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Abstract

Herein the synthesis and catalytic properties of low-coordinate m-terphenyl transition
metal complexes are reported. Previous work in the group has shown that these complexes
act as precatalysts for the cyclotrimerisation and hydrophosphination of isocyanates. This

project builds on this work and aims to expand the scope of these precatalysts.

The diaryl complexes M(2,6-Mes2CeH3)2 (M = Fe, Co, Zn) are shown to catalyse the
hydroamination of isocyanates forming urea derivatives. The use of aromatic isocyanates
results in a formal diinsertion of the isocyanate into the N-H bond affording biuret
derivatives. These products can be selectively formed by tuning the reaction conditions;
performing the reaction in THF solvent results in the exclusive formation of the urea and
the use of an excess of the isocyanate results in the exclusive formation of the biuret. The
use of diisopropylamine resulted in the tri- and tetrainsertion of the isocyanate into the
N-H bond. The hydrophosphination of carbodiimides to form phosphaguanidines, was also
investigated. This transformation required higher temperatures compared to the catalysis
with isocyanates and the diinsertion of the carbodiimide is only observed with very low
conversions. Stoichiometric reactions and catalyst poisoning tests were carried out in order

to investigate the mechanism of the catalysis.

The complexes M(2,6-Mes2CsH3)2 are precatalysts for the hydroboration of isocyanates
and carbodiimides. The monohydroboration product was shown to be the major product
for all the substrates although small amounts of the dihydroboration product were
observed with the aromatic isocyanates. The use of !BuNCO resulted in the

hydrodeoxygenation of the isocyanate forming ‘BuN(BPin)CHs and O(BPin)-.

A series of transition metal complexes containing an m-terphenyl ligand and the bidentate
ligand TMEDA, with the form M(2,6-Mes2CeH3)X(tmeda) (M = Mn, X = Br ; M = Fe, X =

Cl; M = Co, X = Br; M = Zn, X = CI) were synthesised. The DPPE and DME analogues for



M = Fe were also isolated. These complexes were characterised by X-ray crystallography,

NMR spectroscopy and the magnetic moments were measured using Evans method.

The reduction of Mn(2,6-Mes2CeHs)Br(tmeda) with KCs was attempted but resulted in the
formation of the dimer [(tmeda)MnBr(u-Br)]2. Attempts to abstract the halide ligand with
halide abstracting agents were unsuccessful. A salt metathesis reaction was carried out
between and Na[N(SiMes3)2] which afforded Zn(2,6-Mes2CsH3)[N(SiMes)2] and

Zn[N(SiMe3)2]a.
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1.1 Low-Coordinate Transition Metal Complexes

Low-coordinate transition metal complexes often display unusual structures such as metal-
metal bonding.! They have electronically unsaturated metal centres and open valence
orbitals and so have the potential for substitution or addition reactions at the metal centre
with small molecules,?® which leads to applications in the catalysis of organic
transformations. Many low-coordinate complexes also have interesting magnetic
properties and exhibit single molecule magnet characteristics.#> These magnetic
properties arise due to the linear geometry of many low-coordinate complexes. The ligands
lie on the z-axis and so d orbitals of the metal in the xy plane do not interact with the
ligands and magnetic moments from unpaired electrons in these orbitals are unquenched
which results in high values of magnetic susceptibility. Despite these promising properties,
low-coordinate transition metal complexes have not been well investigated due to
challenges with their stabilisation and isolation.! Often the unsaturated metal complex will
form aggregates or extended lattices with ligands acting as bridging ligands to increase
the coordination number at the metal centre.® Low-coordinate complexes can be kinetically
stabilised by sterically demanding ligands which impede the coordination of further
ligands. The difficulty involved in the synthesis of these bulky ligands has prevented the
study of low-coordinate complexes.” These complexes are also generally extremely air and
moisture sensitive due to their available coordination sites and so must be handled in an
inert atmosphere.

The first two-coordinate transition metal complex to be crystallographically characterised
was not reported until 1985. This was the dialkyl Mn(II) complex Mn(C(SiMes)s3)2 which
contains two 0 Mn-C bonds with a linear C-Mn-C bond angle (Figure 1). It was synthesised
via a metathesis reaction between LiC(SiMes3)s and MnCl2.8 The bulky
tris(trimethylsilyl)methyl ligands interlock and prevent any further coordination to the

metal centre, stabilising the low coordination number.
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Me3Si SiMe; _ SiMes

Me3Siy, Me3S|/,,’! \\\SiMe3
,)) Mn ., .;-
: (”’snvle3 Me;Si¥ = YSiMe,
MesSi SiM SiMe
3 IvVies 3

Figure 1. Molecular structure of Mn(C(SiMes)s), and side-on view showing interlocking ligands.8

Most early examples of metal complexes contained either M-O or M-N bonds and
complexes containing M-C bonds were not observed.® This was previously thought to be
due to the M-C bond being weaker than M-0O or M-N bonds, so M-C bond containing
complexes were inherently less stable and as a result more difficult to isolate.'® However
it was later shown that the M-C bonds in transition metal alkyl complexes are relatively
strong, and the instability of these complexes results from the decomposition of the alkyl
via B-hydride elimination. This is a decomposition route that is not commonly seen in main
group alkyl complexes.!! This means that alkyl groups that contain no B-hydrogens form
more stable transition metal complexes.!? This can also be achieved by using bulky ligands
to protect the metal centre and prevent elimination as is seen in Mn(C(SiMe3)3)2.8

In comparison with low-coordinate alkyl complexes, low-coordinate aryl complexes are
much rarer due to the propensity for biphenyl formation and metal reduction.® This issue
in the synthesis of aryl metal complexes is thought to be due to the abstraction of an
ortho-H on the phenyl group.!! This means that ortho substituted aryl groups can form
more stable complexes. Use of less sterically demanding aryl ligands leads to
oligomerisation of complexes.'3-1> An example of this is the trimeric complex [Mn:Mess],
which consists of four bridging aryl groups bonded to two Mn atoms and two terminal aryl
groups (Figure 2a).'> The first two-coordinate metal complexes containing an aryl ligand
were synthesised in 1995. This was the complex MMes*, (M = Fe, Mn) (Figure 2b).16:%7
Both complexes contain a Cqipso)~M—-Cipso) bond angle of ca. 160°. This distorted linear
geometry is due to weak interactions between the metal centre and one of the C-H bonds

of the ortho bound CHs groups.
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Figure 2. Molecular structure of a. [MnsMesg]!®> and b. MMes*; (M = Fe, Mn).16:17

1.2 m-Terphenyl Complexes

Low-coordinate transition metal aryl complexes can be stabilised with a wide variety of
bulky ligands.” One example of these is the m-terphenyl ligand which has the molecular
formula 2,6-Ar.CsHs~ (Figure 3).18 The two aryl flanking groups are in the ortho-position
on the central aryl ring and the ligand forms a o M-C bond with the metal centre. The
properties of the m-terphenyl ligand can be tuned by the addition of different substituents
to the ligand.® The substituents on the central aryl ring can be changed to vary the
electronic and steric properties and the substituents on the flanking groups can change

the steric effect of the ligand.?

Figure 3. Molecular structure of an m-terphenyl ligand (R = alkyl or aromatic).
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The first m-terphenyl open shell transition metal complex synthesised was [2,6-
Mes>CsH3Co(u2-Br)THF]2 (Figure 4a), which was reported by Power et al. in 1996.2° Open
shell complexes are generally less stable than their closed shell counterparts and so the
synthesis is more challenging. This complex was synthesised by the reaction between the
Grignard reagent [2,6-Mes2CsH3Mg(2-Br)THF]2 and CoClz which resulted in the bromide
bridged complex. In 2007 Kays et al. reported the synthesis of the homoleptic diaryl
complex M(2,6-Mes>CsH3)2 (M = Mn, Fe, Co) via the salt metathesis reaction between a
metal halide and the lithium salt [2,6-Mes2CsHsLi]2 in @ mixture of toluene and THF (Figure

4b).18

a. b.
Mes Mes
THF Mes
\Bry,, I Mes
vo vC M
Mes | "Br
THF
Mes
Mes Mes

Figure 4. Molecular structure of a. [2,6-Mes,CeH3Co(u2-Br)THF]; and b. M(2,6-Mes;CsH3)2 (M =
Mn, Fe, Co).18:20

The bulky m-terphenyl ligand can aid the isolation of complexes with interesting
structures. In 2005 Power and co-workers reported the synthesis of (2,6-Dipp2CeH3)Cr-
Cr(2,6-Dipp2CeH3) which contains an unprecedented Cr-Cr quintuple bond arising from the
interaction between five orbitals on each metal centre, synthesised by the reduction of
(2,6-Dipp2CsH3)CrCl with KCs (Figure 5).%! The quintuple bond is formed by the two Cr(I)
metal centres and is made up of a 0, 2 ™ and 2 & bonds, resulting in a very short bond

length of 1.8351(4) A.

The R groups on the meta-position on the central aryl ring can affect the steric bulk of the
ligand; increasing the bulk of these R groups can force the flanking groups closer to the
metal centre. This was shown by Power in 2007 with the synthesis of (2,6-Trip2-3,5-'Pr2-
CeH)Cr(THF). The 2,6-Trip2-3,5-'Pr>-CeH" ligand contains '‘Pr groups on the 3- and 5-

positions of the central aryl ring. This steric bulk prevents the formation of a Cr-Cr bond

17



which is observed when using the less bulky ligand 2,6-Dipp2CeHs~ and instead the
monomeric two-coordinate complex is formed when (2,6-Trip2-3,5-'Pr2-CsH)CrCl is

reduced with KCs in THF (Figure 6).1°22

Dipp
Dipp
CrECr
Dipp
Dipp

Figure 5. Molecular structure of (2,6-Dipp2CsH3)Cr-Cr(2,6-Dipp2CsH3) containing a Cr-Cr quintuple
bond.2!

