in brackets indicate GC-yield using docosane as internal standard.
[c]
1,4-Dioxane was used as the solvent. [d] Reaction was conducted under air.

[a]

[b]

When subjecting (binap)Ni[P(OPh)3]2 (289) to the test reaction between chlorobenzene (122)
and the primary alkylamine 290 (Table 7-13), the aniline product 264 was obtained in quantitative
yield (entry 3), without the need of any ligand additives. Using 1,4-dioxane as an alternative solvent gave only a moderate yield of 62% (entry 4). Unfortunately, no reaction occurred when the
coupling process was attempted under air (entry 5). Nonetheless, like (dppf)Ni[P(OPh)3]2 (230),
complex 289 proved to be extraordinarily air-stable in its solid form, showing no reduction of
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catalytic activity in this model reaction even after six months of regular exposure to air. The 31P
NMR spectrum of 289 also did not indicate any signs of decomposition within this time period.
Table 7-14. Variation of the catalyst loading and temperature.[a]

Entry

Catalyst loading

Temperature

Yield (%)[b]

1

5 mol%

100 °C

99

2

4 mol%

100 °C

94

3

3 mol%

100 °C

92

4

2 mol%

100 °C

78

5

1 mol%

100 °C

54

6

0.5 mol%

100 °C

(13)

7

5 mol%

80 °C

99

8

5 mol%

60 °C

93

9

5 mol%

40 °C

84

All reactions were conducted on a 0.50 mmol scale using 1.2 equiv. of n-hexylamine (290). [b] Isolated
yields are indicated. Numbers in brackets represent GC conversions.
[a]

Additionally, other bases were trialled in order to assess alternatives to the very strong
NaOtBu base. Milder bases like Cs2CO3 are known to greatly enhance the substrate scope in terms
of functional group tolerance. While organosilicon bases like NaHMDS are still strong, they often
allow coupling compatibility with protic functional groups (phenols, aliphatic alcohols and amides).[189] Fortunately, in the case of the (binap)Ni[P(OPh)3]2 (289) system, NaHMDS also proved
to be a suitable base for the coupling of primary alkylamine 290 to give aniline 264 in high yield
(80%) (entry 6). In contrast, the reaction was low yielding when the potassium variant, KHMDS,
was used (entry 7). Similar observations have been reported previously for both palladium-[189]
and nickel-catalysed cross-coupling reactions.[326] It is possible that this phenomenon is caused
by the lower aggregationi of KHMDS in nonpolar compared to its sodium analogue.[327-328] A
counterion effect on the catalytic cycle is also conceivable.[329] Unfortunately, no product was
formed when the mild base Cs2CO3 was employed (entry 8), probably due to the low solubility
of this inorganic base in toluene.[330]
Given the (binap)Ni[P(OPh)3]2 (289) complex in combination with NaOtBu was the most
efficient in the primary amine coupling, the optimum catalytic loading and temperature were then
determined. These results have been summarised in Table 7-14. It became apparent that the reaction yield was dependent on the loading of the catalyst. Even decreasing the catalytic loading to

While KHMDS typically forms dimers, NaHMDS is usually found as a trimeric aggregate in nonpolar
solvents like toluene.
i)
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3 mol% (100 °C) still provided an excellent yield of 92%, (entry 3). While the reaction still proceeded at a low catalyst loading of 0.5 mol%, the yield obtained was poor (entry 6). A series of
reactions with reduced reaction temperatures, decreasing by 20 °C with each step, were also conducted. Remarkably, even at 40 °C, the amination still proceeded in high 84% yield at 5 mol%
catalyst loading (entry 9).

7.4.2. Scope of the coupling partners using nickel complex 289
Subsequently, the scope of the coupling of the aryl halides (Table 7-15) was investigated and
found to encompass a large range of electronically differing substrates. Since the highest yield of
aniline 264 was observed employing the conditions in entry 7 (Table 7-14), the reaction was carried out using 5 mol% of the catalyst 289 at 80 °C, and n-hexylamine (290) was chosen as the
amine coupling partner.
In general, substrates containing electron withdrawing substituents, such as cyano (293), trifluoromethyl (294) and acyl (295), all coupled in good to excellent yields. Similarly, strongly and
weekly electron donating groups also resulted in high yields of the corresponding monoalkyl
aniline (299–302). The N-heterocyclic products pyridine 305, and quinaldine analogue 304, were
produced in reasonable yields, at 68% and 62%, respectively, suggesting this methodology could
find utility in derivatisation studies, as favoured in medicinal chemistry. Aryl bromides were also
successfully employed in this reaction, however lower yielding, affording the series of products
264, 301, 302 and 303. Unfortunately, the less commonly used, but cheap, aryl tosylates gave
only modest yields of compounds 264, 293, 296, 297 and 298 as determined by GC analysis.
Furthermore, catalyst 289 was successful in conducting an intramolecular C–N cross-coupling
reaction using ortho-chlorophenethylamine leading to indoline (306) in 76% yield. In the process,
the unsaturated indole was also formed (9:1 ratio of indoline (306)/indole), as previously reported
in studies by Fort et al. on Ni/NHC systems.[331] Gratifyingly, silyl ethers were well tolerated, and
compound 307, which contains a TBS-group, was obtained in a reasonable 60% yield.
Unfortunately, using ortho-substituted hydrocinnamonitrile gave the aniline 309 only in low
yield. Like in the coupling reactions with anilines using the (dppf)Ni[P(OPh)3]2 (230) (cf. section
7.2.4), nitro groups were not tolerated (308). At this stage, base-sensitive groups appear to be the
main limitation of the (binap)Ni[P(OPh)3]2 (289) system. Thus, acetophenone 310 was obtained
in low yield, while the use of a methyl ester did not give compound 313, but instead resulted in
the formation of the corresponding amide. Even lower temperatures (50 °C) and using the milder
base NaHMDS did not give any desired coupling product 313. Likewise, in the presence of a Bocgroup, only the corresponding hexylurea was isolated in addition to starting material (312). This
result is not surprising as it has been shown previously that strong bases can be used to form
isocyanates from carbamates, including Boc.[332] These reactive intermediates can then quickly
react with a nucleophile like n-hexylamine (290) to form urea analogues. Moreover, acetals and
thioacetals only resulted in the formation of dehalogenated arene products and ring opening of
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the acetal moieties (314, 315). No coupling reaction to give sulfonamide 311 occurred, and only
starting material was isolated.
Table 7-15. Scope and limitations of the aryl (pseudo)halide coupling partner 291.[a]

All reactions were conducted on a 0.50 mmol scale using 1.2 equiv. of n-hexylamine (290). Isolated
yields are indicated [b] Determined by GC using docosane as an internal standard. Conducted at 100 °C and
extra BINAP (5 mol%) was used. [c] 100 °C, obtained as 9:1 mixture with indole. [d] Conducted at 50 °C.
[e]
Determined by GC using docosane as an internal standard. [f] NaHMDS was used as the base.
[g]
Corresponding hexylurea was isolated (44%) in addition to 44% recovered starting material.
[h]
Conducted at 50 °C, amide formation. [i] Dehalogenation and ring opening of the (thio)acetal moiety.
[a]

After establishing the scope of the aryl halides, the range of primary alkyl amine coupling
partners was investigated (Table 7-16). Fortunately, simple, branched alkyl amines and cyclohexylamine could also be employed, leading to compounds 318 and 319 in good to high yields.
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Similarly, benzyl and methyl benzyl amine furnished the corresponding anilines 320–322 in good
to excellent yields. Only a moderate yield of compound 323 was achieved when methyl benzyl
amine was coupled with a naphthyl bromide. Likewise, the reaction of allyl amine was slightly
lower yielding (58%), providing compound 324. Similar reactions involving allyl amine, catalysed with palladium, have previously been used in cross-coupling reactions as ammonia
equivalents.[333] No reaction occurred when propargyl amine was used as the coupling partner
(325). This can be explained by the tendency of nickel to form complexes with alkynes,[158] hence
rendering the catalyst 289 inactive for C–N cross-coupling. Using 2-picolylamine as the amine
coupling partner currently appears to be another limitation of the (binap)Ni[P(OPh)3]2 (289) catalyst system. The poor yield of compound 326 (12%) could be due to additional substrate ligation
to the nickel centre, affecting the catalytic cycle. Metal complexes of 2-picolylamine derivatives,
including nickel, have been reported in the literature.[334-335]
Table 7-16. Scope of the primary alkyl amine coupling partner 316.[a]

All reactions were conducted on a 0.50 mmol scale using 1.2 equiv. of the corresponding amine (316).
Isolated yields are indicated [b] 60 °C, sealed vessel. [c] Additional BINAP was used.
[a]

7.4.3. Competition experiments with nickel complex 289
A short series of competition experiments were then conducted, the first exploring the difference in reactivity of aryl halides containing electron-withdrawing groups compared with
electron-donating groups.
The reactivity of both the aryl chlorides 327 and 226 (Scheme 7-8a) under the new catalytic
methodology, at 80 °C with n-hexylamine (290), seems to strongly favour the coupling of the
electron-poor nitrile 327. Remarkably, no coupling product containing a methoxy group (299)
was detected by gas chromatography. This result was mirrored in a similar reaction involving the
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corresponding aryl bromides 328 and 329 (Scheme 7-8b). A chemoselectivity experiment between p-bromochlorobenzene (330) also revealed a preference for the aryl bromide moiety. In
this instance, the reaction with n-hexylamine (290) produced 4-chloro-N-hexyl aniline (331) as
the sole product (Scheme 7-9a). This is interesting insofar as aryl bromides generally gave lower
yields compared to the chloride counterpart (cf. Table 7-15).
Scheme 7-8. a) Competition experiments of aryl chlorides and b) bromides bearing
electron-withdrawing (327 and 328) or electron-donating substituents (226 and 329).[a]

Reagents and conditions: i) (binap)Ni(P(OPh)3]2 (289) (5 mol%), NaOtBu (1.4 equiv.), toluene, 80 °C,
16 h. [a] Yields were determined by GC using docosane as an internal standard.

Scheme 7-9. a) Chemoselectivity experiment with p-bromochlorobenzene (330). b) Competition
experiments between aniline 227 and alkylamine 290.[a]

Reagents and conditions: i) (binap)Ni(P(OPh)3]2 (289) (5 mol%), NaOtBu (1.4 equiv.), toluene, 80 °C,
16 h. [a] Yields were determined by GC using docosane as an internal standard.

In another group of competition experiments, it was established that the catalyst
(binap)Ni[P(OPh)3]2 (289) is selective for the primary alkyl amine over an aniline (Scheme 7-9b).
In this case the 1:1:1 reaction mixture of 4-chlorobenzonitrile (327), p-toluidine (227) and n-hexylamine (290), under the standard reaction conditions, produced significantly more of the alkyl
amine product 293. This phenomenon is curious considering the reactivity of anilines in C–N
cross-coupling reactions is generally considered excellent in comparison to alkyl amines.[175] Surprisingly, even when the concentration of the aniline coupling partner 227 was doubled, the
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reaction was still selective for the alkyl amine coupled product 293 over 238. In fact, less diarylamine product 238 was formed when the amount of aniline 227 was doubled. Although the nature
of this phenomenon is not clear at this stage, this difference in reactivity could find use in C–N
coupling cross-coupling reactions with substrates containing a primary alkyl amine as well as a
primary aniline moiety.
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7.4.4. Mechanistic studies with nickel complex 289
Very recently the group of Hartwig proposed a detailed catalytic cycle for the
(binap)Ni(η2-NCPh) catalyst.[290] This study revealed two interesting aspects, the immediate loss
of the benzonitrile ligand to form the coordinatively unsaturrated complex (binap)Ni, and it was
established that the oxidative addition of ArX was the rate-limiting step. In the case of
(binap)Ni[P(OPh)3]2 (289), a unique catalyst containing two phosphite ligands, the focus lay on
investigating how these would behave alongside the bidentate BINAP ligand, especially in the
early stages of the catalytic cycle. The reaction between 4-chlorobenzonitrile (13) and
n-hexylamine (7) was first monitored by 31P NMR under synthetically relevant conditions (Figure
7-8).

Figure 7-8. Reaction between 4-chlorobenzonitrile (327) and n-hexylamine (290) monitored by
31
P NMR spectroscopy. 31P NMR (toluene, 243 MHz, unlocked) spectra showing the change of
(binap)Ni[P(OPh)3]2 (289) over time. The formation of cross-coupling product 293 at each time
point was monitored by gas chromatography.
In this process it was clear that the concentration of free BINAP increases (resonance
at -14.9 ppm) in the early stage of the reaction, suggesting rapid dissociation of this bidentate
ligand. Additionally, no resonance corresponding to free triphenylphosphite was observed
(127.9 ppm). Also, in this NMR experiment the two signals (126.3 ppm and 34.4 ppm) of the
parent complex 289 disappeared quickly (0 – 2 min), while two new signals at 138.7 ppm and
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135.0 ppm emerged. These resonances are assumed to be caused by a nickel phosphite species,
however due to isolation difficulties they are yet to be identified. The results from this NMR study
are consistent with the findings in the related (dppf)Ni[P(OPh)3]2 (230) system (cf. section 7.2.5).
As mentioned earlier, using

31

P NMR spectroscopy, unfortunately, the identification of

paramagnetic Ni(II) tetrahedral species is impossible, and corresponding pathways involving
these species also have to be considered.

Figure 7-9. Plots showing the formation of coupling product 293 with respect to time as a function
of reagent quantities. Standard reagent quantities were: 4-chlorobenzonitrile (0.25 mmol),
n-hexylamine (0.30 mmol), NaOtBu (0.35 mmol), (binap)Ni[P(OPh)3]2 (289) (0.0050 mmol,
2 mol%), toluene (1.0 mL). Variation of a) (binap)Ni[P(OPh)3]2 (289); b) aryl chloride 327;
c) n-hexylamine (290); d) NaOtBu; e) BINAP; f) triphenylphosphite.
For further mechanistic understanding of this reaction, a kinetic study was conducted using
an initial reaction rate approximation. The formation of aniline product 293 over time was determined by gas chromatography. Again, the reaction between 4-chlorobenzonitrile (327) and
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n-hexylamine (290) (cf. Figure 7-8) was chosen as all reagents readily dissolved, and this reaction
was shown to be high yielding (cf. Table 7-15). The formation of the coupling product
N-hexyl-4-cyanoaniline (293) with respect to time was fitted with an exponential curve (Figure
7-9). Differentiation at the first time point (60 seconds) gave an approximation of the initial reaction rate, which was plotted against the concentration of reagents/additives. In most cases, a linear
fit could be applied. The plots of the initial reaction rate against the quantities of various components in the reaction are illustrated in Figure 7-10. Further details of this study and enlarged
figures are provided in appendix B.

Figure 7-10. Kinetic profile of the C–N coupling reaction between 4-chlorobenzonitrile (327)
and n-hexylamine (290). Initial reaction rate vs. varying amount of a) catalyst 289; b) aryl chloride
327; c) alkylamine 290; d) NaOtBu; e) BINAP; f) P(OPh)3.
It was established that in this example, the reaction was first order with respect to the catalyst
289 (Figure 7-10a). Given this series of reactions with varying amounts of catalyst loading
produced a plot which does not intersect the origin, a further reaction without catalyst was carried
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out. In this case none of the aniline product 293 was produced, discounting the possibility of an
SNAr reaction. In the case of aryl chloride 327 the reaction was zero order as seen in the plot
initial rate vs ArCl concentration (Figure 7-10b), which suggests that the oxidative addition is
fast. This result is in contrast to the aforementioned study by Hartwig with (binap)Ni(η2-NC-Ph)
as the catalyst where (binap)Ni was proposed to be the catalytically active species.[290] This kinetic
study further established that the system was first order with respect to the amine (Figure 7-10c).
The reaction was also first order with respect to the NaOtBu concentration (Figure 7-10d). As
found earlier with the catalyst trials reported in section 7.2.3 (cf. Table 7-7), additional BINAP
had a positive influence on the initial rate of the reaction (Figure 7-10e). In contrast, in the case
of the triphenylphosphite ligand concentration (Figure 7-10f), the reaction was zero order,
indicating that the triphenylphosphite ligand does not dissociate from the (binap)Ni[P(OPh)3]2
(289) complex.

Scheme 7-10. Possible dissociation reactions for complex 289 along with computed relative
enthalpy changes.

Figure 7-11. Relative reaction enthalpy for dissociation processes of (binap)Ni[P(OPh)3]2 (289).
289a: Ni[P(OPh)3]2; 289b: (binap)Ni[P(OPh)3]; 289c: (binap)Ni.
To corroborate the experimental observations, density function theory (DFT) was employed
to determine the relative energies of various ligand dissociation products arising from the
(binap)Ni[P(OPh)3]2 (289) complex (DFT calculations were generously conducted by Dr Duncan
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A. Wild, UWA). Scheme 7-10 and Figure 7-11 summarise the computed enthalpy changes for the
possible ligand dissociation reactions. Furthermore the calculated changes in relative free Gibbs
energy are shown in Figure 7-12. The complexes (binap)Ni[P(OPh)3]2 (289), Ni[P(OPh)3]2
(289a), (binap)Ni[P(OPh)3] (289b), and Ni(binap) (289c) are all predicted to be minima on the
global potential energy surface. As only ligand dissociation reactions are considered, which do
not involve electronic state crossings, aside from a small solvent reorganisation effect, there
should be no substantial transition state between 289 and 289a or 289b, or between 289b and
289c.

Figure 7-12. Relative free Gibbs energy for dissociation processes of (binap)Ni[P(OPh)3]2 (289).
289a: Ni[P(OPh)3]2; 289b: (binap)Ni[P(OPh)3]; 289c: (binap)Ni.
The key result from this theoretical treatment is that the enthalpy change for the loss of the
BINAP ligand (Figure 7-11, Pathway I) is energetically more feasible than that for the loss of two
triphenylphosphite ligands, suggesting that the Ni[P(OPh)3]2 (289a) intermediate is the more
likely candidate to undergo oxidative addition. Although the formation of complex 289b seems
energetically favoured, considering the significantly higher energy required to lose the second
phosphite ligand, it is hard to envisage how Pathway II would lead to a faster oxidative addition
step. The theoretical results are also entirely consistent with the experimental observation (NMR),
which suggested that the BINAP ligand dissociates rather than triphenylphosphite.
A possible explanation for this phenomenon could be the bite angle of the BINAP ligand
(94.51°) which deviates considerably from a regular tetrahedral angle (109.5°) around the nickel
centre (cf. section 7.3.2, Figure 7-6), potentially releasing strain upon ligand dissociation. Additionally, the shorter P–Ni bond lengths between phosphite and nickel ((OPh)3P–Ni), compared to
BINAP and nickel (RPh2P–Ni), suggest that the phosphite ligands are bound more strongly, favouring the formation of complex 289a over 289c.
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The accumulation of kinetic data, 31P NMR reaction monitoring, and DFT calculations led
to the proposed catalytic cycle shown in Figure 7-13. These data suggest that the BINAP ligand
dissociates from complex (binap)Ni[P(OPh)3]2 (289) to form presumed intermediate 289a. As
shown in the kinetic experiments, the reaction rate is independent of the aryl halide concentration
(Figure 7-10b) suggesting a fast oxidative addition to form 289a’. Moreover, it was shown that
the reaction rate is also independent of the triphenylphosphite concentration (Figure 7-10f),
clearly indicating that the triphenylphosphite ligands remain bound to the metal. In contrast, the
reaction is dependent on the concentration of base, amine and BINAP, suggesting that the second
half of the catalytic cycle (289a’ to 289) includes the rate-determining step which is supported by
the kinetic studies (Figure 7-10c-e). With the first step of the proposed catalytic cycle being the
loss of the BINAP ligand, it seems counterintuitive that adding extra BINAP accelerates the reaction (Figure 7-10e). However, like in the analogous system with (dppf)Ni[P(OPh)3]2 (230), it is
proposed that extra BINAP assists in the final reductive elimination step to regenerate the parent
complex 289 and the observed coupling product.[307] This may compensate for the potential decrease in reaction rate of the first dissociation process from 289 to 289a, where 289a is quickly
consumed in the oxidative addition step.

Figure 7-13. Proposed catalytic cycle for C–N cross-coupling reactions catalysed by nickel
complex 289.
Considering these outcomes, the proposed catalytic cycle is in agreement with the one suggested for the (dppf)Ni[P(OPh)3]2 (230) system (cf. section 7.2.5, Figure 7-5), and also shows
similarities to mechanisms suggested by other groups.[289-290] However, it should be noted that
further studies are required to confirm the later stages of the proposed catalytic cycle. Again,
attempts to isolate any crystalline metal complex intermediates have, thus far, been unsuccessful.
In the preceding sections of this thesis it was shown that the new, remarkably air-stable,
nickel phosphine-phosphite catalyst, (binap)Ni[P(OPh)3]2 (289), can be used to couple primary
alkyl amines in good to excellent yields. This catalyst can potentially serve as an alternative to
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the very sensitive Ni(cod)2, or many costly palladium reagents. Furthermore, evidence was gained
into mechanistic pathways, using kinetic experiments, NMR-spectroscopy as well as computational methods. Notably, Hartwig et al. have shown, during the course of this study, that primary
alkylamines can be coupled efficiently through a similar air-stable nickel(0) complex,
(binap)Ni(η2-NC-Ph).[290]

150 | Nickel Catalysed C–N Coupling Reactions

7.5.

Ammonia arylations

Results from this section have been submitted for publication to the journal ‘Australian Journal
of Chemistry’ and the manuscript, co-authored by the candidate, is currently under review.
Manufactured in the Haber-Bosch process, ammonia is the second largest synthetic chemical
product. Although around 83% of this inexpensive commodity chemical is used as fertiliser, ammonia also finds applications in the large scale synthesis of many nitrogen-containing small
molecules such as urea, ethanolamine or hydrazine.[336-337] Unfortunately, reactions with ammonia
in metal catalysed processes are very challenging due to several factors. First, catalysts are often
poisoned as transition metals readily form very stable, Werner ammine complexes with ammonia.
Moreover, the high bond strength in ammonia (107 kcal mol-1) makes breakage of the N-H bond
difficult.[337-339] Because of these reasons, the use of ammonia in C–N coupling reactions to form
anilines was long considered unfeasible.[175] In addition, selectivity is often an issue as the resulting aniline products can readily undergo a second C–N coupling reaction generally more easily
than ammonia itself (formation of Ar2NH). To circumvent these challenges, ammonia equivalents
like benzophenone imine (337) have often been used (cf. section 7.5.1).[340-344] Benzophenone
imines are readily cleaved under acidic conditions to give the free aniline. The first example of a
selective direct C–N coupling of ammonia was achieved by the Hartwig group in 2006 via palladium catalysis (Scheme 7-11).[345] In this this study, the chiral ferrocenyldiphosphine ligand
CyPFtBui was used (this class of ligands is known as Josiphos ligands[346]) to give selectively
monoarylated products (333).

Scheme 7-11. First example of a palladium catalysed selective direct C–N coupling of ammonia,
reported by Hartwig et. al.[345]
This crucial finding was followed by numerous other reports using palladium catalysts.[347354]

While cheaper alternatives have also been reported using copper catalysed processes,[355-358]

as far as is known, nickel catalysed direct coupling of ammonia had not been reported when the
work described in the following section was conducted.

i)
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7.5.1. C–N coupling with an ammonia surrogate
Given the successful results for primary alkyl amines, the ability of complex 289 to catalyse
reactions that would incorporate an ammonia equivalent was briefly investigated. The reaction
was conducted with benzophenone imine (337), similar to previously reported reactions catalysed
by palladium.[340-344] The reaction between imine 337 and either p-chloro- (335) or p-bromotoluene (336), using (binap)Ni[P(OPh)3]2 (289) as the catalyst, provided imine 338 in excellent yields
(97% and 88%). Subsequent hydrolysis of the imine readily resulted in the formation of p-toluidine (227) (Scheme 7-12). As far as is known, this cross-coupling example, is the first nickel
catalysed benzophenone imine coupling.
Scheme 7-12. Imination reaction with ammonia surrogate 337, and subsequent acidic cleavage.[a]

Reagents and conditions: i) 337 (1.2 equiv.), (binap)Ni(P(OPh)3]2 (289) (5 mol%), BINAP (5 mol%),
NaOtBu (1.4 equiv.), toluene, 100 °C, 18 h; ii) HCl/H2O, THF, reflux, 2h. [a] Isolated yields are indicated.

7.5.2. Optimisation of the nickel catalysed ammonia arylation reaction
Following the promising results for the imine C–N coupling reaction (cf. section 7.5.1), the
focus was turned to the direct ammonia coupling using an ammonia solution. Investigations into
the ammonia coupling of p-chlorotoluene (335) reaction with the air-stable catalyst
(binap)Ni[P(OPh)3]2 (289) were initially unsuccessful at lower temperatures (40 °C or 80 °C),
using 3.0 equivalents of a 0.5 M 1,4-dioxane ammonia solution as the ammonia source (Table
7-17, entries 1-3). The dioxane solution was chosen due to its practicality and commercial availability. In each case of this methodology study, the reaction was monitored by GC/MS.
Conducting the reaction in a sealed vial, and increasing the temperature to 100 °C with the
addition of BINAP, allowed for the desired aniline 227 to form (entry 4). Apart from the relatively
modest overall conversion (37%), the undesired diarylation product 236, resulting from the aniline 227 competing with ammonia, also formed in the process (1:1 ratio). This scenario was
observed in many of the earlier ammonia arylation reactions reported with palladium. [337-338, 348] It
was considered that using more equivalents of ammonia would improve the product ratio towards
the monoarylated product 227. Although this was the case when 6.0 equivalents of ammonia were
used (3:1 ratio), the overall yield was low (entry 5). It seems plausible that the excess ammonia
poisons the nickel catalyst through the abovementioned formation of Werner ammine complexes.[337] As anticipated, the product ratio changed considerably towards the undesired
diarylated product 236 (1:4.5 ratio) when only 1.0 equivalent of ammonia was used (entry 6).
Besides, the overall conversion was still quite modest (44%). Increasing both the amount of catalyst 289 and BINAP to 10 mol% led to a significant formation (31%) of the corresponding
biphenyl homo-coupling product (entry 7). Using other nickel sources and ligands was of no avail
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(entries 8-12). Further increasing the reaction temperature to 120 °C gave a slightly better overall
conversion, however, with a more unfavourable product ratio of 1:1.8 (entry 13). Changing the
base to a weaker, commonly used inorganic base for cross-couplings reaction, K3PO4, gave no
desired products whatsoever (entry 14).
Table 7-17. Optimisation of the direct ammonia arylation reaction with p-chlorotoluene 335.[a]

Entry

Catalyst (mol%)

Ligand
(mol%)

1

(binap)Ni[P(OPh)3]2 (5)

-

2

(binap)Ni[P(OPh)3]2 (5)

-

3

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

4

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

5

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

6

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

7

(binap)Ni[P(OPh)3]2 (10)

BINAP (10)

8

(binap)Ni[P(OPh)3]2 (5)

MorDalPhos
(5)

9

Ni(cod)2 (5)

BINAP (10)

10

Ni[P(O-o-Tol)3]3 (5)

BINAP (10)

11

(dppf)Ni[P(OPh)3]2 (5)

DPPF (5)

12

Ni(BiPhenOPhos)2 (5)

BINAP (10)

13

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

14

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

15

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

16

(binap)Ni[P(OPh)3]2 (5)

BINAP (5)

Base
(equiv.)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
NaOtBu
(1.4)
K3PO4
(2.0)
NaOtBu
(4.4)
NaOtBu
(4.4)

Temp.
(°C)

Conv.
(%)[c]

Ratio
227:236

40[d]

0

-

80[d]

0

-

80[d]

3

2:1

100

37

1:1

100

9[e]

3:1

100

44[f]

1:4.5

100

42[g]

1:2.2

100

18

1:1.3

100

16

1:1.3

100

11

1.2:1

100

6

0:1

100

0

-

120

59

1:1.8

120

0

-

120

97

1.1:1

120

61[h]

1:1

All reactions were conducted on a 0.17 mmol scale. [b] 3.0 equiv. of 0.5 M solution in 1,4-dioxane. [c]
Conversion into both monoarylated and diarylated product was determined by GC. [d] Unsealed tube [e] 6.0
equiv. NH3 [f] 1 equiv. NH3 [g] 31% of the homocoupling product was formed additionally. [h] 2 h reaction.
[a]

Drastically increasing the amount of base (4.4 equivalents) greatly improved the overall conversion to 97% along with a 1.1:1 ratio of mono to diarylation product (227:236) (entry 15). At
this stage it is not clear, what role the additional base had in this reaction, however, the kinetic
study of the alkylamine coupling reaction (cf. section 7.4.4, Figure 7-10d) shows that the reaction
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rate is greatly dependent on the base concentration. A reduced reaction time did not improve the
mono to diarylation product ratio (entry 16). As expected, at these temperatures the aniline 227
has a much greater coupling reactivity than ammonia.

7.5.3. Scope of the nickel catalysed ammonia reaction
Using the most efficacious conditions for the ammonia arylation reaction (Table 7-17, entry
15) the substrate scope of this process was investigated (Table 7-18). In this study, the functional
group compatibility was not as accommodating compared with the previously described aniline
and alkyl amine C–N cross-coupling reactions. Additionally, it was found that fused ring systems,
N-heterocyclic halides and ortho-substituted aryl halides were more compatible under these conditions, rather than simple, sterically unhindered aryl halides.
Table 7-18. Substrate scope of the nickel catalysed ammonia arylation reaction.[a]

All reactions were conducted on a 0.50 mmol scale. Isolated yields of the monoarylated product (333)
are indicated. Italicised numbers indicate the ratio of mono-/diarylation (GC) [b] 0.5 M solution in
1,4-dioxane. [c] GC yield. [d] 50% isolated yield of ArNH2 (ArNH2/Ar2NH 1.2:1) when (NH4)2SO4 (1.5
equiv.) was used. [e] Inseparable from diarylated product, yield based on 1H NMR. [f] <10% dehalogenation.
[g]
ca. 46% dehalogenation. [h] ca. 30% dehalogenation.
[a]

The reaction using p-chlorotoluene (335) provided p-toluidine (227) in 51% GC yield. As
expected, having the methyl group closer to the oxidative addition site (or C–Cl bond), like in
o-chlorotoluene, improved the ratio in favour of the monoarylation product 339. The same reaction with ammonium sulfate, a convenient and cheap ammonia surrogate,[359] also proceeded
moderately in 50% yield of o-toluidine (339). Moreover, the product ratio was greatly improved
(6:1 ratio favouring 339) when o-bromotoluene was used. This suggests a faster reaction rate for
aryl bromides relative to chlorides. Reactions testing the tolerance of ortho-substitution inferred
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that using a substrate containing an electron donating group such a methoxy moiety was advantageous (240), while the electron withdrawing nitrile group had the opposite effect (341). A nitrile
group in the para-position also had a negative effect on the coupling efficiency (344).
While the reaction was completely selective for monoarylation when 2-chloro-m-xylene was
used as the substrate (leading to aniline 342), it was very low yielding. Having an electron donating group in the meta-position (345) resulted in a higher proportion of the diaryl compound being
formed. This scenario occurs possibly through a loss of the steric influence, when compared to
the corresponding ortho equivalent (340). Similar to the earlier investigation on primary alkyl
amine coupling (cf. section 7.4.2, Table 7-15), both the coupling of naphthyl chloride and chloroquinaldine provided moderate to good yields of the corresponding aminonaphthalene 346 and
aminoquinaldine 343. A series of three naphthyl bromides were also reacted under the same conditions. Possibly due to steric factors, these substrates were very successful in terms of selectivity
with only the monoarylation product being isolated in good to excellent yields (347, 348 and 349).
In some instances, however, a significant amount of the dehalogenated arene product was also
formed (cf. footnote of Table 7-18).
At this stage, the use of the air-stable catalyst (binap)Ni[P(OPh)3]2 (289) still has limitations,
however, it is currently one of the few examples that utilises nickel for ammonia coupling with
aryl halides. The first two reports on this topic, published concurrently by the Stradiotto [360] and
the Hartwig group[361] during the course of this study, use expensive Josiphos ligands (typically
ca. US$ 300.00/mmol)i as part of their air-stable catalysts 350 and 351 (Figure 7-14). As such,
the (binap)Ni[P(OPh)3]2 (289) system described herein could be used as a more economical alternative (cost for the BINAP ligand: ca. US$ 14.00/mmol)i.

Figure 7-14. Josiphos-based catalysts used in the first reports of nickel catalysed direct ammonia
coupling with aryl halides.
Another interesting example dealing with ammonia coupling was recently reported by the
Iranpoor group.[362] In this study, phenols (352) were activated with trichlorotriazine (TCT),ii and
then coupled with ammonia using NiCl2(dppf) as the catalyst (Scheme 7-13). While the yields

i)
ii)

Prices were taken from the US website of Sigma-Aldrich (July 2015).
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obtained were generally good, the substrate scope was somewhat limited. However, it was the
first nickel system to be reported with an aqueous ammonia solution in a cross-coupling process.

Scheme 7-13. Nickel catalysed ammonia arylation with TCT-activated phenols.[362]

C HAPTER 8
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8.

SUMMARY AND CONCLUSIONS – PART II
The second part of this thesis described the preparation and design of new air-stable nickel(0)

catalysts, and their use in cross-coupling reactions. The purpose of this investigation was to find
alternatives to the commonly utilised air-sensitive nickel(0) source Ni(cod)2.
Early trials which employed the homoleptic nickel(0)phosphite complexes Ni[P(OPh)3]4
(195) and Ni[P(OEt)3]4 (196) were initially promising in the coupling of aryl triflates (201) with
an electron-rich olefin (198), but unfortunately, proved limited on a broader substrate scope
(Scheme 8-1).

Scheme 8-1. Air-stable nickel(0) phosphites for Mizoroki-Heck coupling reactions with aryl
triflates (201) and butyl vinyl ether (198).
Next, the same catalysts were tested in Buchwald-Hartwig type amination reactions with
various coupling partners (252). In this case, the initial success of the homoleptic nickel(0) phosphite complex Ni[P(OPh)3]4 (195) in these reactions eventually led to the discovery of a new,
air-stable phosphine-phosphite nickel(0) complex, (dppf)Ni[P(OPh)3]2 (230). This nickel complex proved to be an efficient catalyst in aromatic C–N coupling reactions of anilines, giving
mostly good to excellent yields for a variety of substrates (Scheme 8-2). The main limitation was
that primary alkyl amines were only coupled in poor yields. Furthermore, the synthesis of an
aniline derived thalidomide analogue (cf. part I, section 1.4.1) through nickel catalysis is currently
low yielding compared to the efficient palladium based catalyst system (cf. section 7.2.3)

Scheme 8-2. Summary of the aromatic C–N coupling reactions using an air-stable nickel(0)
complex.
Following the success of (dppf)Ni[P(OPh)3]2 (230) in C–N coupling reactions, a series of
analogous complexes were prepared in which either the phosphine or the phosphite units were
altered. A total of five new nickel(0) phosphine-phosphite compounds were synthesised as part
of the work described in this PhD thesis (Figure 8-1). The identity of each compound was unequivocally confirmed by NMR-spectroscopy and/or X-ray crystallography. More importantly, all
compounds proved to be highly air-stable and did not require handling inside a glove box.
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Figure 8-1. New air-stable phosphine-phosphite nickel(0) complexes synthesised as part of the
work described in this thesis.
Of these compounds, (binap)Ni[P(OPh)3]2 (289) was the most efficient catalyst for C–N coupling reactions. Fortunately, this derivative was also very successful in the aromatic C–N coupling
of primary alkyl amines (316) employing a variety of coupling partners (291) (Scheme 8-3). Remarkably, reactions even proceeded at decreased temperatures (40 °C) and with lower catalyst
loadings (2 mol%). Unfortunately, base-sensitive substrates are currently not tolerated in this catalytic system. Future directions will have to aim at replacing the strong base, NaOtBu, with
alternative milder bases. This type of C–N coupling reaction was also examined in terms of mechanistic aspects, with the aid of NMR studies, kinetic studies and DFT calculations. A conclusion
drawn from these studies is that the diphosphine ligand dissociates from the nickel centre rather
than the phosphite ligands to form the catalytically active species for aromatic C–N coupling
reactions. Moreover, (binap)Ni[P(OPh)3]2 (289) was shown to couple the ammonia surrogate benzophenone imine, providing the first examples of this type of reaction using nickel.

Scheme 8-3. A new air-stable nickel(0) phosphite complex for the aromatic C–N coupling of
primary alkyl amines.
Finally, it was shown that nickel catalysis can be used in the direct coupling of ammonia.
While the use of (binap)Ni[P(OPh)3]2 (289) for ammonia coupling still has limitations with regards to the substrate scope and selectivity for monoarylation (Scheme 8-4), it is noteworthy that
no example employing nickel was reported in the literature at the time of discovery. The importance of this nickel catalysed process was highlighted through the very recent reports on this
topic by the groups of Stradiotto[360] and the Hartwig.[361]
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Scheme 8-4. A new air-stable nickel(0) phosphite complex for the direct aromatic C–N coupling
of ammonia.
In conclusion, it was shown that air-stable nickel(0) phosphite catalysts can be used as a
viable alternative to the commonly used air-sensitive Ni(cod)2. At this stage, limitations remain
in terms of substrate scope, relatively high catalyst loadings, increased temperatures and the use
of strong bases. Nonetheless, the phosphine-phosphite catalysts described in this thesis are a more
economical alternative to other, rather expensive, air-stable alternatives. Moreover, the ease of
their syntheses allows for facile modifications of both the phosphine and the phosphite ligands;
this may ultimately lead to analogues that can circumvent current limitations. Additional mechanistic studies should reveal the exact role of the phosphite ligands which, at this stage, is still
somewhat elusive.
More generally, the apparent renaissance of nickel as a cross-coupling catalyst in the last
decade underlines the importance of the work described herein. Satisfyingly, through the research
for this PhD thesis, it was possible to add a small contribution to this large research area. While
nickel is often simply referred to as a low-cost replacement of palladium, this assumption ignores
the number of inherent, and often unique, properties of this group 10 transition metal.[157]
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9.

EXPERIMENTAL SECTION

9.1.

Chemistry general protocol
Starting materials and reagents were available from Sigma-Aldrich, Alfa Aesar, TCI or

Strem chemicals, and used as received unless stated otherwise. All aniline thalidomide analogues
for the biological evaluations described in chapter 3 were prepared as previously reported.[65] Aryl
triflates[280-281] and aryl tosylates[363] were prepared according to literature procedures from the
corresponding phenols. The DPPF analogues p-CF3-DPPF and p-OMe-DPPF were prepared as
reported previously[295] from the corresponding chlorodiarylphosphines, ClP(p-CF3-C6H4)2 and
ClP(p-OMe-C6H4)2,[364] which were synthesised from (Et2N)PCl2.[365] All reactions were performed under argon unless stated otherwise. All solvents used in reactions were anhydrous and
distilled over the appropriate drying agent,[366] or acquired from a Pure Solv 5-Mid Solvent Purification System (Innovative Technology Inc.), and solvents for column chromatography were
distilled prior to use. All M solutions are aqueous unless stated otherwise.

9.2.

Instruments and materials
H, 13C, 31P and 19F Nuclear Magnetic Resonance (NMR) spectra were acquired on a Varian

1

300, Varian 400, Bruker AV500 or Bruker AV600 spectrometer. Mass spectra were recorded on
a Waters LCT Premier XE instrument, Waters GCT Premier coupled to an Agilent GC 7890A
gas chromatograph (equipped with an Agilent DB-5MS column; 30 m, 0.25 mm x df = 0.25 µm,
Serial No.: US9562423) with an Agilent 7683B series Injector or a Shimadzu GCMS QP2010
(equipped with a Stabilwax Crossbond Carbowax-PEG column; 30 m, 0.25 mm x df = 0.1 µm,
Serial No.: 703411). Gas chromatography was performed on a Thermo Quest Trace GC instrument using a Zebron ZB-5 column (0.25 mm x df = 0.25 μm, Serial No.: 106715) equipped with
a flame ionisation detector. Infrared spectra were acquired on a Perkin Elmer Spectrum One spectrometer at 2 cm-1 resolution equipped with an ATR diamond or using the KBr disk method.
Fluorescence spectra and UV absorption spectra were recorded on a Cary Eclipse Fluorescence
Spectrophotometer (Serial No.: EL07073876). Radiochemical yields were determined on a Waters radio-HPLC equipped with a UV/vis and Posi-RAM detector (column: N17 Cell 5,
Bondclone C18 300 x 7.8 mm, 10 micron, Serial No.: 403283-2). Single crystal X-ray diffraction
data were collected at 100(2) K on an Oxford Diffraction Xcalibur or an Oxford Diffraction Gemini diffractometer both fitted with Mo Kα radiation (cf. appendix A for full details). Elemental
analyses were performed by the Elemental Analysis Service at London Metropolitan University,
UK, or by the Chemical Analysis Facility at Macquarie University, NSW. Melting points were
recorded on a Reichart heated-stage microscope. The reported retention factors (Rf) were acquired
via thin layer chromatography (TLC) performed on Merck silica gel 60 F254 pre-coated aluminium sheets. Flash column chromatography was performed using silica gel 60 (0.04-0.063)
supplied by Silicycle.
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9.3.

General remarks on NMR data
All chemical shifts (δ) are reported in parts per million (ppm). Chemical shifts in 1H and 13C

spectra were referenced to the residual (partially) undeuterated solvent according to Fulmer et
al.[367], 19F spectra to internal C6F6 (164.9 ppm) and 31P spectra to external H3PO4 (0.00 ppm).
First order multiplets are abbreviated as follows: s (singlet), d (doublet), t (triplet), q (quartet),
quin (quintet), sext (sextet), oct (octet), dd (doublet of doublets), ddd (doublet of doublet of doublets), dt (doublet of triplets), tt (triplet of triplets). Apparent multiplets are labelled with inverted
commas (e.g.: ‘xy’). Broad signals are labelled with the prefix br. Signals of higher order, or
signals that are not interpretable due to overlapping are abbreviated with m (multiplet). Coupling
constants J are reported in hertz (Hz). Signal assignments were made with the aid of DEPT,
COSY, HSQC and HMBC sequences, as well as spectrum prediction software (ChemDraw® Ultra
12) where appropriate. All compounds are numbered in accordance to their IUPAC name and
signal assignments are labelled accordingly (e.g.: 5-H and C-5) where appropriate. In the case of
ambiguous assignments, possible nuclei are separated by a forward slash (e.g. C-5/C-7). If signals
result from more than one nucleus, the corresponding atoms are separated by a comma (e.g.: C-5,
C-7). Diastereotopic protons in CH2 groups are labelled with the subscripted suffix A or B, where
A is the more downfield resonance (e.g.: 5-HA). Signals which cannot be assigned to any specific
atoms are labelled as follows: Ar–H (aromatic proton), Ar–CH (aromatic carbon, proton attached), Ar–C (quaternary aromatic carbon), Cq (quaternary carbon).

Experimental procedures – Part I

9.4.

9.4.1. Synthesis of thalidomide derivative precursors
9.4.1.1

1-Iodo-2,3-dimethylbenzene (28)

HCl (5 M, 100 mL, 0.50 mol, 3.13 equiv.) was added dropwise to stirred 2,3-dimethylaniline
(27) (19.4 g, 20 mL, 0.16 mol, 1.00 equiv.) at 90 °C. The ensuing suspension was then cooled
to -10 °C and NaNO2 solution (3.5 M, 50 mL, 0.18 mol, 1.13 equiv.) was added dropwise. Upon
a positive KI starch paper test, KI solution (6.1 M, 30 mL, 0.18 mol. 1.13 equiv.) was slowly
added. The solution was heated to 60 °C for 5 min, and then left to stand at room temperature for
20 h. The reaction mixture was extracted with Et2O (3 x 400 mL) and the combined organic layers
were washed with NaOH solution (1 M, 2 x 500 mL). The solvent was removed under reduced
pressure, and the residual brown oil was purified by fractional vacuum distillation to give the title
compound 28 as a yellow liquid (16.4 g, 0.06 mol, 38%). The spectral data were in accordance
with those reported in the literature.[59]
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b.p. = 65 °C (1 mmHg). Rf = 0.70 (hexanes).
1

H NMR (400 MHz, CDCl3): δ = 7.69 (d, J = 7.7 Hz, 1H, 6-H), 7.10 (d, J = 7.7 Hz, 1H, 4-H),

6.77 (‘t’, J = 7.7 Hz, 1H, 5-H), 2.42 (s, 3H, CH3), 2.35 (s, 3H, CH3) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 139.6 (Ar–C), 137.8 (Ar–C), 137.2 (Ar–CH), 130.0 (Ar–

CH), 127.5 (Ar–CH), 102.7 (C-1), 25.3 (CH3), 22.1 (CH3) ppm.
C8H9I (232.06).
9.4.1.2

3-Iodophthalic acid (29)

A stirred solution of 1-iodo-2,3-dimethylbenzene (28) (10.1 g, 35.6 mmol, 1.00 equiv.) and
NaOH (0.80 g, 20.0 mmol, 0.56 equiv.) in H2O (880 mL) was heated to 70 °C. KMnO4 (18.7 g,
118 mmol, 3.30 equiv.) was added in one portion, and the solution was left to stir at reflux for
4 d. A second portion of KMnO4 (10.0 g, 63.3 mmol, 1.80 equiv.) was added and the reaction
mixture was left to reflux for further 3 d. Upon cooling to room temperature the pH was adjusted
to ~13 by addition of NaOH. The mixture was extracted with Et2O (3 x 250 mL) and the aqueous
layer was then acidified to pH ~ 0, whereupon precipitation occurred. The mixture was heated to
reflux for 10 min, and once the solution had cooled to room temperature it was extracted with
Et2O (6 x 250 mL). The combined organic layers were washed with brine (2 x 250 mL), dried
over MgSO4, and the solvents were removed under reduced pressure to give the desired product
29 as a tan solid (6.17 g, 21.1 mmol, 59%). The spectral data were in accordance with those reported in the literature.[59]
H NMR (400 MHz, DMSO-d6): δ = 13.36 (br s, 2H, 2 x COOH), 8.09 (dd, J = 7.8, 0.6 Hz, 1H,

1

6-H), 7.92 (dd, J = 7.8, 0.6 Hz, 1H, 4-H), 7.27 (‘t’, J = 7.8 Hz, 1H, 5-H) ppm.
C8H5IO4 (292.03).
Note: The product contained about 10% w/w of the two possible monoacids but was pure enough
to be used for the subsequent reaction.
9.4.1.3

3-Iodophthalic anhydride (33)

A solution of 3-iodophthalic acid (29) (5.34 g, 18.3 mmol, 1.00 equiv.) in acetic anhydride
(10.5 mL) was stirred at reflux for 22 h. The ensuing mixture was then cooled on ice and the
ensuing precipitate was collected via vacuum filtration. Washing the precipitate with ice-cold
hexanes gave the desired anhydride 33 as a tan solid (4.03 g, 14.7 mmol, 80%). The spectral data
were in accordance with those reported in the literature.[86]
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H NMR (400 MHz, DMSO-d6): δ = 8.30 (dd, J = 7.6, 0.6 Hz, 1H, 6-H), 8.01 (dd, J = 7.6, 0.6 Hz,

1

1H, 4-H), 7.56 (‘t’, J = 7.6 Hz, 1H, 5-H) ppm.
C8H3IO3 (274.01).
9.4.1.4

3-Nitrophthalic anhydride (34)

A solution of 3-nitrophthalic acid (30) (10.0 g, 47.4 mmol, 1.00 equiv.) in acetic anhydride
(20.0 mL) was stirred at reflux for 18 h. The reaction mixture was then cooled on ice and the
ensuing precipitate was collected via vacuum filtration. Washing with ice-cold hexanes gave the
desired anhydride 34 as a white solid (8.07 g, 45.1 mmol, 95%). The spectral data were in accordance with those reported in the literature.[368]
H NMR (400 MHz, DMSO-d6): δ = 8.50 (dd, J = 7.8, 0.7 Hz, 1H, Ar–H), 8.39 (dd, J = 7.8,

1

0.7 Hz, 1H, Ar–H), 7.56 (‘t’, J = 7.8 Hz, 1H, 5-H) ppm.
C8H3NO5 (193.11).
Note: Compound tends to hydrolyse quickly in DMSO and the NMR spectrum shows additional
signals for the corresponding acid.
9.4.1.5

4-Nitrophthalic anhydride (35)

A solution of 4-nitrophthalic acid (31) (5.00 g, 23.7 mmol, 1.00 equiv.) in acetic anhydride
(10.0 mL) was stirred at reflux for 17 h. The excess acetic anhydride was removed by vacuum
distillation, and the oily residue was treated with CHCl3. The resulting precipitate was collected
via vacuum filtration, and washing with ice-cold CHCl3 and hexanes gave the desired anhydride
35 as a brown solid (2.68 g, 12.32 mmol, 59%). The spectral data were in accordance with those
reported in the literature.[369]
H NMR (600 MHz, CDCl3): δ = 8.83 (d, J = 1.8 Hz, 1H, 3-H), 8.77 (dd, J = 8.2, 1.8 Hz, 1H,

1

5-H), 8.26 (d, J = 8.2 Hz, 1H, 5-H) ppm.
C8H3NO5 (193.11).
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9.4.1.6

Quinolinic anhydride (36)

A solution of quinolinic acid (32) (3.12 g, 18.7 mmol, 1.00 equiv.) in Ac2O (6 mL) was
stirred at reflux for 18 h. It was then left to cool to room temperature and further cooled on ice.
The precipitate was collected, washed with ice-cold hexanes, and dried under reduced pressure.
Purification by sublimation in high vacuum at 90 °C gave anhydride (36) (1.57 g, 10.5 mmol,
56%) as a white solid. The spectral data were in accordance with those reported in the literature.[368]
H NMR (400 MHz, DMSO-d6): δ = 9.14 (dd, J = 4.9, 1.4 Hz, 1H, 2-H), 8.53 (dd, J = 7.8, 1.4

1

Hz, 1H, 4-H), 7.94 (dd, J = 7.8, 4.9 Hz, 1H, 3-H) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 161.7 (C=O), 161.6 (C=O), 157.0 (C-2), 150.8 (C-7a),

133.7 (C-4), 129.2 (C-3), 127.3 (C-4a) ppm.
C7H3NO3 (149.10).
Note: Compound tends to hydrolyse quickly in DMSO and the NMR spectrum shows additional
signals for the corresponding acid.
9.4.1.7

(±)-tert-Butyl 2,6-dioxopiperidin-3-ylcarbamate (37)

1,1'-Carbonyldiimidazole (16.2 g, 100 mmol, 1.00 equiv.) was added to a solution of
Nα-(tert-butoxycarbonyl)-L-glutamine (26) (25.4 g, 100 mmol, 1.00 equiv.) and 4-dimethylaminopyridine (0.98 g, 8.00 mmol, 8 mol%) in THF (250 mL). The reaction mixture was heated
to reflux and left to stir for 3 days. The ensuing solution was cooled on ice; the precipitate was
collected and washed with ice-cold THF and hexanes. More material was collected by concentrating the mother liquor under reduced pressure until precipitation occurred. The combined
residues were dried under high vacuum to give the desired imide 37 as a white crystalline solid
(17.1 g, 75.0 mmol, 75%). The spectral data were in accordance with those reported in the literature.[59]
1

H NMR (400 MHz, DMSO-d6): δ = 10.73 (s, 1H, CONHCO), 7.12 (d, J = 8.7 Hz, 1H, NH), 4.30

– 4.12 (m, 1H, 3-H), 2.77 – 2.64 (m, 1H, 4’-H/5’-H), 2.47 – 2.43 (m, 1H, 4’-H/5’-H), 2.00 – 1.84
(m, 2H, 4’-H/5’-H), 1.39 (s, 9H, C(CH3)3) ppm.
C10H16N2O4 (228.25).
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9.4.1.8

(±)-2,6-Dioxopiperidin-3-aminium 2,2,2-trifluoroacetate (25)

Trifluoroacetic acid (37.0 mL, 483 mmol, 22.0 equiv.) was added to solution of imide 37
(4.90 g, 21.5 mmol, 1.00 equiv.) in CHCl3 (37 mL) and left to stir for 4 h at room temperature
The solvents were removed under reduced pressure my means of a cooling trap. The residue was
dried under high vacuum at 60 °C to give the desired compound 25 as a pale pink solid (5.19 g,
21.4 mmol, quant.). The spectral data were in accordance with those reported in the literature.[59]
H NMR (400 MHz, DMSO-d6): δ = 11.27 (s, 1H, CONHCO), 8.69 (br s, 3H, NH3), 4.22 (dd,

1

J = 12.9, 5.3 Hz, 1H, 3-H), 2.86 – 2.53 (m, 2H, 4’-H/5’-H), 2.28 – 1.90 (m, 2H, 4’-H/5’-H) ppm.
C7H9N2O4 (242.15).
Note: Due to the hygroscopic nature of this compound, the yield is often above 100%.
9.4.1.9

(±)-Thalidomide (1)

Triethylamine (6.3 mL) was added to a stirred mixture of phthalic anhydride (3.06 g,
20.7 mmol, 1.00 equiv.) and TFA-salt 25 (5.00 g, 20.7 mmol, 1.00 equiv.) in THF (50 mL) at
room temperature, and left to stir at reflux for 4 days. The mixture was then cooled on ice and the
precipitate was collected via vacuum filtration. Washing with ice-cold THF and hexanes gave
(±)-thalidomide (1) (4.10 g, 15.9 mmol, 77%) as a white solid. The spectral data were in accordance with those reported in the literature.[59]
H NMR (300 MHz, DMSO-d6): δ = 11.14 (s, 1H, CONHCO), 7.96 – 7.86 (m, 4H, 4 x Ar–H),

1

5.16 (dd, J = 12.8, 5.4 Hz, 1H, 3’-H), 2.98 – 2.82 (m, 1H, 5’-HA), 2.67 – 2.52 (m, 2H, 5’-HB,
4’-HA) 2.15 – 2.00 (m, 1H, 4’-HB) ppm.
C13H10N2O4 (258.23).
9.4.1.10 (±)-6-(2,6-Dioxopiperidin-3-yl)-5H-pyrrolo[3,4-b]pyridine-5,7(6H)-dione (39)

Triethylamine (6 mL) was added to a stirred mixture of quinolinic anhydride (36) (1.84 g,
7.58 mmol, 1.00 equiv.) and TFA-salt 25 (1.13 g, 7.58 mmol, 1.00 equiv.) in THF (12 mL) at
room temperature, and left to stir at reflux for 3 days. The mixture was then cooled on ice, the
precipitate collected, and subsequently dissolved in water. The aqueous solution was extracted
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with EtOAc (4 x 250 mL), the combined organic layers were dried over MgSO4, filtered, and the
solvent was removed under reduced pressure to afford desired compound 39 (0.87 g, 3.36 mmol,
44%) as a tan powder. Recrystallisation from MeOH gave an analytically pure sample of 39 as
colourless needles. The spectral data were in accordance with those reported in the literature.[88]
m.p. = 240 °C. Rf = 0.07 (hexanes/EtOAc 70:30).
1

H NMR (400 MHz, DMSO-d6): δ = 11.17 (s, 1H, NH), 9.04 (dd, J = 5.0, 1.3 Hz, 1H, 2-H), 8.38

(dd, J = 7.7, 1.3 Hz, 1H, 4-H), 7.85 (dd, J = 7.7, 5.0 Hz, 1H, 3-H), 5.24 (dd, J = 12.8, 5.4 Hz, 1H,
3’-H), 2.90 (ddd, J = 17.2, 13.9, 5.4 Hz, 1H, 5’-HA), 2.67 – 2.51 (m, 2H, 5’-HB, 4’-HA), 2.01 –
2.17 (m, 1H, 4’-HB) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 172.8 (C-6’), 169.7 (C-2’), 165.6 (C-5/C-7), 165.5

(C-5/C-7), 155.4 (C-2), 150.9 (C-7a), 131.8 (C-4), 128.4 (C-3), 127.0 (C-4a), 49.1 (C-3’), 30.9
(C-5’), 22.0 (C-4’) ppm.
IR (KBr) υ = 3203 (N-H), 3083, 1786 (C=O), 1732 (C=O), 1695 (C=O), 1598, 1380, 1266, 1197,
1112, 1033, 732 cm-1.
MS (EI) m/z (%) = 259.1 (81) [M•]+, 231.1 (42), 174.0 (87), 146.0 (100).
C12H9N3O4 (259.22)

calc.:

259.0593 [M•]+

found: 259.0596 (EI-HRMS).
9.4.1.11 (±)-5-Bromothalidomide (41)

Triethylamine (0.8 mL) was added to a stirred mixture of 4-bromophthalic anhydride (0.53 g,
2.33 mmol, 1.00 equiv.) and TFA-salt 25 (0.59 g, 2.44 mmol, 1.05 equiv.) in THF (4.0 mL) at
room temperature, and left to stir at reflux for 4 days. The mixture was then cooled on ice and the
precipitate was collected via vacuum filtration. Washing the precipitate with ice-cold THF and
hexanes gave the aryl bromide 41 (0.44 g, 1.32 mmol, 56%) as a purple solid. The spectral data
were in accordance with those reported in the literature.[59]
H NMR (400 MHz, DMSO-d6): δ = 11.14 (s, 1H, CONHCO), 8.15 (d, J = 1.6 Hz, 1H, 4-H),

1

8.10 (dd, J = 8.0 Hz, 1H, 6-H), 7.86 (d, J = 8.0 Hz, 1H, 7-H), 5.17 (dd, J = 12.8, 5.4 Hz, 1H,
3’-H), 2.89 (ddd, J = 17.0, 13.9, 5.4 Hz, 1H, 5’-HA), 2.65 – 2.52 (m, 2H, 5’-HB, 4’-HA), 2.11 –
2.02 (m, 1H, 4’-HB) ppm.
C13H9BrN2O4 (337.13)
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9.4.1.12 (±)-4-Iodothalidomide (45)

Triethylamine (1.6 mL) was added to a stirred mixture of 3-iodophthalic anhydride (33)
(1.00 g, 3.65 mmol, 1.00 equiv.) and TFA-salt 25 (0.88 g, 3.65 mmol, 1.00 equiv.) in THF
(8.0 mL) at room temperature, and left to stir at reflux for 4 days. The mixture was then cooled
on ice and the precipitate was collected via vacuum filtration. Washing the precipitate with
ice-cold THF and hexanes gave the aryl iodide 45 (1.08 g, 2.81 mmol, 77%) as a white solid. The
spectral data were in accordance with those reported in the literature.[59]
H NMR (600 MHz, DMSO-d6): δ = 11.14 (s, 1H, CONHCO), 8.27 (dd, J = 7.9, 0.8 Hz, 1H,

1

5-H), 7.92 (dd, J = 7.4, 0.8 Hz, 1H, 7-H), 7.58 (dd, J = 7.9, 7.4 Hz, 1H, 6-H), 5.16 (dd, J = 12.9,
5.5 Hz, 1H, 3’-H), 2.90 (ddd, J = 17.2, 14.0, 5.5 Hz, 1H, 5’-HA), 2.62 (ddd, J = 17.2, 4.2, 2.4 Hz,
1H, 5’-HB) 2.57 – 2.51 (m, 1H, 4’-HA), 2.10 – 2.04 (m, 1H, 4’-HB) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 169.8 (C=O), 166.0 (C=O), 165.4 (C=O),

13

145.5 (Ar–CH), 135.7 (Ar–CH), 133.2 (Ar–C), 131.8 (Ar–C), 123.2 (Ar–CH), 90.5 (C-4), 49.2
(C-3’), 30.9 (C-5’), 21.8 (C-4’) ppm.
C13H9IN2O4 (384.13).
9.4.1.13 (±)-4-Chlorothalidomide (43)

Triethylamine (4.3 mL) was added to a stirred mixture of 3-chlorophthalic anhydride (1.79 g,
9.81 mmol, 1.00 equiv.) and TFA-salt 25 (2.38 g, 9.81 mmol, 1.00 equiv.) in THF (20 mL) at
room temperature, and left to stir at reflux for 4 days. The mixture was then cooled on ice and the
precipitate was collected via vacuum filtration. Washing the precipitate with ice-cold THF and
hexanes gave the aryl chloride 43 (2.22 g, 7.59 mmol, 77%) as a white solid. The spectral data
were in accordance with those reported in the literature.[370]
H NMR (600 MHz, DMSO-d6): δ = 11.15 (s, 1H, CONHCO), 8.03 – 7.76 (m, 3H, 3 x Ar–H),

1

5.17 (dd, J = 12.9, 5.4 Hz, 1H, 3’-H), 2.90 (ddd, J = 17.2, 14.0, 5.5 Hz, 1H, 5’-HA), 2.61 (ddd,
J = 17.2, 4.2, 2.3 Hz, 1H, 5’-HB) 2.57 – 2.51 (m, 1H, 4’-HA), 2.10 – 2.05 (m, 1H, 4’-HB) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 169.7 (C=O), 165.8 (C=O), 164.8 (C=O),

13

136.4 (Ar–CH), 136.1 (Ar–CH), 133.5 (Ar–C), 129.9 (Ar–C), 127.0 (Ar–C), 122.4 (Ar–CH), 49.1
(C-3’), 30.9 (C-5’), 21.8 (C-4’) ppm.
C13H9ClN2O4 (292.67).
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9.4.1.14 (±)-4-Fluorothalidomide (44)

Triethylamine (1.3 mL) was added to a stirred mixture of 3-fluorophthalic anhydride
(500 mg, 3.01 mmol, 1.00 equiv.) and TFA-salt 25 (730 mg, 3.01 mmol, 1.00 equiv.) in THF
(6.0 mL) at room temperature, and left to stir at reflux for 4 days. The mixture was then cooled
on ice, and the precipitate filtered off. The filtrate was diluted with H2O and extracted with EtOAc
(3 x 30 mL). The combined organic layers were dried over MgSO4, filtered and the solvents removed under reduced pressure. The crude product was fused onto silica, and purified via flash
column chromatography (hexanes/EtOAc 50:50) to give the desired compound 44 (147 mg,
0.53 mmol, 18%) as a yellow solid.
m.p. = 248 – 250 °C. Rf = 0.32 (hexanes/EtOAc 50:50).
1

H NMR (400 MHz, DMSO-d6): δ = 11.14 (s, 1H, CONHCO), 7.95 (ddd, J = 8.9, 7.4, 4.6 Hz,

1H, 6-H), 7.79 (d, J = 7.4 Hz, 1H, 7-H), 7.73 (‘t’, J = 8.9 Hz, 1H, 5-H), 5.16 (dd, J = 12.9, 5.4
Hz, 1H, 3’-H), 2.89 (ddd, J = 17.1, 13.9, 5.5 Hz, 1H, 5’-HA), 2.65 – 2.51 (m, 2H, 5’-HB, 4’-HA),
2.11 – 2.03 (m, 1H, 4’-HB) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 172.7 (C-2’/C-6’), 169.7 (C-2’/C-6’), 166.1 (d,

JCF = 2.9 Hz, C-3), 163.9 (d, JCF = 1.1 Hz, C-1), 156.8 (d, JCF = 262 Hz, C-4), 138.0 (d,
JCF = 7.7 Hz, C-6/C-7a), 133.4 (d, JCF = 1.5 Hz, C-7), 123.0 (d, JCF = 19.6 Hz, C-5/C-3a), 120.0
(d, JCF = 7.6 Hz, C-6/C-7a), 117.0 (d, JCF = 12.6 Hz, C-5/C-3a), 49.1 (C-3’), 30.9 (C-5’), 21.8
(C-4’) ppm.
19

F NMR (282 MHz, DMSO-d6): δ = -115.1 (dd, JFH = 8.9, 4.6 Hz) ppm.

IR (ATR) υ = 3087 (N-H), 1700, (C=O), 1612, 1480, 1389, 1261, 1204, 1121, 1020, 953, 823,
745, 595 cm-1.
MS (ESI) m/z (%) = 299.0 (13) [M+Na]+, 284.3 (18), 266.2 (22), 250.2 (31), 242.3 (100).
C13H9FN2O4 (276.22).

calc.:

299.0444 [M+Na]+

found: 299.0435 (ESI-HRMS).
9.4.1.15 (±)-5-Fluorothalidomide (42)

Triethylamine (1.3 mL) was added to a stirred mixture of 4-fluorophthalic anhydride
(500 mg, 3.01 mmol, 1.00 equiv.) and TFA-salt 25 (730 mg, 3.01 mmol, 1.00 equiv.) in THF
(6.0 mL) at room temperature, and left to stir at reflux for 4 days. The mixture was then cooled
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on ice, and the precipitate filtered off. The filtrate was diluted with H2O and extracted with EtOAc
(3 x 30 mL). The combined organic layers were dried over MgSO4, filtered and the solvents removed under reduced pressure. The ensuing crude product was fused onto silica, and purified via
flash column chromatography (hexanes/EtOAc 50:50) to give the aryl fluoride (42) (196 mg,
0.71 mmol, 24%) as a colourless solid.
m.p. = 255 – 256 °C. Rf = 0.45 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.14 (s, 1H, CONHCO), 8.01 (dd, J = 8.3, 4.7 Hz, 1H,

1

7-H), 7.85 (dd, J = 7.5, 2.3 Hz, 1H, 4-H), 7.72 (ddd, J = 9.4, 8.3, 2.3 Hz, 1H, 6-H), 5.17 (dd, J =
12.8, 5.4 Hz, 1H, 3’-H), 2.89 (ddd, J = 16.9, 13.8, 5.4 Hz 1H, 5’-HA), 2.65 – 2.51 (m, 2H, 5’-HB,
4’-HA), 2.11 – 2.02 (m, 1H, 4’-HB) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.7 (C-2’/C-6’), 169.7 (C-2’/C-6’), 166.1 (C-1), 166.0

13

(d, JCF = 254 Hz, C-5), 165.9 (d, JCF = 2.8 Hz, C-3), 134.2 (d, JCF = 9.8 Hz, C-3a), 127.4 (d,
JCF = 2.6 Hz, C-7a), 126.3 (d, JCF = 9.3 Hz, C-7), 121.7 (d, JCF = 23.9 Hz, C-6), 111.4 (d,
JCF = 25.3 Hz, C-4), 49.2 (C-3’), 30.9 (C-5’), 21.9 (C-4’) ppm.
F NMR (282 MHz, DMSO-d6): δ = -102.7 (ddd, JFH = 9.4, 7.5, 4.7 Hz) ppm.

19

IR (ATR) υ = 3083 (N-H), 1702, (C=O), 1614, 1481, 1396, 1319, 1261, 1195, 1110, 1016, 860,
807, 669, 609 cm-1.
MS (ESI) m/z (%) = 277.1 (9) [M+H]+, 269.1 (21), 261.1 (55), 241.1 (100), 227.1 (19), 217.1
(32), 204.1 (35).
C13H9FN2O4 (276.22).

calc.:

277.0625 [M+H]+

found: 277.0629 (ESI-HRMS).
9.4.1.16 (±)-5-Nitrothalidomide (40)

Triethylamine (2.5 mL) and 4-dimethylaminopyridine (82.0 mg, 0.67 mmol, 8 mol%) were
added to a stirred mixture of 4-nitrophthalic anhydride (35) (1.63 g, 8.42 mmol, 1.00 equiv.) and
TFA-salt 25 (2.04 g, 8.42 mmol, 1.00 equiv.) in THF (20 mL) at room temperature, and left to
stir at reflux for 5 days. The reaction mixture was concentrated under reduced pressure to afford
a black oil which was diluted with H2O, and then extracted with EtOAc (3 x 250 mL). The combined organic layers were dried over MgSO4, filtered and the solvent was removed under reduced
pressure. The resulting residue was washed with Et2O and hexanes to give the desired compound
40 (1.67 g, 5.51 mmol, 65%) as a pale green solid. The spectral data were in accordance with
those reported in the literature.[96]
H NMR (400 MHz, DMSO-d6): δ = 11.18 (s, 1H, CONHCO), 8.68 (dd, J = 8.2, 2.0 Hz, 1H,

1

6-H), 8.56 (d, J = 2.0 Hz, 1H, 4-H), 8.19 (d, J = 8.2 Hz, 1H, 7-H), 5.24 (dd, J = 12.8, 5.4 Hz, 1H,
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3’-H), 2.89 (ddd, J = 17.0, 13.8, 5.4 Hz, 1H, 5’-HA), 2.68 – 2.52 (m, 2H, 5’-HB, 4’-HA), 2.13 –
2.05 (m, 1H, 4’-HB) ppm.
C13H9N3O6 (303.23).
9.4.1.17 (±)-4-Nitrothalidomide (38)

Triethylamine (0.8 mL) was added to a stirred mixture of 3-nitrophthalic anhydride (34)
(0.52 g, 2.69 mmol, 1.00 equiv.) and TFA-salt 25 (0.66 g, 2.73 mmol, 1.01 equiv.) in THF
(4.0 mL) at room temperature, and left to stir at reflux for 4 days. The mixture was then cooled
on ice and the precipitate was collected via vacuum filtration. Washing with ice-cold THF and
hexanes gave the desired compound 38 (0.37 g, 1.23 mmol, 46%) as a grey solid. The spectral
data were in accordance with those reported in the literature.[96]
H NMR (400 MHz, DMSO-d6): δ = 11.14 (s, 1H, CONHCO), 8.35 (dd, J = 7.8, 0.7 Hz, 1H,

1

5-H), 8.24 (dd, J = 7.8, 0.7 Hz, 1H, 7-H), 8.12 (‘t’, J = 7.8 Hz, 1H, 6-H), 5.20 (dd, J = 12.9, 5.4
Hz, 1H, 3’-H), 2.89 (ddd, J = 17.2, 13.9, 5.4 Hz, 1H, 5’-HA), 2.66 – 2.51 (m, 2H, 5’-HB, 4’-HA),
2.12 – 2.04 (m, 1H, 4’-HB) ppm.
C13H9N3O6 (303.23)
9.4.1.18 (±)-Pomalidomide (3)

A high pressure vessel was charged with 4-nitrothalidomide (38) (0.50 g, 1.65 mmol,
1.00 equiv.), 10% Pd/C (88 mg, 84 µmol, 5 mol%) and suspended in MeOH (15 mL). Next, the
vessel was placed in a hydrogenation Parr® shaker, evacuated and pressurised with hydrogen gas
(300 kPa). The vessel was shaken at room temperature at this pressure for 1 h before being fused
onto silica. Purification via flash column chromatography on silica (EtOAc) gave (±)-pomalidomide (3) (0.42 g, 1.54 mmol, 93%) as a yellow solid. The spectral data were in accordance with
those reported in the literature.[371]
1

H NMR (400 MHz, DMSO-d6): δ = 11.08 (s, 1H, CONHCO), 7.47 (dd, J = 8.4, 7.1 Hz, 1H,

6-H), 7.04 – 6.98 (m, 2H, 5-H, 7-H), 6.51 (s, 2H, NH2), 5.04 (dd, J = 12.9, 5.4 Hz, 1H, 3’-H),
2.88 (ddd, J = 17.4, 14.0, 5.3 Hz, 1H, 5’-HA), 2.64 – 2.52 (m, 2H, 5’-HB, 4’-HA) 2.06 – 1.99 (m,
1H, 4’-HB) ppm.
C13H11N3O4 (273.24).
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9.4.2. Synthesis of alkylamino thalidomide analogues
9.4.2.1

General procedure for the reductive amination reaction

A high pressure vessel was charged with 4/5-nitrothalidomide (38/40) (200 mg, 0.66 mmol,
1.00 equiv.), p-toluenesulfonic acid (6.0 mg, 35 µmol, 5 mol%), 10% Pd/C (39 mg, 35 µmol,
5 mol%) and subsequently suspended in THF/DMF (5 mL, 9:1). The corresponding aldehyde
(3.30 mmol, 5.00 equiv.) was then added. Next, the vessel was placed in a hydrogenation Parr®
shaker, evacuated and pressurised with hydrogen gas (300 kPa). It was shaken at room temperature for 3-24 h and filtered through Celite®. The filtrate was concentrated under reduced pressure,
fused onto silica and purified via flash column chromatography on silica.
9.4.2.2

(±)-2-(2,6-Dioxopiperidin-3-yl)-4-(ethylamino)isoindoline-1,3-dione (49)

Following the general procedure using 4-nitrothalidomide (38) and acetaldehyde (193 µL),
compound 49 was obtained after 22 h and purification via flash column chromatography (hexanes/EtOAc 50:50) as a yellow solid (197 mg, 0.65 mmol, 98%). Recrystallisation from EtOAc
gave an analytically pure sample as yellow crystals.
m.p. = 221 – 224 °C. Rf = 0.43 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.09 (s, 1H, CONHCO), 7.58 (dd, J = 8.5, 7.1 Hz, 1H,

1

6-H), 7.08 (d, J = 8.5 Hz, 1H, 5-H), 7.02 (d, J = 7.1 Hz, 1H, 7-H), 6.51 (t, J = 5.8 Hz, 1H, NH)
5.05 (dd, J = 13.0, 5.4 Hz, 1H, 3’-H), 3.41 – 3.26 (m, 2H, 1’’-H2), 2.96 – 2.81 (m, 1H, 5’-HA),
2.67 – 2.52 (m, 2H, 5’-HB, 4’-HA), 2.09 – 2.00 (m, 1H, 4’-HB), 1.18 (t, J = 7.2 Hz, 3H, CH3) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 168.9 (C=O), 167.3 (C=O),

13

146.2 (C-4), 136.3 (C-6), 132.2 (Ar–C), 117.1 (C-5), 110.4 (C-7), 109.0 (Ar–C), 48.5 (C-3’), 36.6
(C-1’’), 31.0 (C-5’), 22.1 (C-4’), 14.4 (CH3) ppm.
IR (KBr) υ = 3393 (N-H), 1754, 1733, 1694 (C=O), 1623, 1504, 1401, 1351, 1256, 1203, 876,
744, 607, 467 cm-1.
MS (EI) m/z (%) = 301.0 (33) [M•]+, 213.0 (15), 189.0 (100), 146.0 (20), 89.0 (46).
C15H15N3O4 (301.30).

calc.:

301.1063 [M•]+

found: 301.1056 (EI-HRMS).
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9.4.2.3

(±)-2-(2,6-Dioxopiperidin-3-yl)-4-(propylamino)isoindoline-1,3-dione (46)

Following the general procedure using 4-nitrothalidomide (38) and propionaldehyde
(238 µL), compound 46 was obtained after 5 h and purification via flash column chromatography
(hexanes/EtOAc 60:40 → 50:50 → 0:100) as a yellow solid (200 mg, 0.63 mmol, 95%). Recrystallisation from EtOAc gave an analytically pure sample as yellow crystals.
m.p. = 196 – 198 °C. Rf = 0.48 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.08 (s, 1H, O=CNH), 7.58 (dd, J = 8.5, 7.1 Hz, 1H, 6-H),

1

7.10 (d, J = 8.5 Hz, 1H, 5-H), 7.02 (d, J = 7.1 Hz, 1H, 7-H), 6.55 (t, J = 5.9 Hz, 1H, NHCH2) 5.05
(dd, J = 12.9, 5.4 Hz, 1H, 3’-H), 3.26 (‘q’, J = 7.4 Hz, 2H, 1’’-H2), 2.88 (ddd, J = 17.5, 14.0, 5.4
Hz, 1H, 5’-HA), 2.64 – 2.51 (m, 2H, 5’-HB, 4’-HA), 2.08 – 2.00 (m, 1H, 4’-HB), 1.59 (‘sext’,
J = 7.4 Hz, 2H, 2’’-H2), 0.93 (t, J = 7.4 Hz, 3H, CH3) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 172.8 (C-6’), 170.1 (C-2’), 169.0 (C-5/C-7), 167.3

(C-5/C-7), 146.5 (C-4), 136.3 (C-6), 132.2 (C-7a), 117.1 (C-5), 110.4 (C-7), 109.0 (C-3a), 48.5
(C-3’), 43.5 (C-1’’), 31.0 (C-5’), 22.2 (C-4’), 22.0 (C-2’’), 11.2 (CH3) ppm.
IR (KBr) υ = 3397 (N-H), 1735, 1695 (C=O), 1623, 1508, 1405, 1355, 1254, 1205, 852, 812,
744, 604, 470 cm-1.
MS (EI) m/z (%) = 315.0 (52) [M•]+, 286.0 (100) [M-CH2CH3•]+, 213.0 (72), 203.0 (78), 175 (80),
157.0 (20).
C16H17N3O4 (315.32).

calc.:

315.1219 [M•]+

found: 315.1215 (EI-HRMS).
9.4.2.4

(±)-4-(Butylamino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (50)

Following the general procedure using 4-nitrothalidomide (38) and butyraldehyde (298 µL),
compound 50 was obtained after 18 h and purification via flash column chromatography (hexanes/EtOAc 60:40) as an orange solid (172 mg, 0.52 mmol, 79%). Recrystallisation from EtOAc
gave an analytically pure sample as a bright yellow powder.
m.p. = 165 – 169 °C. Rf = 0.57 (hexanes/EtOAc 50:50).
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H NMR (400 MHz, DMSO-d6): δ = 11.09 (s, 1H, CONHCO), 7.58 (dd, J = 8.4, 7.2 Hz, 1H,

1

6-H), 7.09 (d, J = 8.4 Hz, 1H, 5-H), 7.02 (d, J = 7.2 Hz, 1H, 7-H), 6.51 (t, J = 5.6 Hz, 1H, NH)
5.05 (dd, J = 12.8, 5.6 Hz, 1H, 3’-H), 3.30 (‘q’, J = 7.3 Hz, 2H, 1’’-H2), 2.93 – 2.83 (m, 1H,
5’-HA), 2.61 – 2.53 (m, 2H, 5’-HB, 4’-HA), 2.05 – 1.99 (m, 1H, 4’HB), 1.55 (‘quin’, J = 7.3 Hz,
2H, 2’’-H2), 1.36 (‘sext’, J = 7.3 Hz, 2H, 3’’-H2), 0.92 (t, J = 7.3 Hz, 3H, CH3) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 168.9 (C=O), 167.3 (C=O),

13

146.4 (C-4), 136.3 (C-6), 132.2 (C-7a), 117.2 (C-5), 110.4 (C-7), 109.0 (C-3a), 48.5 (C-3’), 41.5
(C-1’’), 31.0 (C-5’), 30.8 (C-2’’), 22.1 (C-4’), 19.5 (C-3’’), 13.7 (CH3) ppm.
IR (KBr) υ = 3419 (N-H), 1756, 1731, 1690 (C=O), 1625, 1511, 1408, 1360, 1324, 1256, 1205,
815, 754, 604, 466 cm-1.
MS (EI) m/z (%) = 329.0 (30) [M•]+, 286.0 (100), 217.0 (50), 213.0 (68), 203.0 (78), 175 (85),
157.0 (19).
C17H19N3O4 (329.35).

calc.:

329.1376 [M•]+

found: 329.1379 (EI-HRMS).
9.4.2.5

(±)-2-(2,6-Dioxopiperidin-3-yl)-4-(pentylamino)isoindoline-1,3-dione (51)