Figure 6. Molecular structure of (2,6-Trip2-3,5-"Pra-CeH)Cr(THF).19:22

1.3 Low-Coordinate Transition Metal Catalysts

Low coordinate complexes can catalyse a wide range of different reactions due to their
electron deficiency and unsaturated metal centre, which can lead to substitution or
addition reactions. This area has not been extensively explored and the catalysts that have

been reported have mostly only undergone preliminary studies and the reaction scope is
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limited. There is a need for greater research in this area in order to understand the

mechanistic processes behind these reactions and to improve the scope of the catalysts.

This thesis will focus on transition metal catalysts. These are used for many different
reactions but they generally contain precious metals from the ‘platinum group’ (ruthenium,
rhodium, palladium, osmium, iridium and platinum).2324 There is a growing shift towards
the use of earth abundant metals with a particular focus on iron complexes which have
been shown to catalyse a number of reactions that were previously only reported to be
catalysed by precious metal catalysts.?>28 There are a number of reasons for this interest
in these metals of which the most evident is the availability and low cost of iron and other
earth abundant metals compared to rare metals.?> The platinum group metals are also
typically toxic whereas iron complexes are usually non-toxic.?® This is particularly
important in pharmaceutical applications where separation of toxic metals is vital. The
substitution with a non-toxic metal can mean efficient separation of the catalyst is no
longer required and production is much cheaper.?* Low-coordinate complexes containing
the earth abundant first row transition metals in particular, have the potential to act as
efficient inexpensive catalysts. However, there are very few examples of these complexes

used as catalysts in the literature. This section aims to illustrate these examples.

Iron is the most common metal utilised in low coordinate transition metal catalysts due to
its ability to adopt a range of different oxidation states and facilitate electron transfers.?”
The simple two-coordinate Fe(II) complex Fe[N(SiMes)2], reported by Tilley et al. in 2010
was shown to catalyse the hydrosilylation of aldehydes and ketones (Scheme 1).3° Catalyst
loadings as low as 0.01 mol% were able to reach 98% conversions after 17 h. This catalyst
is one of the most active iron catalysts for the hydrosilylation of carbonyl compounds and
shows high tolerance towards functional groups such as amines, halides and nitriles. The
catalyst was also shown to proceed under solvent-free conditions with the hydrosilylation

of acetophenone reaching 98% conversion after 0.5 h.
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Q 0.01-2.7 mol% Fe[N(SiMe3),] OSiPh,H

)]\ +  Ph,SiH, >
CsDe

room temperature
0.5-20h

Scheme 1. Hydrosilylation of carbonyl compounds catalysed by Fe[N(SiMes),].3°

Tilley and co-workers also reported the two-coordinate Fe(I) complex
IPr—Fe—N(SiMe3)Dipp which was shown to catalyse the cyclotrimerisation of alkynes
(Scheme 2).3! This reaction is typically catalysed by rhodium complexes.3?3¢ These
reactions normally proceed via the formation of a metalocyclopentadiene which leads to a
formal two election oxidation at the metal centre.3? This process is thought to be difficult
for iron complexes so there are very few iron catalysts for this reaction.37:38 The Fe(I)
complex was shown to catalyse the cyclotrimerisation of both symmetric and asymmetric
alkynes at room temperature.3® A mixture of two different isomers is produced. When
asymmetric alkynes were used, the formation of linkage isomers of the type A is favoured
when R is larger than R’. Only alkyl and aromatic R groups (R/R’ = Ph, 'Pr, Me, H) were
shown to be compatible with this catalyst. No cyclotrimerization was observed for
bis(trimethylsilyl)acetylene R = R’ = SiMe3) or dimethylacetylenedicarboxylate (R = R’ =

C(0)OMe).

CeDs
room temperature
6h R’

Scheme 2. Cyclotrimerisation of an alkyne catalysed by IPr—Fe—N(SiMe3)Dipp (R = aromatic or
alkyl). A mixture of isomer A and B is formed and the major product is dictated by the R group.3!
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Tilley et al. also utilised the N(SiMes)Dipp ligand in the Ni(II) two-coordinate complex
Ni[N(SiMe3)Dipp]2 which catalyses both the hydrosilylation of alkenes3® and the cross-
coupling reaction between a Grignard reagent and an aryl halide (Scheme 3).4° The
catalyst is effective for the cross-coupling with aryl bromides and iodides as well as the
more challenging aryl chlorides although unactivated alkyl halides only showed trace
product formation. The use of EtMgBr as the Grignard reagent resulted in a lower yield
(30 %) compared to MeMgBr (74 %). This was attributed to S-hydride elimination and the
formation of ethylene.** A mechanism was proposed with the initial coordination of the
Grignard reagent to the Ni(II) complex to form an anionic Ni(II)-alkyl complex. This
complex then reduces the aryl halide with the formation of an organic radical and a Ni(III)
complex. The organic radical then combines with the Grignard reagent to give the cross-
coupled product. This one electron oxidation of Ni(II) to Ni(III) has been previously
observed for this complex on the addition of an aryl halide.4°

R R
0.5 mol% Ni[N(SiMe3)Dippl,
+ R'MgBr >
Et,O or THF

X room temperature R'
0.5-6 h

Scheme 3. Cross-coupling between an aryl halide and a Grignard reagent catalysed by
Ni[N(SiMes3)Dipp]lz (R/R’ = alkyl or aromatic).40

Another common ligand used to stabilise low-coordinate complexes is the B-diketiminate
ligand. This has been used in a range of different three-coordinate complexes. Holland et.
al. have reported the catalytic isomerisation of alkenes using a Co(II) B-diketiminate
complex (Scheme 4).%2 The catalyst facilitates the isomerism of a 1-alkene to a 2-alkene
and shows a tolerance for silanes and ethers. With most traditional catalysts, the more
stable E isomer is formed*? but the use of this catalyst favours the formation of the less
stable Z isomer. This is due to the steric bulk of the ligand disfavouring the formation of

the F isomer.42
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t .
Bu Di
/ pp

N
/ \
0.5 mol% Co—R
/
—N
\
Bu Dipp \
> + \
S CeHe \=/
80 °C
12 h Z E

84% 16%

Scheme 4. Isomerisation of 1-hexene with a Co(II) catalyst (R = n-hexyl).#?

Also reported by Holland et. al. is an Fe(II) fluoride complex with the structure L®“FeF
(where L = pB-diketiminate) which has been shown to act as a catalyst in the
hydrodefluorination of both fluoroolefins and fluoroaromatics by activation of the C-F bond
(Scheme 5).%* In the presence of the catalyst in THF, the fluorocarbon and triethylsilane
are heated to 45-100 °C depending on the fluorocarbon. This results in the fluorine atom
being transferred to the silicon to form a Si—-F bond. The complex activates the C-F bond
to catalyse the reaction. This reaction only proceeds for sp? C-F bonds and aliphatic C-F
bonds are not active for this catalyst. Aromatic groups containing functional groups,
underwent hydrodefluorination at the position para to the most electron withdrawing
substituent. The reaction is extremely selective and undergoes monohydrodefluorination

with >98% selectivity.

Bu Dipp
N/
/ \

20 mol% Fe—F
/
—N
4 N

Bu Dipp

R—F + Et3Si—H » R—H + Et3Si—F

THF-dg
45-100 °C
4 days

Scheme 5. Catalytic hydrodefluorination of fluoroolefins and fluoroaromatics with an Fe(II) catalyst
(R = aromatic or olefin).44
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A similar complex, L®YFeCl was shown to catalyse the cross-coupling of an aryl halide and
a Grignard reagent (Scheme 6).4> When the solvent is THF, the yield is just 45% after 25
min whereas with the addition of N-methylpyrrolidone as a co-solvent with THF, the yield
increases to 69%. This is proposed to be due to the N-methylpyrrolidone coordinating to

the metal centre and stabilising the active species.

Bu Di
y pp
N\
5 mol% / Fe—Cl
/

—N
\
Bu Dipp
+ CGH13MgBr r
THF
room temperature
25 min
Cl -MgBrCl CeH1s

o) OCHg O OCHjs

Scheme 6. Catalytic cross-coupling of an aryl halide and a Grignard reagent with an Fe(II)
catalyst.4>

Webster et al. have also reported a three-coordinate Fe(II) B-diketiminate catalyst (Figure
7) for a range of different reactions including dehydrocoupling,464’ transfer
hydrogenation,*® hydroboration*® and hydrophosphination.%>! This shows the range of

applications that are possible with low-coordinate catalysts.

A

N N
Dipp/ \Fe/ \Dipp

SiMes

Figure 7. Molecular structure of Fe(II) B-diketiminate complex utilised in a range of reactions.*6-51

Although they are not as common as iron there are some examples of low coordinate
nickel catalysts. The Ni(I) B-diketiminate complex reported by Warren et al. in 2013

catalyses the nitrene transfer to isocyanides resulting in a carbodiimide (Scheme 7).°2 The
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reaction between aromatic azides and ‘BuNC showed high conversions (79-99%) after just
30 min at room temperature. The more electron poor isocyanide (2,6-Xyl)NC showed lower
yields (46-84%) and significantly lower yields for the more sterically hindered azides such

as MesNs (3%).