Following the general procedure using 4-nitrothalidomide (38) and valeraldehyde (350 µL),
compound 51 was obtained after 21 h followed by purification via flash column chromatography
(hexanes/EtOAc 70:30) as an orange solid (214 mg, 0.62 mmol, 94%). Recrystallisation from
EtOAc gave an analytically pure sample as a yellow powder.
m.p. = 153 – 155 °C. Rf = 0.57 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.09 (s, 1H, CONHCO), 7.58 (dd, J = 8.5, 7.2 Hz, 1H,

1

6-H), 7.09 (d, J = 8.5 Hz, 1H, 5-H), 7.02 (d, J = 7.2 Hz, 1H, 7-H), 6.55 (t, J = 5.9 Hz, 1H, NH)
5.05 (dd, J = 12.9, 5.4 Hz, 1H, 3’-H), 3.28 (‘q’, J = 7.2 Hz, 2H, 1’’-H2), 2.94 – 2.82 (m, 1H,
5’-HA), 2.63 – 2.52 (m, 2H, 5’-HB, 4’-HA), 2.07 – 1.98 (m, 1H, 4’-HB), 1.57 (‘quint’, J = 7.2 Hz,
2H, 2’’-H2), 1.62 – 1.53 (m, 4H, 3’’-H2, 4’’-H2), 0.88 (t, J = 7.2 Hz, 3H, CH3) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 168.9 (C=O), 167.3 (C=O),

13

146.4 (C-4), 136.3 (C-6), 132.2 (C-7a), 117.2 (C-5), 110.4 (C-7), 109.0 (C-3a), 48.5 (C-3’), 41.8
(C-1’’), 31.0 (C-5’), 28.5 (C-2’’), 28.4, (C-3’’), 22.1 (C-4’), 21.9 (C-4’’), 13.9 (CH3) ppm.
IR (KBr) υ = 3434 (N-H), 1698 (C=O), 1625, 1510, 1409, 1360, 1261, 1199, 1176, 1115, 814,
746, 608, 473 cm-1.
MS (EI) m/z (%) = 343.0 (30) [M•]+, 286.0 (100), 231.0 (55), 213.0 (50), 203.0 (78), 175 (68),
157.0 (15).
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C18H21N3O4 (343.38)

calc.:

343.1532 [M•]+

found: 343.1526 (EI-HRMS).
9.4.2.6

(±)-2-(2,6-Dioxopiperidin-3-yl)-4-(isopropylamino)isoindoline-1,3-dione (52)

Following the general procedure (without THF/DMF) using 4-nitrothalidomide (38) and acetone (5 mL), compound 52 was obtained after 16 h and purification via flash column
chromatography (hexanes/EtOAc 60:40) as a yellow solid (62.0 mg, 0.20 mmol, 30%). Recrystallisation from EtOAc gave an analytically pure sample as yellow crystals.
m.p. = 238 – 242 °C. Rf = 0.48 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.09 (s, 1H, CONHCO), 7.59 (dd, J = 8.6, 7.1 Hz, 1H,

1

6-H), 7.13 (d, J = 8.6 Hz, 1H, 5-H), 7.03 (d, J = 7.1 Hz, 1H, 7-H), 6.12 (d, J = 8.3 Hz, 1H, NH)
5.04 (dd, J = 12.6, 5.3 Hz, 1H, 3’-H), 3.93 – 3.82 (m, 1H, CH(CH3)2), 2.95 – 2.80 (m, 1H, 5’-HA),
2.71 – 2.52 (m, 2H, 5’-HB, 4’-HA), 2.10 – 1.95 (m, 1H, 4’-HB), 1.22 (d, J = 6.3 Hz, 6H,
CH(CH3)2) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 169.1 (C=O), 167.2 (C=O),

145.6 (C-4), 136.4 (C-6), 132.2 (C-7a), 117.6 (C-5), 110.5 (C-7), 109.1 (C-3a), 48.5 (C-3’), 43.1
(CH(CH3)2), 31.0 (C-5’), 22.4 (CH(CH3)2), 22.1 (C-4’) ppm.
IR (KBr) υ = 3444 (N-H), 2892, 1754, 1730, 1687 (C=O), 1621, 1506, 1407, 1360, 1258, 1202,
1149, 1109, 1028, 883, 741, 610, 575, 467 cm-1.
MS (EI) m/z (%) = 315.0 (18) [M•]+, 300.0 (26), 227.0 (22), 203.0 (100), 189.0 (27), 172 (25).
C16H17N3O4 (315.32)

calc.:

315.1219 [M•]+

found: 315.1217 (EI-HRMS).
9.4.2.7

(±)-2-(2,6-Dioxopiperidin-3-yl)-5-(ethylamino)isoindoline-1,3-dione (53)

Following the general procedure (only half the molar equivalents of aldehyde) using 5-nitrothalidomide (40) and acetaldehyde (97.0 µL, 1.65 mmol, 2.50 equiv.), compound 53 was
obtained after 3 h and purification via flash column chromatography (hexanes/EtOAc 50:50) as a
yellow solid (129 mg, 0.43 mmol, 65%).
m.p. = 240 – 242 °C. Rf = 0.37 (hexanes/EtOAc 50:50).
1

H NMR (400 MHz, DMSO-d6): δ = 11.05 (s, 1H, CONHCO), 7.56 (d, J = 8.4 Hz, 1H, 7-H),

7.07 (t, J = 5.2 Hz, 1H, NH), 6.93 (d, J = 2.2 Hz, 1H, 4-H), 6.83 (dd, J = 8.4, 2.2 Hz, 1H, 6-H),
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5.02 (dd, J = 12.8, 5.6 Hz, 1H, 3’-H), 3.22 – 3.16 (m, 2H, CH2), 2.92 – 2.83 (m, 1H, 5’-Ha), 2.59
– 2.45 (m, 2H, 5’-HB/4’-HA), 2.04 – 1.96 (m, 1H, 4’HB), 1.19 (t, J = 7.2 Hz, 3H, CH3) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.2 (C=O), 167.7 (C=O), 167.1 (C=O),

13

154.3 (C-5), 134.2 (Ar–C), 125.1 (C-7), 115.9 (Ar–C), 115.2 (C-6), 105.2 (C-4), 48.6 (C-3’), 37.1
(C-1’’), 31.0 (C-5’), 22.2 (C-4’), 13.9 (CH3) ppm.
IR (KBr) υ = 3367 (N-H), 1764, 1700 (C=O), 1521, 1454, 1381, 1199, 827, 748, 608 cm-1.
MS (EI) m/z (%) = 301.0 (88) [M•]+, 286.0 (100), 175.0 (58).
C15H15N3O4 (301.30).

calc.:

301.1063 [M•]+

found: 301.1061 (EI-HRMS).
9.4.2.8

(±)-2-(2,6-Dioxopiperidin-3-yl)-5-(propylamino)isoindoline-1,3-dione (54) and
(±)-2-(2,6-Dioxopiperidin-3-yl)-5-(dipropylamino)isoindoline-1,3-dione (59)

Following the general procedure using 5-nitrothalidomide (40) and propionaldehyde
(238 µL), compound 54 was obtained after 24 h and purification via flash column chromatography (hexanes/EtOAc 60:40 → 40:60) as a yellow solid (109 mg, 0.35 mmol, 53%).
Recrystallisation from EtOAc gave an analytically pure sample as a yellow powder. Additionally,
the corresponding N,N-dialkylated species 59 could be isolated as a yellow solid (56.0 mg,
0.16 mmol, 24%).
Monoalkylated species 54:
m.p. = 216 – 217 °C. Rf = 0.34 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.05 (s, 1H, CONHCO), 7.55 (d, J = 8.7 Hz, 1H, 7-H),

1

7.11 (t, J = 5.3 Hz, 1H, NH), 6.94 (s, 1H, 4-H), 6.84 (d, J = 8.7 Hz, 1H, 6-H), 5.02 (dd, J = 13.1,
5.2 Hz, 1H, 3’-H), 3.12 (‘q’, J = 6.7 Hz, 2H, 1’’-H2), 2.94 – 2.80 (m, 1H, 5’-HA), 2.64 – 2.51 (m,
2H, 5’-HB, 4’-HA), 2.07 – 1.93 (m, 1H, 4’HB), 1.58 (‘sext’, J = 7.1 Hz, 2H, 2’’-H2) 0.95 (t,
J = 7.1 Hz, 3H, CH3) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 167.7 (C=O), 167.1 (C=O),

13

154.5 (C-5), 134.1 (Ar–C), 125.1 (C-7), 115.8 (Ar–C), 115.2 (C-6), 105.2 (C-4), 48.6 (C-3’),
44.21 (C-1’’), 31.0 (C-5’), 22.2 (C-4’), 21.5 (C-2’’), 11.5 (CH3) ppm.
IR (KBr) υ = 3400 (N-H), 1761, 1704 (C=O), 1619, 1542, 1374, 1265, 1204, 751, 610 cm-1.
MS (EI) m/z (%) = 315.0 (30) [M•]+, 286.0 (100), 201.0 (10), 175.0 (10), 104.0 (10).
C16H17N3O4 (315.32).

calc.:

315.1219 [M•]+

found: 315.1214 (EI-HRMS).
Dialkylated species 59:
m.p. = 215 – 216 °C. Rf = 0.48 (hexanes/EtOAc 50:50).
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H NMR (400 MHz, DMSO-d6): δ = 11.06 (s, 1H, CONHCO), 7.61 (d, J = 8.7 Hz, 1H, 7-H),

1

7.00 (d, J = 2.2 Hz, 1H, 4-H), 6.94 (dd, J = 8.7, 2.2 Hz, 1H, 6-H), 5.04 (dd, J = 12.9, 5.4 Hz, 1H,
3’-H), 3.40 (t, J = 7.5 Hz, 4H, 2 x 1’’-H2), 2.94 – 2.83 (m, 1H, 5’-HA), 2.66 – 2.52 (m, 2H, 5’-HB,
4’-HA), 2.06 – 1.95 (m, 1H, 4’-HB), 1.57 (‘sext’, J = 7.5 Hz, 4H, 2 x 2’’-H2), 1.14 (t, J = 7.5 Hz,
6H, 2 x CH3) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.2 (C=O), 167.7 (C=O), 167.0 (C=O),

152.6 (C-5), 134.3 (Ar–C), 125.1 (C-7), 115.2 (Ar–C), 114.9 (C-6), 105.0 (C-4), 52.1 (2 x C-1’’),
48.7 (C-3’), 31.0 (C-5’), 22.2 (C-4’), 19.7 (2 x C-2’’), 11.0 (2 x CH3) ppm.
IR (KBr) υ = 3451 (N-H), 3206, 1761, 1700 (C=O), 1616, 1522, 1381, 1267, 1203, 1081, 752,
611 cm-1.
MS (EI) m/z (%) = 357.3 (13) [M•]+, 328.1 (100).
C19H23N3O4 (357.40).

calc.:

358.1767 [M+H]+

found: 358.1768 (ESI-HRMS).
9.4.2.9

(±)-5-(Butylamino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (55) and
(±)-5-(Dibutylamino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (60)

Following the general procedure using 5-nitrothalidomide (40) and butyraldehyde (298 µL),
compound 55 was obtained after 16 h and purification via flash column chromatography (hexanes/EtOAc 60:40) as a yellow solid (72.0 mg, 0.22 mmol, 33%). Additionally, the corresponding
N,N-dialkylated species 60 was isolated as a yellow solid (105 mg, 0.27 mmol, 41%). Recrystallisation from EtOAc gave an analytically pure sample as a yellow powder.
Monoalkylated species 55:
m.p. = 126 – 130 °C. Rf = 0.36 (hexanes/EtOAc 50:50).
1

H NMR (400 MHz, DMSO-d6): δ = 11.05 (s, 1H, CONHCO), 7.56 (d, J = 8.3 Hz, 1H, 7-H),

7.09 (t, J = 5.2 Hz, 1H, NH), 6.94 (d, J = 1.9 Hz, 1H, 4-H), 6.84 (dd, J = 8.3, 1.9 Hz, 1H, 6-H),
5.02 (dd, J = 12.9, 5.3 Hz, 1H, 3’-H), 3.15 (‘q’, J = 6.7 Hz, 2H, 1’’-H2), 2.93 – 2.82 (m, 1H,
5’-HA), 2.62 – 2.52 (m, 2H, 5’-HB, 4’-HA), 2.04 – 1.95 (m, 1H, 4’HB), 1.56 (‘quin’, J = 7.2 Hz,
2H, 2’’-H2), 1.39 (‘sext’, J = 7.2 Hz, 2H, 3’’-H2), 0.92 (t, J = 7.2 Hz, 3H, CH3) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.2 (C=O), 167.7 (C=O), 167.1 (C=O),

154.5 (C-5), 134.2 (Ar–C), 125.1 (C-7), 115.8 (Ar–C), 115.3 (C-6), 105.3 (C-4), 48.6 (C-3’), 42.2
(C-1’’), 31.0 (C-5’), 30.3 (C-2’’), 22.2 (C-4’), 19.7 (C-3’’), 13.7 (CH3) ppm.
IR (KBr) υ = 3393 (N-H), 1763, 1708 (C=O), 1616, 1379, 1261, 1196, 749, 608 cm-1.
MS (EI) m/z (%) = 329.1 (30) [M•]+, 285.8 (100), 200.6 (10), 174.7 (13), 104.6 (9).
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C17H19N3O4 (329.35).

calc.:

330.1454 [M+H]+

found: 330.1446 (ESI-HRMS).
Dialkylated species 60:
m.p. = 157 – 159 °C. Rf = 0.39 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.06 (s, 1H, CONHCO), 7.61 (d, J = 8.6 Hz, 1H, 7-H),

1

6.99 (d, J = 2.2 Hz, 1H, 4-H), 6.93 (dd, J = 8.6, 2.2 Hz, 1H, 6-H), 5.04 (dd, J = 12.8, 5.4 Hz, 1H,
3’-H), 3.43 (t, J = 7.4 Hz, 4H, 2 x 1’’-H2), 2.94 – 2.82 (m, 1H, 5’-HA), 2.63 – 2.52 (m, 2H, 5’-HB,
4’-HA), 2.05 – 1.95 (m, 1H, 4’-HB), 1.53 (‘quin’, J = 7.4 Hz, 4H, 2 x 2’’-H2), 1.34 (‘sext’,
J = 7.4 Hz, 4H, 2 x 3’’-H2), 0.92 (t, J = 7.4 Hz, 6H, 2 x CH3) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.2 (C=O), 167.7 (C=O), 167.0 (C=O),

13

152.5 (C-5), 134.2 (Ar–C), 125.1 (C-7), 115.2 (Ar–C), 114.9 (C-6), 105.0 (C-4), 50.2 (2 x C-1’’),
48.7 (C-3’), 31.0 (C-5’), 28.7 (2 x C-2’’) 22.2 (C-4’), 19.6 (2 x C-3’’), 13.8 (2 x CH3) ppm.
IR (KBr) υ = 3445 (N-H), 2958, 1764, 1696 (C=O), 1614, 1514, 1376, 1258, 1203, 1081, 752,
606 cm-1.
MS (EI) m/z (%) = 385.5 (15) [M•]+, 342.2 (100), 328.1 (15), 299.9 (70), 285.8 (20), 212.6 (19),
156.9 (5).
C21H27N3O4 (385.48)

calc.:

386.2080 [M+H]+

found: 386.2089 (ESI-HRMS).
9.4.2.10 (±)-2-(2,6-Dioxopiperidin-3-yl)-5-(pentylamino)isoindoline-1,3-dione (56) and
(±)-2-(2,6-Dioxopiperidin-3-yl)-5-(dipentylamino)isoindoline-1,3-dione (61)

Following the general procedure (but only half the molar equivalents of aldehyde) using
5-nitrothalidomide (40) and valeraldehyde (175 µL, 1.65 mmol, 2.50 equiv.), compound 56 was
obtained after 3 h and purification via flash column chromatography (hexanes/EtOAc 70:30 →
70:40 → 0:100) as a yellow solid (138 mg, 0.40 mmol, 60%). Additionally, the corresponding
N,N-dialkylated species 61 could be isolated as a yellow solid (34.5 mg, 0.08 mmol, 12%).
Monoalkylated species 56:
m.p. = 171 – 174 °C. Rf = 0.35 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.05 (s, 1H, CONHCO), 7.56 (d, J = 8.4 Hz, 1H, 7-H),

1

7.10 (t, J = 5.2 Hz, 1H, NH), 6.94 (s, 1H, 4-H), 6.84 (d, J = 8.4 Hz, 1H, 6-H), 5.03 (dd, J = 13.0,
5.2 Hz, 1H, 3’-H), 3.15 (‘q’, J = 6.4 Hz, 2H, 1’’-H2), 2.93 – 2.81 (m, 1H, 5’-HA), 2.62 – 2.52 (m,
2H, 5’-HB, 4’-HA), 2.04 – 1.94 (m, 1H, 4’-HB), 1.56 (‘quin’, J = 6.8 Hz, 2H, 2’’-H2), 1.41 – 1.27
(m, 4H, 3’’-H2, 4’’-H2), 0.89 (t, J = 6.8 Hz, 3H, CH3) ppm.
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13

C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.2 (C=O), 167.7 (C=O), 167.1 (C=O),

154.5 (C-5), 134.2 (Ar–C), 125.1 (C-7), 115.8 (Ar–C), 115.3 (C-6), 105.3 (C-4), 48.6 (C-3’), 42.4
(C-1’’), 31.0 (C-5’), 28.7 (C-2’’), 27.9 (C-3’’), 22.2 (C-4’), 21.9 (C-4’’), 13.9 (CH3) ppm.
IR (KBr) υ = 3374 (N-H), 1759, 1733, 1696 (C=O), 1611, 1541, 1375, 1202, 1104, 1004, 749,
603 cm-1.
MS (EI) m/z (%) = 343.2 (22) [M•]+, 285.8 (100), 200.6 (10), 174.7 (8), 104.6 (9).
C18H21N3O4 (343.38).

calc.:

344.1610 [M+H]+

found: 344.1606 (ESI-HRMS).
Dialkylated species 61:
m.p. = 164 – 165 °C. Rf = 0.63 (hexanes/EtOAc 50:50).
1

H NMR (400 MHz, DMSO-d6): δ = 11.06 (s, 1H, CONHCO), 7.61 (d, J = 8.7 Hz, 1H, 7-H),

6.98 (d, J = 2.1 Hz, 1H, 4-H), 6.92 (dd, J = 8.7, 2.1 Hz, 1H, 6-H), 5.04 (dd, J = 12.9, 5.4 Hz, 1H,
3’-H), 3.42 (t, J = 7.3 Hz, 4H, 2 x 1’’-H2), 2.94 – 2.82 (m, 1H, 5’-HA), 2.62 – 2.52 (m, 2H, 5’-HB,
4’-HA), 2.04 – 1.95 (m, 1H, 4’-HB), 1.55 (‘quin’, J = 7.3 Hz, 4H, 2 x 2’’-H2), 1.38 – 1.22 (m, 8H,
2 x 3’’-H2, 2 x 4’’-H2), 0.92 (t, J = 7.3 Hz, 6H, 2 x CH3) ppm.
13

C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 167.7 (C=O), 167.0 (C=O),

152.5 (C-5), 134.2 (Ar–C), 125.1 (C-7), 115.2 (Ar–C), 114.8 (C-6), 104.9 (C-4), 50.4 (2 x C-1’’),
48.7 (C-3’), 31.0 (C-5’), 28.4 (2 x C-2’’), 26.2 (2 x C-3’’), 22.2 (C-4’), 22.0 (2 x C-4’’), 13.9
(2 x CH3) ppm.
IR (KBr) υ = 3445 (N-H), 2956, 2927, 1764, 1731, 1697 (C=O), 1614, 1514, 1377, 1260, 1205,
1110, 1083, 752, 608 cm-1.
MS (EI) m/z (%) = 413.7 (18) [M•]+, 356.3 (100), 299.9 (70), 285.8 (12), 212.6 (13).
C23H31N3O4 (413.51).

calc.:

414.2393 [M+H]+

found: 414.2386 (ESI-HRMS).

9.4.2.11 (±)-2-(2,6-Dioxopiperidin-3-yl)-5-(isopropylamino)isoindoline-1,3-dione (57)

Following the general procedure (without THF/DMF) using 5-nitrothalidomide (40) and acetone (5 mL), compound 57 was obtained after 17 h and purification via flash column
chromatography (hexanes/EtOAc 50:50 → 0:100) as a yellow solid (71.0 mg, 0.23 mmol, 35%).
m.p. = 214 – 216 °C. Rf = 0.38 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 11.05 (s, 1H, CONHCO), 7.55 (d, J = 8.4 Hz, 1H, 7-H),

1

6.96 (d, J = 7.7 Hz, 1H, NH), 6.93 (d, J = 2.0 Hz, 1H, 4-H), 6.84 (dd, J = 8.4, 2.1 Hz, 1H, 6-H),
5.02 (dd, J = 12.9, 5.4 Hz, 1H, 3’-H), 3.74 (‘oct’, J = 7.0 Hz, 1H, CH(CH3)2), 2.93 – 2.82 (m, 1H,
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5’-HA), 2.61 – 2.52 (m, 2H, 5’-HB, 4’-HA), 2.03 – 1.94 (m, 1H, 4’-HB), 1.17 (d, J = 7.0 Hz, 6H,
CH(CH3)2) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.2 (C=O), 167.7 (C=O), 167.1 (C=O),

13

153.6 (C-5), 134.3 (Ar–C), 125.1 (C-7), 115.6 (Ar–C, C-6), 105.5 (C-4), 48.6 (C-3’), 43.3
(CH(CH3)2), 31.0 (C-5’), 22.2 (C-4’), 22.0 (CH(CH3)2) ppm.
IR (KBr) υ = 3390 (N-H), 1763, 1703 (C=O), 1614, 1385, 1259, 1197, 750, 609 cm-1.
MS (EI) m/z (%) = 315.0 (25) [M•]+, 299.9 (100) [M-CH3•]+, 285.8 (5), 214.6 (6), 188.7 (7), 146.0
(12), 118.4 (11).
C16H17N3O4 (315.32).

calc.:

315.1219 [M•]+

found: 315.1225 (EI-HRMS).
9.4.2.12 (±)-5-(Diethylamino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (58)

Following the general procedure using 5-nitrothalidomide (40) and acetaldehyde (193 µL),
compound 58 was obtained after 18 h and purification via flash column chromatography (hexanes/EtOAc 50:50 → 0:100) as a yellow solid (189 mg, 0.56 mmol, 86%). Recrystallisation from
EtOAc gave an analytically pure sample as a yellow powder.
m.p. = 188 – 190 °C. Rf = 0.39 (hexanes/EtOAc 50:50).
H NMR (600 MHz, DMSO-d6): δ = 11.05 (s, 1H, CONHCO), 7.62 (d, J = 8.7 Hz, 1H, 7-H),

1

7.01 (d, J = 2.4 Hz, 1H, 4-H), 6.95 (dd, J = 8.7, 2.4 Hz, 1H, 6-H), 5.04 (dd, J = 12.8, 5.5 Hz, 1H,
3’-H), 3.50 (q, J = 7.0 Hz, 4H, 2 x CH2), 2.92 – 2.83 (m, 1H, 5’-HA), 2.61 – 2.51 (m, 2H, 5’-HB,
4’-HA), 2.03 – 1.97 (m, 1H, 4’-HB), 1.14 (t, J = 7.0 Hz, 6H, 2 x CH3) ppm.
C NMR (100 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 167.8 (C=O), 167.1 (C=O),

13

152.1 (C-5), 134.4 (Ar–C), 125.2 (C-7), 115.2 (Ar–C), 114.7 (C-6), 104.9 (C-4), 48.7 (C-3’), 44.4
(2 x C-1’’), 31.0 (C-5’), 22.2 (C-4’), 12.1 (2 x CH3) ppm.
IR (KBr) υ = 3439 (N-H), 3232, 1760, 1699 (C=O), 1615, 1522, 1391, 1262, 1200, 1082, 824,
752, 607 cm-1.
MS (EI) m/z (%) = 329.1 (30) [M•]+, 314 (100) [M-CH3•]+, 285.8 (18), 212.6 (11), 132.2 (10).
C17H19N3O4 (329.35).

calc.:

330.1454 [M+H]+

found: 330.1450 (ESI-HRMS).
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9.4.2.13 (±)-5-(Dimethylamino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (62)

Following the general procedure (without DMF) using 5-nitrothalidomide (40) (119 mg,
0.39 mmol, 1.00 equiv.) and formaldehyde (36%, aq., 150 µL, 1.95 mmol, 5.00 equiv.), compound 62 was obtained after 19 h and purification via flash column chromatography
(DCM/MeOH 98:2) as a bright yellow solid (104 mg, 0.35 mmol, 90%).
m.p. = 240 – 242 °C. Rf = 0.20 (DCM/MeOH 98:2).
1

H NMR (600 MHz, DMSO-d6): δ = 11.06 (s, 1H, CONHCO), 7.65 (d, J = 8.6 Hz, 1H, 7-H),

7.06 (d, J = 2.4 Hz, 1H, 4-H), 6.97 (dd, J = 8.6, 2.4 Hz, 1H, 6-H), 5.06 (dd, J = 12.8, 5.4 Hz, 1H,
3’-H), 3.10 (s, 6H, N(CH3)2), 2.92 – 2.80 (m, 1H, 5’-HA), 2.62 – 2.51 (m, 2H, 5’-HB/4’-HA), 2.04
– 1.98 (m, 1H, 4’-HB) ppm.
13

C NMR (150 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 167.7 (C=O), 167.2 (C=O),

154.5 (C-5), 133.9 (Ar–C), 124.8 (C-7), 116.0 (Ar–C), 115.2 (C-6), 105.4 (C-4), 48.7 (C-3’), 40.1
(2 x CH3), 31.0 (C-5’), 22.2 (C-4’) ppm.
IR (ATR) υ = 2962, 1698 (C=O), 1611, 1525, 1365, 1196, 1083, 1016, 796, 749, 603 cm-1.
MS (ESI) m/z (%) = 302.1 (5) [M+H]+, 297.1 (100).
C15H15N3O4 (301.30).

calc.:

302.1141 [M+H]+

found: 302.1133 (ESI-HRMS).

9.4.3. Procedures for the synthesis of molecular probes
9.4.3.1

(±)-2-(1-(2-Hydroxyethyl)-2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (63)

NaH (38.4 mg, 0.96 mmol, 1.00 equiv., 60% in mineral oil) was added in one portion to a
stirred solution of (±)-thalidomide (1) (248 mg, 0.96 mmol, 1.00 equiv.) in DMF (6.0 mL) at
room temperature and left to stir for 30 min. Then 2-chloroethanol (85.3 mg, 71.0 µL, 1.06 mmol,
1.10 equiv.) was added and the mixture was left to stir at room temperature. After 20 h, more
2-chloroethanol (85.3 mg, 71.0 µL, 1.06 mmol, 1.10 equiv.) was added and the mixture was left
to stir at 40 °C for further 22 h. After adding H2O (30 mL), the mixture was extracted with EtOAc
(3 x 10 mL). The combined organic layers were washed with H2O (2 x 10 mL) and brine (10 mL),
dried over MgSO4, filtered and the solvents were removed under reduced pressure. The crude
product was fused onto silica, and purified via flash column chromatography (EtOAc/hexanes 6:4
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→ 1:0) to give the desired compound 63 (126 mg, 0.42 mmol, 44%) as a colourless solid. The
spectral data were in accordance with those reported in the literature.[98]
m.p. = 170 – 171 °C. Rf = 0.35 (hexanes/EtOAc 30:70).
H NMR (400 MHz, DMSO-d6): δ = 8.00 – 7.84 (m, 4H, 4 x Ar–H), 5.22 (dd, J = 13.1, 5.3 Hz,

1

1H, 3’-H), 4.73 (t, J = 5.9 Hz, 1H, OH), 3.82 – 3.68 (m, 2H, 1’’H2), 3.39 (‘q’, J = 6.6 Hz, 2H,
2’’-H2), 2.96 (ddd, J = 17.5, 14.0, 5.4 Hz, 1H, 5’-HA), 2.80 – 2.73 (m, 1H, 5’-HB), 2.63 – 2.52 (m,
1H, 4’-HA), 2.13 – 2.04 (m, 1H, 4’-HB) ppm.
C NMR (100 MHz, DMSO-d6): δ = 171.5 (C-2’/C-6’), 169.4 (C-2’/C-6’), 167.1 (C-1, C-3),

13

134.9 (C-5, C-6), 131.2 (C-3a, C-7a), 123.5 (C-4, C-7), 57.5 (C-2’’), 49.6 (C-3’), 41.7 (C-1’’),
31.2 (C-5’), 21.2 (C-4’) ppm.
IR (KBr) υ = 3423 (O-H), 1714 (C=O), 1670 (C=O), 1392, 1339, 1164, 1083, 1030, 891,
720 cm-1.
MS (EI) m/z (%) = 283.8 (23) [M-H2O•]+, 271.7 (23) [M-CH2O•]+, 258.7 (22) [M-CH2CH2O•]+,
185.7 (35), 172.7 (29), 137.1 (100), 104.6 (47).
C15H14N2O5 (302.28).

calc.:

303.0981 [M+H]+

found: 303.0978 (ESI-HRMS).
9.4.3.2

(±)-2-(1-(2-Chloroethyl)-2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (64)

SOCl2 (92.8 mg, 57.0 µL, 0.78 mmol, 2.70 equiv.) was added dropwise to a 0 °C cold stirred
solution of alcohol 63 (87.3 mg, 0.29 mmol, 1.00 equiv.) in DMF (0.8 mL). It was left to stir at
0 °C for 1 h, and subsequently poured into ice water. The resulting precipitate was collected and
dried in a desiccator. Purification via flash column chromatography on silica (hexanes/EtOAc
30:70) gave the desired alkyl chloride 64 (35.0 mg, 0.11 mmol, 38%) as a tan solid.
m.p. = 143 – 145 °C. Rf = 0.82 (hexanes/EtOAc 30:70).
H NMR (600 MHz, DMSO-d6): δ = 7.96 – 7.89 (m, 4H, 4 x Ar–H), 5.26 (dd, J = 13.1, 5.4 Hz,

1

1H, 3’-H), 4.07–3.94 (m, 2H, 1’’H2), 3.62 (‘t’, J = 7.0 Hz, 2H, 2’’-H2), 3.00 (ddd, J = 17.4, 13.9,
5.4 Hz, 1H, 5’-HA), 2.81 (ddd, J = 17.4, 4.4, 2.6 Hz, 1H, 5’-HB), 2.61 – 2.53 (m, 1H, 4’-HA), 2.13–
2.08 (m, 1H, 4’-HB) ppm.
C NMR (150 MHz, DMSO-d6): δ = 171.5 (C-2’/C-6’), 169.5 (C-2’/C-6’), 167.1 (C-1, C-3),

13

134.9 (C-5, C-6), 131.2 (C-3a, C-7a), 123.5 (C-4, C-7), 53.6 (C-2’’), 49.6 (C-3’), 40.7 (C-1’’),
31.1 (C-5’), 21.1 (C-4’) ppm.
IR (KBr) υ = 3447, 1718 (C=O), 1686 (C=O), 1393, 1333, 1155, 1123, 718 cm-1.
MS (EI) m/z (%) = 319.9 (19) [M(35Cl)]+, 185.6 (38), 172.7 (100), 129.2 (25), 104.5 (33).
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C15H13ClN2O4 (320.73).

calc.:

320.0564 [M•]+

found: 320.0564 (EI-HRMS).
9.4.3.3

(±)-2-(1-(2-Fluoroethyl)-2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (65)

Cs2CO3 (192 mg, 0.59 mmol, 1.50 equiv.) was added in one portion to a stirred solution of
(±)-thalidomide (1) (100 mg, 0.39 mmol, 1.00 equiv.) in DMF (12 mL) at room temperature and
left to stir for 30 min. Then 1-bromo-2-fluoroethane (248 mg, 145 µL, 1.95 mmol, 5.00 equiv.)
was added in one portion and the mixture was left to stir at room temperature for 3 days. The
mixture was treated in one portion with H2O (10 mL), and the organic layer washed with a small
amount of H2O and dried in a vacuum desiccator to give the desired fluoride 65 (91.0 mg,
0.30 mmol, 77%) as a white solid.
m.p. = 171 – 172 °C.
1

H NMR (400 MHz, CDCl3): δ = 7.89 – 7.86 (m, 2H, 2 x Ar–H), 7.77 – 7.75 (m, 2H, 2 x Ar–H),

5.03 (dd, J = 12.4, 5.2 Hz, 1H, 3’-H), 4.54 (dt, J = 47.2 (H-F), 5.2 Hz, 2H, 2’’HA), 4.29 – 4.08
(m, 2H, 1’’-H2), 3.03 – 2.99 (m, 1H, 5’-HA), 2.84 – 2.79 (m, 2H, 5’-HB, 4’-HA), 2.19 – 2.08 (m,
1H, 4’-HB) ppm.
13

C NMR (100 MHz, CDCl3): δ = 171.0 (C-2’/C-6’), 168.7 (C-2’/C-6’), 167.5 (C-1, C-3), 134.6

(C-5, C-6), 131.9 (C-3a, C-7a), 123.9 (C-4, C-7), 80.6 (d, JCF = 169 Hz, C-2’’) 50.2 (C-3’), 40.4
(d, JCF = 22.0 Hz, C-1’’), 32.0 (C-5’), 22.1 (C-4’) ppm.
19

F NMR (282 MHz, CDCl3): δ = -225.8 (tt, JF-H = 47.3, 23.4 Hz) ppm.

IR (ATR) υ = 2971, 1714 (C=O), 1675 (C=O), 1375, 1324, 1194, 1112, 1022, 996, 717, 610,
519 cm-1.
MS (ESI) m/z (%) = 327.1 (100) [M+Na]+, 284.3 (20), 210.0 (35).
C15H13FN2O4 (304.27).

calc.:

327.0757 [M+Na]+

found: 327.0761 (ESI-HRMS).
9.4.3.4

(±)-2-(1-(2-Bromoethyl)-2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (66)

NaH (120 mg, 2.99 mmol, 1.50 equiv., 60% in mineral oil) was added in one portion to a
stirred solution of (±)-thalidomide (1) (514 mg, 1.99 mmol, 1.00 equiv.) in DMF (12 mL) at room
temperature and left to stir for 30 min. Then 1,2-dibromoethane (1.87 g, 0.90 mL, 9.95 mmol,
5.00 equiv.) was added dropwise and the mixture was left to stir at 60 °C for 1 h. After adding

Experimental procedures – Part I| 185
H2O (50 mL), the mixture was extracted with EtOAc (3 x 50 mL). The combined organic layers
were washed with H2O (2 x 20 mL) and brine (20 mL), dried over MgSO4, filtered and the solvents were removed under reduced pressure. The crude product was fused onto silica, and purified
via flash column chromatography (hexanes/EtOAc 50:50 → 20:80 → 0:100) to give the desired
alkyl bromide 66 (347 mg, 0.95 mmol, 48%) as a white solid.
m.p. = 153 – 155 °C. Rf = 0.57 (hexanes/EtOAc 50:50).
H NMR (400 MHz, DMSO-d6): δ = 7.98 – 7.86 (m, 4H, 4 x Ar–H), 5.25 (dd, J = 13.0, 5.4 Hz,

1

1H, 3’-H), 4.19 – 3.91 (m, 2H, 1’’H2), 3.52 – 3.39 (m, 2H, 2’’-H2), 2.99 (ddd, J = 17.4, 13.9,
5.4 Hz, 1H, 5’-HA), 2.81 (ddd, J = 17.4, 4.2, 2.5 Hz, 1H, 5’-HB), 2.66–2.53 (m, 1H, 4’-HA), 2.18–
2.05 (m, 1H, 4’-HB) ppm.
C NMR (100 MHz, DMSO-d6): δ = 171.3 (C-2’/C-6’), 169.4 (C-2’/C-6’), 167.1 (C-1, C-3),
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134.9 (C-5, C-6), 131.2 (C-3a, C-7a), 123.5 (C-4, C-7), 49.6 (C-3’), 40.7 (C-1’’), 31.1 (C-5’),
28.4 (C-2’’), 21.1 (C-4’) ppm.
IR (ATR) υ = 1718 (C=O), 1675 (C=O), 1389, 1330, 1316, 1261, 1207, 1148, 1086, 1014, 997,
980, 889, 867, 798, 715, 617, 531 cm-1.
MS (EI) m/z (%) = 364.1 (12) [79Br-M]+, 284.8 (31), 185.6 (43), 172.7 (100), 137.0 (56), 104.5
(59).
C15H13BrN2O4 (365.18).

calc.:

364.0059 [M•(79Br)]+

found: 364.0066 (EI-HRMS).
9.4.3.5

2-Azidoethyl toluenesulfonate (81)

2-Chloroethanol (1.50 g, 1.25 mL, 18.6 mmol, 1.00 equiv.) and NaN3 (1.45 g, 22.4 mmol,
1.20 equiv.) were dissolved in H2O (4 mL) and stirred at reflux for 19 h. The solution was cooled
to room temperature, saturated with MgSO4, and extracted with DCM (1 x 7 mL, 2 x 3 mL). The
combined organic layers were dried over MgSO4, and filtered into a flame-dried, argon-filled
round bottom flask. Triethylamine (2.64 g, 26.1 mmol, 1.40 equiv.) and 4-toluenesulfonyl chloride (3.55 g, 18.6 mmol, 1.00 equiv.) were added to the 2-azidoethanol solution*, and the mixture
was left to stir at room temperature for 4 h. Glycine (0.28 g, 3.73 mmol, 0.20 equiv.) was added
and stirring at room temperature continued for further 2 h to give a yellow slurry, which was
washed with aqueous 1 M NaOH (2 x 15 mL). The organic layer was dried over MgSO4, filtered,
and the solvent was removed under reduced pressure to afford the desired compound 81 (2.73 g,
11.3 mmol, 61%) as a yellow oil. The spectral data matched those reported in the literature.[99]
1

H NMR (400 MHz, CDCl3): δ = 7.82 (m, 2H, 3’-H, 5’-H), 7.37 (d, J = 7.3 Hz, 2H, 2’-H, 6’-H),

4.15 (m, 2H, 1-H), 3.48 (m, 2H, 2-H), 2.43 (s, 3H, CH3) ppm.
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C NMR (100 MHz, CDCl3): δ = 145.4 (C-1’), 132.7 (C-4’), 130.1 (C-3’, C-5’), 128.1 (C-2’,

C-6’), 68.2 (C-1), 49.7 (C-2), 21.8 (CH3) ppm.
IR (ATR) υ = 2927, 2113, (N3), 1599, 1496, 1444, 1361, 1306, 1177, 1098, 1020, 917, 817, 773,
665, 578, 555 cm-1.
C9H11N3O3S (241.27).
*Note: The intermediate 2-azidoethanol was not isolated due to its potentially explosive nature.
9.4.3.6

(±)-2-(1-(2-Azidoethyl)-2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (67)

Method A:
NaH (142 mg, 3.55 mmol, 1.50 equiv., 60% in mineral oil) was added in one portion to a
stirred solution of (±)-thalidomide (1) (600 mg, 2.32 mmol, 1.00 equiv.) in DMF (15 mL) at room
temperature and left to stir for 15 min. Then 2-azidoethyl toluenesulfonate (81) (672 mg,
2.79 mmol, 1.20 equiv.) dissolved in DMF (2 mL) was added and the mixture was left to stir at
60 °C for 18 h. The mixture was diluted with H2O (60 mL) and extracted with DCM (5 x 30 mL)
and again with EtOAc (2 x 30 mL). The combined organic layers were washed with sat. NaHCO3
(2 x 60 mL), H2O (30 mL) and brine (50 mL), dried over MgSO4, filtered and the solvents were
removed under reduced pressure. The residue was washed with Et2O (50 mL) to give the desired
compound 67 (636 mg, 1.94 mmol, 84%) as a white solid. An analytically pure sample was obtained by recrystallisation from EtOH.
Method B:
NaN3 (88.0 mg, 1.35 mmol, 5.00 equiv.) was added in one portion to a stirred solution of
bromide 66 (100 mg, 0.27 mmol, 1.00 equiv.) in DMF (8.0 mL) at room temperature The pale
orange solution was heated to 100 °C and left to stir for 27 h. The red solution was poured into
iced water (50 mL) and extracted with DCM (4 x 15 mL). The combined organic layers were
washed with H2O (50 mL), dried over MgSO4, filtered and the solvents were removed under reduced pressure. Drying under high vacuum gave the desired compound 67 (81.7 mg, 0.25 mmol,
93%) as a red solid. An analytically pure sample was obtained by recrystallisation from EtOH.
m.p. = 162 – 163 °C. Rf = 0.55 (hexanes/EtOAc 50:50).
1

H NMR (600 MHz, DMSO-d6): δ = 7.96 – 7.88 (m, 4H, 4 x Ar–H), 5.26 (dd, J = 13.1, 5.4 Hz,

1H, 3’-H), 3.99 – 3.82 (m, 2H, 1’’H2), 3.43 – 3.35 (m, 2H, 2’’-H2), 3.01 (ddd, J = 17.4, 14.0,
5.4 Hz, 1H, 5’-HA), 2.81 (ddd, J = 17.4, 4.3, 2.4 Hz, 1H, 5’-HB), 2.60 – 2.51 (m, 1H, 4’-HA), 2.13
– 2.08 (m, 1H, 4’-HB) ppm.
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C NMR (150 MHz, DMSO-d6): δ = 171.6 (C-6’), 169.5 (C-2’), 167.1 (C-1, C-3), 134.9 (C-5,

13

C-6), 131.2 (C-3a, C-7a), 123.5 (C-4, C-7), 49.6 (C-3’), 48.1 (C-2’’), 38.5 (C-1’’), 31.1 (C-5’),
21.2 (C-4’) ppm.
IR (KBr) υ = 3469, 2962, 2915, 2859, 2120 (N3), 1717 (C=O), 1678 (C=O), 1393, 1343, 1172,
1122, 1106, 1088, 1012, 995, 884, 717, 687, 611, 530 cm-1.
MS (EI) m/z (%) = 280.8 (25), 185.6 (100), 172.7 (42), 134.1 (68), 106.6 (62).
C15H13N5O4 (327.29).
Note: No molecular ion was found in the mass spectrum. However, the identity of compound 67
was unambiguously confirmed by its X-ray crystal structure (cf. section 2.3.5).
9.4.3.7

(±)-2-(1-(2-Bromoethyl)-2,6-dioxopiperidin-3-yl)-4-(4-tert-butylphenylamino)-isoindoline-1,3-dione (68)

Cs2CO3 (124 mg, 0.380 mmol, 1.50 equiv.) was added in one portion to a stirred solution of
thalidomide analogue 14[65] (100 mg, 0.250 mmol, 1.00 equiv.) in DMF (2 mL) and left to stir at
room temperature for 30 min. Then 1,2-dibromoethane (235 mg, 108 µL, 1.25 mmol, 5.00 equiv.)
was added and the mixture was left to stir at 60 °C for 1 h. After adding H2O (20 mL), the mixture
was extracted with DCM (3 x 10 mL) and EtOAc (3 x 10 mL). The combined organic layers were
washed with brine (10 mL), dried over MgSO4, filtered and the solvents were removed under
reduced pressure. The crude oil was fused onto silica, and purified via flash column chromatography (hexanes/EtOAc 70:30) to give the alkyl bromide 68 (74 mg, 0.14 mmol, 56%) as an orange
solid.
m.p. = 199 – 200 °C. Rf = 0.46 (hexanes/EtOAc 70:30).
H NMR (600 MHz, CDCl3): δ = 7.97 (br s, 1H, NH), 7.46 (dd, J = 8.6, 7.1 Hz, 1H, 6-H), 7.43 –

1

7.40 (m, 2H, 2’’-H, 6’’-H), 7.35 (d, J = 8.6 Hz, 1H, 5-H/7-H), 7.21 – 7.17 (m, 3H, 3’’-H, 5’’-H,
5-H/7-H), 4.97 (dd, J = 12.0, 5.9 Hz, 1H, 3’-H), 4.31 – 4.19 (m, 2H, 1’’’-H2), 3.49 (t, J = 7.2 Hz,
2H, 2’’’-H2) 3.04 – 2.96 (m, 1H, 5’-HA), 2.82 – 2.75 (m, 2H, 5’-HB, 4’-HA), 2.19 – 2.11 (m, 1H,
4’-HB), 1.34 (s, 9H, C(CH3)3) ppm.
C NMR (150 MHz, CDCl3): δ = 170.8 (C=O), 169.5 (C=O), 168.8 (C=O), 167.6 (C=O), 148.4

13

(Ar–C), 144.6 (Ar–C), 136.2 (Ar–C), 136.0 (Ar–CH), 132.6 (Ar–C), 126.6 (C-2’’, C-6’’), 122.9
(C-3’’, C-5’’), 118.7 (Ar–CH), 113.5 (Ar–CH), 111.4 (Ar–C), 49.8 (C-3’), 41.4 (C-1’’’), 34.6
(C(CH3)3), 32.0 (C-2’’’), 31.5 (C(CH3)3), 27.5 (C-5’), 22.3 (C-4’) ppm.
IR (ATR) υ = 3361 (N–H), 2959, 1738, 1679 (C=O), 1623, 1603, 1520, 1479, 1407, 1365, 1261,
1218, 1173, 1139, 1028, 813, 746, 615, 519 cm-1.
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MS (ESI) m/z (%) = 512.1 (19) [M+H]+, 432.2 (22), 360.1 (98), 338.3 (41), 319.1 (20), 297.1
(100).
C25H26BrN3O4 (512.40).

calc.:

512.1185 [M+H (79Br)]+

found: 512.1199 (ESI-HRMS).
9.4.3.8

(±)-4-(4-tert-butylphenylamino)-2-(2,6-dioxo-1-(pent-4-ynyl)piperidin-3-yl)isoindoline-1,3-dione (69)

Cs2CO3 (124 mg, 0.380 mmol, 1.50 equiv.) was added in one portion to a stirred solution of
thalidomide analogue 14[65] (100 mg, 0.250 mmol, 1.00 equiv.) in DMF (2 mL) at room temperature and left to stir for 30 min. Then 5-chloro-1-pentyne (51.0 mg, 52.0 µL, 0.500 mmol,
2.00 equiv.) and NaI (75.0 mg, 0.500 mmol, 2.00 equiv.) were added simultaneously to the reaction mixture and stirring was continued at 50 °C for 2 h. A second portion of 5-chloro-1-pentyne
(51 mg, 52 µL, 0.50 mmol, 2.00 equiv.) was added and the mixture was left to stir at 50 °C for
20 h. A final portion of 5-chloro-1-pentyne (26 mg, 26 µL, 0.25 mmol, 1.00 equiv.), and further
stirring at 50 °C for 4 h, TLC showed complete consumption of compound 14. Following the
addition of H2O (20 mL), the mixture was extracted with EtOAc (5 x 10 mL). The combined organic layers were washed with brine (10 mL), dried over MgSO4, filtered and the solvents were
removed under reduced pressure. The crude orange oil was fused onto silica, and purified via
flash column chromatography (hexanes/EtOAc 80:20) to give the desired alkyne 69 (116 mg,
0.25 mmol, quant.) as an orange solid.
m.p. = 79 – 80 °C. Rf = 0.34 (hexanes/hexanes 70:30).
1

H NMR (400 MHz, CDCl3): δ = 7.98 (br s, 1H, NH), 7.45 (dd, J = 8.6, 7.1 Hz, 1H, 6-H), 7.42 –

7.39 (m, 2H, 2’’-H, 6’’-H), 7.34 (d, J = 8.6 Hz, 1H, 5-H/7-H), 7.21 – 7.16 (m, 3H, 3’’-H, 5’’-H,
5-H/7-H), 4.98 – 4.90 (m, 1H, 3’-H), 4.00 – 3.88 (m, 2H, 1’’’-H2), 3.04 – 2.90 (m, 1H, 5’-HA),
2.87 – 2.68 (m, 2H, 5’-HB, 4’-HA), 2.24 (td, J = 7.1, 2.6 Hz, 2H, 3’’’-H2), 2.16 – 2.08 (m, 1H,
4’-HB), 1.98 (t, J = 2.6 Hz, 1H, 5’’’-H), 1.82 (‘quin’, J = 7.1 Hz, 2H, 2’’’-H), 1.34 (s, 9H,
C(CH3)3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 171.1 (C=O), 169.6 (C=O), 168.9 (C=O), 167.7 (C=O), 148.3

(Ar–C), 144.5 (Ar–C), 136.2 (Ar–C), 135.9 (Ar–CH), 132.7 (Ar–C), 126.6 (C-2’’, C-6’’), 122.8
(C-3’’, C-5’’), 118.6 (Ar–CH), 113.5 (Ar–CH), 111.5 (Ar–C), 83.6 (C-4’’’), 68.8 (68.8), 49.9
(C-3’), 40.0 (C-1’’’), 34.6 (C(CH3)3), 32.2 (C-3’’’), 31.5 (C(CH3)3), 26.7 (C-5’), 22.2 (C-4’), 16.4
(C-2’’’) ppm.
IR (ATR) υ = 2970, 1737 (C=O), 1676 (C=O), 1355, 1230, 1217, 1114, 1023, 718, 615, 519 cm-1.
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MS (ESI) m/z (%) = 494.2 (55) [M+Na]+, 472.2 (60) [M+H]+, 454.3 (100), 408.3 (98), 391.3 (45).
C28H29N3O4 (471.55).

calc.:

472.2236 [M+H]+

found: 472.2227 (ESI-HRMS).
9.4.3.9

(±)-6-(1-(2-(3-(1,3-Dioxoisoindolin-2-yl)-2,6-dioxopiperidin-1-yl)ethyl)-1H-1,2,3-triazol-4-yl)-2-ethyl-1H-benzo[de]isoquinoline-1,3(2H)-di
one (71)

A solution of DIPEA in MeCN (0.036 M, 0.5 mL, 18 µmol, 1.10 equiv.) was added to a
stirred solution of azide 67 (6.1 mg, 18 µmol, 1.1 equiv.) and CuI (0.4 mg, 2.0 µmol, 13 mol%)
in MeCN (0.8 mL). Alkyne 70[100] (4.2 mg, 17 µmol, 1.0 equiv.) was then added and the mixture
was left to stir at 40 °C for 24 h. The reaction mixture was fused onto silica and purified via flash
column chromatography (DCM/MeOH 98:2) to give the title compound 71 as a yellow solid
(5.3 mg, 9.2 µmol, 54%).
m.p. = 145 – 147 °C. Rf = 0.14 (DCM/MeOH 98:2).
H NMR (600 MHz, CDCl3): δ = 8.96 (dd, J = 8.5, 1.1 Hz, 1H, 7’’’’-H), 8.630 (d, J = 7.6 Hz,

1

1H, 4’’’’-H), 8.626 (dd, J = 7.2, 1.1 Hz, 1H, 9’’’’-H), 8.12 (s, 1H, 5’’’-H), 7.96 (d, J = 7.6 Hz,
1H, 5’’’’-H), 7.80 – 7.73 (m, 5H, 4-H, 5-H, 6-H, 7-H, 8’’’’-H), 5.02 (dd, J = 12.5, 5.5 Hz, 1H,
3’-H), 4.76 (‘t’, J = 6.0 Hz, 2H, 2’’-H2), 4.50 (dt, J = 13.9, 6.1 Hz, 1H, 1’’-HA), 4.37 (dt, J = 13.9,
5.4 Hz, 1H, 1’’-HB), 4.27 (q, J = 7.1 Hz, 2H, CH2CH3), 2.97 – 2.91 (m, 1H, 5’-HA), 2.82 – 2.68
(m, 2H, 5’-HB, 4’-HA), 2.16 – 2.09 (m, 1H, 4’-HB), 1.36 (t, J = 7.1 Hz, 3H, CH2CH3) ppm.
C NMR (150 MHz, CDCl3): δ = 170.7 (C=O), 168.9 (C=O), 167.4 (2 x C=O), 164.3 (C=O),
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164.0 (C=O), 146.2 (C-4’’’), 134.7 (C-5, C-6), 134.6 (Ar–C), 133.0 (C-7’’’’), 131.7 (C-3a, C-7a),
131.5 (C-9’’’’), 130.8 (C-4’’’’), 129.7 (Ar–C), 128.9 (Ar–C), 127.6 (C-5’’’’), 127.5 (C-8’’’’),
124.5 (C-5’’’), 123.9 (C-4, C-7), 122.9 (Ar–C), 122.7 (Ar–C), 50.0 (C-3’), 48.1 (C-2’’), 40.1
(C-1’’), 35.7 (CH2CH3), 31.8 (C-5’), 22.1 (C-4’), 13.5 (CH2CH3) ppm.
IR (KBr) υ = 3436, 2922, 2852, 1718 (C=O), 1691 (C=O), 1657 (C=O), 1589, 1390, 1246, 1097,
786, 719, 614 cm-1.
MS (EI) m/z (%) = 354.2 (8), 322.0 (13), 284.8 (100).
C31H24N6O6 (576.56).

calc.:

577.1836 [M+H]+

found: 577.1821 (ESI-HRMS).
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9.4.3.10 (±)-2-(1-(2-(4-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-ylamino)methyl)-1H-1,2,3-triazol-1-yl)ethyl)-2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (73)

A solution of DIPEA in MeCN (0.036 M, 0.45 mL, 16 µmol, 1.1 equiv.) was added to a
stirred solution of azide 67 (5.3 mg, 16 µmol, 1.1 equiv.) and CuI (0.4 mg, 2.1 µmol, 14 mol%)
in MeCN (1.25 mL). Alkyne 72[101] (3.3 mg, 15 µmol, 1.0 equiv.) was then added and the mixture
was left to stir at 40 °C for 1 h under light exclusion. The reaction mixture was fused onto silica
and purified via flash column chromatography (DCM/MeOH 98:2) to give the desired triazole
compound 73 as an orange solid (8.7 mg, 15 µmol, quant.).
m.p. = 131 – 134 °C. Rf = 0.24 (DCM/MeOH 98:2).
H NMR (600 MHz, CDCl3): δ = 8.45 (d, J = 8.6 Hz, 1H, 6’’’’-H), 7.84 – 7.75 (m, 4H, 4-H, 5-H,

1

6-H, 7-H), 7.74 (s, 1H, 5’’’-H), 7.15 (br s, 1H, CH2NH), 6.35 (d, J = 8.6 Hz, 1H, 5’’’’-H), 4.94
(dd, J = 12.8, 5.4 Hz, 1H, 3’-H), 4.83 (br s, 2H, CH2NH), 4.71 – 4.62 (m, 2H, 2’’-H2), 4.36 – 4.24
(m, 2H, 1’’-H2), 2.92 – 2.87 (m, 1H, 5’-HA), 2.79 – 2.72 (m, 1H, 5’-HB), 2.69 – 2.61 (m, 1H,
4’-HA), 2.12 – 2.05 (m, 1H, 4’-HB) ppm.
13

C NMR (150 MHz, CDCl3): δ = 170.8 (C=O), 168.8 (C=O), 167.5 (2 x C=O), 144.4 (Ar–C),

144.0 (Ar–C), 143.5 (Ar–C), 142.7 (Ar–C), 136.4 (C-6’’’’), 134.8 (C-5, C-6), 131.6 (C-3a, C-7a),
124.7 (Ar–C), 124.0 (C-4, C-7), 123.3 (C-5’’’), 99.7 (C-5’’’’), 49.9 (C-3’), 47.8 (C-2’’), 40.0
(C-1’’), 39.7 (CH2NH), 31.8 (C-5), 21.9 (C-4) ppm.
IR (KBr) υ = 3435, 2920 (C–H), 2852 (C–H), 1716 (C=O), 1687 (C=O), 1624 (C=O), 1582 (NO2,
asym.), 1394, 1303 (NO2, sym.), 1121, 810 cm-1.
MS (EI) m/z (%) = 356.3 (60), 299.9 (52), 185.7 (25), 149.9 (27), 98.7 (100).
C24H19N9O7 (545.46).

calc.:

546.1486 [M+H]+

found: 546.1477 (ESI-HRMS).
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9.4.3.11 (±)-2-(1-(2-(8-Hydroxy-8,9-dihydro-1H-dibenzo[3,4:7,8]cycloocta[1,2-d][1,2,3]triazol-1-yl)ethyl)-2,6-dioxopiperidin-3-yl)isoindole-1,3-dione (75) + regioisomer
(75a)

(±)-4-Dibenzocyclooctynol (74)[106] (4.0 mg, 20 µmol, 1.0 equiv.) was dissolved in MeOH
(2 mL) and azide 67 (6.5 mg, 20 µmol, 1.0 equiv.) was subsequently added to the stirred solution.
After stirring for 30 min at room temperature the solution was fused onto silica and purified via
flash column chromatography (DCM/MeOH 98:2) to give a mixture of regioisomers 75/75a as
an off-white solid (mixture of inseparable regioisomers/diastereomers, 9.0 mg, 16 µmol, 80%).
m.p. = 245 – 250 °C. Rf = 0.15 (DCM/MeOH 98:2).
H NMR (600 MHz, CDCl3, due to the presence of different regioisomers/diastereomers the

1

spectrum is too complex to make accurate assignments): δ = 7.93 – 7.75 (m, 4H, 4-H, 5-H, 6-H,
7-H), 7.61 – 7.07 (m, 8H, 8 x Ar–H), 5.26 – 4.62 (m, 4H), 4.32 – 4.00 (m, 3H), 3.34 – 2.65 (m,
5H), 2.20 – 2.09 (m, 1H) ppm.
C NMR (150 MHz, CDCl3): The complexity of the spectrum makes an interpretation unfeasible.

13

MS (ESI) m/z (%) = 548.2 (12) [M+H]+, 248.0 (9), 177.1 (69), 130.1 (100).
C31H25N5O5 (547.56).

calc.:

548.1934 [M+H]+

found: 548.1938 (ESI-HRMS).
9.4.3.12 (±)-Methyl 4-((1-(2-(3-(1,3-dioxoisoindolin-2-yl)-2,6-dioxopiperidin-1-yl)ethyl)4,5,6,7,8,9-hexahydro-1H-cycloocta[d][1,2,3]triazol-4-yl)methyl)benzoate (77) +
regioisomer (77a)

(±)-Methyl 4-(cyclooct-2-ynylmethyl)benzoate (76)[107] (22 mg, 86 µmol, 1.0 equiv.) dissolved in MeOH (0.5 mL) was added to a stirred solution of azide 67 (28 mg, 86 µmol, 1.0 equiv.)
in MeOH (6 mL). After stirring for 3 h at room temperature the solution was heated to 40 °C and
left to stir for further 3 h. The reaction mixture was fused onto silica and purified via flash column
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chromatography (DCM/MeOH 98:2) to give the desired compound 77 as a white solid (mixture
of regioisomers/diastereomers, 48 mg, 83 µmol, 97%).
m.p. = 97 – 100 °C. Rf = 0.10 (DCM/MeOH 98:2).
H NMR (600 MHz, CDCl3, due to the presence of different regioisomers/diastereomers the

1

spectrum is too complex to make accurate assignments): δ = 7.93 – 7.75 (m, 4H, 4-H, 5-H, 6-H,
7-H), 7.78 – 7.73 (m, 2H, 2 x Ar–H), 7.31 (d, J = 7.2 Hz, 1H, Ar–H), 7.08 – 7.03 (m, 1H, Ar–H),
5.08 – 4.92 (m, 1H, 3-H’), 4.46 – 3.97 (m, 4H), 3.92 – 3.84 (m, 3H, CO2CH3), 3.62 – 3.39 (m,
1H), 3.28 – 2.64 (m, 6H), 2.17 – 1.09 (m, 10H) ppm.
13

C NMR (150 MHz, CDCl3): The complexity of the spectrum makes an interpretation unfeasible.

IR (KBr) υ = 3423, 2927, 2106, 1719 (C=O), 1687 (C=O), 1435, 1391, 1280, 1180, 1120, 1021,
996, 890, 718, 614, 531 cm-1.
MS (APCI) m/z (%) = 584.3 (100) [M+H]+, 324.1 (34), 283.1 (100).
C32H33N5O6 (583.63).

calc.:

584.2509 [M+H]+

found: 584.2522 (APCI-HRMS).
9.4.3.13 (±)-2-(1-[2-(5,11-Dimethoxy-8-oxodibenzo[3,4:7,8]cyclopropa[5,6]cycloocta[1,2-d][1,2,3]triazole-1(8H)-yl)ethyl)-2,6-dioxopiperidin-3-yl)isoindole-1,3-dione
(79)

Fl-DIBO (78)[79] (9.6 mg, 33 µmol, 1.0 equiv.) and azide 67 (11 mg, 33 µmol, 1.0 equiv.)
were dissolved in MeOH/DCM (14 mL, 5:2) and left to stir for 3 h at room temperature. The
solution was heated to 40 °C and left to stir for further 2 h before being stirred at room temperature
for 19 h. The reaction mixture was fused onto silica and purified via flash column chromatography
(DCM/MeOH 98:2) to give the desired compound 79 as a yellow solid (~1:1 mixture of diastereomers, 19 mg, 31 µmol, 94%).
Note: Due to the two possible conformers of the cyclooctatetraene unit, the title compound 79 is
obtained as a mixture of inseparable diastereomers (cf. section 2.3.7). Signals that double in the
NMR spectrum are indicated by a forward slash separating the two different chemical shifts for
each diastereomer.
m.p. = 235 – 236 °C. Rf = 0.37 (DCM/MeOH 94:6).
H NMR (500 MHz, DMSO-d6, mixture of diastereomers): δ = 7.96 – 7.84 (m, 4H, 4-H, 5-H,

1

6-H, 7-H), 7.60/7.57 (2 x d, J = 8.6 Hz, 1H, 7’’’-H/9’’’-H), 7.52/7.51 (2 x d, J = 8.5 Hz, 1H,
7’’’-H/9’’’-H), 7.38/7.35 (2 x d, J = 2.5 Hz, 1H, 4’’’-H/12’’’-H), 7.29/7.28 (2 x d, J = 2.7 Hz, 1H,

Experimental procedures – Part I| 193
4’’’-H/12’’’-H), 7.19 – 7.15 (m, 1H, 6’’’-H/10’’’-H), 7.14 – 7.10 (m, 1H, 6’’’-H/10’’’-H),
5.09/5.05 (2 x dd, J = 13.1, 5.3 Hz, 1H, 3’-H), 4.52 – 4.34 (m, 2H, 2’’-H2), 3.95 – 3.77 (m, 2H,
1’’-H2), 3.89/3.90 (2 x s, 3H, OMe), 3.87/3.85 (2 x s, 3H, OMe), 2.90 – 2.78 (m, 1H, 5’-HA), 2.77
– 2.62 (m, 1H, 5’-HB), 2.59 – 2.37 (m, 1H, 4’-HA), 2.12 – 1.98 (m, 1H, 4’-HB) ppm.
C NMR (125 MHz, DMSO-d6, mixture of diastereomers): δ = 171.3/171.2 (C-6’), 169.3/169.2

13

(C-2’),

167.00/166.95

(C-1,

C-3),

162.52/162.49

(C-5’’’/C-11’’’),

162.44/162.43

(C-5’’’/C-11’’’), 152.2/152.1 (C-8’’’), 151.12/151.08 (Cq), 150.0/149.9 (Cq), 142.1/142.0 (Cq),
135.4/135.3 (Cq), 135.0/134.9 (C-5, C-6), 133.0/132.9 (Cq), 132.9/132.8 (Ar–CH), 131.21/131.17
(C-3a, C-7a), 129.6/126.5 (Cq), 123.5/123.4 (C-4, C-7), 118.4/118.3 (Cq), 118.0/117.9 (Ar–CH),
117.5/117.4 (Ar–CH), 116.9/116.7 (Cq), 116.4 (Ar–CH) 116.1 (Ar–CH), 114.8 (Ar–CH), 56.0
(OMe), 55.8 (OMe), 49.6/49.5 (C-3’), 46.4 (C-2’’), 38.8/38.6 (C-1’’), 31.2 (C-5’), 20.99/20.96
(C-4’) ppm.
IR (ATR) υ = 2923, 1853 (C=O), 1715 (C=O), 1684 (C=O), 1598 (C=O), 1565, 1465, 1388,
1346, 1227, 1136, 1024, 823, 751, 718, 613 cm-1.
MS (ESI) m/z (%) = 654.1 (100) [M+K]+, 638.2 (68) [M+Na]+, 381.1 (10), 365.1 (46), 247.2 (19),
208.1 (32).
C34H25N5O7 (615.59).

calc.:

616.1832 [M+H]+

found: 616.1833 (ESI-HRMS).
9.4.3.14 4-Azido-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (80)

NaNO2 (11 mg, 0.16 mmol, 1.0 equiv.) in H2O (140 µL) was added to a cold (0 °C), stirred
solution of (±)-pomalidomide (3) (40 mg, 0.15 mmol, 1.0 equiv.) in a mixture of glacial AcOH
and conc. H2SO4 (2:1, 1.5 mL). The solution was left to stir at 0 °C for 10 min, and excess NaNO2
was then removed by adding urea (11 mg, 0.18 mmol, 1.2 equiv.). A solution of NaN3 (11 mg,
0.17 mmol, 1.1 equiv.) in H2O (140 µL) was added, and it was left to stir at 0 °C for 3 h. The
mixture was subsequently poured into ice, and carefully neutralised with sat. NaHCO 3 solution
(ca. 70 mL). The solution was extracted with EtOAc (3 x 20 mL), the combined organic layers
were dried over MgSO4, filtered, and the solvents were removed under reduced pressure to give
the desired aryl azide 80 (37.0 mg, 0.12 mmol, 80%) as a pale yellow solid.
m.p. = >200 °C (decomp.). Rf = 0.19 (hexanes/EtOAc 60:40).
H NMR (600 MHz, DMSO-d6): δ = 11.12 (s, 1H, NH), 7.87 (dd, J = 8.2, 7.4 Hz, 1H, 6-H), 7.71

1

– 7.76 (m, 2H, 5-H, 7-H) 5.13 (dd, J = 12.9, 5.4 Hz, 1H, 3’-H), 2.89 (ddd, J = 17.1, 14.0, 5.4 Hz,
1H, 5’-HA), 2.63 – 2.51 (m, 2H, 5’-HB, 4’-HA), 2.05 (ddd, J = 10.3, 5.3, 2.9 Hz, 1H, 4’-HB) ppm.
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13

C NMR (150 MHz, DMSO-d6): δ = 172.8 (C=O), 170.1 (C=O), 169.1 (C=O), 167.2 (C=O),

137.8 (Ar–C), 136.3 (Ar–CH), 133.1 (Ar–C), 126.7 (Ar–CH), 119.8 (Ar–C), 119.6 (Ar–CH), 49.0
(C-3’), 30.9 (C-5’), 21.9 (C-4’) ppm.
IR (KBr) υ = 3444, 2924, 2119 (N3), 1717 (C=O), 1478, 1394, 1204, 1121, 822, 744, 583 cm-1.
C13H9N5O4 (299.24).
Note: No molecular ion was found in the mass spectrum. However, the identity of compound 80
was confirmed by the synthesis of PAL-thalidomide 82 described below.
9.4.3.15 4-Azido-2-(1-(2-azidoethyl)-2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (82)

CsCO3 (59 mg, 0.18 mmol, 1.1 equiv.) was added to a solution of aryl azide 80 (47 mg,
0.16 mmol, 1.0 equiv.) in DMF (4.5 mL), and the mixture was left to stir at room temperature for
20 min. 2-Azidoethyl toluenesulfonate (81) (43 mg, 0.18 mmol, 1.1 equiv.) dissolved in DMF
(0.5 mL) was added, and the mixture was left to stir at 60 °C for 2 h. The solution was diluted
with H2O (50 mL) and extracted with EtOAc (5 x 50 mL). The combined organic layers were
dried over MgSO4, filtered and the solvents were removed under reduced pressure. Purification
via flash column chromatography (hexanes/EtOAc 70:30) gave the desired PAL-thalidomide 82
(26 mg, 0.070 mmol, 44%) as a brown, waxy solid. The identity of compound 82 was confirmed
by the HRMS detection of the daughter ion [M-N2+H]+.[111]
m.p. = 55 – 60 °C. Rf = 0.22 (hexanes/EtOAc 70:30).
H NMR (600 MHz, acetone-d6): δ = 7.91 (dd, J = 8.2, 7.3 Hz, 1H, 6-H), 7.69 (dd, J = 7.3, 0.8 Hz,

1

1H, 5-H/7-H), 7.69 (dd, J = 8.2, 0.8 Hz, 1H, 5-H/7-H), 5.20 (dd, J = 13.0, 5.5 Hz, 1H, 3’-H), 4.06
(dt, J = 13.4, 6.4 Hz, 1H, 1’’-HA), 3.96 (dt, J = 13.4, 6.4 Hz, 1H, 1’’-HB), 3.43 (t, J = 6.4 Hz, 2H,
2’’-H2), 3.06 (ddd, J = 17.5, 14.0, 5.4 Hz, 1H, 5’-HA), 2.93 (ddd, J = 17.5, 4.5, 2.7 Hz, 1H, 5’-HB),
2.77 – 2.71 (m, 1H, 4’-HA), 2.23 (dtd, J = 13.0, 5.5, 2.7 Hz, 1H, 4’-HB) ppm.
13

C NMR (150 MHz, DMSO-d6): δ = 171.6 (C=O), 169.4 (C=O), 166.3 (C=O), 164.9 (C=O),

137.9 (Ar–C), 136.3 (Ar–CH), 133.1 (Ar–C), 126.7 (Ar–CH), 119.8 (Ar–C), 119.7 (Ar–CH), 49.6
(C-3’), 48.1 (C-2’’), 38.5 (C-1’’), 31.1 (C-5’), 21.1 (C-4’) ppm.
IR (KBr) υ = 3437, 2924, 2121 (N3), 1716 (C=O), 1684 (C=O), 1476, 1395, 1301, 1171, 1105,
820, 746, 620, 597 cm-1.
MS (APCI) m/z (%) = 341.1 (88) [M-N2+H]+, 338.3 (100), 313.1 (62), 279.1 (29).
C15H12N8O4 (368.31).

calc.:

341.0998 [M-N2+H]+

found: 341.0991 (APCI-HRMS).
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9.4.4. Representative Radiolabelling Procedure

An aqueous H[18F] solution (352 MBq in 100 μL) was added to a 2.5 mL round bottom vial
containing a solution of 2.2.2-cryptand (124 μL, 0.26 M) in MeCN and K2CO3 (22.8 μL, 0.72 M)
in H2O. The solvent was evaporated under a stream of nitrogen at 100 °C under reduced pressure.
The azeotropic drying was repeated three times with dry MeCN (3 × 1 mL). The nitro precursor
40 was dissolved in dry DMF (1 mL) and added to the dried crypt-222·K18F complex. The reaction mixture was heated at 100 °C for 20 min. Aliquots were taken at 5, 10 and 20 min and
subjected to radio-HPLC analysis. The radioactivity of each aliquot was measured immediately
before injection.
HPLC Conditions: Column: N17 Cell 5, Bondclone C18 300 x 7.8 mm, 10 micron (Serial No.:
403283-2); mobile phase: 25% MeCN / 75% H2O / 0.1% TFA, 4 mL/min,  = 220, 254 nm.

9.4.5. Biological Activity Assays
9.4.5.1

TNF expression inhibition and cytotoxicity assay

The effect of each compound on the inhibition of TNF expression and cellular viability was
assessed using the FRT-Jurkat TNF reporter cell line. Analysis was done using a FACSCalibur
4-colour Flow Cytometer (Becton, Dickinson and Company, New Jersey, USA). Data analysis
was performed using FlowJo software (TreeStar, Ashland, OR, USA). Viable and non-viable cells
present following either solvent (DMSO) alone or compound treatment for 24 hours, were assayed
using flow cytometry. Cells were counted by gating on each cell population using a forward scatter (FSC) versus side scatter (SSC) plot. Inhibition was determined as a decrease in GFP
fluorescence which was detected at a wavelength of 515 nm on the FL3 channel of the instrument.
The percentage of viable cells was determined as the percentage of cells inside the FSC/SSC gate
that encompassed the major population in solvent-only treated cells. Viability was confirmed following propidium iodide staining and detection of fluorescence at 570 nm on the FL2 channel.
For detection of cells undergoing apoptosis, following treatment with each compound, cells were
treated with fluorescein isothiocyanate (FITC)-labelled substrate against cleaved caspase 3 using
the Nucview-488 caspase 3 assay (Biotium Inc., Hayward, USA ). FITC fluorescence was quantitated on channel FL3 of the flow cytometer.
9.4.5.2

In vitro assay of PAL-thalidomide derivative 82

The cells used in this assay were Jurkat E6-1 (ATCC, USA) in RPMI-1640 medium with 2
mM L-glutamine (Life Technologies Co., Australia), supplemented with 10% (v/v) heat-inactivated foetal bovine serum (FBS), 100 µg/mL penicillin and 100 ng/mL streptomycin (complete
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growth medium). 20 x 106 cells in each well, in a total volume of 20 mL (1 x 106 cells/mL), were
treated for either 6 h or 24 h with 100 µM of PAL-thalidomide 82 and 100 µM DMSO (control).
The cells were then UV irradiated for 15 min and subsequently treated with Fl-DIBO (78) at room
temperature for 2 h.
9.4.5.3

Cancer cell growth inhibition Assay

Stock solutions were prepared as follows and stored at 20 °C: analogues were prepared as
20 mM solutions in DMSO. All cell lines were cultured at 37 °C, under 5% CO2 in air, and were
maintained in Dulbecco’s modified Eagle’s medium (Trace Biosciences, Australia) supplemented
with 10% foetal bovine serum, 10 mM sodium bicarbonate penicillin (100 IU/mL), streptomycin
(100 µg/ml) and glutamine (4 mM).
Cells in logarithmic growth were transferred to 96-well plates. Growth inhibition was determined by plating cells in duplicate in 100 µL medium at a density of 2500 – 4000 cells/well. On
day 0 (24 h after plating) when the cells were in logarithmic growth, 100 µL medium with or
without the test agent was added to each well. After 72 h drug exposure, growth inhibitory effects
were evaluated using the MTT (3-[4,5-dimethyltriazol-2-yl]-2,5-diphenyl-tetrazolium bromide)
assay and absorbance read at 540 nm. Percentage growth inhibition was determined at a fixed
drug concentration of 25 µM. A value of 100% is indicative of total cell growth inhibition.
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9.5.

Experimental procedures – Part II

9.5.1. Synthesis of phosphites
9.5.1.1

Tri-p-tolylphosphite (353)

Following a procedure by Cumper et al.[308], PCl3 (17.3 g, 11.0 mL, 0.130 mol, 1.00 equiv.)
was added dropwise to freshly distilled p-cresol (40.0 g, 38.0 mL, 0.370 mol, 3.00 equiv.) at room
temperature. The mixture was heated to reflux and left to stir for 17 h. After allowing to cool to
room temperature, the mixture was diluted with Et2O (100 mL) and washed with NaOH (1 M,
3 x 50 mL). The solvent was removed under reduced pressure, and further drying of the residue
under high vacuum gave the desired compound 353 as a cloudy liquid (29.6 g, 0.0900 mol, 69%).
The spectral data were in accordance with those reported in the literature.[372]
H NMR (300 MHz, CDCl3): δ = 7.11 (d, J = 8.4 Hz, 6H, 6 x Ar–H), 7.03 (d, J = 8.4 Hz, 6H,

1

6 x Ar–H), 2.32 (s, 9H, 3 x CH3) ppm.
C NMR (75 MHz, CDCl3): δ = 149.5 (3 x Ar–C), 133.8 (3 x Ar–C), 130.3 (6 x m-Ar–CH),

13

120.6 (d, JC-P = 6.7 Hz, 6 x o-Ar–CH), 20.9 (3 x CH3) ppm.
P NMR (121 MHz, CDCl3): δ = 129.5 ppm.

31

C21H21O3P (352.36).
9.5.1.2

Tri-m-tolylphosphite (354)

Following a procedure by Cumper et. al.[308], PCl3 (9.10 g, 6.00 mL, 0.0660 mol, 1.00 equiv.)
was added dropwise to m-cresol (20.0 g, 19.4 mL, 0.180 mol, 3.00 equiv.) at room temperature.
The mixture was heated to reflux until gas evolution had ceased, and then left to stand at room
temperature for 1 h. The yellow solution was poured into ice water (100 mL) and the ensuing
mixture was extracted with Et2O (3 x 50 mL). The organic layer was washed with NaOH (1 M,
2 x 30 mL), dried over MgSO4 and filtered. Unreacted m-cresol was removed via vacuum distillation to leave behind the desired phosphite 354 as a yellow oil (4.88 g, 0.0140 mol, 23%), clean
enough to be used without further purification. The spectral data were in accordance with those
reported in the literature.[373]
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H NMR (300 MHz, CDCl3): δ = 7.15 (‘t’, J = 7.5 Hz, 3H, 3 x m-Ar–H), 6.82 – 6.74 (m, 3H,

1

3 x Ar–H), 6.72 – 6.63 (m, 6H, 6 x Ar–H), 2.32 (s, 9H, 3 x CH3) ppm.
13

C NMR (75 MHz, CDCl3): δ = 151.7 (3 x Ar–C), 140.0 (3 x Ar–C), 129.5 (3 x Ar–CH), 125.1

(3 x Ar–CH), 121.5 (d, JC-P = 6.9 Hz, 3 x o-Ar–CH), 117.8 (d, JC-P = 7.1 Hz, 3 x o-Ar–CH), 21.5
(3 x CH3) ppm.
31

P NMR (121 MHz, CDCl3): δ = 129.3 ppm.

C21H21O3P (352.36).
9.5.1.3

2,2'-Bis(dibenzo[d,f][1,3,2]dioxaphosphepin-6-yloxy)-1,1'-biphenyl (284)

Following modified procedures by Pringle et al.[310-311], PCl3 (2.46 g, 1.60 mL, 17.9 mmol,
1.00 equiv.) was added dropwise to a stirred solution of 2,2’-biphenol (283) (5.00 g, 26.9 mmol,
1.50 equiv.) and Triethylamine (5.43 g, 7.50 mL, 53.7 mmol, 3.00 equiv.) in THF (100 mL)
at -40 °C. The ensuing mixture was left to stir at -40 °C for 10 minutes, then allowed to warm to
room temperature and stirred for 1.5 h. After dilution with THF (50 mL), the mixture was quickly
passed through a short plug of neutral Al2O3. The solvent was removed under reduced pressure,
and further drying of the residue under high vacuum gave the desired diphosphite 284 as a white,
foamy solid (4.56 g, 7.42 mmol, 83%). The spectral data were in accordance with those reported
in the literature.[310]
H NMR (300 MHz, CDCl3): δ = 7.42 – 7.28 (m, 10H, 10 x Ar–H), 7.23 – 7.13 (m, 10H, 10 x Ar–

1

H), 6.89 – 6.82 (m, 4H, 4 x Ar–H) ppm.
13

C NMR (75 MHz, CDCl3): δ = 149.8 (t, JC-P = 4.3 Hz, 3 x Ar–C), 149.1 (t, JC-P = 2.5 Hz,

3 x Ar–C), 132.4 (3 x Ar–CH), 131.2 (t, JC-P = 1.6 Hz, 3 x Ar–CH), 130.3 (t, JC-P = 1.7 Hz,
3 x Ar–C), 129.8 (3 x Ar–CH), 129.2 (3 x Ar–CH), 129.1 (3 x Ar–CH), 125.2 (3 x Ar–CH),
124.3 (3 x Ar–CH), 122.2 (3 x Ar–CH), 120.8 (t, JC-P = 5.5 Hz, 3 x Ar–C) ppm.
31

P NMR (121 MHz, CDCl3): δ = 145.6 ppm.