5 mol% / Ni—N /

SN=N=N + C=N—R' >  N=C=N
Et,O N
room temperature
17 h
-N,

Scheme 7. Catalytic nitrene transfer to isocyanide mediated by Ni(I) complex (R = aromatic or
alkyl; R’ = 1Bu or 2,6-Xyl).>2

A two-coordinate Ni(0) complex was also shown to catalyse the homocoupling of aryl
halides.>3 The complex is stabilised by two cyclic (alkyl)(amino)carbene (cAAC) ligands.
The reactions reached 55-91% vyield after 4-6 h at 50 °C. The use of Ni(NHC)2
(NHC = C[N(2,4-Dipp)(CH)]2) led to the yield dropping to 10-12%. This is attributed to

the more electrophilic nature of the cAAC compared to the NHC.

10 mol% :—» Ni

i Dipp 19
LDA

THF
-LiX
50 °C
4-6 h

Scheme 8. Catalytic homocoupling of aryl halides mediated by Ni(cAAC), (R = H, Me, OMe; X = F,
Cl).>3
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The similar Fe(0) complex Fe(cAAC)2 was shown to catalyse the reduction of N> to NH3.%*
In the presence of KCs and HBArf4:2Et20, N2 is reduced to NHs with a yield of 3.0 +£ 0.7
equivalents of NHs per Fe metal centre at -113 °C (Scheme 9). As the temperature
increases, the yield decreases with only 0.4 £+ 0.2 equivalents of NH3z per Fe metal centre
at 23 °C. This behaviour is due to the fixation of N2 at the metal centre which occurs at

—95 °C and only trace amounts of N2 fixation is recorded above this temperature.5*

2 mol%
—1>» Fe
N
|
Dipp P
N, + KCg + HBAr, 2Et,0 > NH,3
Et,O
-113 °C
45 min

Scheme 9. Catalytic reduction of N2 to NH3 with Fe(cAAC),.54

This section demonstrates the range of different reactions that low coordinate complexes
are able to catalyse. This thesis focusses on the catalysis of hydroelementation reactions.
Some examples of hydroelementation reactions were discussed above (hydrosilylation,39:3°
hydroboration® and hydrophsphination®%>!) and this class of reaction will be explored

further in the following section.

1.4 Hydroelementation Reactions

Hydroelementation reactions are the addition of an E-H bond (E = N, S, P, Si, O etc.)
across an unsaturated substrate, and are an atom economical method to synthesise many
different organic molecules.>> The hydroelementation of carbon-carbon multiple bonds
such as alkenes and alkynes has been extensively reported>>% whereas the
hydroelementation of other unsaturated substrates is less common in the literature.

Catalysts for the hydroelementation of heterocumulenes have mostly been limited to group

26473 and f-block’4-8! metals with very few transition metal examples®-84 which are limited
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to titanium or zinc complexes so there is a need for inexpensive catalysts from earth-
abundant metals for these reactions.?® Often catalysts for hydroelementation reactions
have issues such as oligomerisation and polymerisation of the heterocumulene
(particularly for isocyanates).8>-8 Many catalysts also have issues with functional group
and heteroatom tolerance®>84 or have limited substrate scope.67:72:83

In 2015 Eisen and Tamm et. al. reported the catalytic hydroamination, hydrophosphination
and hydrothiolation of carbodiimides, isocyanates and isothiocyanates catalysed by the
imidazolin-2-iminato thorium(IV) complex (Scheme 10).7% This catalyst has also since
been used for the hydroboration of carbodiimides.”® This is an unprecedented example of
a very wide substrate scope for hydroelementation reactions as well as the first reported
actinide catalyst for these reactions. The reactions in most cases reach >90% conversion
after 12 h at 80 °C and the catalyst shows good tolerance towards silicon, nitrogen and
sulfur heteroatoms. Another similar actinide complex containing a benzimidazolin-2-
iminato ligand was also shown to catalyse the hydroelementation of heterocumulenes with
a wide range of substrates.”’®72-8! This is a promising result for the development of

catalysts for hydroelementation reactions.

5 mol% [cat]

RoEH + R'—N=C=X —_— _R'
CGDG RZE H

80 °C
12°h

[\

Dipp~— N\I(N ~Dipp
T
Th

[cat] =

(Me3Si),N” | “N(SiMes),
N(SiMe3)2

Scheme 10. Catalytic hydroelementation of heterocumulenes (R/R’ = alkyl or aromatic; E = N, P,
S; X=0,S, NR').7
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There are no other examples with quite as wide a range as this actinide catalyst, however
the group 2 B-diketiminato catalysts first reported by Hill et al. in 2008 (Figure 8) have
been reported to catalyse the hydroamination®%7,  hydrophosphination,”°

hydroboration”!72 and hydroacetylenation®® of isocyanates and carbodiimides.

W W
N_ _N N N
Dipp/ l\/:g/ \Dipp Dipp/ \/Ca\/ \Dipp

"By (Me3Si),N THF

Figure 8. Group 2 B-diketiminato catalysts for hydroelementation reactions.66:67,69-72

Although there are a handful of examples of catalysts for hydroelemenation reactions there
is clearly the need for the development of transition metal catalysts with a wider substrate
scope. More detailed discussions of the catalysis of the hydroamination,
hydrophosphination and hydroboration of heterocumulenes are presented in later

chapters.

1.5 Catalysis with m-Terphenyl Complexes

Previous work in the Kays group has shown that the diaryl transition metal m-terphenyl
complexes M(2,6-Ar2CeH3)2(THF)n (M = Mn, Fe; Ar = Mes n = 0; Ar = Tmp, h = 1) can be
used to catalyse the cyclotrimerisation of isocyanates to form isocyanurates (Scheme
11).8 Cyclotrimerisation was observed with primary isocyanates such as ethyl isocyanate
but was not observed with secondary or tertiary isocyanates. This selectivity towards only
primary isocyanates made these complexes an attractive catalyst for the
hydrophosphination of isocyanates as a common issue with catalysts for this reaction is

the competing cyclotrimerisation of the isocyanate.®>
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Ar

5% M(THF),
(@)
Ar R\N)I\N/R
R CsDs o N o
|

60 °C

14 h R

Scheme 11. Cyclotrimerisation of isocyanates catalysed by M(2,6-Ar.C¢H3)2(THF)n (M = Mn, Fe; Ar
=Mesn=0; Ar=Tmp, n = 1).%°

The hydrophosphination of isocyanates can be catalysed by Fe(2,6-Mes2Ce¢H3)2 and Fe(2,6-
Tmp2CsH3)2(THF).?° This catalysis resulted in the unprecedented diinsertion of the
isocyanate into the P-H bond of the phosphine (Scheme 12) leading to the formation of
phosphinodicarboxamides, a new family of organic compounds. These compounds have
potential applications as ligands in metal complexes due to the presence of both hard and
soft donors.°! This allows the ligand to bind to many different metals with different
coordination modes. These properties could also lead to applications as building blocks in
supramolecular chemistry. The two catalytic products can be selectively formed by tuning
the reaction conditions; the use of isocyanates with less sterically demanding aromatic R
groups afforded the diinsertion product preferentially, whereas isocyanates featuring
larger alkyl R groups formed the monoinsertion product exclusively. Performing the
reaction in THF results in the formation of the monoinsertion product exclusively whereas
performing the reaction in the presence of a weak acid results in the exclusive formation
of the diinsertion product. The proposed mechanism involves the Fe(II) metal centre acting
as a Lewis acid with the isocyanate molecule first coordinating to the metal centre and the
diphenylphosphine then attacking the isocyanate forming a P-C bond (Scheme 13). The
monoinsertion product is then displaced from the metal centre by the coordination of a

new isocyanate molecule.
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0
5% Fe(THF),
2 /R
P N
H

Ph,
A
Pho,PH + /N=C=O r
2 - O o)
R CeDs
room temperature )I\ )j\ R
1-16 h Ph,P [ij ”/

R

Scheme 12. Hydrophosphination of isocyanates catalysed by Fe(2,6-Ar,CeH3)2(THF), (Ar = Mes, n
= 0; Ar =Tmp, n = 1).9°

Mes Mes

HPPh, N=C=0

[Fel— 0+ ©. NR

Scheme 13. Proposed mechanism for the hydrophosphination of isocyanates catalysed by Fe(2,6-
Mes,CsH3),.9°
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The manganese m-terphenyl complexes Mn(2,6-(2,6-Xyl)2CeH3)2, Mn(2,6-Mes2CsH3)2 and
Mn(2,6-Tmp2CsH3)2(THF) were shown to catalyse the dehydrocoupling of dimethylamine-
borane (Me2NH-BH3).%2 The reaction reached over 94% conversion after 12 h at 60 °C
(Scheme 14). A change in the m-terphenyl ligand was found to influence the mechanism
of the reaction. The two-coordinate complexes underwent a homogeneous mechanism
whereas the three-coordinate Tmp complex underwent a heterogeneous mechanism. A
darkening of the solution was observed with the Tmp complex which is often an indicator
of nanoparticle formation. This was investigated with the use of transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STEM) which confirmed
the formation of Mn nanoparticles with a diameter of ~10 nm. It is postulated that this
difference in mechanism is due to the steric differences between the three ligands. The
lower steric demands of the Tmp substituted ligand make the metal centre more

susceptible to reduction and the formation of nanoparticles which catalysed the reaction.®?

Ar
5% Mn(THF),
2
Ar Me2N_BH2
Me,NH-BH; > I + Hp
CGDG HzB_NMez
60 °C
12 h

Scheme 14. Dehydrocoupling of dimethylamine-borane catalysed by Mn(2,6-Ar.CeH3)2(THF)n (Ar =
2,6-Xyl, n =0; Ar=Mes, n =0; Ar=Tmp, n = 1).92

These results show the potential for diaryl m-terphenyl complexes to act as efficient

catalysts for a range of different organic transformations.
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1.6 Aims

The aim of this work was to investigate the ability of m-terphenyl complexes to act as
precatalysts for organic transformations. m-Terphenyl complexes have been shown to
undergo reactions with small molecules such as Oz, CO and NHs and act as precatalysts
for the cyclotrimerisation and hydrophosphination of isocyanates. Based on this work we
hypothesised that these complexes would have potential applications as catalysts for the
hydroamination of isocyanates to produce urea derivatives as the reaction would be
expected to proceed following a similar mechanism to that observed for the
hydrophosphination of isocyanates. The aim of this thesis was to build on this and to
further the scope of the catalysts to the hydroelementation of heterocumulenes, focussing
on the ability of the catalyst to facilitate the diinsertion of the heterocumulene.

The diaryl m-terphenyl complexes M(2,6-Mes2CeHs)2 (M = Fe, Co, Zn) were investigated
for their ability to act as precatalysts for the hydroamination, hydrophosphination and
hydroboration of heterocumulenes. An investigation into the ability of the precatalysts to
facilitate the multiple insertions of the heterocumulene was undertaken as a method to
synthesise previously unexplored organic molecules. A range of different substrates were
utilised, and the mechanism of the catalysis was investigated using stoichiometric
reactions and poisoning experiments. The effect of the metal centre in the precatalyst was
also investigated.

In an effort to further explore the versatility of the m-terphenyl ligand and their potential
applications in catalysis, the synthesis and characterisation of a family of four-coordinate
m-terphenyl complexes containing the bidentate ligands DPPE, TMEDA and DME was
undertaken. The effect of altering both the metal centre and the bidentate ligand employed
was investigated to give an insight into how the different sterics of the ligands influences
the formation of the complexes. Investigations into the magnetic properties and the
reactivity of these complexes towards reduction and halide abstraction was then explored
in an effort to synthesise a three-coordinate complex containing an m-terphenyl ligand, a

bidentate ligand and a halide.
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Chapter 2

Hydroamination and
Hydrophosphination of
Heterocumulenes

38



2.1 Introduction

Urea derivatives are essential in a wide range of biological systems and have many
applications in medicinal,'-3 materials,*” agricultural® and synthetic chemistry.® Despite
this wide range of applications there are few reported methods to synthesise ureas. Some
methods include the catalytic reduction of nitro compounds by CO,!° the dehydrogenative
coupling of formamides and amines,!! the carbonylation of amines with C0O2,'2 and the
oxidative carbonylation of amines with CO.!3 These all require either the presence of
catalysts containing rare metals such as palladium and rhodium or stoichiometric amounts
of other reagents.

The hydroamination of isocyanates can be used as an atom economical alternative method
to synthesise urea derivatives.'4-17 Hydroamination is the formation of a C-N bond by the
addition of the N-H bond of an amine to an unsaturated bond in an organic molecule.!®
The catalytic hydroamination of alkenes and alkynes to form C-N bonds has been widely
studied,'®1° however there are few reported examples of the catalytic hydroamination of
isocyanates. The hydroamination of isocyanates generally requires high temperatures and
long reaction times to overcome the high kinetic barriers and is limited to the use of
nucleophilic amines.? The use of a catalyst could widen the scope of the reaction and lead
to much milder reaction conditions. There are a few examples of the -catalytic
hydroamination of isocyanates, however these are limited to Group 2,5 titanium,617

zinc? and actinide?22 complexes.

Dipp/ Ca \Dipp

~
RoN  THF O
N=C=0
Ph,NH + / - _Ad
Ad CeDs PhyN N

room temperature

2h

Scheme 1. Hydroamination of 1-adamantyl isocyanate by diphenyl amine mediated by
[(DippNC(Me)CHC(Me)NDipp)Ca(NR)(THF)] (R=SiMes, Ph).14
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The calcium complex [(DippNC(Me)CHC(Me)NDipp)Ca(NR2)(THF)] (R = SiMes, Ph) was
shown to catalyse the hydroamination of 1-adamantyl isocyanate and 2,6-
diisopropylphenyl isocyanate with diphenylamine (Scheme 1).1# It was found that using
the barium analogue resulted in the formation of an insoluble polymeric amide or ureido
side products resulting in a lower catalytic activity. This was proposed to be due to the
increased ionic radius of barium compared to calcium which makes the reaction less
selective.*

Hevia et al. reported a sodium magnesiate catalyst for the hydroamination of isocyanates
(Scheme 2).'°> This was shown to catalyse the hydroamination of tert-butyl isocyanate with
diphenylamine. An intermediate was isolated in which the amine was coordinated to the
magnesium metal centre and the sodium interacts with two of the phenyl groups from the
amine. The isocyanate then inserts into the Mg—N bond and forms a tris(ureido) complex.
This complex also catalyses the cyclotrimerisation of less bulky isocyanates which

competes with the hydroamination reaction.

2 mol %
N=c=0  [NaMg(CH,SiMes)s] i
PhoNH — + / > )I\ ‘Bu
By CeDs Ph,N N~
room temperature H
15 min

Scheme 2. Hydroamination of isocyanates mediated by [NaMg(CH;SiMes)s].1°

There are very few examples of the transition metal catalysed hydroamination of
isocyanates and these are limited to the titanium and zinc complexes reported by Panda
et al. (Figure 1).1617.20 The imidazoline-2-iminato titanium complex [(ImPPPN)Ti(NMe2)s]
catalyses the hydroamination of phenyl isocyanate with a range of different aromatic and
aliphatic amines.'” The reaction between phenyl isocyanate and aromatic amines gave
high yields of over 90% however 1-fluoroaniline gave a much lower yield of 54%.
Secondary amines were found to give higher yields than primary amines due to the

inductive effect of the additional alkyl groups. Panda et al. also reported the use of a
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bis(phosphinoselenoic amide) supported titanium complex to catalyse the hydroamination

of isocyanates as well as isothiocyanates and carbodiimides.'®

Dipp Ph Se X
/ N Dy
N Ph—P—N N—P —
. If \ Se N Cl
| N—Ti(NMey); Se Ph I N
N \ : Ph—P\N e
Dipp Me,N "NMe, B \F>h

Figure 1. Molecular structure of transition metal catalysts for hydroamination of isocyanates.6:17:20

The catalysts that have been discussed so far are able to produce urea derivatives whereas
the synthesis of biuret derivatives, obtained from the diinsertion of the isocyanate into the
N-H bond, is much more challenging as ureas are much less reactive than amines due to
the presence of the electron-withdrawing carbonyl group.?® These species with multiple
urea moieties have a high capacity for hydrogen bonding which is useful for the design of
foldamers,2425 self-assembly?%27 and molecular recognition.?82° They can also be used as
ligands in coordination chemistry.39-32 Despite these potential applications, there are very
few reported syntheses for biurets. Biurets can been synthesised from the pyrolysis of
ureas3?® or catalytically from substituted ureas with an organotin compound.3* More
recently, thionyl chloride and chlorosulfonic acid were shown to catalyse the formation of
biurets from ureas although a high temperature of 145 °C was still required.3* There are

no examples in the literature of the direct transformation of amines to biuret derivatives.

Previous work in the Kays group has shown that diaryl m-terphenyl complex
Fe(2,6-Mes2CsH3)2 can be used as a catalyst for the hydrophosphination of isocyanates. 36
This reaction results in an unusual double insertion of the isocyanate in to the P-H bond
of the phosphine, resulting in the formation of a new class of organophosphorus
compounds (Scheme 3).3% This chapter aims to build on this work and expand the use of

this catalyst to more hydroelemenation reactions.
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Mes

5% Fe
2
0 0
o]
Ph,PH + /N=C=O e > )j\ )j\ )j\ R
2 R + -
R CeDs Ph,p” N7 PheP
25°C H R
1-16 h

Scheme 3. Hydrophosphination of isocyanates catalysed by Fe(2,6-Mes,CgH3),.3¢

2.2 Aims

The aim of this work was to outline the synthesis of low-coordinate first row transition
metal complexes using the bulky m-terphenyl ligand, and the investigation of their use as
precatalysts for hydroamination and hydrophosphination of heterocumulenes. This work
aimed to investigate whether multiple insertions of the isocyanate were possible (following
the previously reported hydrophosphination of isocyanates) as a method to synthesise
biurets. The direct transformation of amines to biuret derivatives had not been previously
reported. The selectivity of the catalysis was investigated by altering the solvent and
stoichiometry of the reaction and a range of different substrates was used to investigate
the scope of the catalysts. The effect of the metal centre in the precatalyst was also
investigated. Stoichiometric reactions and poisoning experiments were used to probe the

mechanism of this catalysis.