C36H24O6P2 (614.52).
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9.5.2. Synthesis of nickel complexes
9.5.2.1

Tetrakis(triphenylphosphite)nickel(0) (195)

Method A:
Following a procedure by Olechowski et al.[255], a mixture of nickelocene (12.9 g,
0.0680 mol, 1.00 equiv.) and triphenyl phosphite (178 g, 0.570 mol, 8.40 equiv.) were dried under high vacuum at room temperature for 10 minutes. The dark green mixture was then stirred at
room temperature for 3 days, at which point a brown suspension had formed. Cold MeOH
(400 mL) was added, and the resulting precipitate was collected by vacuum filtration. The filter
cake was washed with cold MeOH (3 x 100 mL) until the solid was almost colourless. Subsequent
drying under high vacuum gave the desired nickel complex 195 as a white solid (39.4 g,
0.0390 mol, 44%). Recrystallisation from THF/MeOH gave fine white needles. The spectral data
were in accordance with those reported in the literature.[374]
Method B:
Following a procedure by Robinson et al.[254], nickel(II) nitrate hexahydrate (2.91 g,
10.0 mmol, 1.00 equiv.) and triphenyl phosphite (15.5 g, 18.4 mL, 50.0 mmol, 5.00 equiv.) were
dissolved in EtOH (60 mL), and the resulting green solution was cooled to -60 °C. Sodium borohydride (1.00 g, 26.4 mmol, 2.64 equiv.) in EtOH (20 mL) was added dropwise. The ensuing
white suspension was allowed to warm to room temperature, and the precipitate was collected by
vacuum filtration. The filter cake was washed successively with EtOH, H2O and MeOH (200 mL
each). Subsequent drying under high vacuum gave the desired nickel complex 195 as a white
solid (9.31 g, 7.14 mmol, 71%). The spectral data were in accordance with those reported in the
literature.[374]
H NMR (600 MHz, C6D6): δ = 7.15 (br s, 24H, 24 x Ar–H), 6.94 (br s, 24H, 24 x Ar–H), 6.80

1

(br s, 12H, 12 x Ar–H) ppm.
C NMR (150 MHz, C6D6): δ = 153.2 (12 x Ar–C), 129.4 (24 x Ar–CH), 123.5 (12 x Ar–C),

13

122.0 (24 x Ar–CH) ppm.
P NMR (121 MHz, C6D6): δ = 131.5 ppm.

31

C72H60NiO12P4 (1299.83).
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9.5.2.2

Tetrakis[tri(p-tolyl)phosphite]nickel(0) (280)

Following a procedure by Robinson et al.[254], nickel(II) nitrate hexahydrate (0.630 g,
2.20 mmol, 1.00 equiv.) and tri(p-tolyl)phosphite (353) (3.00 g, 8.90 mmol, 4.04 equiv.) were
dissolved in EtOH (40 mL), and the resulting green solution was cooled to -60 °C. Sodium borohydride (0.37 g, 9.78 mmol, 4.44 equiv.) in EtOH (20 mL) was added dropwise. The ensuing
white suspension was allowed to warm to room temperature, and the precipitate was collected by
vacuum filtration. The filter cake was washed successively with EtOH, H2O and MeOH (80 mL
each). Subsequent drying under high vacuum gave the desired nickel complex 280 as a white
solid (2.10 g, 1.43 mmol, 64%). The spectral data were in accordance with those reported in the
literature.[267]
H NMR (300 MHz, C6D6): δ = 7.17 (br s, 24H, 24 x Ar–H), 6.83 (br s, 24H, 24 x Ar–H), 2.03

1

(s, 36H, 12 x CH3) ppm.
13

C NMR (75 MHz, C6D6): δ = 151.3 (12 x Ar–C), 132.3 (12 x Ar–C), 129.8 (24 x Ar–CH),

121.9 (24 x Ar–C), 20.7 (12 x CH3) ppm.
31

P NMR (121 MHz, C6D6): δ = 132.5 ppm.

C84H84NiO12P4 (1468.15).
9.5.2.3

Tetrakis[tri(m-tolyl)phosphite]nickel(0) (281)

Following a procedure by Robinson et al.[254], nickel(II) nitrate hexahydrate (0.320 g,
1.10 mmol, 1.00 equiv.) and tri(m-tolyl)phosphite (354) (1.50 g, 4.43 mmol, 4.03 equiv.) were
dissolved in EtOH (20 mL), and the resulting green solution was cooled to -60 °C. Sodium borohydride (0.17 g, 4.44 mmol, 4.03 equiv.) in EtOH (10 mL) was added dropwise. The ensuing
white suspension was allowed to warm to room temperature, and the precipitate was collected by
vacuum filtration. The filter cake was washed successively with EtOH, H2O and MeOH (40 mL
each). Subsequent drying under high vacuum gave the desired nickel complex 281 as a white
solid (1.18 g, 0.80 mmol, 72%). The spectral data were in accordance with those reported in the
literature.[254, 267]
1

H NMR (300 MHz, C6D6): δ = 7.13 (d, J = 7.2 Hz, 12H, 12 x Ar–H), 7.00 (s, 12H, 12 x o-Ar–

H), 6.92 (‘t’, J = 7.8 Hz, 12H, 12 x m-Ar–H), 6.67 (d, J = 7.2 Hz, 12H, 12 x Ar–H), 1.98 (s, 36H,
12 x CH3) ppm.
13

C NMR (75 MHz, C6D6): δ = 153.5 (12 x Ar–C), 139.0 (12 x Ar–C), 129.0 (12 x Ar–CH),

124.2 (12 x Ar–C), 123.0 (12 x Ar–CH), 119.1 (12 x Ar–CH), 21.2 (12 x CH3) ppm.
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P NMR (121 MHz, C6D6): δ = 130.9 ppm.

31

C84H84NiO12P4 (1468.15).
9.5.2.4

Tris[tri(o-tolyl)phosphite]nickel(0) (282)

Following a modified procedure by Tolman et al.[309], nickel(II) nitrate hexahydrate (0.32 g,
1.10 mmol, 1.00 equiv.) and tri(o-tolyl)phosphite (1.11 g, 3.30 mmol, 3.00 equiv.) were placed
into an argon filled Schlenk flask and dissolved in EtOH (20 mL) at room temperature. The bright
green solution was cooled to -60 °C, after which NaBH4 (0.17 g, 4.40 mmol, 4.00 equiv.) dissolved in EtOH (10 mL) was added slowly by means of a dropping funnel. The red-brown mixture
was left to stir at -60 °C for 5 minutes and then warmed to room temperature. The red-orange
precipitate was allowed to settle, and the solvent was subsequently decanted with a cannula. The
residue was redissolved in toluene (20 mL), and cannula filtered into a second argon filled
Schlenk flask. The solvent was removed under vacuum (cold trap), and the remaining red-orange
paste was suspended in n-hexane (15 mL). The ensuing powder was filtered under argon, washed
with n-hexane (2 x 5mL) and dried under high vacuum to give the desired compound 282 as a
red-orange solid (0.58 g, 0.52 mmol, 47%). Crystals suitable for X-ray crystallography were obtained from an EtOH solution. NMR samples were prepared inside an argon filled glovebox. The
spectral data were in accordance with those reported in the literature.[309]
H NMR (600 MHz, C6D6): δ = 7.51 (br s, 9H, 9 x o-Ar–H), 7.42 – 7.28 (m, 27H, 18 x m-Ar–H,

1

9 x p-Ar–H), 2.00 (br s, 27H, 9 x CH3) ppm.
C NMR (150 MHz, C6D6): δ = 151.3 (9 x Ar–C), 131.3 (9 x Ar–CH), 130.0 (9 x Ar–C), 126.9

13

(9 x Ar–CH), 123.7 (9 x Ar–CH), 120.4 (9 x Ar–CH), 16.8 (9 x CH3) ppm.
P NMR (243 MHz, C6D6): δ = 128.8 ppm.

31

C63H63NiO9P3 (1115.78).
9.5.2.5

Tetrakis(triethylphosphite)nickel(0) (196)

Following a procedure by Birdwhistell et al.[256], nickel(II) chloride hexahydrate (2.60 g,
10.9 mmol, 1.00 equiv.) was dissolved in MeOH under air. The green solution was cooled to 0 °C
and triethyl phosphite (9.70 g, 58.4 mmol, 5.30 equiv.) was added slowly over a 2 minute period.
The resulting red/brown solution was left to stir for 5 minutes at 0 °C, and HNEt2 (1.40 g,
2.00 mL, 19.1 mmol, 1.70 equiv.) was added slowly over a 10 minute period until the deep-red
colour just started to fade. The resulting precipitate was collected by vacuum filtration and washed
with ice-cold MeOH (50 mL). Drying under high vacuum gave the desired nickel complex 196
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as a white solid (3.95 g, 5.46 mmol, 50%). The spectral data were in accordance with those reported in the literature.[267]
H NMR (300 MHz, C6D6): δ = 4.14 (br s, 24H, 12 x CH2), 1.28 (t, J = 6.6 Hz, 36H,

1

12 x CH3) ppm.
13

C NMR (75 MHz, C6D6): δ = 58.4 (12 x CH2), 17.0 (12 x CH3) ppm.

31

P NMR (121 MHz, C6D6): δ = 160.4 ppm.

C24H60NiO12P4 (723.31).
9.5.2.6

Bis[(2,2'-bis(dibenzo[d,f][1,3,2]dioxaphosphepin-6-yloxy)-1,1'-biphenyl)]nickel(0)
(285)

Following a procedure by Pringle et al.[311], diphosphite 284 (1.00 g, 1.63 mmol, 2.00 equiv.)
was placed into a Schlenk flask and dried under high vacuum for 15 minutes. The flask was transferred into an argon filled glove box, where it was loaded with Ni(cod) 2 (0.230 g, 0.820 mmol,
1.00 equiv.). After removing the flask from the glove box, the mixture was dissolved in toluene
(15 mL), and the pale yellow solution was stirred at 100 °C for 1 h. The cloudy reaction mixture
was cooled to room temperature, and subsequently triturated with n-hexane (20 mL). The precipitate was collected by vacuum filtration under air and washed with hexanes (50 mL). Drying under
high vacuum gave the desired nickel diphosphite complex 285 as a white solid (0.87 g,
0.68 mmol, 83%). The spectral data were in agreement with those reported for analogous compounds.[310]
1

H NMR (300 MHz, C6D6): δ = 7.46 – 6.64 (m, 45H, 45 x Ar–H), 6.11 (d, J = 7.4 Hz, 3H,

3 x CH3) ppm.
31

P NMR (121 MHz, CD2Cl2): δ = 162.7 ppm.

IR (ATR) υ = 1602, 1568, 1499, 1475, 1433, 1249, 1194, 1095, 887, 866, 755, 606 cm-1.
C72H48NiO12P4 (1287.73).
9.5.2.7

Bis[1,1′-bis(diphenylphosphino)ferrocene]nickel(0) (229)

DPPF (166 mg, 0.300 mmol, 2.00 equiv.) was placed into a Schlenk flask and dried under
high vacuum for 15 minutes. The flask was transferred into an argon filled glove box, where it
was loaded with Ni(cod)2 (41.0 mg, 0.150 mmol, 1.00 equiv.). After removing the flask from the
glove box, the mixture was dissolved in toluene (10 mL), and the dark orange solution was stirred
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at 100 °C for 2 h. The solution was cooled to room temperature and concentrated under high
vacuum (cold trap). Trituration of the residue with n-hexane (10 mL) afforded a yellow precipitate
which was filtered and washed with n-hexane (10 mL) under argon. Drying under high vacuum
gave the desired nickel complex 229 as a yellow solid (78.0 mg, 0.067 mmol, 45%). The spectral
data were in accordance with those reported in the literature.[296]
H NMR (600 MHz, C6D6): δ = 7.82 (br s, 16H, 16 x Ar–H), 6.93 (br s, 8H, 8 x p-Ar–H), 6.88

1

(br s, 16H, 16 x Ar–H), 4.26 (br s, 8H, Cp), 3.97 (br s, 8H, Cp) ppm.
P NMR (242 MHz, C6D6): δ = 15.8 ppm.

31

C68H56Fe2NiP4 (1167.45).
9.5.2.8

[1,1′-Bis(diphenylphosphino)ferrocene]bis(triphenylphosphite)nickel(0) (230)

Ni[P(OPh)3]4 (195) (10.0 g, 7.67 mmol, 1.00 equiv.) and DPPF (8.50 g, 15.3 mmol,
2.00 equiv.) were placed into a flame-dried Schlenk flask and dried under high vacuum for 10
min. Toluene (250 mL) was added via cannula transfer and the resulting orange solution was
heated to reflux for 2 h. The solution was concentrated to ca. 100 mL under vacuum (cold trap)
and n-hexane (200 mL) was added via cannula. Note: It is important to not completely remove
the toluene as the excess DPPF will otherwise precipitate as well. The ensuing yellow precipitate
was filtered under an argon atmosphere, washed with n-hexane (3 x 20 mL), and dried under high
vacuum to give title compound 230 as a yellow powder (8.62 g. 6.99 mmol, 91%). Crystals suitable for X-ray diffraction were obtained from placing a solution of the complex in dry and
degassed toluene/n-hexane (1:1) in the freezer for one day.
Note: The compound is not stable in un-degassed solutions but can be weighed out as a solid
under air without loss of activity. It should, however, be stored under argon in a desiccator at
room temperature. Storage under air resulted in decomposition after ca. 3 months. Most of the
excess dppf can be recovered from the mother liquor. Using less than two DPPF equivalents
results in remaining Ni[P(OPh)3] 4 (195) which cannot be separated from the desired compound.
In case the compound still contains excess DPPF, it can be purified by redissolving it in hot
toluene and subsequent trituration with an equal amount of n-hexane.
m.p. = 158 – 160 °C (decomposition).
1

H NMR (600 MHz, C6D6): δ = 7.59 (t, J = 8.1 Hz, 8H, Ar–H), 7.09 (d, J = 7.2 Hz, 3H, Ar–H),

7.05 (t, J = 7.1 Hz, 8H, Ar–H), 7.00 – 6.89 (m, 24H, Ar–H), 6.80 – 6.75 (m, 7H, Ar–H), 4.26 (s,
4H, Cp), 3.93 (s, 4H, Cp) ppm.
C NMR (150 MHz, C6D6, due to C-P coupling the spectrum is too complex to make specific

13

assignments): δ = 153.8, 152.4 , 151.2 (d, JC-P = 7.1 Hz), 141.3 (d, JC-P = 29.1 Hz), 134.8 (d,
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JC-P = 14.4 Hz), 131.7, 130.03 (d, JC-P = 2.3 Hz), 129.2, 128.4, 125.6, 124.5, 123.2, 122.2, 121.2,
120.6 (d, JC-P = 5.0 Hz), 74.8 (d, JC-P = 9.4 Hz, Cp), 73.9 (d, JC-P = 33.1 Hz, Cp), 71.2 (d,
JC-P = 3.7 Hz, Cp) ppm.
31

P NMR (243 MHz, C6D6): δ = 127.3 (t, J = 28.8 Hz), 23.3 (t, J = 28.8 Hz) ppm.

IR (ATR) υ = 3056, 1590, 1486, 1435, 1188, 1161, 1093, 1025, 958, 871, 745, 722, 686, 566,
524 cm-1.
Elemental analysis: Calc. for C70H58FeNiO6P4: C, 68.15; H, 4.74. Found: C, 68.02; H, 4.65.
C70H58FeNiO6P4 (1233.64).
9.5.2.9

[1,1′-Bis(diphenylphosphino)ferrocene]bis[tri(para-tolyl)phosphite]nickel(0) (286)

Ni[P(O-p-Tol)3]4 (280) (400 mg, 0.270 mmol, 1.00 equiv.) and DPPF (300 mg, 0.540 mmol,
2.00 equiv.) were placed into a flame-dried Schlenk flask and dried under high vacuum for 10
min. Toluene (6.0 mL) was added and the resulting orange solution was stirred at reflux for 2 h.
The mixture was cooled to room temperature and the solvent was removed completely under high
vacuum (cold trap). The remaining oily residue was triturated with n-hexane (4 mL), and the precipitate was collected by vacuum filtration under air. The filter cake was washed with hexanes
(10 mL) to afford the desired nickel complex 286 as a yellow powder (202 mg, 0.150 mmol,
57%).
m.p. = 127 – 130 °C.
1

H NMR (600 MHz, CD2Cl2): δ = 7.34 – 6.99 (m, 20H, 4 x Ph), 6.74 (br s, 12H, p-Tol), 6.47

(br s, 12H, p-Tol), 4.12 (br s, 4H, Cp), 3.96 (br s, 4H, Cp), 2.21 (br s, 18H, 6 x CH3) ppm.
13

C NMR (150 MHz, CD2Cl2, due to C-P coupling the spectrum is too complex to make specific

assignments): δ = 151.2 (6 x Ar–C), 134.6 (6 x Ar–C/Ar–CH), 134.5 (6 x Ar–C/Ar–CH), 132.3
(6 x Ar–C/Ar–CH), 129.4 (12 x Ar–CH), 128.3 (6 x Ar–C/Ar–CH), 127.4 (6 x Ar–CH), 121.7
(12 x Ar–CH), 74.6 (Cp), 70.9 (Cp), 20.7 (6 x CH3) ppm.
31

P NMR (243 MHz, CD2Cl2): δ = 128.6 (t, J = 31.9 Hz), 23.6 (t, J = 31.9 Hz) ppm.

IR (ATR) υ = 3056, 1607, 1584, 1502, 1477, 1430, 1231, 1202, 1164, 1088, 1025, 883, 814, 793,
744, 694, 677, 627, 568 cm-1.
C76H70FeNiO6P4 (1317.80).
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9.5.2.10 [1,1′-Bis(diphenylphosphino)ferrocene]bis[tri(meta-tolyl)phosphite]nickel(0)
(287)

Ni[P(O-m-Tol)3]4 (281) (400 mg, 0.270 mmol, 1.00 equiv.) and DPPF (300 mg, 0.540 mmol,
2.00 equiv.) were placed into a flame-dried Schlenk flask and dried under high vacuum for
10 min. Toluene (10 mL) was added and the resulting orange solution was stirred at reflux for
2.5 h. The mixture was cooled to room temperature and the solvent was removed completely
under high vacuum (cold trap). The remaining oily residue was triturated with n-hexane (10 mL),
and the precipitate was collected by vacuum filtration under air. The filter cake was washed with
hexanes (10 mL) to afford the desired nickel complex 287 as a yellow powder (274 mg,
0.210 mmol, 78%).
m.p. = 118 – 121 °C.
1

H NMR (300 MHz, C6D6): δ = 7.82 – 7.27 (m, 20H, 4 x Ph), 7.05 – 6.87 (m, 12H, m-Tol), 6.63

(d, J = 6.8 Hz, 6H, m-Tol), 6.50 (br s, 6H, m-Tol), 4.17 (br s, 4H, Cp), 3.91 (br s, 4H, Cp), 1.96
(br s, 18H, 6 x CH3) ppm.
C NMR (150 MHz, CD2Cl2, due to C-P coupling the spectrum is too complex to make specific

13

assignments): δ = 153.5 (6 x Ar–C), 139.9, 134.6 (d, JC-P = 13.5 Hz) 133.8, 131.9, 131.6, 129.2 –
127.4 (m), 123.7, 122.9, 118.9, 75.0 – 70.6 (m, Cp), 21.2 (6 x CH3) ppm.
P NMR (243 MHz, CD2Cl2): δ = 127.7 (t, J = 32.0 Hz), 23.6 (t, J = 32.0 Hz) ppm.

31

IR (ATR) υ = 3051, 1607, 1583, 1485, 1433, 1241, 1140, 938, 779, 743, 687, 616, 568, 529 cm-1.
C76H70FeNiO6P4 (1317.80).
9.5.2.11 (±)-[2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl]bis(triphenylphosphite)nickel(0) (289)

Ni[P(OPh)3]4 (195) (5.00 g, 3.83 mmol, 1.00 equiv.) and BINAP (2.38 g, 1.53 mmol,
1.00 equiv.) were placed into a Schlenk flask and dried under high vacuum for 5 min. Toluene
(125 mL) was added and the resulting dark orange solution was heated to reflux for 20 h. The
solution was concentrated to ca. 20 mL under vacuum (cold trap) and n-hexane (100 mL) was
added. It was cooled on ice for 15 min. and the ensuing precipitate was filtered under air and
washed with hexanes. The solid was then placed in a Schlenk flask along with more BINAP
(2.00 g, 3.21 mmol, 0.84 equiv.). Toluene (125 mL) was added and the solution was heated to
reflux for further 18 h. The solution was allowed to cool to room temperature, triturated with
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n-hexane (190 mL), and left to stand at room temperature for 30 min. The orange solution was
cannula filtered into a second Schlenk flask which was then placed in a freezer for 24 h. Suction
filtration under air and subsequent drying under high vacuum gave the desired compound
(binap)Ni[P(OPh)3]2·2PhCH3 (289) as an orange microcrystalline toluene solvate (3.93 g.
2.64 mmol, 69%). Crystals suitable for X-ray diffraction were obtained via slow vapour diffusion
of degassed n-hexane into a degassed toluene solution at room temperature under argon. The
excess BINAP was quantitatively recovered from the second filtration step.
Note: Compound 289 is not stable in un-degassed solutions but can be weighed out as a solid
under air without loss of activity. It should, however, be stored under argon in a fridge. The final
product contained ~ 4% (w/w) BINAP (31P NMR) which did not have an effect on the activity of
the catalyst.
m.p. = 119 – 121 °C.
H NMR (500 MHz, CD2Cl2): δ = 7.92 (br s, 4H, Ar–H), 7.43–6.73 (m, 62H, Ar–H), 6.37 (br s,

1

6H, Ar–H), 2.35 (br s, 6H, 2 x PhCH3) ppm.
13

C NMR (125 MHz, CD2Cl2, due to C-P coupling the spectrum is too complex to make specific

assignments): δ = 153.8 (6 x Ar–C), 138.4, 135.3, 133.2, 132.9, 132.7, 130.2, 129.7 (OPh), 129.3,
128.7, 128.6, 127.9 (Ph), 127.2, 126.9, 126.6, 125.6, 125.1, 123.4 (Ph), 121.9 (OPh), 121.1,
21.6 (2 x PhCH3) ppm.
31

P NMR (121.5 MHz, CD2Cl2): δ = 127.3 (t, J = 21.4 Hz), 36.2 (t, J = 21.4 Hz) ppm.

IR (ATR) υ = 3056, 1588, 1486, 1435, 1218, 1195, 1157, 1082, 1071, 1024, 1003, 877, 864, 820,
758, 687, 617, 592, 526 cm-1.
Elemental analysis: Calc. for C94H73NiO6P4: C, 75.97; H, 5.29. Found: C, 74.68; H, 5.21.
C94H78NiO6P4 (1486.21).
9.5.2.12 [4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene)-1,1'-binaphthyl]bis(triphenylphosphite)nickel(0) (288)

Ni[P(OPh)3]4 (195) (500 mg, 0.380 mmol, 1.00 equiv.) and XantPhos (220 mg,
0.380 mmol, 1.00 equiv.) were placed into a Schlenk flask and dried under high vacuum for 5
min. Toluene (13 mL) was added and the resulting yellow solution was stirred at reflux for 2 days.
The mixture was cooled to room temperature and the solvent was removed completely under high
vacuum (cold trap). The remaining oily residue was triturated with n-hexane (20 mL) and the
ensuing suspension left to stir for room temperature for 1 h. The precipitate was collected by
vacuum filtration under air, and washed with hexanes (10 mL) to afford the desired nickel complex 288 as a beige powder (406 mg, 0.32 mmol, 85%).
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m.p. = 95 – 97 °C.
H NMR (600 MHz, CD2Cl2): δ = 8.00 – 6.07 (m, 56H, 56 x Ar–H), 1.38 (br s, 3H, CH3), 1.31

1

(br s, 3H, CH3) ppm.
C NMR (125 MHz, CD2Cl2, due to C-P coupling the spectrum is too complex to make accurate

13

assignments): δ = 156.1 – 156.0 (m), 153.6 (d, JC-P= 13.7 Hz), 153.1 (d, JC-P = 14.6 Hz), 138.3 –
138.1 (m), 136.6 – 136.2 (m), 133.8, 132.6 – 132.5 (m), 129.7, 129.3, 129.0 (OPh), 128.8, 128.6
(OPh), 127.7 – 127.5 (m), 127.46, 125.2, 124.8, 123.5, 123.3, 122.9, 122.7, 121.6, 121.4 (t,
JC-P = 4.5 Hz), 36.4 (CH3), 32.3 (CH3) ppm.
P NMR (242 MHz, CD2Cl2): δ = 121.2 (dt, J = 82.6, 43.8 Hz), 117.9 (dt, J = 82.6, 20.6 Hz),

31

21.3 (dd, J = 43.8, 20.6 Hz) ppm.
IR (ATR) υ = 3057, 1589, 1485, 1433, 1403, 1229, 1198, 1162, 1090, 1070, 1025, 862, 750, 685,
615, 584, 531 cm-1.
C75H62NiO7P4 (1257.88).
9.5.2.13 Bis[1,2-bis(diphenylphosphino)ethane]nickel(II) bis(trifluoromethanesulfonate)
(221)

Ni[P(OEt)3]4 (196) (1.15 g, 1.59 mmol, 1.00 equiv.), DPPE (0.63 g, 1.59 mmol, 1.00 equiv.)
and 4-cyanophenyl trifluoromethanesulfonate (197) (0.40 g, 1.59 mmol, 1.00 equiv.) were dried
under high vacuum for 5 minutes. The mixture was then dissolved in toluene (15 mL), and the
resulting yellow solution was stirred at 100 °C for 19 h. At this point a yellow, claylike solid had
formed. The solvent was removed under high vacuum (cold trap), and the residue was suspended
in MeOH (10 mL). The precipitate was collected via vacuum filtration under air, and washing the
filter cake with MeOH (10 mL) gave the title compound 221 as a pale yellow solid (0.33 g,
0.23 mmol, 29%). Crystals suitable for X-ray crystallography were obtained from a MeCN solution.
m.p. = 275 – 280 °C.
1

H NMR (600 MHz, CD3CN): δ = 7.61 (‘t’, J = 7.6 Hz, 8H, 8 x p-Ar–H), 7.38 (‘t’, J = 7.6 Hz,

16H, 16 x Ar–H), 7.16 (br s, 16H, 16 x Ar–H), 2.67 – 2.63 (m, 8H, 4 x CH2) ppm.
C NMR (150 MHz, CD3CN): δ = 134.5 (16 x Ar–CH), 134.3 (8 x Ar–CH), 130.8 (16 x Ar–

13

CH), 124.9 (quin, JC-P = 12.9 Hz, 8 x Ar–C), 27.7 (quin, JC-P = 11.7 Hz, 4 x CH2) ppm.
P NMR (121 MHz, CD3CN): δ = 56.7 ppm.

31

F NMR (282 MHz, CD3CN): δ = -79.7 ppm.

19

IR (ATR) υ = 3062, 1438, 1256, 1148, 1100, 1029, 811, 748, 695, 636 cm-1.
C78H68F6NiO6P4S2 (1462.08).
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9.5.3. General procedure for Mizoroki-Heck coupling reactions
A flame-dried Schlenk tube was charged sequentially with the corresponding aryl triflate,
nickel catalyst (Ni[P(OPh)3]4 (195) or Ni[P(OEt)3]4 (196)), diphophine ligand (DPPF or DPPE)
and Cy2NMe. The mixture was dissolved in toluene or 1,4-dioxane (ca. 6 mL mmol-1), followed
by the addition of butyl vinyl ether (198). The reaction vessel was sealed, and stirred at 100 °C
for 18 h in a preheated oil bath. The reaction mixture was allowed to cool to room temperature,
and then treated with 6 M HCl (ca. 6 mL mmol-1). The mixture was stirred vigorously at room
temperature for 1 h. After dilution with Et2O (10 mL), the organic layer was separated and fused
onto silica gel. Purification by flash column chromatography on silica gave the desired ketone
products.
9.5.3.1

4-Acetylbenzonitrile (200)

Following the general procedure, using 4-cyanophenyl triflate (197) (115 mg, 0.460 mmol,
1.00 equiv.), Ni[P(OEt)3]4 (196) (7.0 mg, 0.0092 mmol, 2 mol%), DPPE (4.0 mg, 0.0092 mmol,
2 mol%), Cy2NMe (98 μL, 0.46 mmol, 1.00 equiv.), butyl vinyl ether (89 μL, 0.69 mmol, 1.50
equiv) and toluene (3 mL), the desired ketone 200 was obtained after hydrolysis and purification
by flash column chromatography (hexanes/EtOAc 100:0 → 90:10) as a tan solid (57 mg,
0.39 mmol, 85%). The spectral data were in accordance with those reported in the literature.[273]
Rf = 0.26 (hexanes/EtOAc 90:10).
H NMR (400 MHz, CDCl3): δ = 8.04 (d, J = 8.5 Hz, 2H, 2 x Ar–H), 7.78 (d, J = 8.5 Hz, 2H,

1

2 x Ar–H), 2.64 (s, 3H, CH3) ppm.
C9H7NO (145.16).
9.5.3.2

4’-(Trifluoromethyl)acetophenone (204)

Following the general procedure (22 h), using 3-(trifluoromethyl)phenyl triflate (285 mg,
0.970 mmol, 1.00 equiv.), Ni[P(OEt)3]4 (196) (14.0 mg, 0.019 mmol, 2 mol%), DPPE (8.0 mg,
0.019 mmol, 2 mol%), Cy2NMe (206 μL, 0.970 mmol, 1.00 equiv.), butyl vinyl ether (188 μL,
1.46 mmol, 1.50 equiv) and toluene (6 mL), the desired ketone 204 was obtained after acid treatment and purification by flash column chromatography (hexanes/EtOAc 95:5) as a colourless oil
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(77 mg, 0.41 mmol, 42%). The spectral data were in accordance with those reported in the literature.[273]
Rf = 0.24 (hexanes/EtOAc 95:5).
H NMR (300 MHz, CDCl3): δ = 8.21 (s, 1H, Ar–H), 8.14 (d, J = 7.8 Hz, 1H, Ar–H), 7.82 (d,

1

J = 7.8 Hz, 1H, Ar–H), 7.62 (‘t’, J = 7.8 Hz, 1H, Ar–H), 2.65 (s, 3H, CH3) ppm.
F NMR (282 MHz, CDCl3): δ = -63.2 ppm.

19

C9H7F3O (188.15).
9.5.3.3

1-Acetylnaphthalene (206)

Following the general procedure, using 1-naphthyl triflate (118 mg, 0.430 mmol,
1.00 equiv.), Ni[P(OPh)3]4 (195) (29.0 mg, 0.022 mmol, 5 mol%), DPPF (12 mg, 0.022 mmol,
5 mol%), Cy2NMe (276 μL, 1.29 mmol, 3.00 equiv.), butyl vinyl ether (222 μL, 1.72 mmol, 4.00
equiv) and 1,4-dioxane (3 mL), the desired ketone 206 was obtained after acid treatment and purification by flash column chromatography (hexanes/EtOAc 100:0 → 90:10) as a colourless oil
(40 mg, 0.24 mmol, 56%). The spectral data were in accordance with those reported in the literature.[273]
Rf = 0.43 (hexanes/EtOAc 90:10).
H NMR (300 MHz, CDCl3): δ = 8.76 (d, J = 8.4 Hz, 1H, Ar–H), 8.03 – 7.84 (m, 3H, 3 x Ar–H),

1

7.66 – 7.45 (m, 3H, 3 x Ar–H), 2.75 (s, 3H, CH3) ppm.
C12H10O (170.21).
9.5.3.4

2-Acetylnaphthalene (207)

Following the general procedure (21 h), using 2-naphthyl triflate (138 mg, 0.500 mmol,
1.00 equiv.), Ni[P(OPh)3]4 (195) (33.0 mg, 0.025 mmol, 5 mol%), DPPF (14 mg, 0.025 mmol,
5 mol%), Cy2NMe (320 μL, 1.50 mmol, 3.00 equiv.), butyl vinyl ether (250 μL, 2.00 mmol, 4.00
equiv) and 1,4-dioxane (3 mL), the desired ketone 207 was obtained after acid treatment and purification by flash column chromatography (hexanes/Et2O 98:2) as a colourless oil (69 mg,
0.41 mmol, 82%). The spectral data were in accordance with those reported in the literature.[273]
Rf = 0.14 (hexanes/EtOAc 98:2).
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H NMR (400 MHz, CDCl3): δ = 8.41 (s, 1H, Ar–H), 7.99 (d, J = 8.6 Hz, 1H, Ar–H), 7.91 (d,

1

J = 8.1 Hz, 1H, Ar–H), 7.85 – 7.80 (m, 2H, 2 x Ar–H), 7.58 – 7.48 (m, 2H, 2 x Ar–H), 2.67 (s,
3H, CH3) ppm.
C12H10O (170.21).
9.5.3.5

1,3-Diacetylbenzene (208)

Following the general procedure, using 3-acetylphenyl triflate (274 mg, 1.02 mmol,
1.00 equiv.), Ni[P(OEt)3]4 (196) (14.0 mg, 0.020 mmol, 2 mol%), DPPE (8.0 mg, 0.020 mmol,
2 mol%), Cy2NMe (217 μL, 1.02 mmol, 1.00 equiv.), butyl vinyl ether (198 μL, 1.53 mmol, 1.50
equiv) and toluene (6 mL), the desired ketone 208 was obtained after acid treatment and purification by flash column chromatography (hexanes/EtOAc 90:10 → 80:20) as a colourless oil
(109 mg, 0.670 mmol, 66%). The spectral data were in accordance with those reported in the
literature.[375]
Rf = 0.12 (hexanes/EtOAc 90:10).
H NMR (300 MHz, CDCl3): δ = 8.52 (t, J = 1.8 Hz, 1H, Ar–H), 8.15 (dd, J = 7.8, 1.8 Hz, 2H,

1

2 x Ar–H), 7.58 (t, J = 7.8 Hz, 1H, Ar–H), 2.66 (s, 6H, 2 x CH3) ppm.
C10H10O2 (162.19).
9.5.3.6

1,4-Diacetylbenzene (209)

Following the general procedure, using 4-acetylphenyl triflate (256 mg, 0.95 mmol,
1.00 equiv.), Ni[P(OEt)3]4 (196) (13.0 mg, 0.019 mmol, 2 mol%), DPPE (7.0 mg, 0.019 mmol,
2 mol%), Cy2NMe (202 μL, 0.95 mmol, 1.00 equiv.), butyl vinyl ether (184 μL, 1.43 mmol, 1.50
equiv) and toluene (6 mL), the desired ketone 209 was obtained after acid treatment and purification by flash column chromatography (hexanes/EtOAc 80:20) as a pale yellow solid (87 mg,
0.54 mmol, 56%). The spectral data were in accordance with those reported in the literature.[375]
Rf = 0.40 (hexanes/EtOAc 70:30).
H NMR (300 MHz, CDCl3): δ = 8.03 (s, 4H, 4 x Ar–H), 2.65 (s, 6H, 2 x CH3) ppm.

1

C10H10O2 (162.19).
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9.5.3.7

4’-Phenylacetophenone (210)

Following the general procedure, using 4-(1,1’-biphenyl) triflate (309 mg, 1.02 mmol,
1.00 equiv.), Ni[P(OEt)3]4 (196) (15.0 mg, 0.020 mmol, 2 mol%), DPPE (8.0 mg, 0.020 mmol,
2 mol%), Cy2NMe (216 μL, 1.02 mmol, 1.00 equiv.), butyl vinyl ether (196 μL, 1.53 mmol, 1.50
equiv) and toluene (6 mL), the desired ketone 210 was obtained after acid treatment and purification by flash column chromatography (hexanes/EtOAc 95:5) as a white solid (33 mg, 0.17 mmol,
17%). The spectral data were in accordance with those reported in the literature.[376]
Rf = 0.28 (hexanes/EtOAc 90:10).
H NMR (300 MHz, CDCl3): δ = 8.04 (d, J = 8.4 Hz, 2H, 2 x Ar–H), 7.69 (d, J = 8.4 Hz, 2H,

1

2 x Ar–H), 7.67 – 7.59 (m, 2H, 2 x Ar–H), 7.54 – 7.36 (m, 3H, 3 x Ar–H), 2.64 (s, 3H, CH3) ppm.
C14H12O2 (196.24).
9.5.3.8

(E/Z)-1-(2-Methoxy-4-(prop-1-en-1-yl)phenyl)ethanone (217)

Following the general procedure (20 h), using 4-allyl-2-methoxyphenyl triflate (109 mg,
0.380 mmol, 1.00 equiv.), Ni[P(OPh)3]4 (195) (25.0 mg, 0.019 mmol, 5 mol%), DPPF (11 mg,
0.019 mmol, 5 mol%), Cy2NMe (250 μL, 1.14 mmol, 3.00 equiv.), butyl vinyl ether (213 μL,
1.52 mmol, 4.00 equiv) and 1,4-dioxane (3 mL), the title compound 217 was obtained after acid
treatment and purification by flash column chromatography (hexanes/EtOAc 98:2 → 96:4) as a
colourless oil (10:6 E/Z mixture, 65 mg, 0.34 mmol, 89%). The spectral data were in accordance
with those reported in the literature.[273]
Rf = 0.13 (hexanes/EtOAc 98:2).
Major isomer (E):
H NMR (400 MHz, CDCl3): δ = 7.73 (d, J = 8.1 Hz, 1H, Ar–H), 6.99 (dd, J = 8.1, 1.3 Hz, 1H,

1

Ar–H), 6.90 (s, 1H, Ar–H), 6.48 – 6.32 (m, 2H, HC=CHCH3), 3.94 (s, 3H, OMe), 2.62 (s, 3H,
C(O)Me), 1.93 (d, J = 5.0 Hz, 3H, HC=CHCH3) ppm.
Minor isomer (Z):
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H NMR (400 MHz, CDCl3): δ = 7.76 (d, J = 8.0 Hz, 1H, Ar–H), 6.96 (d, J = 8.0 Hz, 1H, Ar– H),

1

6.88 (s, 1H, Ar–H), 6.47 – 6.33 (m, 1H, HC=CHCH3), 5.97 – 5.87 (m, 1H, HC=CHCH3), 3.94 (s,
3H, OMe), 2.63 (s, 3H, C(O)Me), 1.95 (dd, J = 7.0, 2.1 Hz, 3H, HC=CHCH3) ppm.
C12H14O2 (190.24).