2.3 Results and Discussion

2.3.1 Synthesis of m-Terphenyl Complexes

The m-terphenyl preligand 2,6-Mes2CeHsI (1) and the lithium salt [2,6-Mes2CsHsLi]2 (2)
were synthesised according to literature methods.383° The metal complexes M(2,6-
Mes2CesHs)2 (M = Fe (3), Co (4), Zn (5)) were synthesised using a salt metathesis reaction
that was first reported by Kays et al. in 2007.4° The lithium salt 2 was reacted with the
appropriate metal halide (FeCl2:THF1.5, CoBr2(DME) or ZnCl2) in a mixture of toluene and

THF and stirred overnight at room temperature (Scheme 4). The solvent was removed in
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vacuo and the product was then extracted into hexane and crystallised from a saturated
solution at =30 °C. This gave yields of 60-70%. The complexes were characterised using

'H NMR spectroscopy which matched the reported literature data.#0:4!

Mes Mes
Li |+ MXz —mm M+ 2LiX
Toluene/THF 2
room temperature
N Mes do 16 h Mes
2 M = Fe (3), Co (4), Zn (5)

Scheme 4. Synthesis of the metal complexes 3-5 (MX; = FeCl,:THF:5 (3), CoBr,(DME) (4), ZnCl;
(5)).

2.3.2 Hydroamination of Isocyanates

2.3.2.1 Hydroamination of Isocyanates with Diphenylamine

O O O
P 5 mol% [Fe] )j\ Ph
N=C=0 Ph -
PRaNH oy W Ph,NT N7 ¢ PhZNJ\N/U\N
room temperature H I'Lh
20 h 6a 7a
88% 12%

Scheme 5. Hydroamination of phenyl isocyanate with diphenylamine catalysed by 3 ([Fe] = 3).

Initially diphenylamine was chosen to allow a direct comparison with diphenylphosphine
which was used in the hydrophosphination of isocyanates with 3 and to allow the
investigation of the diinsertion of the isocyanate to synthesise a biuret.3® Table 1 shows
the hydroamination of isocyanates with diphenylamine in the absence of a catalyst. There
are only very small conversions with the reaction between diphenylamine and these

isocyanates even when heated to 60 °C or after 10 days at room temperature.
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Table 1. Hydroamination of isocyanates with diphenylamine in the absence of a catalyst.[?]

Conversion
RNCO Ph2NH:R'NCO Time T (°C)
Entry (%))
1 Ph 1:1 24 h 60 5
2 3,5-(Me0)2CeH3 1:1 10 days 25 7
3 4-BrCsHa 1:1 10 days 25 7

[a] Reaction conditions: 0.6 mL of CsDs. [b] Determined by H NMR spectroscopy.

An NMR scale reaction was carried out between Ph2NH and PhNCO with a catalyst loading
of 5 mol% and a 1:1 ratio of PhaNH:PhNCO. A solution of 10 mg of 3 in 0.6 mL CsDs was
made up in a Young’s NMR tube. The amine and isocyanate were then added to this
solution. The reaction was monitored by 'H NMR spectroscopy (Figure 2), which showed
that the reaction reached 93% conversion after 20 h (Table 1, Entry 1). There was a small
colour change from bright yellow to dark yellow. Initially, the N-H peak of the amine was
at 5.02 ppm; this shifts downfield after 2 h to 5.41 ppm and decreases in size over time.
After 20 h the peak has shifted to 5.57 ppm and becomes very small. This is accompanied
by the appearance of two new peaks at 10.70 ppm and 6.37 ppm, which increase in size
over time, and correspond to two new N-H signals. The conversion of the reaction was
calculated from the integration of the N-H peak of the amine starting material compared

with the N-H peak of the products using TMS as an internal standard.

These two new peaks can be assigned to the urea 6a (6.37 ppm) and the biuret 7a (10.70
ppm). The two products are obtained in a relative ratio of 88:12 with the major product
being 6a, and the minor product being 7a (Scheme 5). The reaction only reaches 93%
conversion with respect to the amine, which can be explained by the fact that a small
amount of the biuret is formed which consumes two isocyanate molecules. This means
that some of them are not available to add to a new amine molecule so some of the amine

is left unreacted.
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6a + 7a aromatic H’s

7a
NH

d. \

S
3w

WM

FUNS

6a
NH

b.
Ph,NH
a. AN
SI. 0 7I. 5 7I. 0 6I. 5 6I.0 5I. 5 SI. 0

ppm

Figure 2. 'H NMR spectra of reaction between Ph,NH and PhNCO in the presence of 5 mol% 3 in
CsDs at 25 °C: a) Immediately after the substrates are added, b) 2 h, c) 12 h and d) 24 h.

The main focus of interest is the biuret 7a, as this second insertion of the isocyanate has
not been previously reported for the hydroamination of isocyanates. In an attempt to
selectively form 7a, a higher ratio of 1:2 Ph2NH:PhNCO was used. This increased the
formation of 7a from 12% to 44%. Increasing the ratio even further to 1:5 Pha2NH:PhNCO
resulted in 71% conversion to 7a. Heating this reaction to 60 °C led to completion in 4 h
and increases the selectivity with 90% conversion to 7a (Table 2, Entries 2-4).

In order to explore the scope of the reaction with aromatic isocyanates, both electron
donating and electron withdrawing groups were used (Table 2, Entries 5-10). The reaction
between PhoNH and 3,5-(Me0)2CsH3aNCO with a 1:1 ratio resulted in the exclusive
formation of the urea 6b. When a 1:2 ratio was used the biuret 7b was also observed

(59%), and with the use of a 1:5 ratio 7b is formed exclusively. The reaction reaches



completion after just 2 h at 60 °C (Table 2, Entries 5-7) which is slightly faster than the

reaction with PhNCO.

Table 2. Catalytic hydroamination of isocyanates with diphenylamine mediated by 3.[2]

Ph2NH: T Conversion
Entry RNCO t (h) 6:7["!
RNCO (°C) (%)tb]
1 Ph 1:1 25 20 93 88:12
2 Ph 1:2 25 20 100 56:44
3 Ph 1:5 25 20 100 29:71
4 Ph 1:5 60 4 100 10:90
5 3,5-(Me0)2CeH3 1:1 25 24 92 100:0
6 3,5-(Me0)2CeH3 1:2 60 17 100 41:59
7 3,5-(Me0)2CeHs3 1:5 60 2 80 0:100
8 4-BrCeH4 1:1 25 96 80 100:0
9 4-BrCeH4 1:2 60 4 100 57:43
10 4-BrCeH4 1:5 60 4 100 2:98
11 'Pr 1:1 60 4 96 100:0
12 ‘Bu 1:1 25 3 92 100:0

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL of CsDs. [b] Determined by H
NMR spectroscopy using either 1,3,5-trimethoxybenzene or TMS as an internal

standard.

When 4-BrCesH4NCO was used, the reaction was significantly slower at 25 °C, however full
conversion was achieved after 4 h at 60 °C. As with the previous isocyanates, reactions
with 4-BrCeH4NCO in a 1:5 ratio of Pha2NH:RNCO showed enhanced selectivity for the
diinsertion product 7c (98%) (Table 2, Entries 8-10). This slower reaction at 25 °C is likely
due to the electron withdrawing effect of the Br group which makes the isocyanate less

activated.
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When reactions containing excess isocyanate were left over several days,
cyclotrimerisation of the unreacted isocyanates to isocyanurates was observed. This
cyclotrimerisation reaction has been previously reported to be catalysed by Lewis bases, 42
and is therefore presumably catalysed by either the Ph2NH substrate or the resulting urea
products. This reaction is much slower than the desired hydroamination of isocyanates so
is not observed on the timescale of the reaction monitoring, however most attempts to
crystallise the reaction products resulted in the crystallisation of the isocyanurate (10) due

to the lower solubility of the isocyanurate compared to the urea derivatives (Figure 3).

Figure 3. Crystal structure of 10, with anisotropic displacement ellipsoids set at 50% probability.
Hydrogen atoms and solvent molecule omitted for clarity (black = carbon, blue = nitrogen, red =
oxygen).

It has been previously reported that for primary aliphatic isocyanate substrates, a
competing cyclotrimerisation of the isocyanate affording isocyanurates is observed with
3.37 For this reason the secondary and tertiary aliphatic isocyanates 'PrNCO and ‘BuNCO
were focussed on in this study. For both isocyanates, the monoinsertion product (6d and
6f respectively) is exclusively formed (Table 2, entries 11 and 12). There was no evidence
for the formation of the diinsertion product, which is similar to that observed with the
hydrophosphination of isocyanates catalysed by 3.3 This can be explained by the
differences in sterics; the aromatic groups are more planar and rigid and are able to
undergo multiple insertions, whereas the aliphatic groups are bulkier, preventing the
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second insertion of the isocyanate into the N-H bond. The 'H NMR spectra for the reaction
between Ph2NH and ‘BuNCO is shown in Figure 4. The peaks for the ‘Bu groups for both
the amine and product are sharp singlets. The peak for ‘BuNCO appears at 1.05 ppm and
the product peak appears at 1.35 ppm which can be observed appearing in the spectra

almost immediately. The product N-H peak appears at 4.50 ppm as a broad singlet.

[Fe] 0 °
e t
N=C=0 Bu
thNﬂ + By — PhyN m/
o [ ] [ ]
6f
J\. A

o

= =7

75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 0

Figure 4. 'H NMR spectra of reaction between Ph,NH and ‘BuNCO in the presence of 5 mol% 3 in
CsDs at 25 °C: a) Immediately after the substrates are added, b) 5 h, c) 24 h.

2.3.2.2 Recycling the Catalyst

In order to test whether catalyst 3 could be recycled, a second loading of Ph2NH and
PhNCO was added to the NMR tube after the reaction had reached completion with a 1:1
Ph2NH:PhNCO ratio. This resulted in the NH peak at 5.02 ppm becoming visible again in
the 'H NMR spectrum. This peak then gradually shifts downfield to 5.96 ppm after 20 h,
as was observed previously and decreased in size indicating that the amine was being
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consumed again. After 20 h the reaction had reached 80% conversion which is slightly
lower than the first reaction which could indicate that the catalyst has partially
decomposed. The product peaks are observed at 6.37 ppm (6a) and 10.70 ppm (7a). The
ratio of the two products 6a:7a is 85:15 which is similar to the ratio observed for the
initial reaction (Table 2, Entry 1). This indicates that the catalyst is able to be recycled
although separation of the catalyst from the products proved challenging (vide infra

section 2.3.2.8).

2.3.2.3 Reaction Monitoring

The reaction between Ph2NH and PhNCO (1:1) in CeDs catalysed by 3 was monitored in
situ by 'H NMR spectroscopy in order to see how the conversion changed over time. The
reaction was carried out in a similar way as previously described but the reaction was
immediately frozen at —78 °C once all the reagents were added. This was to minimise the
conversion before the NMR tube reached the spectrometer. The reaction was then allowed
to warm to room temperature and the reaction was monitored by 'H NMR spectroscopy
for 22 h. The conversion of 6a and 7a was determined by integration of the N-H peaks
(with TMS as an internal standard) and then plotted against time (Figure 5). As was
previously stated the reaction reaches 93% conversion after 20 h. The first measurement
was taken at 0.5 h and the conversion was at only 0.1%. Between 0 and 2 h the ratio of
the two products 6a and 7a is approximately 50:50, however after this time the formation
of 7a reaches a plateau and the formation of 6a continues to increase. This is due to the
ratio of the starting materials being 1:1 so the formation of the biuret 7a is not favoured,
particularly as less of the isocyanate is available later in the reaction. After 20 h the ratio

of éa:7a is 88:12.
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Figure 5. A graph showing conversion (%) vs. time (h) for the hydroamination of PhNCO with
Ph2NH in the presence of 5 mol% of 3 in C¢Ds at 25 °C, as determined by 'H NMR spectroscopy.

2.3.2.4 Hydroamination of Isocyanates in THF

In order to investigate the effect of the solvent on the reaction, the solvent was changed
from CsDe to the more polar solvent THF. The reaction was carried out as before in a
Young’s NMR tube. Once the reaction had finished the solvent was removed in vacuo and
then CeDs was added to the resulting mixture and the 'H NMR spectra was collected. The
reaction with THF takes much longer to reach completion than the reaction in CeDs; 3 days
at 60 °C compared to 20 h at room temperature. Similarly to the hydrophosphination of
aromatic isocyanates with precatalyst 3,3¢ changing the solvent from CeDs to THF results
in the exclusive formation of the monoinsertion products 6a-6c¢ (Scheme 6). This
exclusive formation of the urea and the longer reaction time suggests that the THF is
coordinating to the catalyst, both preventing the second insertion of the isocyanate and

slowing the reaction.
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N=C=0 5 mol% [Fe]
PhoNH + / Ph.N N
THF 2 H

60 °C
3 days 6

Scheme 6. Hydroamination of aromatic isocyanates in THF (R = Ph (6a), 3,5-(OMe),CsHs (6b), 4-
BrCsH4 (6C); [Fe] = 3).

2.3.2.5 Hydroamination of Isocyanates with Different Amines

In order to increase the scope of the catalysis, two other amines were investigated.
Diisopropyl amine and aniline were used to compare how an alkyl amine and a primary
amine would influence the reaction. These amines react with PhNCO to give the ureas 6f
and 6g respectively without the need for a catalyst. The reaction in the presence of 3 was
undertaken in order to investigate whether 3 catalyses the diinsertion of the isocyanate.

The reaction between PhNH2 and PhNCO was carried out in the presence of 5 mol% 3 in
CsDs at room temperature with a 1:5 PhNH2:PhNCO ratio (Scheme 7). After 24 h the
reaction reached 100% conversion, which is a similar reaction time to PhaoNH (Table 3,
Entry 1). The biuret 7f is the major product (68%) indicating that the presence of 3 results

in the diinsertion of the isocyanate.

@] O 0]
e~ 5 mol% [Fe]
PhNH, * 5 N=C=0 —_—— I:>h\ )I\ /I:>h + |:)h\ JI\ )j\ /F’h
2 / N N N N N
room temperature Ph
24 h 6f 7f
32% 68%

Scheme 7. Hydroamination of phenyl isocyanate with PhNH; catalysed by 3 ([Fe] = 3).

51



Table 3. Catalytic hydroamination of isocyanates with aniline and diisopropylamine mediated by

3.0
RR’'NH: Conversion
Entr RR’NH t (h) 6:7:8:9("]
4 PhNCO (%)Le!
1 PhNH:2 1:5 24 100 32:68:0:0
2 PraNH 1:2 0.1 100 0:87:13:0
3 PraNH 1:3 0.1 100 0:46:47:7
4 PraNH 1:5 0.1 100 0:25:54:21

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL of CsDs at 25 °C. [b]

Determined by 'H NMR spectroscopy.
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Figure 6. 'H NMR spectra of reactions between ‘Pr,NH and PhNCO in the presence of 3 in CsDs at
25 °C ([Fe] = 3): a) without catalyst, 'ProNH:PhNCO 1:1, 1 h at 25 °C in C¢Ds; b) 'ProNH:PhNCO
1:2, 10 min with 5 mol% of 3 at 25 °Cin CgDs; c) 'ProNH:PhNCO 1:3, 10 min at 25 °C with 5
mol% of 3 at 25 °Cin CgDs; d. 'ProNH:PhNCO 1:5, 10 min at 25 °C with 5 mol% of 3 at 25 °Cin
CsDs) (* indicates Mes peaks from 2,6-Mes;CeH3 ligand).
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In the absence of a catalyst, the reaction between 'Pro.NH and PhNCO affords the urea 6g
at 25 °Cin 10 min. However, in the presence of 5 mol% of 3, 6g is not observed. Instead,
the diinsertion product 7g is the major product. There is also another small N-H peak at
10.36 ppm which was identified as the triuret 8g. When the ratio of '‘Pr.NH:PhNCO ratio is
increased to 1:3 the tetrauret (9g) is also observed at 7.76 ppm and increasing the
'ProNH:PhNCO ratio even further to 1:5 increases the ratio of the tetrainsertion product
formed. These products were identified by 'H, 13C{'H} and DOSY NMR spectroscopy and
mass spectrometry (Figure 6). The DOSY NMR spectra were used to assign the different
peaks in the 'H NMR spectrum. DOSY NMR spectroscopy is used to identify different
components in a mixture according to the diffusion coefficient.*>4* The hydrodynamic

radius can be calculated from the diffusion coefficient using the Stokes-Einstein equation:

k,T
D=
é6nnr

where,

D = Diffusion coefficient

ks = Boltzmann constant

T = temperature

n = dynamic viscosity of solvent

r = hydrodynamic radius

Table 4 shows the measured diffusion coefficient and the calculated hydrodynamic radius
for each N-H peak in the DOSY NMR spectra. The hydrodynamic radius will increase as
the chain length increases so the peaks could be assignhed from the hydrodynamic radius.

This meant that the ratios of the products could be calculated (Table 3, Entries 2-4).
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Table 4. Diffusion coefficients obtained from DOSY NMR spectroscopy in CsDs (25 °C).

Chemical Shift of NH Diffusion Coefficient Hydrodynamic Radius
Substrate

(ppm) (m?s™) (m)
69 6.22 8.60x101° 4.21x10°1°
79 9.03 4.99x101° 7.26x10°10
8g 10.36 4.53x10-10 7.99x10-10
9g 7.76 4.25x101° 8.52x10°10

The reaction was also carried out using the urea 6g as the starting material instead of the
amine, with a 1:4 6g:PhNCO ratio (Scheme 8). The reaction reached 100% conversion to
the polyinsertion products in 10 min at room temperature with a similar product
distribution to the 1:5 reaction between 'Pr.NH and PhNCO. Efforts to separate these

products were unsuccessful (see section 2.3.2.9).
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Scheme 8. Hydroamination of PhNCO with 6g in the presence of 3 ([Fe] = 3).

There are very few reported synthetic routes to these compounds in the literature and

they generally require high temperatures and pressures.#>~%’ The synthesis of these

molecules under such mild conditions is promising for the future development of species
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with multiple amide functionalities. These molecules have many potential applications in

natural products,*® drugs*®°° and polymers.>1->3

2.3.2.6 Hydroamination of Isocyanates in the Presence of Additives

The catalysis was conducted in the presence of different additives (Table 5). It has been
previously reported that the addition of a weak acid such as NEt3-HCI, results in the
selective formation of the diinsertion product for the hydrophosphination of isocyanates
with 3.3% In order to see if this was also observed for the hydroamination of isocyanates,
an NMR-scale reaction between PhoNH and PhNCO (1:2) in the presence of 3 (5 mol%)
and NEts-HCI in CeDs was carried out. The reaction proceeded at a similar rate to that
without the weak acid present, and the ratio of 6:7 was 54:46 compared with 56:44
without the weak acid (Table 2, Entry 2 and Table 5, Entry 1). This indicates that the
addition of a weak acid has very little effect on the product distribution. The formation of
the diinsertion product in the hydrophosphination of isocyanates is hydrophosphination
followed by the hydroamination of the monoinsertion product. The addition of the weak
acid favours this second step leading to the selective formation of the diinsertion product.
However with the hydroamination of isocyanates, the formation of the diinsertion product
is hydroamination followed by a second hydroamination so the weak acid does not favour
one step over another and the product distribution does not change.