9.5.4. General procedure for C–N couplings with (dppf)Ni[(OPh)3]2 (230)
Method A:
A flame-dried Schlenk tube was loaded sequentially with NaOtBu (201 mg, 2.10 mmol,
1.40 equiv.), (dppf)Ni[(OPh)3]2 (230) (93 mg, 75 µmol, 5 mol%), DPPF (42 mg, 75 µmol,
5 mol%), the corresponding amine (1.80 mmol, 1.20 equiv.), and aryl halide (1.50 mmol,
1.00 equiv.). The mixture was dissolved in toluene (6 mL), placed into a preheated oil bath at
100 °C and stirred for 18 h. Upon cooling, the reaction mixture was fused onto silica and purified
via flash column chromatography to give the desired product.
Method B:
A flame-dried Schlenk tube was loaded sequentially with NaOtBu (201 mg, 2.10 mmol,
1.40 equiv.), (dppf)Ni[(OPh)3]2 (230) (93 mg, 75 µmol, 5 mol%), DPPF (42 mg, 75 µmol, 5
mol%), the corresponding amine (1.80 mmol, 1.20 equiv.), and aryl halide (1.50 mmol, 1.00
equiv.). The mixture was dissolved in toluene (6 mL), placed into a preheated oil bath at 100 °C
and stirred for 18 h. Upon cooling, the reaction mixture was treated with H2O2 (5 mL, 30% aq.)
and the ensuing mixture was stirred vigorously for 2 h. The organic layer was washed with H2O
(3 x 10 mL), dried (MgSO4), filtered, fused onto silica, and purified via flash column chromatography to give the desired product.
9.5.4.1

4-Methyl-N-phenylaniline (232)

Following general procedure B using chlorobenzene (152 µL, 1.50 mmol) and p-toluidine
(192 mg. 1.80 mmol), the desired compound 232 was obtained after purification by flash column
chromatography (hexanes/EtOAc 98:2) as a tan solid (272 mg, 1.49 mmol, 99%). The spectral
data were in accordance with those reported in the literature.[211]
Rf = 0.15 (hexanes/EtOAc 98:2).
H NMR (400 MHz, CDCl3): δ = 7.25–7.21 (m, 2H, 2 x Ar–H), 7.08 (d, J = 8.0 Hz, 2H, 2 x Ar–

1

H), 7.01–6.98 (m, 4H, 4 x Ar–H), 6.87 (‘tt’, J = 7.6, 0.8 Hz, 1H, Ar–H), 5.58 (br s, 1H, NH), 2.30
(s, 3H, CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 144.1 (Ar–C), 140.4 (Ar–C), 131.1 (Ar–C), 130.0 (2 x Ar–

CH), 129.4 (2 x Ar–CH), 120.5 (Ar–CH), 119.1 (2 x Ar–CH), 117.0 (2 x Ar–CH), 20.8
(CH3) ppm.
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C13H13N (183.25).
9.5.4.2

N-p-Tolylnaphthalen-1-amine (235)

Following general procedure B using 1-chloronaphthalene (205 µL, 1.50 mmol) and p-toluidine (192 mg. 1.80 mmol), the desired compound 235 was obtained after purification by flash
column chromatography (hexanes/EtOAc 98:2) as an orange oil (327 mg, 1.40 mmol, 93%). The
spectral data were in accordance with those reported in the literature.[377]
Rf = 0.52 (hexanes/EtOAc 95:5).
1

H NMR (500 MHz, CDCl3): δ = 8.06 – 8.00 (m, 1H, Ar–H), 7.90 – 7.85 (m, 1H, Ar–H), 7.56 –

7.46 (m, 3H, 3 x Ar–H), 7.41 – 7.35 (m, 1H, Ar–H), 7.30 (d, J = 7.5 Hz, 1H, Ar–H), 7.11 (d,
J = 8.2 Hz, 2H, 2 x Ar–H), 6.97 (d, J = 8.4 Hz, 2H, 2 x Ar–H), 5.90 (br s, 1H, NH), 2.34 (s, 3H,
CH3) ppm.
C NMR (100 MHz, CDCl3): δ = 141.9 (Ar–C), 139.8 (Ar–C), 134.8 (Ar–C), 130.6 (Ar–C),

13

130.0 (2 x Ar–CH), 128.7 (Ar–CH), 127.2 (Ar–C), 126.22 (Ar–CH), 126.18 (Ar–CH), 125.6 (Ar–
CH), 122.2 (Ar–CH), 121.7 (Ar–CH), 118.7 (2 x Ar–CH), 114.3 (Ar–CH), 20.8 (CH3) ppm.
C17H15N (233.31).
9.5.4.3

Di-p-tolylamine (236)

Following general procedure B using 4-chlorotoluene (178 µL, 1.50 mmol) and p-toluidine
(192 mg. 1.80 mmol), the desired compound 236 was obtained after purification by flash column
chromatography (hexanes/EtOAc 98:2) as a tan solid (259 mg, 1.31 mmol, 87%). The spectral
data were in accordance with those reported in the literature.[378]
Rf = 0.16 (hexanes/EtOAc 98:2).
1

H NMR (400 MHz, CDCl3): δ = 7.08 (d, J = 8.2 Hz, 4H, 4 x Ar–H), 6.97 (d, J = 8.2 Hz, 4H, 4

x Ar–H), 5.52 (br s, 1H, NH), 2.32 (s, 6H, 2 x CH3) ppm.
C NMR (100 MHz, CDCl3): δ = 141.3 (2 x Ar–C), 130.3 (2 x Ar–C), 129.9 (4 x Ar–CH), 118.0

13

(4 x Ar–CH), 20.8 (2 x CH3) ppm.
C14H15N (197.28).

214 | Experimental Section
9.5.4.4

4-(p-Tolylamino)benzonitrile (238)

Following general procedure A using 4-chlorobenzonitrile (206 mg, 1.50 mmol) and p-toluidine (192 mg. 1.80 mmol), the desired compound 238 was obtained after purification by flash
column chromatography (hexanes/EtOAc 90:10) as a tan solid (289 mg, 1.39 mmol, 93%). The
spectral data were in accordance with those reported in the literature.[379]
Rf = 0.17 (hexanes/EtOAc 90:10).
1

H NMR (500 MHz, CDCl3): δ = 7.44 (d, J = 8.8 Hz, 2H, 2 x Ar–H), 7.17 (d, J = 8.3 Hz, 2H,

2 x Ar–H), 7.07 (d, J = 8.3 Hz, 2H, 2 x Ar–H), 6.90 (d, J = 8.8 Hz, 2H, 2 x Ar–H), 6.04 (br s, 1H,
2 x Ar–H), 2.35 (s, 3H, CH3) ppm.
13

C NMR (125 MHz, CDCl3): δ = 148.8 (Ar–C), 137.3 (Ar–C), 134.2 (Ar–C), 133.9 (2 x Ar–

CH), 130.3 (2 x Ar–CH), 122.2 (2 x Ar–CH), 120.2 (CN), 114.5 (2 x Ar–CH), 101.0 (Ar–C), 21.0
(CH3) ppm.
C14H12N2 (208.26).
9.5.4.5

2-Methyl-N-p-tolylaniline (237)

Following general procedure B using 2-bromotoluene (180 µL, 1.50 mmol) and p-toluidine
(192 mg. 1.80 mmol), the desired compound 237 was obtained after purification by flash column
chromatography (hexanes/EtOAc 98:2) as a light brown liquid (268 mg, 1.36 mmol, 91%). The
spectral data were in accordance with those reported in the literature.[380]
Rf = 0.36 (hexanes/EtOAc 95:5).
1

H NMR (500 MHz, CDCl3): δ = 7.20 – 7.18 (m, 2H, 2 x Ar–H), 7.14 – 7.09 (m, 3H, 3 x Ar–H),

6.95 – 6.88 (m, 3H, 3 x Ar–H), 5.31 (br s, 1H, NH), 2.32 (s, 3H, CH3), 2.27 (s, 3H, CH3) ppm.
13

C NMR (125 MHz, CDCl3): δ = 142.2 (Ar–C), 141.2 (Ar–C), 131.0 (Ar–CH), 130.6 (Ar–C),

130.0 (2 x Ar–CH), 127.1 (Ar–C), 126.9 (Ar–CH), 119.1 (2 x Ar–CH), 121.2 (Ar–CH), 118.8
(2 x Ar–CH), 117.4 (Ar–CH), 20.8 (CH3), 18.0 (CH3) ppm.
C14H15N (197.28).
9.5.4.6

4-Methoxy-N-p-tolylaniline (228)

Following general procedure A using 4-chloroanisole (100 µL, 0.82 mmol) and p-toluidine
(105 mg. 0.98 mmol), the desired compound 228 was obtained after purification by flash column

Experimental procedures – Part II| 215
chromatography (hexanes/EtOAc 98:2) as a tan solid (142 mg, 0.67 mmol, 82%). The spectral
data were in accordance with those reported in the literature.[381]
Rf = 0.25 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 7.06 – 7.00 (m, 4H, 4 x Ar–H), 6.89 – 6.82 (m, 4H, 4 x Ar–H),

1

5.40 (br s, 1H, NH), 3.79 (s, 3H, OCH3), 2.28 (s, 3H, CH3) ppm.
C NMR (100 MHz, CDCl3): δ = 154.9 (Ar–C), 142.5 (Ar–C), 136.8 (Ar–C), 129.9 (2 x Ar–

13

CH), 129.5 (Ar–C), 121.2 (2 x Ar–CH), 116.7 (2 x Ar–CH), 114.8 (2 x Ar–CH), 55.7 (OCH3),
20.7 (CH3) ppm.
C14H15NO (197.28).
9.5.4.7

4-Methyl-N-(4-(trifluoromethyl)phenyl)aniline (240)

Following general procedure B for an extended reaction time (40 h) using 4-chlorobenzotrifluoride (202 µL, 1.50 mmol) and p-toluidine (192 mg. 1.80 mmol), the desired compound 240
was obtained after purification by flash column chromatography (hexanes/EtOAc 98:2) as a yellow solid (79 mg, 0.31 mmol, 21%). The spectral data were in accordance with those reported in
the literature.[379]
Rf = 0.29 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 7.44 (d, J = 8.4 Hz, 2H, 2 x Ar–H), 7.15 (d, J = 8.0 Hz, 2H,

1

2 x Ar–H), 7.06 (d, J = 8.0 Hz, 2H, 2 x Ar–H), 6.97 (d, J = 8.4 Hz, 2H, 2 x Ar–H), 5.83 (br s, 1H,
NH), 2.34 (s, 3H, CH3) ppm.
C NMR (150 MHz, CDCl3): δ = 147.7 (Ar–C), 138.5 (Ar–C), 133.2 (Ar–C), 130.2 (2 x Ar–

13

CH), 126.8 (q, JC–F = 3.7 Hz, 2 x Ar–CH), 124.8 (q, JC–F = 270.4 Hz, CF3), 121.21 (2 x Ar–CH),
121.18 (q, JC–F = 32.7 Hz, CF3C) 114.8 (2 x Ar–CH), 20.9 (CH3) ppm.
F NMR (376 MHz, CDCl3): δ = -61.4 ppm.

19

C14H12F3NO (251.25).
9.5.4.8

1-(4-(p-Tolylamino)phenyl)ethanone (239)

Following general procedure A using 4-chloroacetophenone (195 µL, 1.50 mmol) and p-toluidine (192 mg. 1.80 mmol), the desired compound 239 was obtained after purification by flash
column chromatography (DCM/MeOH 100:0 → 98:2) as an orange solid (213 mg, 0.95 mmol,
63%). The spectral data were in accordance with those reported in the literature.[211]
Rf = 0.33 (DCM).
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H NMR (400 MHz, CDCl3): δ = 7.85 (d, J = 8.1 Hz, 2H, 2 x Ar–H), 7.16 (d, J = 8.1 Hz, 2H,

1

2 x Ar–H), 7.09 (d, J = 8.1 Hz, 2H, 2 x Ar–H), 6.92 (d, J = 8.1 Hz, 2H, 2 x Ar–H), 6.04 (br s, 1H,
NH), 2.52, (s, 3H, CH3C(O)), 2.34 (s, 3H, CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 196.5 (C=O), 137.9 (Ar–C), 133.6 (Ar–C), 130.8 (2 x Ar–CH),

130.2 (2 x Ar–CH), 128.7 (Ar–C), 121.7 (2 x Ar–CH), 114.0 (2 x Ar–CH), 26.3 (CH3C=O), 21.0
(CH3) ppm.
C15H15NO (225.29).
9.5.4.9

4-Fluoro-N-p-tolylaniline (241)

Following general procedure B using 4-chlorofluorobenzene (160 µL, 1.50 mmol) and p-toluidine (192 mg. 1.80 mmol), the desired compound 241 was obtained after purification by flash
column chromatography (hexanes/EtOAc 95:5) as a tan solid (218 mg, 1.08 mmol, 72%). The
spectral data were in accordance with those reported in the literature.[379]
Rf = 0.31 (hexanes/EtOAc 95:5).
1

H NMR (400 MHz, CDCl3): δ = 7.11 – 7.06 (m, 2H, 2 x Ar–H), 7.02 – 6.91 (m, 6H, 6 x Ar–H),

5.48 (br s, 1H, NH), 2.32 (s, 3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 157.7 (d, JC–F = 239 Hz, C–F), 141.2 (Ar–C), 139.9 (d,

JC– F = 2.3 Hz, Ar–C), 130.6 (Ar–C), 130.0 (2 x Ar–CH), 119.5 (d, JC–F = 7.7 Hz, 2 x Ar–CH),
118.0 (2 x Ar–CH), 116.0 (d, JC–F = 22.4 Hz, 2 x Ar–CH), 20.8 (CH3) ppm.
19

F NMR (282 MHz, CDCl3): δ = -123.5 (tt, JF-H = 7.7, 5.3 Hz) ppm.

C13H12FN (201.24).
9.5.4.10 4-(p-Tolylamino)benzophenone (242)

Following general procedure A using 4-chlorobenzophenone (325 mg, 1.50 mmol) and p-toluidine (192 mg. 1.80 mmol), the desired compound 242 was obtained after purification by flash
column chromatography (hexanes/DCM 50:50 → 0:100 → EtOAc) as a yellow solid (471 mg,
1.49 mmol, 99%). The spectral data were in accordance with those reported in the literature.[382]
Rf = 0.50 (DCM).
1

H NMR (600 MHz, CDCl3): δ = 7.80 – 7.71 (m, 4H, 4 x Ar–H), 7.58 – 7.52 (m, 1H, Ar–H),

7.49 –7.43 (m, 2H, 2 x Ar–H), 7.16 (d, J = 8.3 Hz, 2H, 2 x Ar–H), 7.11 (d, J = 8.3 Hz, 2H, 2 x Ar–
H), 6.95 (d, J = 8.8 Hz, 2H, 2 x Ar–H), 6.13 (br s, 1H, NH), 2.35 (s, 3H, CH3) ppm.
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C NMR (150 MHz, CDCl3): δ = 195.3 (C=O), 149.1 (Ar–C), 138.9 (Ar–C), 137.9 (Ar–C), 133.6

13

(Ar–C), 132.9 (2 x Ar–CH), 131.6 (Ar–CH), 130.2 (2 x Ar–CH), 129.7 (2 x Ar–CH), 128.3 (Ar–
C), 128.2 (2 x Ar–CH), 121.7 (2 x Ar–CH), 21.0 (CH3) ppm.
C20H17NO (287.38).
9.5.4.11 N-p-Tolylpyridin-2-amine (243)

Following general procedure A using 2-chloropyridine (141 µL, 1.50 mmol) and p-toluidine
(192 mg. 1.80 mmol), the desired compound 243 was obtained after purification by flash column
chromatography (DCM/MeOH 100:0 → 98:2) as a tan solid (115 mg, 0.62 mmol, 42%). The
spectral data were in accordance with those reported in the literature.[379]
Rf = 0.33 (DCM/MeOH 98:2).
1

H NMR (400 MHz, CDCl3): δ = 8.18 (d, J = 4.3 Hz, 1H, Ar–H), 7.48 – 7.43 (m, 1H, Ar–H),

7.21 (d, J = 8.5 Hz, 2H, 2 x Ar–H), 7.15 (d, J = 8.5 Hz, 2H, 2 x Ar–H), 6.84 (br s, 1H, NH) 6.82
(d, J = 8.5 Hz, 2H, 2 x Ar–H), 6.69 (dd, J = 7.0, 5.1 Hz, 1H, Ar–H), 2.34 (s, 3H, CH3) ppm.
C NMR (100 MHz, CDCl3): δ = 156.8 (Ar–C), 148.5 (Ar–CH), 137.9 (Ar–C), 137.7 (Ar–CH),

13

132.9 (Ar–C), 130.0 (2 x Ar–CH), 121.4 (2 x Ar–CH), 114.7 (Ar–CH), 107.8 (Ar–CH), 21.0
(CH3) ppm.
C12H12N2 (184.24).
9.5.4.12 N-p-Tolylpyridin-3-amine (244)

Following general procedure A using 3-chloropyridine (141 µL, 1.50 mmol) and p-toluidine
(192 mg. 1.80 mmol), the desired compound 244 was obtained after purification by flash column
chromatography (DCM/MeOH 98:2) as an orange solid (214 mg, 1.16 mmol, 77%). The spectral
data were in accordance with those reported in the literature.[383]
Rf = 0.16 (DCM/MeOH 98:2).
1

H NMR (400 MHz, CDCl3): δ = 8.33 (d, J = 2.3 Hz, 1H, Ar–H), 8.11 (d, J = 4.2 Hz, 1H, Ar–

H), 7.36 – 7.30 (m, 1H, Ar–H), 7.17 – 7.07 (m, 3H, 3 x Ar–H), 7.05 – 6.96 (m, 2H, 2 x Ar–H),
6.01 (br s, 1H, NH), 2.32 (s, 3H, CH3) ppm.
C NMR (100 MHz, CDCl3): δ = 141.1 (Ar–CH), 140.9 (Ar–C), 139.3 (Ar–CH), 139.2 (Ar–C),

13

132.0 (Ar–C), 130.1 (2 x Ar–CH), 123.8 (Ar–CH), 122.4 (Ar–CH), 119.4 (2 x Ar–CH), 20.8
(CH3) ppm.
C12H12N2 (184.24).
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9.5.4.13 2-Methyl-N-p-tolylquinolin-4-amine (245)

Following general procedure A using 4-chloro-2-methylquinoline (302 µL, 1.50 mmol) and
p-toluidine (192 mg. 1.80 mmol), the desired compound 245 was obtained after purification by
flash column chromatography (EtOAc/MeOH 95:5) as a white solid (348 mg, 1.40 mmol, 93%).
(The NMR data were not in accordance with the literature,[300] but the identity of compound 245
was confirmed by HRMS)
Rf = 0.23 (EtOAc/MeOH 90:10).
H NMR (600 MHz, CDCl3): δ = 7.96 (d, J = 8.3 Hz, 1H, Ar–H), 7.87 (d, J = 8.3 Hz, 1H, Ar–

1

H), 7.66 – 7.60 (m, 1H, Ar–H), 7.42 (‘t’, J = 7.2 Hz, 1H, Ar–H), 7.23 (d, J = 8.3 Hz, 2H, 2 x Ar–
H), 7.19 (d, J = 8.3 Hz, 2H, 2 x Ar–H), 6.79 (s, 1H, Ar–H), 6.66 (br s, 1H, NH), 2.55 (s, 3H, CH3),
2.39 (s, 3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 159.7 (Ar–C), 149.0 (Ar–C), 148.1 (Ar–C), 137.4 (Ar–C),

134.6 (Ar–C), 130.4 (2 x Ar–CH), 129.45 (Ar–CH), 129.42 (Ar–CH), 124.5 (Ar–CH), 123.5
(2 x Ar–CH), 119.5 (Ar–CH), 118.2 (Ar–C), 102.1 (Ar–CH), 25.8 (CH3), 21.0 (CH3) ppm.
IR (ATR) υ = 2920, 1582, 1510, 1426, 1392, 1367, 1332, 1265, 1193, 1107, 1034, 993, 883, 768,
640, 618, 554 cm-1.
C17H16N2 (248.32).

calc.:

249.1392 [M+H]+

found: 249.1388 (APCI-HRMS).
9.5.4.14 3-Methoxy-N-p-tolylaniline (247)

Following general procedure A using 3-bromoanisole (190 µL, 1.50 mmol) and p-toluidine
(192 mg. 1.80 mmol), the desired compound 247 was obtained after purification by flash column
chromatography (hexanes/EtOAc 98:2) as a brown oil (292 mg, 1.37 mmol, 91%). The spectral
data were in accordance with those reported in the literature.[384]
Rf = 0.23 (hexanes/EtOAc 95:5).
1

H NMR (400 MHz, CDCl3): δ = 7.21 – 7.08 (m, 3H, 3 x Ar–H), 7.08 – 7.00 (m, 2H, 2 x Ar–H),

6.65 – 6.58 (m, 2H, 2 x Ar–H), 6.51 – 6.44 (m, 1H, Ar–H), 5.65 (br s, 1H, NH), 3.79 (s, 3H,
OCH3), 2.34 (s, 3H, CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 160.8 (Ar–C), 145.5 (Ar–C), 140.1 (Ar–C), 131.3 (Ar–C),

130.2 (Ar–CH), 130.0 (2 x Ar–CH), 119.5 (2 x Ar–CH), 109.5 (Ar–CH), 105.6 (Ar–CH), 102.5
(Ar–CH), 55.3 (OCH3), 20.8 (CH3) ppm.
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C14H15NO (213.28).
9.5.4.15 2-Fluoro-N-p-tolylaniline (248)

Following general procedure B using 2-bromofluorobenzene (163 µL, 1.50 mmol) and p-toluidine (192 mg. 1.80 mmol), the desired compound 248 was obtained after purification by flash
column chromatography (hexanes/EtOAc 98:2) as a brown oil (87 mg, 0.43 mmol, 29%).
Rf = 0.41 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 7.22 (dd, J = 11.8, 4.8 Hz, 1H, Ar–H), 7.11 (d, J = 8.1 Hz, 2H,

1

2 x Ar–H), 7.08 – 7.01 (m, 3H, 3 x Ar–H), 6.97 (t, J = 7.8 Hz, 1H, Ar–H), 6.81 – 6.74 (m, 1H,
Ar–H), 5.71 (br s, 1H, NH), 2.31 (s, 3H, CH3) ppm.
C NMR (150 MHz, CDCl3): δ = 152.7 (d, JC–F = 240 Hz, C–F), 139.3 (Ar–C), 132.7 (d, JC–

13
F

= 10.8 Hz, Ar–C), 131.9 (Ar–C), 130.1 (2 x Ar–CH), 124.4 (d, JC–F = 3.4 Hz, Ar–CH), 119.9

(2 x Ar–CH), 119.8 (d, JC–F = 7.2 Hz, Ar–CH), 116.2 (d, JC–F = 2.1 Hz, Ar–CH), 115.4 (d, JC–
F

= 19.0 Hz, Ar–CH), 20.9 (CH3) ppm.
F NMR (376 MHz, CDCl3): δ = -133.7 (m) ppm.
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IR (ATR) υ = 3416, 1611, 1515, 1327, 1227, 1186, 1097, 1034, 886, 811, 741, 526 cm-1.
C13H12NF (201.24).

calc.:

202.1032 [M+H]+

found: 202.1033 (ESI-HRMS).
9.5.4.16 2-Methoxy-N-p-tolylnaphthalen-1-amine (249)

Following general procedure B using 1-bromo-2-methoxynaphthalene (356 mg, 1.50 mmol)
and p-toluidine (192 mg. 1.80 mmol), the desired compound 249 was obtained after purification
by flash column chromatography (hexanes/EtOAc 98:2) as an orange solid (220 mg, 0.84 mmol,
56%).
m.p. = 78 – 80 °C. Rf = 0.34 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 7.87 – 7.81 (m, 2H, Ar–H), 7.71 (d, J = 9.0 Hz, 1H, Ar–H),

1

7.42 – 7.32 (m, 3H, 3 x Ar–H), 6.97 (d, J = 8.4 Hz, 2H, 2 x Ar–H), 6.59 (d, J = 8.4 Hz, 2H,
2 x Ar–H), 5.90 (br s, 1H, NH), 3.92 (s, 3H, OCH3), 2.26 (s, 3H, CH3) ppm.
C NMR (100 MHz, CDCl3): δ = 150.5 (Ar–C), 144.8 (Ar–C), 130.5 (Ar–C), 129.59 (2 x Ar–

13

CH), 129.56 (Ar–C), 128.7 (Ar–C), 128.2 (Ar–CH), 126.1 (Ar–CH), 125.7 (Ar–CH), 125.0 (Ar–
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C), 123.94 (Ar–CH), 123.88 (Ar–CH), 115.7 (2 x Ar–CH), 113.7 (Ar–CH), 56.8 (OCH3), 20.7
(CH3) ppm.
IR (ATR) υ = 3375, 1613, 1595, 1508, 1468, 1296, 1268, 1237, 1090, 1055, 1017, 958, 921, 803,
749, 626, 558, 539 cm-1.
C18H17NO (263.33).

calc.:

264.1388 [M+H]+

found: 264.1382 (ESI-HRMS).
9.5.4.17 2-Methyl-N-p-tolylnaphthalen-1-amine (250)

Following general procedure B using 1-bromo-2-methylnaphthalene (234 µL, 1.50 mmol)
and p-toluidine (192 mg. 1.80 mmol), the desired compound 250 was obtained after purification
by flash column chromatography (hexanes/EtOAc 98:2) as a tan solid (324 mg, 1.31 mmol, 87%).
m.p. = 54 – 56 °C. Rf = 0.41 (hexanes/EtOAc 95:5).
1

H NMR (400 MHz, CDCl3): δ = 8.02 – 7.96 (m, 1H, Ar–H), 7.89 – 7.83 (m, 1H, Ar–H), 7.70

(d, J = 8.4 Hz, 1H, Ar–H), 7.47 – 7.40 (m, 3H, 3 x Ar–H), 6.97 (d, J = 8.4 Hz, 2H, 2 x Ar–H),
6.48 (d, J = 8.4 Hz, 2H, 2 x Ar–H), 5.48 (br s, 1H, NH), 2.41 (s, 3H, CH3), 2.25 (s, 3H, CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 144.8 (Ar–C), 134.9 (Ar–C), 133.4 (Ar–C), 132.5 (Ar–C),

131.7 (Ar–C), 129.9 (2 x Ar–CH), 129.4 (Ar–CH), 128.2 (Ar–CH), 127.6 (Ar–C), 126.3 (Ar–
CH), 125.9 (Ar–CH), 125.3 (Ar–CH), 123.5 (Ar CH), 114.0 (2 x Ar–CH), 20.6 (CH3), 18.6
(CH3) ppm.
IR (ATR) υ = 3392, 1614, 1515, 1471, 1385, 1297, 1252, 1177, 1110, 1088, 804, 741 cm-1.
C18H17N (247.33).

calc.:

248.1439 [M+H]+

found: 248.1437 (ESI-HRMS).
9.5.4.18 N,N’-Bis(p-tolyl)-1,4-benzenediamine (251)

Following general procedure B (60 °C, 22h) using 4-bromochlorobenzene (287 mg,
1.50 mmol) and p-toluidine (160 mg, 1.50 mmol), compound 251 was obtained after purification
by flash column chromatography (hexanes/EtOAc 95:5 → 50:50) as a tan solid (177 mg,
0.61 mmol, 81%). The spectral data were in accordance with those reported in the literature.[385]
Rf = 0.15 (hexanes/EtOAc 95:5).
1

H NMR (400 MHz, CDCl3): δ = 7.06 (d, J = 8.3 Hz, 4H, 4 x Ar–H), 7.00 (s, 4H, 4 x Ar–H), 6.91

(d, J = 8.3 Hz, 4H, 4 x Ar–H), 5.46 (br s, 2H, NH), 2.30 (s, 6H, 2 CH3) ppm.
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C NMR (100 MHz, CDCl3): δ = 142.0 (2 x Ar–C), 137.6 (2 x Ar–C), 130.0 (4 x Ar–CH), 129.7

13

(2 x Ar–C), 120.0 (4 x Ar–CH), 117.2 (4 x Ar–CH), 20.7 (2 x CH3) ppm.
C20H20N2 (288.39).
9.5.4.19 N-(Pyridin-2-yl)-N-p-tolylpyridin-2-amine (243a)

Following general procedure A using 2-bromopyridine (143 µL, 1.50 mmol) and p-toluidine
(192 mg. 1.80 mmol), compound 243a was obtained after purification by flash column chromatography (DCM/MeOH 100:0 → 98:2) as a tan solid (162 mg, 0.62 mmol, 83%). The compound
was recrystallised from DCM/hexanes for further purification to give colourless crystals. The
spectral data were in accordance with those reported in the literature.[379] The yield of the desired
compound 243 was determined to be 14% by NMR.
Rf = 0.25 (DCM/MeOH 98:2).
1

H NMR (600 MHz, CDCl3): δ = 8.31 (ddd, J = 4.9, 2.0, 0.9 Hz, 2H, 2 x Ar–H), 7.19 (d, J = 8.2

Hz, 2H, 2 x Ar–H), 7.10 (d, J = 8.2 Hz, 2H, 2 x Ar–H), 6.99 (dt, J = 8.2, 0.9 Hz, 2H, 2 x Ar–H),
6.89 (ddd, J = 7.3, 4.9, 0.9 Hz, 2H, 2 Ar–H), 2.36 (s, 3H, CH3) ppm.
C NMR (150 MHz, CDCl3): δ = 158.4 (2 x Ar–C), 148.5 (2 x Ar–CH), 142.5 (Ar–C), 137.5

13

(2 x Ar–CH), 135.6 (Ar–C), 130.5 (2 x Ar–CH), 127.5 (2 x Ar–CH), 117.9 (2 x Ar–CH), 116.8
(2 x Ar–CH), 21.2 (CH3) ppm.
C17H15N3 (261.32).
9.5.4.20 2-Methyl-N-phenylaniline (254)

Following general procedure B using bromobenzene (181 µL, 1.50 mmol) and o-toluidine
(193 µL, 1.80 mmol), the desired compound 254 was obtained after purification by flash column
chromatography (hexanes/EtOAc 95:5) as a yellow liquid (255 mg, 1.39 mmol, 93%). The spectral data were in accordance with those reported in the literature.[380]
Rf = 0.45 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.28 – 7.23 (m, 3H, 3 x Ar–H), 7.20 (d, J = 7.4 Hz, 1H, Ar–H),

1

7.16 – 7.12 (m, 1H, Ar–H), 6.96 (d, J = 8.3 Hz, 2H, 2 x Ar–H), 6.94 – 6.89 (m, 2H, 2 x Ar–H),
5.37 (br s, 1H, NH), 2.26 (s, 3H, CH3) ppm.
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C NMR (150 MHz, CDCl3): δ = 144.1 (Ar–C), 141.4 (Ar–C), 131.1 (Ar–CH), 129.4 (2 x Ar–

CH), 128.5 (Ar–C), 126.9 (Ar–CH), 122.1 (Ar–CH), 120.6 (Ar–CH), 119.0 (Ar–CH), 117.6 (Ar–
H), 18.0 (CH3) ppm.
C13H13N (183.25).
9.5.4.21 2,4,6-Trimethyl-N-phenylaniline (255)

Following general procedure B using chlorobenzene (152 µL, 1.50 mmol) and 2,4,6-trimethylaniline (253 µL, 1.80 mmol), the desired compound 255 was obtained after purification by
flash column chromatography (hexanes/EtOAc 95:5) as an orange liquid (200 mg, 0.95 mmol,
63%). The spectral data were in accordance with those reported in the literature.[386]
Rf = 0.47 (hexanes/EtOAc 95:5).
1

H NMR (400 MHz, CDCl3): δ = 7.19 – 7.10 (m, 2H, 2 x Ar–H), 6.94 (s, 2H, 2 x Ar–H), 6.72 (tt,

J = 7.4, 1.1 Hz, 1H, Ar–H), 6.52 – 6.46 (m, 2H, 2 x Ar–H), 5.09 (br s, 1H, NH), 2.31 (s, 3H, CH3),
2.18 (s, 6H, 2 x CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 146.8 (Ar–C), 136.1 (2 x Ar–C), 135.7 (Ar–C), 135.5 (Ar–C),

129.35 (2 x Ar–CH), 129.34 (2 x Ar–CH), 118.0 (Ar–CH), 113.4 (2 x Ar–CH), 21.1 (CH3), 18.4
(2 x CH3) ppm.
C15H17N (211.30).
9.5.4.22 N-Phenylnaphthalen-1-amine (256)

Following general procedure B using bromobenzene (181 µL, 1.50 mmol) and 1-naphthylamine (258 mg, 1.80 mmol), the desired compound 256 was obtained after purification by flash
column chromatography (hexanes/EtOAc 95:5) as a tan solid (325 mg, 1.48 mmol, 99%). The
spectral data were in accordance with those reported in the literature.[387]
Rf = 0.36 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 8.04 – 7.99 (m, 1H, Ar–H), 7.89 – 7.85 (m, 1H, Ar–H), 7.57

1

(dd, J = 11.9, 4.5 Hz, 1H, Ar–H), 7.53 – 7.44 (m, 2H, 2 x Ar–H), 7.42 – 7.35 (m, 2H, 2 x Ar–H),
7.29 – 7.24 (m, 2H, 2 x Ar–H), 7.01 – 6.97 (m, 2H, 2 x Ar–H), 6.95 – 6.89 (m, 1H, Ar–H), 5.92
(br s, 1H, NH) ppm.
13

C NMR (100 MHz, CDCl3): δ = 144.9 (Ar–C), 138.9 (Ar–C), 134.8 (Ar–C), 129.5 (2 x Ar–

CH), 128.7 (Ar–CH), 127.9 (Ar–C), 126.24 (Ar–CH), 126.16 (Ar–CH), 125.8 (Ar–CH), 123.11
(Ar–CH), 121.9 (Ar–CH), 120.6 (Ar–CH), 117.5 (2 x Ar–CH), 116.0 (Ar–CH) ppm.
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C16H13N (219.28).
9.5.4.23 4-Methoxy-N-phenylaniline (257)

Following general procedure A using chlorobenzene (152 µL, 1.50 mmol) and p-anisidine
(222 mg, 1.80 mmol), the desired compound 257 was obtained after purification by flash column
chromatography (hexanes/EtOAc 98:2) as an off-white solid (292 mg, 1.47 mmol, 98%). The
spectral data were in accordance with those reported in the literature.[211]
Rf = 0.27 (hexanes/EtOAc 95:5).
1

H NMR (500 MHz, CDCl3): δ = 7.26 – 7.21 (m, 2H, 2 x Ar–H), 7.11 – 7.07 (m, 2H, 2 x Ar–H),

6.95 – 6.91 (m, 2H, 2 x Ar–H), 6.90 – 6.83 (m, 3H, 3 x Ar–H), 5.50 (br s, 1H, NH), 3.82 (s, 3H,
OCH3) ppm.
C NMR (125 MHz, CDCl3): δ = 155.4 (Ar–C), 145.3 (Ar–C), 135.9 (Ar–C), 129.4 (2 x Ar–

13

CH), 122.3 (2 x Ar–CH), 119.7 (Ar–CH), 115.8 (2 x Ar–CH), 114.8 (2 x Ar–CH), 55.7
(OCH3) ppm.
C13H13NO (199.25).
9.5.4.24 3,5-Dimethoxy-N-phenylaniline (258)

Following general procedure A using chlorobenzene (152 µL, 1.50 mmol) and 3,5-dimethoxyaniline (276 mg, 1.80 mmol), the desired compound 258 was obtained after purification by flash
column chromatography (hexanes/EtOAc 95:5) as a yellow oil (332 mg, 1.45 mmol, 97%). The
spectral data were in accordance with those reported in the literature.[388]
Rf = 0.23 (hexanes/EtOAc 90:10).
1

H NMR (400 MHz, CDCl3): δ = 7.35 – 7.28 (m, 2H, 2 x Ar–H), 7.17 – 7.12 (m, 2H, 2 x Ar–H),

7.02 – 6.97 (m, 1H, Ar–H), 6.28 (d, J = 2.2 Hz, 2H, 2 x Ar–H), 6.11 (t, J = 2.2 Hz, 1H, Ar–H),
5.75 (br s, 1H, NH), 3.80 (s, 6H, 2 x OCH3) ppm.
C NMR (100 MHz, CDCl3): δ = 161.8 (2 x Ar–C), 145.4 (Ar–C), 142.7 (Ar–C), 129.5 (2 x Ar–

13

CH), 121.6 (Ar–CH), 118.9 (2 x Ar–CH), 95.9 (2 x Ar–CH), 93.1 (Ar–CH), 55.4
(2 x OCH3) ppm.
C14H15NO2 (229.27).
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9.5.4.25 1-(4-(Phenylamino)phenyl)ethanone (259)

Following general procedure A (5 mol% BINAP instead of DPPF as the added ligand) using
chlorobenzene (152 µL, 1.50 mmol) and 4’-aminoacetophenone (243 mg, 1.80 mmol), the desired compound 259 was obtained after purification by flash column chromatography
(hexanes/EtOAc 80:20) as a yellow solid (100 mg, 0.47 mmol, 32%). The spectral data were in
accordance with those reported in the literature.[389]
Rf = 0.29 (hexanes/EtOAc 80:20).
H NMR (600 MHz, CDCl3): δ = 7.88 – 7.85 (m, 2H, 2 x Ar–H), 7.36 – 7.32 (m, 2H, 2 x Ar–H),

1

7.19 (dd, J = 8.5, 1.1 Hz, 2H, 2 x Ar–H), 7.08 (tt, J = 7.5, 1.1 Hz, 1H, Ar–H), 7.01 – 6.98 (m, 2H,
2 x Ar–H), 6.28 (br s, 1H, NH), 2.53 (s, 3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 196.6 (C=O), 148.6 (Ar–C), 140.8 (Ar–C), 130.7 (2 x Ar–CH),

129.6 (2 x Ar–CH), 129.0 (Ar–C), 123.4 (Ar–CH), 120.8 (2 x Ar–CH), 114.5 (2 x Ar–CH), 26.3
(CH3) ppm.
C14H13NO (211.26).
9.5.4.26 N-Methyl-N-phenylaniline (260)

Following general procedure B using chlorobenzene (152 µL, 1.50 mmol) and N-methylaniline (162 µL, 1.80 mmol), the desired compound 260 was obtained after purification by flash
column chromatography (hexanes/EtOAc 98:2) as a yellow liquid (173 mg, 0.94 mmol, 63%).
The spectral data were in accordance with those reported in the literature.[377]
Rf = 0.49 (hexanes/EtOAc 95:5).
1

H NMR (400 MHz, CDCl3): δ = 7.34 – 7.27 (m, 4H, 4 x Ar–H), 7.09 – 7.03 (m, 4H, 4 x Ar–H),

7.03 – 6.96 (m, 2H, 2 x Ar–H), 3.35 (s, 3H, CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 149.1 (2 x Ar–C), 129.3 (4 x Ar–CH), 121.4 (2 x Ar–CH),

120.6 (4 x Ar–CH), 40.4 (CH3) ppm.
C13H13N (183.25).
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9.5.4.27 N-Benzylaniline (261)

Following general procedure B using bromobenzene (158 µL, 1.50 mmol) and benzylamine
(197 µL, 1.80 mmol), the desired compound 261 was obtained after purification by flash column
chromatography (hexanes/EtOAc 98:2) as a pale yellow liquid (127 mg, 0.69 mmol, 46%). The
spectral data were in accordance with those reported in the literature.[390]
Rf = 0.30 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 7.45 – 7.36 (m, 4H, 4 x Ar–H), 7.35 – 7.29 (m, 1H, Ar–H),

1

7.25 – 7.20 (m, 2H, 2 x Ar–H), 6.77 (t, J = 7.3 Hz, 1H, Ar–H), 6.68 (d, J = 8.1 Hz, 2H, 2 x Ar–
H), 4.37 (s, 2H, CH2), 4.06 (br s, 1H, NH) ppm.
C NMR (100 MHz, CDCl3): δ = 146.3 (Ar–C), 139.5 (Ar–C), 129.4 (2 x Ar–CH), 128.7

13

(2 x Ar–CH), 127.6 (2 x Ar–CH), 127.3 (Ar–CH), 117.7 (Ar–CH), 112.9 (2 x Ar–CH), 48.4
(CH2) ppm.
C13H13N (183.25).
9.5.4.28 1-Phenylpyrrolidine (262)

Following general procedure B (BINAP instead of DPPF as the added ligand; 47 mg,
75 µmol, 5 mol%) using chlorobenzene (152 µL, 1.50 mmol) and pyrrolidine (148 µL,
1.80 mmol), the desired compound 262 was obtained after purification by flash column chromatography (hexanes/EtOAc 95:5) as a pale yellow liquid (108 mg, 0.73 mmol, 49%). The spectral
data were in accordance with those reported in the literature.[391]
Rf = 0.45 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 7.25 – 7.19 (m, 2H, 2 x Ar–H), 6.67 – 6.62 (m, 1H, Ar–H), 6.56

1

(d, J = 8.7 Hz, 2H, 2 x Ar–H), 3.27 (t, J = 6.5 Hz, 4H, 2 x CH2), 2.01 – 1.96 (m, 4H,
2 x CH2) ppm.
C NMR (100 MHz, CDCl3): δ = 148.1 (Ar–C), 129.2 (2 x Ar–CH), 115.5 (Ar–CH), 117.7

13

(2 x Ar–CH), 47.7 (2 x CH2), 25.6 (2 x CH2) ppm.
C10H13N (147.22).
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9.5.4.29 4-Phenylmorpholine (139)

Following general procedure A (BINAP instead of DPPF as the added ligand; 47 mg,
75 µmol, 5 mol%) using chlorobenzene (152 µL, 1.50 mmol) and morpholine (162 µL,
1.80 mmol), the desired compound 139 was obtained after purification by flash column chromatography (hexanes/EtOAc 98:2 → 95:5) as a tan solid (186 mg, 1.14 mmol, 76%). The spectral
data were in accordance with those reported in the literature.[211]
Rf = 0.18 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.32 – 7.27 (m, 2H, 2 x Ar–H), 6.93 (d, J = 7.9 Hz, 2H, 2 x Ar–

1

H), 6.90 (t, J = 7.3 Hz, 1H, Ar–H), 3.89 – 3.86 (m, 4H, 2 x CH2), 3.19 – 3.15 (m, 4H,
2 x CH2) ppm.
13

C NMR (150 MHz, CDCl3): δ = 151.4 (Ar–C), 129.3 (2 x Ar–CH), 120.2 (Ar–CH), 115.8

(2 x Ar–CH), 67.1 (2 x CH2), 49.5 (2 x CH2) ppm.
C10H13NO (163.22).
9.5.4.30 N-Benzyl-N-methylaniline (263)

Following general procedure B (BINAP instead of DPPF as the added ligand; 47 mg,
75 µmol, 5 mol%) using chlorobenzene (152 µL, 1.50 mmol) and N-benzylmethylamine (232 µg,
1.80 mmol), the desired compound 263 was obtained after purification by flash column chromatography (hexanes/EtOAc 95:5) as a pale yellow liquid (64 mg, 0.32 mmol, 22%). The spectral
data were in accordance with those reported in the literature.[392]
Rf = 0.51 (hexanes/EtOAc 95:5).
H NMR (300 MHz, CDCl3): δ = 7.42 – 7.25 (m, 7H, 7 x Ar–H), 6.85 – 6.74 (m, 3H, 3 x Ar–H),

1

4.60 (s, 2H, CH2), 3.08 (s, 3H, CH3) ppm.
13

C NMR (75 MHz, CDCl3): δ = 149.9 (Ar–C), 139.2 (Ar–C), 129.3 (2 x Ar–CH), 128.7 (2 x Ar–

CH), 127.0 (Ar–CH), 126.8 (2 x Ar–CH), 116.6 (Ar–CH), 112.4 (2 x Ar–CH), 56.7 (CH2), 38.6
(CH3) ppm.
C14H15N (197.28).
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9.5.4.31 1-Phenylpiperidine (265)

Following general procedure B ((BINAP instead of DPPF; 47 mg, 75 µmol, 5 mol%) using
chlorobenzene (152 µL, 1.50 mmol) and piperidine (178 µL, 1.80 mmol), the desired compound
265 was obtained after purification by flash column chromatography (hexanes/EtOAc 95:5) as a
colourless liquid (143 mg, 0.89 mmol, 59%). The spectral data were in accordance with those
reported in the literature.[393]
Rf = 0.32 (hexanes/EtOAc 95:5).
1

H NMR (400 MHz, CDCl3): δ = 7.26 – 7.20 (m, 2H, 2 x Ar–H), 6.96 – 6.91 (m, 2H, 2 x Ar–H),

6.84 – 6.78 (m, 1H, Ar–H), 3.14 (t, J = 5.7 Hz, 4H, 2 x CH2), 1.74 – 1.66 (m, 4H, 2 x CH2),
1.61 – 1.52 (m, 2H, CH2) ppm.
C NMR (100 MHz, CDCl3): δ = 152.4 (Ar–C), 129.1 (2 x Ar–CH), 119.3 (Ar–CH), 116.7

13

(2 x Ar–CH), 50.8 (2 x CH2), 26.0 (2 x CH2), 24.5 (CH2) ppm.
C11H15N (161.24).