In order to determine whether the catalysis was heterogeneous or homogeneous, a
poisoning experiment>*>> was carried out using Hg(0) (Table 5, Entry 2). The Hg(0) drop
test indicates whether the catalysis proceeds via a homogeneous or heterogeneous
mechanism, as Hg(0) has been shown to selectively poison heterogeneous catalysts
because Hg(0) forms an amalgam and inhibits the reaction.>*>> The Hg(0) drop test is not
conclusive for iron as Hg(0) does not always form an amalgam with iron however there
are some reported examples where this does happen.®6>7 CS; can be used as an
alternative to Hg(0).>>8 This is a small ligand which can coordinate to the metal and

poison the catalyst. If the reaction is heterogeneous then only a fraction of the active sites
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are available on the surface of the particles. If the reaction is slowed with only 0.1
equivalents of the ligand with respect to the catalyst this suggests that all the active sites
have been blocked and it is a heterogeneous catalysis whereas a homogeneous catalyst
would only be inhibited with at least 1 equivalent of CS2. The phosphine PPhMe2 can be
used in a similar way to CS2.>° In all of these poisoning experiments, the reaction reached
similar conversions to those without the poison, which suggests that the catalysis is
proceeding through a homogeneous pathway (Table 5, entry 2-4). No visible metal
precipitate or darkening of the solution was observed during the reaction, which further

supports a homogeneous mechanism.

Table 5. Catalytic hydroamination of isocyanates mediated by 3 in the presence of additives.[2]

Pha2NH: T t Conversion Amount of
Entr RNCO Additive 6:7!P]
Y RNCO (°C) (h) (%) Additive

1 Ph 1:2 NEts-HClI 25 24 84 54:46 0.146 mmol
2 Ph 1:1 Hg(0) 25 20 85 90:10 ca. 1 drop
3 tBu 1:1 CS2 25 5 90 100:0 0.001 mmol
4 tBu 1:1 PPhMe:2 25 3 93 100:0 0.007 mmol
5 Ph 1:1 Cumene 25 6 83 78:22 0.073 mmol

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL of CsDs. [b] Determined by H

NMR spectroscopy.

The catalysis was also performed in the presence of cumene, which can act as a radical
trap (Table 5, Entry 5).%° A longer reaction time would indicate that the catalysis undergoes
a radical mechanism. The addition of cumene does not affect the reaction time, suggesting

that the reaction does not proceed via a radical mechanism.
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2.3.2.7 Stoichiometric Studies
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Figure 7. 'H NMR spectra of stoichiometric reaction between 3 and Ph,NH and PhNCO in CsDs; a)
Before substrates added, b) After 24 h at room temperature.

The poisoning experiments discussed previously indicate that the reaction s
homogeneous. In order to further investigate the mechanism of this catalysis, a
stoichiometric reaction between 3, PhoNH and PhNCO was performed on an NMR scale. A
1:1:2 ratio of 3:Ph2NH:PhNCO was dissolved in CsDs. This reaction resulted in a colour
change from a bright to pale yellow solution. In the 'H NMR spectrum, the
paramagnetically-shifted peaks for 3 at 31, -11, -35 and -54 ppm were no longer present
and new peaks were observed at-17, 8, 10 and 17 ppm, indicating that 3 had transformed
into a new paramagnetic species, possibly the active catalyst (Figure 7). This change is
not observed when either PhoNH or PhNCO alone is added to 3. The same peaks were also
observed when the urea 6a is added to 3 suggesting that it could be relating to the urea

coordinating to the iron centre. One possible mechanism for hydroamination reactions is
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via the formation of a metal amide.®':62 This would result in the formation of protonated
ligand and no protonated m-terphenyl ligand was observed in these stoichiometric NMR
spectra or in the reaction monitoring NMR spectra so this mechanism was discounted.

An attempt was made to characterise this reaction mixture using mass spectrometry,
however only the precatalyst 3 and protonated ligand were identified. Attempts to
crystallise this compound from saturated solutions of hexane, toluene or CsDe at either

room temperature or -30 °C were also unsuccessful.
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Figure 8. IR spectra of stoichiometric reaction between 3, Ph,NH and PhNCO in toluene; a) 15 min,
b) 2 h, c) 18 h.

A stoichiometric reaction was also carried out on a larger scale in toluene. Aliquots were
taken and the IR spectra of the solution was measured. Monitoring this reaction by IR
spectroscopy revealed the loss of N-H and C=0 stretches from the substrates, and the
formation of a new C=0 stretch at 1702 cm~! for the new urea product (Figure 8). No

iron-containing species was identified.
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This stoichiometric reaction was also analysed by UV-vis spectroscopy. The UV-vis
spectrum of a solution containing 3, Ph2NH and PhNCO showed a very strong absorbance
between 300 and 400 nm with shoulders at Amax = 356, 368 and 380 nm and another peak
at 410 nm (Figure 9). This was not a significant change to the UV-vis spectrum of 3.4° This
is likely because the UV-vis transitions are dominated by the aromatic m-terphenyl ligands

meaning that any change to the iron species is not shown.
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Figure 9. UV-vis spectrum of the stoichiometric reaction between 3, PhoNH and PhNCO in hexane.

These investigations were not conclusive in identifying an active species for this reaction,
however the catalysis has very similar characteristics to the previously reported
hydrophosphination of isocyanates.3® and so a similar mechanism can be envisioned for
the hydroamination of isocyanates (Scheme 9). The isocyanate is first coordinated to the
metal centre and the amine undergoes a nucleophilic attack on the isocyanate. There is
then a 1,3-proton shift and the urea product is displaced by a new isocyanate molecule
coordinating to the metal centre. The urea can then enter cycle B by undergoing a

nucleophilic attack and another 1,3-proton shift to form the biuret. The multiple insertions
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of the isocyanate that are observed with the use of diisopropylamine can be envisioned to

take place with further cycles.

Mes Mes
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Scheme 9. Proposed mechanism for the hydroamination of isocyanates catalysed by 3.

2.3.2.8 Isolation of Ureas and Biurets

The separation of the catalyst from the urea and biuret products proved challenging.
Initially attempts were made to isolate the products from the NMR scale reactions. This
was done by removing the solvent in vacuo and then extracting into small amounts
(<5 mL) of either toluene or hexane. These solutions were then stored at -30 °C and a
white precipitate formed which was found to be the urea or biuret. This was mostly
successful although the yields were very low in most cases for the ureas 6a-e (23-55%)

and particularly for the biurets 7b (14%) and 7c (16%). This is due to the higher solubility
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of the catalyst compared to the urea and biuret in most organic solvents so small impurities
of the catalyst were often carried through and only small amounts of the desired product
goes into the solution. An alternative method of purification using a silica plug was used

in the scale up reactions and is discussed in the next section.

2.3.2.9 Scale-Up Reactions

A scaled-up reaction was carried out in toluene. 50 mg of 3 (5 mol%) was used compared
with 10 mg for the NMR scale reactions. PhANCO was added to a solution of 3 and PhaNH
in toluene and then stirred at room temperature (1:5 PhaNH:PhNCO). Aliquots were taken
and the 'H NMR spectrum was measured every hour to measure the conversion. The
reaction reached completion after 3 hours and the solvent was removed in vacuo to give
a brown oily solid. The product was opened to air (resulting in the decomposition of the
catalyst) and extracted into CH2Cl2 to remove any iron oxides. The crude product was then
passed through a silica plug with CH2Cl2/hexane (25:75) to remove any impurities
(primarily protonated m-terphenyl ligand). The product was then removed from the silica
with acetone. This resulted in the isolation of the biuret 7a in a 77% yield. An attempt
was made to crystallise this sample from the slow evaporation of toluene over several
weeks. This instead resulted in the crystallisation of the isocyanurate 10 suggesting that
the biuret is not stable in solution over long periods of time and eventually decomposes
giving the isocyanate which then undergoes cyclotrimerisation to the isocyanurate.

A scale up reaction was also carried out in THF using 30 mg of 3 (5 mol%). PhANCO was
added to a solution of 3 and Ph2NH in THF (1:1 PhoNH:PhNCO). The reaction mixture was
heated to 60 °C for 3 days. The product was then isolated using a similar method as for
above resulting in a 61% yield of 6a.

This method using a silica plug was successful in separating the product from any iron
species and protonated m-terphenyl ligand, however it does have some disadvantages.
The main disadvantage is that it requires exposing the reaction mixture to air which causes

the catalyst to decompose. This means that the catalyst is not be able to be recycled which
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would be useful for future applications. This method is also not useful for reactions where
multiple urea/biuret derivatives are formed (e.g. the reactions between 'Pr.NH and PhNCO)
as all of the products would remain on the silica and would all come off with the acetone

wash so it would remain a mixture of products.

2.3.2.10 Hydroamination of Isocyanates Catalysed by 4 and 5

In order to investigate the effect of the metal centre on the catalysis, the reaction between
Ph2NH and PhNCO was carried out in the presence of Co(2,6-Mes2CsH3)2 (4) with a catalyst
loading of 5 mol% (Table 6, Entry 1). After 2 h there was a colour change from dark red
to turquoise and some black precipitate had formed, which may be due to the
decomposition of the catalyst with concomitant formation of Co(0). The 'H NMR spectrum
showed that a small peak had appeared at 10.77 ppm which is the N-H peak of the biuret
7a (20%) but the major product was 6a (80%). The ratio of the two products was similar
to that observed for 3. The reaction only had a conversion of 79% after more than a week,

which is likely due to the decomposition of the catalyst.