9.5.5. General procedure for coupling with primary alkyl amines
A flame-dried Schlenk tube was loaded sequentially with NaOtBu (67 mg, 0.70 mmol,
1.40 equiv.), (binap)Ni[P(OPh)3]2·2PhCH3 (289) (37 mg, 25 µmol, 5 mol%), the corresponding
amine (0.60 mmol, 1.20 equiv.), and aryl halide (0.50 mmol, 1.00 equiv.). The mixture was dissolved in toluene (2 mL), placed into a preheated oil bath at 80 °C and stirred for 20 h. Upon
cooling, the reaction mixture was purified via flash column chromatography to give the desired
product. Note: All primary alkyl amines were distilled prior to use.
9.5.5.1

N-Hexylaniline (264)

Following the general procedure using chlorobenzene (50 µL, 0.50 mmol) and n-hexylamine
(79 µL, 0.60 mmol), the desired compound 264 was obtained after purification by flash column
chromatography (hexanes/EtOAc 95:5) as a pale yellow liquid (88 mg, 0.496 mmol, 99%). The
spectral data were in accordance with those reported in the literature.[393]
Rf = 0.38 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.21 – 7.17 (m, 2H, 2 x Ar–H), 6.71 (tt, J = 7.3, 1.1 Hz, 1H,

1

Ar–H), 6.64 – 6.61 (m, 2H, 2 x Ar–H), 3.60 (br s, 1H, NH), 3.14 – 3.11 (m, 2H, NHCH2), 1.66 –
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1.61 (m, 2H, CH2), 1.46 – 1.39 (m, 2H, CH2), 1.38 – 1.32 (m, 4H, 2 x CH2), 0.93 (t, J = 7.1 Hz,
3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 148.7 (Ar–C), 129.3 (2 x Ar–CH), 117.2 (Ar–CH), 112.8

(2 x Ar–CH), 44.1 (NHCH2), 31.8 (CH2), 29.7 (CH2), 27.0 (CH2), 22.7 (CH2), 14.2 (CH3) ppm.
C12H19N (177.29).
9.5.5.2

4-(Hexylamino)benzonitrile (293)

Following the general procedure using 4-chlorobenzonitrile (69 mg, 0.50 mmol) and n-hexylamine (79 µL, 0.60 mmol), the desired compound 293 was obtained after purification by flash
column chromatography (hexanes/EtOAc 90:10) as a tan solid (98 mg, 0.48 mmol, 96%). The
spectral data were in accordance with those reported in the literature.[394]
Rf = 0.19 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.40 (d, J = 8.9 Hz, 2H, 2 x Ar–H), 6.53 (d, J = 8.9 Hz, 2H,

1

2 x Ar–H), 4.20 (br s, 1H, NH), 3.13 (t, J = 7.2 Hz, 2H, NHCH2), 1.62 (‘quin’, J = 7.4 Hz, 2H,
CH2), 1.42 – 1.36 (m, 2H, CH2), 1.35 – 1.28 (m, 4H, 2 x CH2), 0.90 (t, J = 7.1 Hz, 3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 151.6 (Ar–C), 133.8 (2 x Ar–CH), 120.7 (CN), 112.1 (2 x Ar–

CH), 98.3 (Ar–C), 43.3 (NHCH2), 31.6 (CH2), 29.2 (CH2), 26.8 (CH2), 22.7 (CH2), 14.1
(CH3) ppm.
C12H19N (202.30).
9.5.5.3

N-Hexyl-4-(trifluoromethyl)aniline (294)

Following the general procedure using 4-chlorobenzotrifluoride (67 µL, 0.50 mmol) and
n-hexylamine (79 µL, 0.60 mmol), the desired compound 294 was obtained after purification by
flash column chromatography (hexanes/EtOAc 95:5) as a pale yellow liquid (87 mg, 0.35 mmol,
71%). The spectral data were in accordance with those reported in the literature.[395]
Rf = 0.33 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.39 (d, J = 8.6 Hz, 2H, 2 x Ar–H), 6.58 (d, J = 8.6 Hz, 2H,

1

2 x Ar–H), 3.95 (br s, 1H, NH), 3.13 (t, J = 7.1 Hz, 2H, NHCH2), 1.63 (‘quin’, J = 7.4 Hz, 2H,
CH2), 1.45 – 1.37 (m, 2H, CH2), 1.37 – 1.29 (m, 4H, 2 x CH2), 0.91 (t, J = 6.9 Hz, 3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 151.0 (Ar–C), 126.7 (q, JC–F = 3.8 Hz, 2 x Ar–CH), 125.2 (q,

JC–F = 270.0 Hz, CF3), 118.5 (q, JC–F = 32.6 Hz, CF3C), 43.7 (NHCH2), 31.7 (CH2), 29.4 (CH2),
26.9 (CH2), 22.7 (CH2), 14.2 (CH3) ppm.
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F NMR (282 MHz, CDCl3): δ = -61.3 ppm.
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C13H18F3N (245.28).
9.5.5.4

N-(4-Benzoylphenyl)hexylamine (295)

Following the general procedure using 4-chlorobenzophenone (108 mg, 0.50 mmol) and
n-hexylamine (79 µL, 0.60 mmol), the desired compound 295 was obtained after purification by
flash column chromatography (hexanes/EtOAc 90:10) as a yellow solid (125 mg, 0.49 mmol,
98%). The spectral data were in accordance with those reported in the literature.[272]
Rf = 0.27 (hexanes/EtOAc 90:10).
H NMR (400 MHz, CDCl3): δ = 7.76 – 7.70 (m, 4H, 4 x Ar–H), 7.54 – 7.49 (m, 1H, Ar–H),

1

7.47 – 7.42 (m, 2H, 2 x Ar–H), 6.57 (d, J = 8.9 Hz, 2H, 2 x Ar–H), 4.30 (br s, 1H, NH), 3.18 (t,
J = 7.1 Hz, 2H, NHCH2), 1.64 (‘quin’, J = 7.2 Hz, 2H, CH2), 1.46–1.26 (m, 6H, 3 x CH2), 0.91
(t, J = 7.0 Hz, 3H, CH3) ppm.
C NMR (100 MHz, CDCl3): δ = 195.2 (C=O), 152.4 (Ar–C), 139.3 (Ar–C), 133.1 (2 x Ar–CH),

13

131.2 (Ar–CH), 129.5 (2 x Ar–CH), 128.1 (2 x Ar–CH), 125.9 (Ar–C), 111.3 (2 x Ar–CH), 43.4
(NHCH2), 31.7 (CH2), 29.4 (CH2), 26.8 (CH2), 22.7 (CH2), 14.1 (CH3) ppm.
C19H23NO (281.39).
9.5.5.5

N-Hexyl-3-methylaniline (299)

Following the general procedure using 3-chlorotoluene (59 µL, 0.50 mmol) and n-hexylamine (79 µL, 0.60 mmol), the desired compound 302 was obtained after purification by flash
column chromatography (hexanes/EtOAc 95:5) as a pale yellow liquid (78 mg, 0.41 mmol, 82%).
The spectral data were in accordance with those reported in the literature.[389]
Rf = 0.38 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.07 (‘t’, J = 7.6 Hz, 1H, Ar–H), 6.53 (d, J = 7.4 Hz, 1H, Ar–

1

H), 6.46 – 6.40 (m, 2H, 2 x Ar–H), 3.54 (br s, 1H, NH), 3.10 (t, J = 7.1 Hz, 2H, NHCH2), 2.29 (s,
3H, Ar–CH3), 1.62 (‘quin’, J = 7.4 Hz, 2H, CH2), 1.45 – 1.37 (m, 2H, CH2), 1.36 – 1.31 (m, 4H,
2 x CH2), 0.92 (t, J = 7.0 Hz, 3H, CH2CH3) ppm.
C NMR (150 MHz, CDCl3): δ = 148.8 (Ar–C), 139.1 (Ar–C), 129.2 (Ar–CH), 118.2 (Ar–CH),

13

113.6 (Ar–H), 110.0 (Ar–H), 44.2 (NHCH2), 31.8 (CH2), 29.8 (CH2), 27.0 (CH2), 22.8 (CH2),
21.8 (Ar–CH3), 14.2 (CH2CH3) ppm.
C13H21N (191.31).
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9.5.5.6

N-Hexyl-4-methoxyaniline (300)

Following the general procedure using 4-chloroanisole (61 µL, 0.50 mmol) and n-hexylamine (79 µL, 0.60 mmol), the desired compound 300 was obtained after purification by flash
column chromatography (hexanes/EtOAc 95:5) as a brown-yellow liquid (80 mg, 0.39 mmol,
78%). The spectral data were in accordance with those reported in the literature.[396]
Rf = 0.31 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 6.79 (d, J = 8.9 Hz, 2H, 2 x Ar–H), 6.58 (d, J = 8.6 Hz, 2H,

1

2 x Ar–H), 3.75 (s, 3H, OCH3), 3.20 (br s, 1H, NH), 3.06 (t, J = 7.1 Hz, 2H, NHCH2), 1.60 (‘quin’,
J = 7.3 Hz, 2H, CH2), 1.43 – 1.36 (m, 2H, CH2), 1.36 – 1.29 (m, 4H, 2 x CH2), 0.91 (t, J = 7.1 Hz,
3H, CH2CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 152.1 (Ar–C), 143.0 (Ar–C), 115.0 (2 x Ar–CH), 114.1

(2 x Ar–CH), 56.0 (OCH3), 45.2 (NHCH2), 31.8 (CH2), 29.8 (CH2), 27.0 (CH2), 22.8 (CH2), 14.2
(CH2CH3) ppm.
C13H21NO (207.31).
9.5.5.7

N-Hexyl-3-methoxyaniline (301)

Following the general procedure using 3-chloroanisole (61 µL, 0.50 mmol) and n-hexylamine (79 µL, 0.60 mmol), the desired compound 301 was obtained after purification by flash
column chromatography (hexanes/EtOAc 98:2) as a colourless liquid (90 mg, 0.43 mmol, 86%).
The spectral data were in accordance with those reported in the literature.[397]
Rf = 0.33 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.08 (‘t’, J = 8.1 Hz, 1H, Ar–H), 6.27 (ddd, J = 8.1, 2.3, 0.8 Hz,

1

1H, Ar–H), 6.23 (ddd, J = 8.1, 2.3, 0.8 Hz, 1H, Ar–H), 6.17 (‘t’, J = 2.3 Hz, 1H, Ar–H), 3.78 (s,
3H, OCH3), 3.64 (br s, 1H, NH), 3.10 (t, J = 7.1 Hz, 2H, NHCH2), 1.62 (‘quin’, J = 7.3 Hz, 2H,
CH2), 1.44 – 1.37 (m, 2H, CH2), 1.36 – 1.29 (m, 4H, 2 x CH2), 0.91 (t, J = 7.1 Hz, 3H,
CH2CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 161.0 (Ar–C), 150.1 (Ar–C), 130.0 (Ar–CH), 106.0 (Ar–CH),

102.2 (Ar–H), 98.7 (Ar–H), 55.2 (OCH3), 44.1 (NHCH2), 31.8 (CH2), 29.6 (CH2), 27.0 (CH2),
22.8 (CH2), 14.2 (CH2CH3) ppm.
C13H21NO (207.31).
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9.5.5.8

N-Hexyl-2-methoxynaphthalen-1-amine (302)

Following the general procedure using 1-bromo-2-methoxynaphthalene (119 mg,
0.50 mmol) and n-hexylamine (79 µL, 0.60 mmol), the desired compound 302 was obtained after
purification by flash column chromatography (hexanes/EtOAc 95:5) as a colourless liquid
(46 mg, 0.18 mmol, 36%). Some of the ArBr starting material was also recovered (50 mg, 62%
yield based on recovered material).
Rf = 0.27 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 8.08 (d, J = 8.6 Hz, 1H, Ar–H), 7.77 (d, J = 8.2 Hz, 1H, Ar–

1

H), 7.49 (d, J = 8.9 Hz, 1H, Ar–H), 7.44 (‘t’, J = 7.9 Hz, 1H, Ar–H), 7.33 (‘t’, J = 7.9 Hz, 1H,
Ar–H), 7.26 (d, J = 8.9 Hz, 1H, Ar–H), 3.96 (s, 3H, OCH3), 3.89 (br s, 1H, NH), 3.22 (t,
J = 7.2 Hz, 2H, NHCH2), 1.64 (‘quin’, J = 7.3 Hz, 2H, CH2), 1.46 – 1.38 (m, 2H, CH2), 1.37 –
1.29 (m, 4H, 2 x CH2), 0.92 (t, J = 6.9 Hz, 3H, CH2CH3) ppm.
C NMR (150 MHz, CDCl3): δ = 147.8 (Ar–C), 133.0 (Ar–C), 130.1 (Ar–C), 128.6 (Ar–C),

13

128.4 (Ar–CH), 125.3 (Ar–CH), 123.6 (Ar–CH), 123.1 (Ar–CH), 122.4 (Ar–CH), 113.6 (Ar–
CH), 56.9 (OCH3), 50.6 (NHCH2), 31.9 (CH2), 31.2 (CH2), 26.9 (CH2), 22.8 (CH2), 14.2
(CH2CH3) ppm.
IR (ATR) υ = 2927, 2855, 1595, 1513, 1465, 1394, 1263, 1099, 1067, 1020, 907, 799, 729 cm-1.
MS (ESI) m/z (%) = 258.2 (100) [M+H]+, 208.0 (65), 186.0 (28), 143.1 (22).
C17H23NO (257.37).

calc.:

258.1858 [M+H]+

found: 258.1864 (ESI-HRMS).
9.5.5.9

N-Hexyl-2-methylnaphthalen-1-amine (303)

Following the general procedure using 1-bromo-2-methylnaphthalene (78 mg, 0.50 mmol)
and n-hexylamine (79 µL, 0.60 mmol), the desired compound 303 was obtained after purification
by flash column chromatography (hexanes/EtOAc 98:2) as a pale yellow liquid (96 mg,
0.40 mmol, 80%).
Rf = 0.34 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 8.10 (d, J = 8.5 Hz, 1H, Ar–H), 7.80 (d, J = 8.1 Hz, 1H, Ar–

1

H), 7.49 – 7.45 (m, 2H, 2 x Ar–H), 7.41 (‘t’, J = 7.5 Hz, 1H, Ar–H), 7.29 (d, J = 8.3 Hz, 1H, Ar–
H), 3.24 (br s, 1H, NH), 3.17 (t, J = 7.2 Hz, 2H, NHCH2), 2.46 (s, 3H, Ar–CH3), 1.70 (‘quin’,
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J = 7.4 Hz, 2H, CH2), 1.48 – 1.40 (m, 2H, CH2), 1.38 – 1.31 (m, 4H, 2 x CH2), 0.92 (t, J = 6.9 Hz,
3H, CH2CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 143.1 (Ar–C), 133.6 (Ar–C), 129.4 (Ar–CH), 128.6 (Ar–C),

128.3 (Ar–CH), 125.2 (Ar–CH), 125.1 (Ar–C), 124.8 (Ar–CH), 122.9 (Ar–CH), 122.3 (Ar–CH),
50.6 (NHCH2), 31.8 (CH2), 31.4 (CH2), 27.0 (CH2), 22.7 (CH2), 18.2 (Ar–CH3), 14.1
(CH2CH3) ppm.
IR (ATR) υ = 2925, 2855, 1572, 1510, 1465, 1390, 1374, 1097, 802, 784, 739, 664, 572 cm-1.
MS (ESI) m/z (%) = 242.2 (100) [M+H]+, 186.0 (23), 146.1 (19).
C17H23N (241.37).

calc.:

242.1909 [M+H]+

found: 242.1916 (ESI-HRMS).
9.5.5.10 N-Hexyl-2-methylquinolin-4-amine (304)

Following the general procedure using 4-chloro-2-methylquinoline (101 µL, 0.50 mmol) and
n-hexylamine (79 µL, 0.60 mmol), the desired compound 304 was obtained after purification by
flash column chromatography (EtOAc/MeOH 90:10) as a tan solid (82 mg, 0.34 mmol, 68%).
m.p. = 115 – 117 °C. Rf = 0.16 (EtOAc/MeOH 90:10).
H NMR (500 MHz, CDCl3): δ = 7.90 (dd, J = 8.3, 0.8 Hz, 1H, Ar–H), 7.68 (d, J = 7.8 Hz, 1H,

1

Ar–H), 7.58 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H, Ar–H), 7.35 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H, Ar–H),
6.30 (s, 1H, Ar–H), 5.03 (br s, 1H, NH), 3.28 (td, J = 7.2, 5.3 Hz, 2H, NHCH2), 2.61 (s, 3H, Ar–
CH3), 1.75 (‘quin’, J = 7.4 Hz, 2H, CH2), 1.51 – 1.41 (m, 2H, CH2), 1.41 – 1.30 (m, 4H, 2 x CH2),
0.91 (t, J = 7.1 Hz, 3H, CH2CH3) ppm.
13

C NMR (125 MHz, CDCl3): δ = 159.5 (Ar–C), 150.0 (Ar–C), 148.1 (Ar–C), 129.2 (Ar–CH),

129.0 (Ar–CH), 124.0 (Ar–CH), 119.3 (Ar–CH), 117.4 (Ar–C), 99.1 (Ar–CH), 43.4 (NHCH2),
31.7 (CH2), 29.1 (CH2), 27.0 (CH2), 25.7 (Ar–CH3), 22.7 (CH2), 14.1 (CH2CH3) ppm.
IR (ATR) υ = 3234, 2926, 1587, 1559, 1428, 1359, 1259, 1192, 1149, 1130, 1035, 988, 865, 827,
766, 725, 647, 624 cm-1.
MS (ESI) m/z (%) = 243.2 (100) [M+H]+, 208.0 (75), 186.0 (26), 143.1 (52).
C16H22N2 (242.36).

calc.:

243.1861 [M+H]+

found: 243.1868 (ESI-HRMS).
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9.5.5.11 N-Hexylpyridin-3-amine (305)

Following the general procedure using 3-chloropyridine (47 µL, 0.50 mmol) and n-hexylamine (79 µL, 0.60 mmol), the desired compound 305 was obtained after purification by flash
column chromatography (DCM/MeOH 96:4) as a yellow solid (55 mg, 0.31 mmol, 62%). The
spectral data were in accordance with those reported in the literature.[395]
Rf = 0.45 (DCM/MeOH 94:6).
H NMR (500 MHz, CDCl3): δ = 8.01 (s, 1H, Ar–H), 7.93 (s, 1H, Ar–H), 7.06 (dd, J = 8.2,

1

4.6 Hz, 1H, Ar–H), 6.84 (d, J = 8.2 Hz, 1H, Ar–H), 3.69 (br s, 1H, NH), 3.10 (t, J = 7.1 Hz, 2H,
NHCH2), 1.61 (‘quin’, J = 7.1 Hz, 2H, CH2), 1.42 – 1.35 (m, 2H, CH2), 1.34 – 1.27 (m, 4H,
2 x CH2), 0.89 (t, J = 6.7 Hz, 3H, CH3) ppm.
C NMR (150 MHz, CDCl3): δ = 144.6 (Ar–C), 138.6 (Ar–CH), 136.1 (Ar–CH), 123.8 (Ar–

13

CH), 118.4 (Ar–CH), 43.7 (NHCH2), 31.7 (CH2), 29.5 (CH2), 26.9 (CH2), 22.7 (CH2), 14.2
(CH3) ppm.
C11H18N2 (178.27).
9.5.5.12 Indoline (306)

Following the general procedure (100 °C) using 2-(2-chlorophenyl)ethylamine (141 µL,
1.00 mmol), the desired compound 306 was obtained after purification via flash column chromatography (hexanes/EtOAc 90:10) as a brown liquid (91 mg, 0.76 mmol, 76%). The spectral data
were in accordance with those reported in the literature.[398]
Rf = 0.38 (hexanes/EtOAc 90:10).
H NMR (600 MHz, CDCl3): δ = 7.13 (d, J = 7.3 Hz, 1H, Ar–H), 7.03 (‘t’, J = 7.7 Hz, 1H, Ar–

1

H), 6.72 (‘t’, J = 7.3 Hz, 1H, Ar–H), 6.66 (d, J = 7.7 Hz, 1H, Ar–H), 3.68 (br s, 1H, NH), 3.56 (t,
J = 8.4 Hz, 2H, CH2), 3.04 (t, J = 8.4 Hz, 2H, CH2) ppm.
C NMR (150 MHz, CDCl3): δ = 151.7 (Ar–C), 129.5 (Ar–C), 127.34 (Ar–CH), 124.8 (Ar–CH),

13

118.8 (Ar–CH), 109.6 (Ar–CH), 47.4 (CH2), 30.0 (CH2) ppm.
C8H9N (119.16).
Note: The product contained ca. 10% (w/w) indole which was inseparable by normal column
chromatography.
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9.5.5.13 4-((tert-Butyldimethylsilyl)oxy)-N-hexylaniline (307)

Following the general procedure using tert-butyl(4-chlorophenoxy)dimethylsilane (121 mg,
120 μL, 0.500 mmol) and n-hexylamine (79.0 µL, 0.600 mmol), the desired compound 307 was
obtained after purification via flash column chromatography (hexanes/EtOAc 98:2) as a pale yellow oil (91.0 mg, 0.300 mmol, 60 %).
Rf = 0.36 (hexanes/EtOAc 95:5).
H NMR (400 MHz, CDCl3): δ = 6.69 (d, J = 8.8 Hz, 2H, 2 x Ar–H), 6.51 (d, J = 8.8 Hz, 2H,

1

2 x Ar–H), 3.15 (br s, 1H, NH), 3.05 (t, J = 7.1 Hz, 2H, NHCH2), 1.60 (‘quin’, J = 7.2 Hz, 2H,
CH2), 1.45 – 1.26 (m, 6H, 3 x CH2), 0.97 (s, 9H, SiC(CH3)3) 0.90 (t, J = 6.5 Hz, 3H, CH2CH3),
0.15 (s, 6H, Si(CH3)2) ppm.
13

C NMR (100 MHz, CDCl3): δ = 147.4 (Ar–C), 143.2 (Ar–C), 120.8 (2 x Ar–CH), 114.0

(2 x Ar–CH), 45.1 (NHCH2), 31.8 (CH2), 29.8 (CH2), 27.0 (CH2), 25.9 (SiC(CH3)3), 22.8 (CH2),
18.3 (SiC(CH3)3), 14.2 (CH2CH3), -4.3 (Si(CH3)2) ppm.
IR (ATR) υ = 2956, 2928, 2857, 1509, 1472, 1238, 920, 906, 837, 821, 777, 694 cm-1.
MS (EI) m/z (%) = 307.2 (22) [M•]+, 250.2 (20), 236.1 (42), 73.0 (83), 57.1 (100).
C18H33NOSi (307.55).

calc.:

307.2331 [M•]+

found: 307.2325 (EI-HRMS).
9.5.5.14 N-Isobutyl-3-methylaniline (318)

Following the general procedure (60 °C) using 3-chlorotoluene (59 µL, 0.50 mmol) and isobutylamine (60 µL, 0.60 mmol), the desired compound 318 was obtained after purification by
flash column chromatography (hexanes/EtOAc 98:2) as a colourless oil (63 mg, 0.39 mmol,
78%).
Rf = 0.47 (hexanes/EtOAc 95:5).
H NMR (300 MHz, CDCl3): δ = 7.10 – 7.02 (m, 1H, Ar–H), 6.51 (d, J = 7.8 Hz, 1H, Ar–H),

1

6.46 – 6.39 (m, 2H, 2 x Ar–H), 3.65 (br s, 1H, NH), 2.92 (d, J = 6.8 Hz, 2H, CH2), 2.28 (s, 3H,
Ar–CH3), 1.88 (‘non’, J = 6.8 Hz, 1H, CH(CH3)2), 0.98 (d, J = 6.8 Hz, 6H, CH(CH3)2) ppm.
13

C NMR (75 MHz, CDCl3): δ = 148.7 (Ar–C), 139.1 (Ar–C), 129.2 (Ar–CH), 118.0 (Ar–CH),

113.5 (Ar–CH), 109.9 (Ar–CH), 51.9 (CH2), 28.2 (CH(CH3)2), 21.8 (CH3), 20.6 (CH(CH3)2) ppm.
IR (ATR) υ = 3416, 2955, 2869, 1604, 1511, 1491, 1471, 1326, 1270, 1181, 1167, 1092, 992,
842, 765, 691 cm-1.
MS (EI) m/z (%) = 163.1 (70) [M•]+, 120.1 (100) [M-CH(CH3)2•]+, 91.1 (42) [PhCH3•]+.
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C11H17N (163.26).

calc.:

163.1361 [M•]+

found: 163.1362 (EI-HRMS).
9.5.5.15 N-Cyclohexyl-3-methylaniline (319)

Following the general procedure using 3-chlorotoluene (59 µL, 0.50 mmol), cyclohexylamine (45 µL, 0.60 mmol) and an extra equivalent of BINAP (16 mg, 0.025 mmol, 5 mol%), the
desired compound 319 was obtained after purification by flash column chromatography (hexanes/EtOAc 98:2) as a colourless liquid (64 mg, 0.31 mmol, 62%). The spectral data were in
accordance with those reported in the literature.[399]
Rf = 0.47 (hexanes/EtOAc 95:5).
H NMR (300 MHz, CDCl3): δ = 7.09 – 7.02 (m, 1H, Ar–H), 6.50 (d, J = 6.6 Hz, 1H, Ar–H),

1

6.46 – 6.39 (m, 2H, 2 x Ar–H), 3.26 (br s, 1H, NH), 3.26 (tt, J = 10.0, 3.7 Hz, 1H, NHCH), 2.28
(s, 3H, CH3), 2.12 – 2.01 (m, 2H, Cy), 1.83 – 1.62 (m, 3H, Cy), 1.47 – 1.07 (m, 5H, Cy) ppm.
C NMR (75 MHz, CDCl3): δ = 147.5 (Ar–C), 139.1 (Ar–C), 129.2 (Ar–CH), 117.9 (Ar–CH),

13

114.0 (Ar–CH), 110.4 (Ar–CH), 51.7 (NHCH), 33.7 (2 x CH2), 26.1 (CH2), 25.2 (2 x CH2), 21.8
(CH3) ppm.
C13H19N (189.30).
(±)-3-Methyl-N-(1-phenylethyl)aniline (320)

Following the general procedure using 3-chlorotoluene (59 µL, 0.50 mmol) and
(±)-α-methylbenzylamine (60 µL, 0.60 mmol), the desired compound 320 was obtained after purification by flash column chromatography (hexanes/EtOAc 98:2) as a pale yellow liquid (87 mg,
0.41 mmol, 82%). The spectral data were in accordance with those reported in the literature.[400]
Rf = 0.41 (hexanes/EtOAc 95:5).
H NMR (300 MHz, CDCl3): δ = 7.42 – 7.19 (m, 5H, 5 x Ar–H), 6.99 (‘t’, J = 7.6 Hz, 1H, Ar–

1

H), 6.49 (d, J = 7.6 Hz, 1H, Ar–H), 6.38 (s, 1H, Ar–H), 6.32 (d, J = 7.6 Hz, 1H, Ar–H), 4.49 (q,
J = 6.7 Hz, 1H, CHCH3), 3.99 (br s, 1H, NH), 2.23 (s, 3H, Ar–CH3), 1.52 (d, J = 6.7 Hz, 3H,
CHCH3) ppm.
C NMR (75 MHz, CDCl3): δ = 147.4 (Ar–C), 145.5 (Ar–C), 139.0 (Ar–C), 129.1 (Ar–CH),

13

128.7 (2 x Ar–CH), 126.9 (Ar–CH), 126.0 (2 x Ar–CH), 118.3 (Ar–CH), 114.2 (Ar–CH), 110.4
(Ar–CH), 53.5 (CHCH3), 25.1 (CHCH3), 21.8 (Ar–CH3) ppm.
C15H17N (211.30).
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9.5.5.16 4-(Benzylamino)benzonitrile (321)

Following the general procedure using 4-chlorobenzonitrile (69 mg, 0.50 mmol) and benzylamine (66 µL, 0.60 mmol), the desired compound 321 was obtained after purification via flash
column chromatography (hexanes/EtOAc 90:10) as a white solid (94 mg, 0.45 mmol, 90%). The
spectral data were in accordance with those reported in the literature.[401]
Rf = 0.13 (hexanes/EtOAc 90:10).
H NMR (300 MHz, CDCl3): δ = 7.54 – 7.07 (m, 7H, 7 x Ar–H), 6.55 (d, J = 8.7 Hz, 2H, 2 x Ar–

1

H), 4.74 (br s, 1H, NH), 4.33 (d, J = 3.5 Hz, 2H, CH2) ppm.
13

C NMR (100 MHz, CDCl3): δ = 151.2 (Ar–C), 137.9 (Ar–C), 133.8 (2 x Ar–CH), 129.0

(2 x Ar–CH), 127.8 (Ar–CH), 127.4 (2 x Ar–CH), 120.5 (CN), 112.5 (2 x Ar–CH), 99.2 (Ar–C),
47.6 (CH2) ppm.
C14H12N2 (208.26).
9.5.5.17 N-Benzyl-3-methylaniline (322)

Following the general procedure using 3-chlorotoluene (59 µL, 0.50 mmol) and benzylamine
(66 µL, 0.60 mmol), the desired compound 322 was obtained after purification by flash column
chromatography (hexanes/EtOAc 95:5) as a pale yellow liquid (74 mg, 0.38 mmol, 76%). The
spectral data were in accordance with those reported in the literature.[402]
Rf = 0.32 (hexanes/EtOAc 95:5).
H NMR (600 MHz, CDCl3): δ = 7.41 – 7.34 (m, 4H, 4 x Ar–H), 7.29 (t, J = 7.1 Hz, 1H, Ar–H),

1

7.09 (t, J = 7.7 Hz, 1H, Ar–H), 6.57 (dd, J = 7.4, 0.6 Hz, 1H, Ar–H), 6.50 (s, 1H, Ar–H), 6.47 (d,
J = 8.0 Hz, 1H, Ar–H), 4.34 (s, 2H, CH2), 3.97 (br s, 1H, NH), 2.29 (s, 3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 148.4 (Ar–C), 139.7 (Ar–C), 139.2 (Ar–C), 129.3 (Ar–CH),

128.7 (2 x Ar–CH), 127.7 (2 x Ar–CH), 127.3 (Ar–CH), 118.7 (Ar–CH), 113.8 (Ar–CH), 110.1
(Ar–CH), 48.5 (CH2), 21.8 (CH3) ppm.
C14H15N (197.28).

Experimental procedures – Part II| 237
9.5.5.18 (±)-2-Methyl-N-(1-phenylethyl)naphthalen-1-amine (323)

Following the general procedure using 1-bromo-2-methylnaphthalene (78 µL, 0.50 mmol)
and (±)-α-methylbenzylamine (60 µL, 0.60 mmol), the desired compound 323 was obtained after
purification via flash column chromatography (hexanes/EtOAc 98:2) as a light brown oil (52 mg,
0.20 mmol, 40%).
Rf = 0.16 (hexanes/EtOAc 98:2).
H NMR (400 MHz, CDCl3): δ = 8.04 (d, J = 8.2 Hz, 1H, Ar–H), 7.75 (d, J = 7.6 Hz, 1H, Ar–

1

H), 7.43 – 7.35 (m, 3H, 3 x Ar–H), 7.31 – 7.21 (m, 5H, 5 x Ar–H), 7.18 (d, J = 8.2 Hz, 1H, Ar–
H), 4.51 (q, J = 6.8 Hz, 1H, CH3CH), 3.49 (br s, 1H, NH), 2.16 (s, 3H, Ar–CH3), 1.56 (d,
J = 6.8 Hz, 3H, CH3CH) ppm.
C NMR (100 MHz, CDCl3): δ = 145.1 (Ar–C), 141.5 (Ar–C), 133.8 (Ar–C), 129.3 (Ar–CH),

13

129.0 (Ar–C), 128.5 (2 x Ar–CH), 128.4 (Ar–CH), 127.2 (Ar–CH), 126.3 (2 x Ar–CH), 125.9
(Ar–C), 125.3 (Ar–CH), 124.9 (Ar–CH), 123.3 (Ar–CH), 58.7 (CH), 22.7 (ArCH3), 18.5
(CH3CH) ppm.
IR (ATR) υ = 3050, 2971, 1569, 1455, 1373, 1091, 1018, 928, 804, 763, 748, 718, 692, 540 cm-1.
MS (EI) m/z (%) = 261 (40) [M•]+, 157 (100), 105 (85).
C19H19N (261.36).

calc.:

261.1517 [M•]+

found: 261.1516 (EI-HRMS).
9.5.5.19 N-Allyl-3-methylaniline (324)

Following the general procedure (sealed Schlenk tube) using 3-chlorotoluene (59 µL,
0.50 mmol), allylamine (45 µL, 0.60 mmol) and an extra equivalent of BINAP (16 mg,
0.025 mmol, 5 mol%), the desired compound 324 was obtained after purification by flash column
chromatography (hexanes/EtOAc 98:2) as a colourless liquid (42 mg, 0.29 mmol, 58%). The
spectral data were in accordance with those reported in the literature.[380]
Rf = 0.44 (hexanes/EtOAc 95:5).
H NMR (300 MHz, CDCl3): δ = 7.13 – 7.06 (m, 1H, Ar–H), 6.57 (d, J = 7.7 Hz, 1H, Ar–H),

1

6.50 – 6.44 (m, 2H, 2 x Ar–H), 5.98 (ddt, J = 17.2, 10.4, 5.4 Hz, 1H, CH=CH2), 5.30 (‘dq’,
J = 17.2, 1.6 Hz, 1H, CH=CHtransHcis), 5.18 (‘dq’, J = 10.4, 1.6 Hz, 1H, CH=CHtransHcis), 3.79
(‘dt’, J = 5.4, 1.6 Hz, 2H, CH2CH), 3.75 (br s, 1H, NH), 2.30 (s, 3H, CH3) ppm.
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13

C NMR (75 MHz, CDCl3): δ = 148.2 (Ar–C), 139.1 (Ar–C), 135.6 (CH=CH2), 129.2 (Ar–CH),

118.6 (Ar–CH), 116.2 (CH=CH2), 113.9 (Ar–CH), 110.2 (Ar–CH), 46.7 (CH2CH), 21.8
(CH3) ppm.
C10H13N (147.22).
9.5.5.20 3-Methyl-N-(2-pyridinylmethyl)aniline (326)

Following the general procedure using 3-chlorotoluene (59 µL, 0.50 mmol) and 2-pyridinylmethylamine (62 µL, 0.60 mmol), the desired compound 326 was obtained after purification by
flash column chromatography (hexanes/EtOAc 70:30) as a yellow oil (11 mg, 0.06 mmol, 12%).
Rf = 0.22 (hexanes/EtOAc 70:30).
1

H NMR (400 MHz, CDCl3): δ = 8.58 (d, J = 4.8 Hz, 1H, Ar–H), 7.64 (‘td’, J = 7.7, 1.6 Hz, 1H,

Ar–H), 7.34 (d, J = 7.7 Hz, 1H, Ar–H), 7.21 – 7.15 (m, 1H, Ar–H), 7.07 (‘t’, J = 7.7 Hz, 1H, Ar–
H), 6.55 (d, J = 7.4 Hz, 1H, Ar–H), 6.52 – 6.46 (m, 2H, 2 x Ar–H), 4.72 (br s, 1H, NH), 4.46 (s,
2H, CH2), 2.27 (s, 3H, CH3) ppm.
13

C NMR (100 MHz, CDCl3): δ = 158.8 (Ar–C), 149.4 (Ar–CH), 148.1 (Ar–C), 139.2 (Ar–C),

136.8 (Ar–CH), 129.3 (Ar–CH), 122.2 (Ar–CH), 121.7 (Ar–CH), 118.7 (Ar–CH), 114.0 (Ar–
CH), 110.3 (Ar–CH), 49.5 (CH2), 21.8 (CH3) ppm.
IR (ATR) υ = 3387, 2920, 1605, 1589, 1492, 1435, 1328, 1181, 1116, 1047, 993, 845, 755, 692,
615 cm-1.
MS (EI) m/z (%) = 198.1 (71) [M•]+, 120.1 (100), 107.1 (15), 91.1 (25), 80.0 (16), 65.0 (13).
C13H14N2 (198.26).

calc.:

198.1157 [M•]+

found: 198.1153 (EI-HRMS).

9.5.6. Reaction with an ammonia surrogate
9.5.6.1

Benzophenone imine (337)

Following a procedure by Grimme et al.[403], magnesium turnings (4.81 g, 0.200 mol,
1.00 equiv.) were covered with Et2O (70 mL) in a flame-dried three-necked round bottom flask,
equipped with a reflux condenser and dropping funnel. After addition of an iodine crystal, a solution of bromobenzene (31.4 g, 21.0 mL, 0.200 mol, 1.00 equiv.) in Et2O (50 mL) was added
dropwise at a rate at which a reflux was maintained. Subsequently, the reaction mixture was
stirred at a gentle reflux for 0.5 h. The heat source was removed, and a solution of benzonitrile
(20.6 g, 21.0 mL, 0.200 mol, 1.00 equiv.) in Et2O (30 mL) was added dropwise to the Grignard
reagent while maintaining a gentle reflux. The ensuing slurry was left to stir at reflux for 15 h.
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Next, the reaction mixture was cooled on ice, and MeOH (50 mL) was added with caution (extremely violent reaction!) via dropping funnel. The resulting mixture was left to stir at room
temperature for 2 h. All solids were removed by vacuum filtration, and the filter cake was washed
with EtOAc (2 x 100 mL). The filtrate was concentrated under reduced pressure, and the resulting
brown oil was purified by fractionating vacuum distillation to give the desired imine 337 as a
clear, colourless liquid (10.9 g, 0.060 mol, 30%). The spectral data were in accordance with those
reported in the literature.[403]
b.p. = 150 – 154 °C (4.5 – 5.0 mmHg).
H NMR (400 MHz, CDCl3): δ = 9.73 (br s, 1H, NH), 7.75 – 7.29 (m, 10H, 2 x Ph) ppm.

1

C NMR (100 MHz, CDCl3): δ = 178.4 (C=NH), 130.4 (br s, Ar–CH), 128.9 (Ar–CH), 128.4

13

(br s, Ar–H), 127.3 (Ar–CH) ppm.
MS (EI) m/z (%) = 181 (30) [M]+, 180 (100) [M-H]+, 104 (50) [M-Ph]+, 77 (45) [Ph]+, 51 (25).
C13H11N (181.23).
9.5.6.2

N-(Diphenylmethylene)-4-methylaniline (338)

Following the general procedure for the coupling of primary alkyl amines (100 °C, with additional BINAP (15 mg, 0.025 mmol, 5 mol%)) using 4-chlorotoluene (59 µL, 0.50 mmol) and
benzophenone imine (337) (117 µL, 0.60 mmol), the desired compound 338 was obtained after
purification via flash column chromatography (hexanes/EtOAc 98:2) as a bright yellow oil
(131 mg, 0.48 mmol, 97%). The spectral data were in accordance with those reported in the literature.[404]
Rf = 0.16 (hexanes/EtOAc 98:2).
H NMR (400 MHz, CDCl3): δ = 7.76 – 7.71 (m, 2H, 2 x Ar–H), 7.47 – 7.36 (m, 3H, 3 x Ar–H),

1

7.30 – 7.23 (m, 3H, 3 x Ar–H), 7.15 – 7.10 (m, 2H, 2 x Ar–H), 6.94 (d, J = 8.1 Hz, 2H, 2 x Ar–
H), 6.63 (d, J = 8.1 Hz, 2H, 2 x Ar–H), 2.23 (s, 3H, CH3). ppm.
C20H17N (271.36).
9.5.6.3

p-Toluidine (227)

Following a procedure by Buchwald et al.[340], imine 338 (119 mg, 0.44 mmol, 1.00 equiv.)
was dissolved in THF (4 mL) and HCl (2 M, 4 mL) was added. The solution was left to stir at
reflux for 2 h. It was then cooled to room temperature and partitioned between HCl (0.5 M, 10 mL)
and 2:1 hexanes/EtOAc (10 mL). The aqueous layer was separated, made alkaline (NaOH), and
subsequently extracted with DCM (3 x 15 mL). The combined organic layers were dried over
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MgSO4, filtered and the solvents were removed under reduced pressure to give the desired compound 227 as a tan solid (40 mg, 0.37 mmol, 85%). The spectral data were in accordance with
those reported in the literature.[358]
H NMR (600 MHz, CDCl3): δ = 6.97 (d, J = 8.1 Hz, 2H, 2 x Ar–H), 6.62 (d, J = 8.1 Hz, 1H,

1

2 x Ar–H), 3.52 (br s, 2H, NH2), 2.24 (s, 3H, CH3) ppm.
13

C NMR (150 MHz, CDCl3): δ = 143.9 (Ar–C), 129.9 (2 x Ar–CH), 127.9 (Ar–C), 115.4

(2 x Ar–CH), 20.6 (CH3) ppm.
C7H9N (107.15).

9.5.7. General procedure for ammonia arylations
An oven-dried vial (35 mm x 12 mm) equipped with a PTFE sealed screw cap was loaded
with a magnetic stirrer bar, (binap)Ni[P(OPh)3]2·2PhCH3 (289) (39 mg, 25 µmol, 5 mol%),
BINAP (15 mg, 25 µmol, 5 mol%) and the corresponding aryl halide (0.50 mmol, 1.00 equiv.).
The vial was then transferred into an argon-filled glovebox, where NaOtBu (216 mg, 2.20 mmol,
4.40 equiv.) and NH3 (0.5 M in 1,4-dioxane, 3 mL, 1.50 mmol, 3.00 equiv.) were added. The vial
was capped, removed from the glovebox and placed into a preheated oil bath at 120 °C and allowed to stir for 18 h. Upon cooling, the reaction mixture was diluted with Et2O (15 mL), and
washed with NaOH (1 M, 10 mL) and H2O (2 x 10 mL). The organic layer was fused onto silica
and purified via flash column chromatography (EtOAc/hexanes or EtOAc/MeOH) to give the
corresponding aniline.
9.5.7.1

o-Toluidine (339)

Following the general procedure using 2-chlorotoluene (60 µL, 0.50 mmol), the desired compound 339 was obtained after purification via flash column chromatography (hexanes/EtOAc
90:10) as a light brown liquid (34 mg, 0.32 mmol, 64%). The spectral data were in accordance
with those reported in the literature.[358]
Rf = 0.20 (hexanes/EtOAc 90:10).
H NMR (500 MHz, CDCl3): δ = 7.08 – 7.02 (m, 2H, 2 x Ar–H), 6.75 – 6.67 (m, 2H, 2 x Ar–H),

1

3.48 (br s, 2H, NH2), 2.18 (s, 3H, CH3) ppm.
13

C NMR (125 MHz, CDCl3): δ = 144.6 (Ar–C), 130.6 (Ar–CH), 127.1 (Ar–CH), 122.5 (Ar–C),

118.8 (Ar–CH), 115.1 (Ar–CH), 17.5 (CH3) ppm.
C7H9N (107.15).
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9.5.7.2

o-Anisidine (340)

Following the general procedure using 2-chloroanisole (63 µL, 0.50 mmol), the desired compound 340 was obtained after purification via flash column chromatography (hexanes/EtOAc
90:10) as a dark orange liquid (43 mg, 0.35 mmol, 70%). The spectral data were in accordance
with those reported in the literature.[347]
Rf = 0.19 (hexanes/EtOAc 90:10).
H NMR (300 MHz, CDCl3): δ = 6.85 – 6.70 (m, 4H, 4 x Ar–H), 3.86 (s, 3H, OCH3), 3.77 (br s,

1

2H, NH2) ppm.
C NMR (75 MHz, CDCl3): δ = 147.4 (Ar–C), 136.2 (Ar–C), 121.2 (Ar–CH), 118.6 (Ar–CH),

13

115.1 (Ar–CH), 110.5 (Ar–CH), 55.5 (OCH3) ppm.
C7H9NO (123.15).
9.5.7.3

2-Methylquinolin-4-amine (343)

Following the general procedure using 4-chloroquinaldine (100 µL, 0.500 mmol), the desired
compound 343 was obtained after purification via flash column chromatography (EtOAc/MeOH
90:10) as an orange solid (36 mg, 0.23 mmol, 46%). The spectral data were in accordance with
those reported in the literature.[358]
Rf = 0.23 (EtOAc/MeOH 90:10).
H NMR (500 MHz, CDCl3): δ = 8.06 (d, J = 8.4 Hz, 1H, Ar–H), 7.96 (d, J = 8.4 Hz, 1H, Ar–

1

H), 7.72 (‘t’, J = 7.7 Hz, 1H, Ar–H), 7.50 (‘t’, J = 7.7 Hz, 1H, Ar–H), 7.08 (s, 1H, Ar–H), 2.66
(s, 3H, CH3), 2.07 (br s, 2H, NH2) ppm.
C NMR (125 MHz, CDCl3): δ = 159.6 (Ar–C), 149.2 (Ar–C), 145.8 (Ar–C), 130.1 (Ar–CH),

13

129.5 (Ar–C), 125.6 (Ar–CH), 120.5 (Ar–CH), 120.1 (Ar–CH), 109.0 (Ar–CH), 25.7 (CH3) ppm.
C10H10N2 (158.20).
9.5.7.4

1-Naphthylamine (346)

Following the general procedure using 1-chloronaphthalene (68 µL, 0.50 mmol), the desired
compound 346 was obtained after purification via flash column chromatography (hexanes/EtOAc
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90:10) as a light brown oil (49 mg, 0.34 mmol, 68%). The spectral data were in accordance with
those reported in the literature.[358]
Rf = 0.17 (hexanes/EtOAc 90:10).
H NMR (500 MHz, CDCl3): δ = 7.88 – 7.82 (m, 2H, 2 x Ar–H), 7.53 – 7.46 (m, 2H, 2 x Ar–H),

1

7.39 – 7.31 (m, 2H, 2 x Ar–H), 6.80 (dd, J = 7.0, 1.3 Hz, 1H, Ar–H), 4.15 (br s, 2H, NH2) ppm.
13

C NMR (125 MHz, CDCl3): δ = 142.2 (Ar–C), 134.5 (Ar–C), 128.6 (Ar–CH), 126.4 (Ar–CH),

125.9 (Ar–CH), 124.9 (Ar–CH), 123.7 (Ar–C), 120.9 (Ar–CH), 119.0 (Ar–CH), 109.8 (Ar–
CH) ppm.
C10H9N (143.19).
9.5.7.5

2-Methylnaphthalen-1-amine (347)

Following the general procedure using 1-bromo-2-methylnaphthalene (84 µL, 0.50 mmol),
the desired compound 347 was obtained after purification via flash column chromatography (hexanes/EtOAc 90:10) as a dark orange oil (73 mg, 0.46 mmol, 93%). The spectral data were in
accordance with those reported in the literature.[405]
Rf = 0.20 (hexanes/EtOAc 90:10).
H NMR (500 MHz, CDCl3): δ = 7.85 – 7.80 (m, 2H, 2 x Ar–H), 7.50 – 7.43 (m, 2H, 2 x Ar–H),

1

7.33 (d, J = 8.3 Hz, 1H, Ar–H), 7.28 (d, J = 8.3 Hz, 1H, Ar–H), 4.11 (br s, 2H, NH2), 2.38 (s, 3H,
CH3) ppm.
13

C NMR (125 MHz, CDCl3): δ = 139.0 (Ar–C), 133.2 (Ar–C), 129.4 (Ar–CH), 128.6 (Ar–CH),

124.92 (Ar–CH), 124.87 (Ar–CH), 123.4 (Ar–C), 120.3 (Ar–CH), 118.3 (Ar–CH), 116.3 (Ar–
CH), 17.8 (CH3) ppm.
C11H11N (157.21).
9.5.7.6

2-Naphthylamine (348)

Following the general procedure using 2-bromonaphthalene (104 mg, 0.500 mmol), the desired compound 348 was obtained after purification via flash column chromatography
(hexanes/EtOAc 90:10) as a brown solid (36 mg, 0.25 mmol, 50%). The spectral data were in
accordance with those reported in the literature.[354]
Rf = 0.12 (hexanes/EtOAc 90:10).
1

H NMR (500 MHz, CDCl3): δ = 7.72 (d, J = 8.1 Hz, 1H, Ar–H), 7.68 (d, J = 8.6 Hz, 1H, Ar–

H), 7.61 (d, J = 8.3 Hz, 1H, Ar–H), 7.39 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H, Ar–H), 7.25 (ddd, J = 8.1,
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6.9, 1.2 Hz, 1H, Ar–H), 6.99 (d, J = 2.0 Hz, 1H, Ar–H), 6.95 (dd, J = 8.6, 2.3 Hz, 1H, Ar–H),
3.81 (br s, 2H, NH2) ppm.
C NMR (125 MHz, CDCl3): δ = 144.2 (Ar–C), 135.0 (Ar–C), 129.3 (Ar–CH), 128.1 (Ar–C),

13

127.8 (Ar–C), 126.4 (Ar–CH), 125.9 (Ar–CH), 122.6 (Ar–CH), 118.4 (Ar–CH), 108.7 (Ar–
CH) ppm.
C10H9N (143.19).
9.5.7.7

2-Methoxynaphthalen-1-amine (349)

Following the general procedure using 1-bromo-2-methoxynaphthalene (119 mg,
0.50 mmol), the desired compound 349 was obtained after purification via flash column chromatography (hexanes/EtOAc 90:10) as a dark orange oil (62 mg, 0.36 mmol, 72%). The spectral data
were in accordance with those reported in the literature.[406]
Rf = 0.22 (hexanes/EtOAc 90:10).
1

H NMR (500 MHz, CDCl3): δ = 7.80 – 7.77 (m, 2H, 2 x Ar–H), 7.46 – 7.42 (m, 1H, Ar–H), 7.38

– 7.33 (m, 2H, 2 x Ar–H), 7.26 (d, J = 8.8 Hz, 1H, Ar–H), 4.23 (br s, 2H, NH2), 3.98 (s, 3H,
OCH3) ppm.
C NMR (125 MHz, CDCl3): δ = 142.6 (Ar–C), 129.6 (Ar–C), 129.5 (Ar–C), 128.5 (Ar–CH),

13

125.1 (Ar–CH), 124.0 (Ar–C), 123.7 (Ar–CH), 120.4 (Ar–CH), 118.5 (Ar–CH), 113.7 (Ar–CH),
56.8 (OCH3) ppm.
C11H11NO (173.21).

9.5.8. Procedures for 31P NMR study
9.5.8.1

Coupling with anilines

The general procedure A for cross-coupling reactions with anilines was followed (undeuterated solvent) using 4-chloroanisole (226) and p-toluidine (227), and 0.5 mL aliquots were taken
via syringe at each time point. The aliquot was transferred into an NMR tube which was kept
under argon and cooled in an ice bath. A

P NMR spectrum was then acquired on a Bruker

31

600AV spectrometer. Each sample was run unlocked for the same number of scans with the same
receiver gain parameters. Subsequent GC analysis was then used to determine the progress of the
C–N cross-coupling reaction. The corresponding spectra are shown in section 7.2.5.
9.5.8.2

Coupling with primary alkyl amines

The general procedure for coupling with primary alkyl amines couplings was followed
(1.50 mmol, undeuterated solvent) using 4-chlorobenzonitrile (327) and n-hexylamine (290), and
0.5 mL aliquots were taken via syringe at each time point. The aliquot was transferred into an
NMR tube which was kept under argon and cooled in an ice bath. A 31P NMR spectrum was then
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acquired on a Bruker 600AV spectrometer. Each sample was run unlocked for the same number
of scans with the same receiver gain parameters. Subsequent GC analysis was then used to determine the progress of the C–N cross-coupling reaction. The corresponding spectra are shown in
section 7.4.4.

9.5.9. Procedure for kinetic experiments
Following the general procedure for the coupling of primary alkyl amines (0.25 mmol scale,
2 mol% (binap)Ni[P(OPh)3]2·2PhCH3 (289) spiked with docosane (10 mg) as internal standard,
in 1 mL of toluene) using 4-chlorobenzonitrile (327) and n-hexylamine (290), ca. 100 µL aliquots
(1, 2, 3, 4 min) were taken through a rubber septum via syringe and quenched by filtration through
a short plug of Celite® and washing with toluene. The sample was then subjected to GC/MS (Shimadzu GC/MS) for quantitative analysis, and the formation of product was plotted with respect
to time. An exponential fit (y = y0 + A exp(R0 x)) was applied with the software Origin Pro 8.
Differentiation at the 60 seconds time point gave the initial reaction rate (dy/dx at x = 60). This
was plotted against the variable concentrations of reagents/additives. The corresponding figures
are in appendix B and in section 7.4.4, respectively.

9.5.10. Procedure for DFT study
Density function theory was employed to determine the relative energies of various ligand
dissociation products starting from the (binap)Ni[P(OPh)3]2 (289) complex. The calculations were
undertaken using the familiar B3LYP functional with the 6-31G* basis sets for carbon, oxygen,
and phosphorous, 6-31G for hydrogen, and the LANL2DZ basis set incorporating an effective
core potential (ECP) was used for nickel to reduce the computational burden.
Each complex, and isolated ligand, was fully optimised in the gas phase and subsequently a
vibrational hessian calculation was employed in order to determine if the structures were minima,
transition states, or higher order stationary points on the potential energy surface. Following on,
single point energies were determined using the PCM solvent model for toluene and thermodynamic corrections were estimated at a temperature of 353.15 K which is in line with experimental
conditions. Dispersion corrections were applied to the single point energies using the DFT-D3
program.[407-408] This level of theory was chosen as it has been shown to be successful in modelling
similar systems recently.[273] All quantum chemical calculations were undertaken using the Gaussian 09 programme suite.[409]
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APPENDICES
Appendix A – Crystallography
Assoc/Prof Brian W. Skelton and Dr Alexandre N. Sobolev collected all X-ray diffraction
data at 100(2) K on an Oxford Diffraction Gemini or an Oxford Diffraction Xcalibur diffractometer fitted with Mo Kα radiation. Following multi-scan absorption corrections and solution by
direct methods, the structure was refined against F2 with full-matrix least-squares using the programme SHELXL-97.[410] All non-hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were added at calculated positions and refined by use of a riding
model with isotropic displacement parameters based on those of the parent atoms.

A1

Compound 39

Table A1. Crystal data and structure refinement for 39.
Empirical formula

C12H9N3O4

Formula weight

259.22

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P1

Unit cell dimensions

a = 5.2758(6) Å
b = 10.0188(12) Å
c = 11.2516(11) Å
= 108.941(9)°
= 101.176(9)°
 = 96.087(9)°
3

Volume

542.63(10) Å

Z

2

Density (calculated)

1.587 Mg/m

Absorption coefficient

0.123 mm

F(000)

268

Crystal size

0.37 x 0.03 x 0.03 mm

θ range for data collection

3.78 to 27.50°.

Index ranges

-6<=h<=6, -10<=k<=13, -14<=l<=12

3

-1

3
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Reflections collected

4172

Independent reflections

2382 [R(int) = 0.0606]

Completeness to θ = 26.50°

99.6 %

Absorption correction

Semi-empirical from equivalents

Max./min. transmission

1.00/0.89

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

2382 / 0 / 172

2

2

Goodness-of-fit on F

0.813

Final R indices [I>2σ(I)]

R1 = 0.0539, wR2 = 0.0835

R indices (all data)

R1 = 0.1359, wR2 = 0.0948

Largest diff. peak and hole

0.339 and -0.246 e.Å

-3

Figure A1. Structure of the molecule of 39 projected approximately onto the plane of the
isoindole-1,3-dione groups. Ellipsoids are drawn at the 50% probability level.

A2

Compound 46

Table A4. Crystal data and structure refinement for 46.
Empirical formula

C16H17N3O4

Formula weight

315.33

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P21/c
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Unit cell dimensions

a = 14.5696(7) Å
b = 7.8683(2) Å
c = 13.6944(6) Å
= 114.178(6)°
3

Volume

1432.18(10) Å

Z

4

Density (calculated)

1.462 Mg/m

Absorption coefficient

0.107 mm-1

F(000)

664

Crystal size

0.24 x 0.11 x 0.05 mm

θ range for data collection

2.98 to 27.50°.

Index ranges

-18<=h<=18, -9<=k<=10, -17<=l<=17

Reflections collected

11776

Independent reflections

3284 [R(int) = 0.0365]

Completeness to θ = 27.50°

100.0 %

Absorption correction

Semi-empirical from equivalents

Max./min. transmission

1.00/0.91

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

3284 / 0 / 209

Goodness-of-fit on F2

1.203

Final R indices [I>2σ(I)]

R1 = 0.0691, wR2 = 0.1383

R indices (all data)

R1 = 0.0835, wR2 = 0.1442

Largest diff. peak and hole

0.484 and -0.237 e.Å

3

3

2

-3
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Figure A2. Structure of the molecule of 46 projected approximately onto the plane of the
isoindole-1,3-dione groups. Ellipsoids are drawn at the 50% probability level.

A3

Compound 52

Table A7. Crystal data and structure refinement for compound 52.
Empirical formula

C16H17N3O4

Formula weight

315.33

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a = 5.4482(7) Å
b = 27.697(3) Å
c = 9.7087(11) Å
= 92.454(10)°
3

Volume

1463.7(3) Å

Z

4

Density (calculated)

1.431 Mg/m

Absorption coefficient

0.105 mm-1

F(000)

664

Crystal size

0.40 x 0.055 x 0.045 mm

3

3
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θ range for data collection

3.62 to 27.50°.

Index ranges

-6<=h<=7, -35<=k<=35, -12<=l<=12

Reflections collected

11350

Independent reflections

3355 [R(int) = 0.0962]

Completeness to θ = 27.50°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max./min. transmission

1.00/0.83

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3355 / 0 / 210

Goodness-of-fit on F2

0.891

Final R indices [I>2σ(I)]

R1 = 0.0597, wR2 = 0.1288

R indices (all data)

R1 = 0.1145, wR2 = 0.1429

Largest diff. peak and hole

0.308 and -0.296 e.Å

-3

Figure A3. Structure of the molecule of 52 projected approximately onto the plane of the
isoindole-1,3-dione groups. Ellipsoids are drawn at the 50% probability level.

A4

Compound 56

The atoms of the phthalimide ring together with two carbon atoms of the 2,6-dioxopiperindinyl group were modelled as being disordered over two sets of sites with occupancies refined to
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0.800(5) and its complement. The atoms of the minor component were refined with isotropic
displacement parameters and with their geometries restrained to ideal values. All remaining nonhydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were
added at calculated positions and refined by use of a riding model with isotropic displacement
parameters based on those of the parent atoms. The hydrogen atom on nitrogen N23 of the major
component is involved in hydrogen bonds to O24 of the centrosymmetrically-related molecule
thus forming hydrogen bonded dimers. The minor component is capable of forming hydrogen
bonds between O1’ and H5 of the molecule related by one unit cell translation in b.
Table A10. Crystal data and structure refinement for compound 56.
Empirical formula

C18H21N3O4

Formula weight

343.38

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a = 13.8046(7) Å
b = 8.5921(5) Å
c = 13.9531(6) Å
= 94.613(5)°
3

Volume

1649.62(15) Å

Z

4

Density (calculated)

1.383 Mg/m3

Absorption coefficient

0.099 mm

F(000)

728

Crystal size

0.17 x 0.16 x 0.12 mm

θ range for data collection

3.77 to 31.00°.

Index ranges

-20<=h<=19, -11<=k<=12, -20<=l<=20

Reflections collected

16594

Independent reflections

5160 [R(int) = 0.0446]

Completeness to θ = 28.50°

99.0 %

Absorption correction

Semi-empirical from equivalents

Max./min. transmission

1.00/ 0.97

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

5160 / 32 / 281

Goodness-of-fit on F2

1.029

Final R indices [I>2σ(I)]

R1 = 0.0670, wR2 = 0.1587

R indices (all data)

R1 = 0.1279, wR2 = 0.1730

-1

3

2
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Largest diff. peak and hole

-3

0.332 and -0.222 e.Å

Figure A4. Structure of the major component of compound 56 projected approximately onto the
plane of the isoindole-1,3-dione groups. Ellipsoids are drawn at the 50% probability level.

A5

Compound 67

Table A13. Crystal data and structure refinement for compound 67.
Empirical formula

C15H13N5O4

Formula weight

327.30

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

Pbca

Unit cell dimensions

a = 7.4601(2) Å
b = 13.2854(3) Å
c = 29.0969(6) Å
3

Volume

2883.81(12) Å

Z

8

Density (calculated)

1.508 Mg/m

Absorption coefficient

0.113 mm

F(000)

1360

Crystal size

0.37 x 0.28 x 0.11 mm

θ range for data collection

3.72 to 32.35°.

Index ranges

-11<=h<=11, -18<=k<=19, -43<=l<=43

3

-1

3
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Reflections collected

30954

Independent reflections

4940 [R(int) = 0.0426]

Completeness to θ = 31.00°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max./min. transmission

1.00/0.94

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

4940 / 0 / 217

Goodness-of-fit on F2

1.043

Final R indices [I>2σ(I)]

R1 = 0.0470, wR2 = 0.1243

R indices (all data)

R1 = 0.0725, wR2 = 0.1349

Largest diff. peak and hole

0.499 and -0.200 e.Å

2

-3

Figure A5. Structure of compound 67 projected approximately onto the plane of the isoindole1,3-dione groups. Ellipsoids are drawn at the 50% probability level.

A6

Nickel complex 221

Table A15. Crystal data and structure refinement for compound 221.
Empirical formula

C54H48F6NiO6P4S2

Formula weight

1153.63

Temperature

100(2) K
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Wavelength

1.54178 Å

Crystal system

Monoclinic

Space group

P21/n

Unit cell dimensions

a = 11.0366(3) Å
b = 16.1791(7) Å
c = 14.3771(5) Å
= 98.163(2)°
3

Volume

2541.20(16) Å

Z

2

Density (calculated)

1.508 Mg/m

µ

3.142 mm-1

Crystal size

0.12 x 0.07 x 0.03 mm

θ range for data collection

4.14 to 67.26°.

Index ranges

-7<=h<=13, -17<=k<=19, -16<=l<=16

Reflections collected

10763

Independent reflections

4479 [R(int) = 0.0677]

Completeness to θ = 67.26°

98.3 %

Absorption correction

Analytical

Max. and min. transmission

0.924 and 0.593

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

4479 / 0 / 331

Goodness-of-fit on F2

1.015

Final R indices [I>2σ(I)]

R1 = 0.0483, wR2 = 0.1076

R indices (all data)

R1 = 0.0799, wR2 = 0.1236

Largest diff. peak and hole

0.439 and -0.354 e.Å

3

3

2

-3
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Figure A6. Structure of compound 221 projected approximately onto the P4 plane. Ellipsoids are
drawn at the 50% probability level. The triflate ions are omitted for clarity.

A7

Nickel complex 230

Table A17. Crystal data and structure refinement for compound 230.
Empirical formula

C70H58FeNiO6P4

Formula weight

1233.60

Temperature

100(2) K

Wavelength

1.54178 Å

Crystal system

Monoclinic

Space group

P21/n

Unit cell dimensions

a = 13.2663(3) Å
b = 22.2351(5) Å
c = 19.4159(6) Å
= 93.535(3)°
3

Volume

5716.4(3) Å

Z

4

Density (calculated)

1.433 Mg/m

µ

3.95 mm-1

Crystal size

0.08 x 0.07 x 0.04 mm

θ range for data collection

3.0 to 67.5°.

3

3
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Index ranges

-15<=h<=15, -26<=k<=26, -23<=l<=22

Reflections collected

58745

Independent reflections

10220 [R(int) = 0.0846]

Completeness to θ = 67.26°

98.3 %

Absorption correction

Analytical

Max. and min. transmission

0.874 and 0.769

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

10220 / 0 / 739

Goodness-of-fit on F2

1.08

Final R indices [I>2σ(I)]

R1 = 0.0818, wR2 = 0.2100

Largest diff. peak and hole

1.01 and -0.49 e.Å

2

-3

Figure A7. Structure of compound 230. Ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity. CCDC: 983669.

A8

Nickel complex 282

Two of the phenoxy rings on P2 and one on P1 were all modelled as being disordered over
two sets of sites. Occupancy factors were set at 0.5 after trial refinement and intramolecular contact considerations. Geometries of the disordered components were restrained to ideal values with
the atoms refined with isotropic displacement parameters after anisotropic refinement resulted in
unacceptable ellipsoids even with reasonable restraints. There was no indication that the disorder
resulted from a twofold rotation of the o-tolyl groups about the C–O bonds. All hydrogen atoms
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were added at calculated positions and refined by use of riding models with isotropic displacement
parameters based on those of the parent atoms.
Table A20. Crystal data and structure refinement for compound 282.
Empirical formula

C63H63NiO9P3

Formula weight

1115.75

Temperature

100(2) K

Wavelength

1.54178 Å

Crystal system

Monoclinic

Space group

C2/c

Unit cell dimensions

a = 21.5898(9) Å
b = 12.3292(3) Å
c = 43.403(2) Å
= 104.129(5)°

Volume

11203.8(7) Å3

Z

8

Density (calculated)

1.323 Mg/m3

µ

1.774 mm-1

Crystal size

0.28 x 0.11 x 0.07 mm3

θ range for data collection

4.16 to 67.35°.

Index ranges

-25<=h<=25, -14<=k<=9, -51<=l<=51

Reflections collected

56232

Independent reflections

9993 [R(int) = 0.0434]

Completeness to θ = 67.36°

99.4 %

Absorption correction

Analytical

Max. and min. transmission

0.896 and 0.726

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

9993 / 82 / 682

Goodness-of-fit on F2

1.057

Final R indices [I>2σ(I)]

R1 = 0.0994, wR2 = 0.2454

R indices (all data)

R1 = 0.1144, wR2 = 0.2586

Largest diff. peak and hole

1.258 and -1.412 e.Å-3
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Figure A8. X-ray crystal structure of compound 282, projected onto the plane of the phosphorous
atoms. Displacement ellipsoids are drawn at the 20% probability level. Only one of each of the
disordered groups is shown. Hydrogen atoms have been omitted for clarity. CCDC: 1045544.

A8

Nickel complex 289

The phenyl ring of one phenoxy group was modelled as being disordered over two sets of
sites with occupancies refined to 0.67(3) and its complement. Geometries of the minor component
were restrained to ideal values. All hydrogen atoms were added at calculated positions and refined
by use of riding models with isotropic displacement parameters based on those of the parent atoms. Anisotropic displacement parameters were employed throughout for the non-hydrogen
atoms.
Table A22. Crystal data and structure refinement for compound 289.
Empirical formula

C94H78NiO6P4

Formula weight

1486.15

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

Pna21

Unit cell dimensions

a = 23.7224(5) Å
b = 26.1818(6) Å
c = 11.7291(3) Å
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Volume

7284.9(3) Å3

Z

4

Density (calculated)

1.355 Mg/m3

µ

0.414 mm-1

Crystal size

0.38 x 0.175 x 0.04 mm3

θ range for data collection

1.777 to 31.735°.

Index ranges

-35<=h<=33, -37<=k<=37, -17<=l<=16

Reflections collected

99562

Independent reflections

23401 [R(int) = 0.0735]

Completeness to θ = 31.00°

99.8 %

Absorption correction

Analytical

Max. and min. transmission

0.977 and 0.879

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

23401 / 19 / 995

Goodness-of-fit on F2

1.069

Final R indices [I>2σ(I)]

R1 = 0.0588, wR2 = 0.1060

R indices (all data)

R1 = 0.0775, wR2 = 0.1134

Absolute structure parameter

0.011(6)

Largest diff. peak and hole

0.728 and -0.461 e.Å-3

Figure A9. X-ray crystal structure of compound 289. Ellipsoids are drawn at the 50% probability
level. Hydrogen atoms, solvent molecules and the minor component have been omitted for clarity.
CCDC: 1045787.
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Appendix B – Kinetic data
B1

Additional kinetic data for C–N couplings with catalyst 289
All kinetic data points for the reaction shown below were plotted with the Software

OriginPro 8. Differentiation at the initial time points (60 seconds) gave an approximation of the
initial reaction rates which are tabulated below. Plots of the initial reaction rates with respect to
the reagent quantities are presented in section 7.4.4.

Initial rate vs. catalyst loading
Figure B1. Kinetic plot showing product (293) formation vs. time as function of the catalyst
loading.

Table B1. Initial reactions rates at various amounts of catalysts.
(binap)Ni[P(OPh)3]2
(mmol)
0.0025

Initial reaction rate at 60 s
(10-3 mmol/s)
1.27

0.0050

1.48

0.0075

2.20

0.0125

2.20

0.0200

3.18

Reagent quantities used: 4-chlorobenzonitrile (0.25 mmol); n-hexylamine (0.30 mmol); NaOtBu
(0.35 mmol), (binap)Ni[P(OPh)3]2 (0.0025 – 0.0200 mmol).
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Initial rate vs. amount of ArCl
Figure B2. Kinetic plot showing product (293) formation vs. time as a function of the amount of
aryl chloride.

Table B2. Initial reactions rates at various amounts of aryl chloride.
4-Chlorobenzonitrile
(mmol)
0.15

Initial reaction rate at 60 s
(10-3 mmol/s)
1.08

0.25

1.48

0.35

1.13

0.50

1.83

0.75

1.49

Reagent quantities used: 4-chlorobenzonitrile (0.15 - 0.75 mmol); n-hexylamine (0.30 mmol); NaOtBu
(0.35 mmol), (binap)Ni[P(OPh)3]2 (0.0050 mmol).
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Initial rate vs. amount of amine
Figure B3. Kinetic plot showing product (293) formation vs. time as a function of the amount of
amine.

Table B3. Initial reactions rates at various amounts of amine.

0.20

Initial reaction rate at 60 s
(10-3 mmol/s)
1.14

0.30

1.48

0.40

2.05

0.75

2.98

n-Hexylamine (mmol)

Reagent quantities used: 4-chlorobenzonitrile (0.25 mmol); n-hexylamine (0.20 – 0.75 mmol); NaOtBu
(0.35 mmol), (binap)Ni[P(OPh)3]2 (0.0050 mmol).
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Initial rate vs. amount of base
Figure B4. Kinetic plot showing product (293) formation vs. time as a function of the amount of
base.

Table B4. Initial reactions rates at various amounts of base.

0.25

Initial reaction rate at 60 s
(10-3 mmol/s)
1.42

0.35

1.48

0.50

2.05

0.75

2.94

NaOtBu (mmol)

Reagent quantities used: 4-chlorobenzonitrile (0.25 mmol); n-hexylamine (0.30 mmol); NaOtBu (0.25 –
1.00 mmol), (binap)Ni[P(OPh)3]2 (0.0050 mmol).
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Initial rate vs. amount of BINAP
Figure B5. Kinetic plot showing product (293) formation vs. time as a function of the amount of
BINAP.

Table B4. Initial reactions rates at various amounts of phosphine.

0

Initial reaction rate at 60 s
(10-3 mmol/s)
1.48

0.005

2.53

0.010

2.74

0.015

3.51

0.020

4.54

BINAP (mmol)

Reagent quantities used: 4-chlorobenzonitrile (0.25 mmol); n-hexylamine (0.30 mmol); NaOtBu
(0.35 mmol), (binap)Ni[P(OPh)3]2 (0.0050 mmol); BINAP (0.000 – 0.020 mmol).
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Initial rate vs. amount of phosphite
Figure B6. Kinetic plot showing product (293) formation vs. time as a function of the amount of
phosphite.

Table B6. Initial reactions rates at various amounts of phosphite.

0

Initial reaction rate at 60 s
(10-3 mmol/s)
1.48

0.005

1.34

0.010

1.62

0.015

1.41

0.020

1.39

P(OPh)3 (mmol)

Reagent quantities used: 4-chlorobenzonitrile (0.25 mmol); n-hexylamine (0.30 mmol); NaOtBu
(0.35 mmol), (binap)Ni[P(OPh)3]2 (0.0050 mmol); P(OPh)3 (0.000 – 0.020 mmol).
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Appendix C – Selected NMR spectra
C1

Nickel complex 230

Figure C1. 1H NMR of compound 230 at 600 MHz in C6D6.
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Figure C2. 13C NMR of compound 230 at 150 MHz in C6D6.
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Figure C3. 31P NMR of compound 230 at 243 MHz in C6D6.
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C2

Nickel complex 288

Figure C4. 1H NMR of compound 288 at 600 MHz in CD2Cl2. Impurities are marked with an
asterisk.
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Figure C5. 31P NMR of compound 288 at 121 MHz in CD2Cl2. Impurities are marked with an
asterisk.
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C3

Nickel complex 289

Figure C6. 1H NMR of compound 289 at 500 MHz in CD2Cl2.
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Figure C7. 13C NMR of compound 289 at 125 MHz in CD2Cl2.
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Figure C8. 31P NMR of compound 289 at 121 MHz in CD2Cl2.
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C4

Product from a Mizoroki-Heck reaction - Compound 200

Figure C9. 1H NMR of compound 200 at 400 MHz in CDCl3. Impurities are marked with an
asterisk.
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C5

Product from a C–N coupling reaction with anilines – Compound 245

Figure C10. 1H NMR of compound 245 at 600 MHz in CDCl3.
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Figure C11. 13C NMR of compound 245 at 150 MHz in CDCl3.
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C6

Product from a C–N coupling reaction with alkyl amines – Compound 303

Figure C12. 1H NMR of compound 303 at 600 MHz in CDCl3.
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Figure C13. 13C NMR of compound 303 at 150 MHz in CDCl3.
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C7

Product from an ammonia coupling reaction – Compound 347

Figure C14. 1H NMR of compound 347 at 500 MHz in CDCl3.
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Figure C15. 13C NMR of compound 347 at 125 MHz in CDCl3.
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