Table 6. Hydroamination of isocyanates catalysed by 4 or 5.[2]

Ph2NH: Conversion
Entr Catalyst RNCO T (°C) t 6:7"]
Y RNCO (%)b]
1 4 Ph 1:1 25 8 days 79 80:20
2 5 Ph 1:1 60 17 h 36 86:14

[a] Reaction conditions: 10 mg of 4 or 5 (5 mol%), 0.6 mL of CsDe. [b] Determined by

!H NMR spectroscopy using TMS as an internal standard.

The potential of Zn(2,6-Mes2CsH3)2 (5) as a catalyst was also investigated with the same
method as above (Table 6, Entry 2). No difference was seen in the 'H NMR spectrum at
room temperature after 4 h. However, after heating to 60 °C for 17 h, a small peak at

10.78 ppm appears indicating the formation of the biuret product. The N-H peak of the
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diphenylamine starting material shifts downfield from 5.02 ppm to 5.36 ppm. This peak is
still quite large with a conversion of only 36% suggesting that the reaction occurs very
slowly even at this higher temperature. This suggests that the catalysis is not simply Lewis
acid catalysed.®? This was also confirmed when the reaction was carried out in the presence
of FeClz2. No reaction was observed suggesting that the m-terphenyl ligand does play some
role in the catalysis as if the reaction was purely Lewis acid catalysed then FeCl> would
also catalyse the reaction. The slower reaction with the Zn(II) complex is likely due to the

full d'° orbital which makes it less activated compared to the d® Fe(II) complex.

2.3.3 Hydroamination of Other Substrates

In order to expand on the scope of the catalyst other substrates were investigated. Both
isothiocyanates (R-N=C=S) and carbodiimdes (R-N=C=N-R) were chosen as other
catalysts for the hydroamination of isocyanates have been shown to also catalyse reactions
with these substrates.!®22 When both PhoNH and PhNCS were added to a Young’s NMR
tube containing a solution of 3 (5 mol%) in CeDs, no change to the *H NMR spectrum was
observed indicating that no reaction has taken place (Table 7, Entry 1). A black solid was
observed in the yellow reaction solution after 1 h. This is also observed when PhNCS is
added on its own to 3. This suggests that the PhNCS is reacting with the catalyst, with

likely reduction of Fe(II) to Fe(0).

Table 7. Hydroamination of heterocumulenes mediated by 3.[2]

Entry R2NH Heterocumulene Time (h) T (°C) Conversion (%)(b]
1 Ph PhNCS 48 60 0
2 Ph PhNCNPh 48 60 0

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL of CeDs. [b] Determined by

'H NMR spectroscopy.
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The carbodiimide PhNCNPh was also used however no reaction was observed even after
heating to 60 °C, although it was observed via 'H NMR spectroscopy that the catalyst still
remained intact and did not decompose (Table 7, Entry 2). This lack of reactivity compared
to that observed for the analogous isocyanate reactions is likely due to carbodiimides being
less reactive compared to isocyanates. This has been observed previously in the

literature.l”

2.3.4 Hydrophosphination of Carbodiimides

Although this catalyst was not successful for the hydroamination of carbodiimides, the
catalyst was also investigated for the hydrophosphination of carbodiimides. This reaction
is used to synthesise phosphaguanidines which are used as building blocks for ligands in
transition metal complexes.®4-%% There are few examples of catalysts for this reaction in
the literature and these are limited to s-block and f-block metals (Figure 10).21/67-6% In all
cases, only the monoinsertion of the carbodiimide takes place. The diinsertion of the

carbodiimides is not observed.
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Figure 10. Examples of catalysts for the hydrophosphination of carbodiimides.21:67:68
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2.3.4.1 Iron Catalysed Hydrophosphination of Carbodiimides

There are very few commercially available carbodiimides. N,N’-dicyclohexylcarbodiimide
(DCC, CyNCNCy) and N,N’-diisopropylcarbodiimide (DIC, 'PrNCNPr) are the two most
widely available options and are both used in organic synthesis.”%7! Initially, CyNCNCy
was used to test the suitability of catalyst 3 for the hydrophosphination of isocyanates. A
control reaction between Ph2PH and CyNCNCy was carried out in the absence of a catalyst
and no change in the 3P NMR spectra is observed after heating to 60 °C for 24 h, indicating
that this reaction does not proceed in the absence of a catalyst. An NMR scale reaction
was carried out in CsDe with 5 mol% of 3. The reaction was monitored by 'H and 3P NMR
spectroscopy (Figure 11). The reaction solution gradually turns from bright yellow to a
very dark orange-brown colour. The Ph2PH has a broad peak in the 3'P{*H} NMR spectrum
at -38.8 ppm. After 2 h two new peaks at -18.2 ppm and -15.0 ppm appeared with a ratio
of 98:2. The minor peak at -15.0 ppm can be assigned to the dehydrocoupling product
Ph2P-PPh2 which is a common side product in these reactions.3®¢ The major peak at -18.2
ppm corresponds to the phosphaguanidine 12a which is formed from the monoinsertion
of the carbodiimide into the P-H bond (Scheme 10).”? No diinsertion reaction was
observed. This is consistent with the previously reported hydrophosphination of CyNCO
with 3.3% An attempt was made to form the diinsertion product by increasing the ratio to
1:2 and 1:5 Ph2PH:CyNCNCy but this had no effect on the ratio of products formed (Table

8, Entries 2-3).

A N
5 mol% [Fe
Ph,PH + /N:C:N o [Fe] - | N/R . Ph,P—PPh,
R CeDs 2 N

12 13

Scheme 10. Catalytic hydrophosphination of RNCNR using Ph,PH (1:1) mediated by 3 in C¢Ds (R =
Cy (12a), 'Pr (12b), Ph (12c)); ([Fe] = 3).
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Figure 11. 3P NMR spectra of the hydrophosphination of CyNCNCy with Ph,PH (1:1) mediated by 3
(5 mol%) in CeDgs at room temperature; a) 30 min, b) 3 h, ¢) 20 h.

Table 8. Hydrophosphination of carbodiimides catalysed by 3.

Ph2PH: Conversion
Entry RNCNR T(°C) t(h) 12:13[°]

RNCNR (%)(P!

1 Cy 1:1 25 20 95 98:2

2 Cy 1:2 25 20 100 98:2

3 Cy 1:5 25 24 97 98:2

4 'Pr 1:1 60 3 97 99:1

5 Ph 1:1 60 18 100 99:1

6 Ph 1:2 60 24 85 77:1:221

7 ‘Bu Et 1:1 60 24 96 95:5

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL of CsDe. [b] Determined by 3P

NMR spectroscopy. [c] Other unidentified peaks.
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The analogous reaction using 'PrNCN'Pr as a substrate reached 97% conversion after just
3 h at 60 °C (Table 8, Entry 4). The 3'P{'H} NMR spectrum had a new peak at -18.6 ppm
which corresponds to the analogous monoinsertion of the carbodiimide (12b) that was
observed with CyNCNCy.

In order to investigate if the diinisertion reaction that is observed with isocyanates would
occur with carbodiimides, an aromatic carbodiimide, PANCNPh (11), was chosen as the
substrate in order to provide a direct comparison with the PhANCO reaction. PANCNPh was
synthesised by reducing N,N-diphenylthiourea using HgO.”3

The hydrophosphination of PANCNPh was performed in a Young’s NMR tube in the presence
of 3 (5 mol%) in CeDs solution with a 1:1 Ph2PH:PhNCNPh ratio (Table 8, Entry 5). The
reaction reached 100% conversion after 18 h at 60 °C. The major product (99%) was
observed in the 3P NMR spectrum at -11.4 ppm and was assigned as the
phosphaguanidine 12c.’? The only other peak in the 3P NMR spectrum is at -15 ppm
which is Ph2P-PPh2. This is in contrast to the catalysis with isocyanates where even with a
1:1 ratio, a third peak was observed for the product resulting from the diinsertion of the
isocyanate into the P-H bond.3¢ This is likely to be less favoured for the carbodiimide due
to the steric bulk of the second R group.

The reaction with PhANCNPh was repeated using a 1:2 Ph2PH:PhNCNPh ratio to probe if any
diinsertion of the carbodiimide occurs (Table 8, Entry 6). This reaction reached 85%
conversion after 24 h at 60 °C, and the major product remained 12c¢ (77%) at -11.4 ppm,
but this was accompanied by the formation of multiple new peaks in the 3P NMR spectrum
(Figure 12). There is a peak at 42.8 ppm which is in the region where phosphine oxides
are generally observed, however this chemical shift does not correspond to
diphenylphosphine oxide or the oxide of 12c. There are also four new peaks between -1
and 7 ppm which is the region where the phosphaguanidine products from the analogous
diinsertion reactions for isocyanates are observed,3® so it is possible that one of these
peaks results from the diinsertion of the carbodiimide. These peaks are all singlets in the
31p NMR spectrum, indicating no coupling between the phosphorus atoms and protons. As

the peaks corresponding to these products are so small in the *H and '3C NMR spectra and
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are likely overlapping with the much larger peaks for 12c it was not possible to identify
the structures to which they corresponded. Mass spectrometric investigation of the
reaction mixture revealed the presence of a peak corresponding to C3sH32N4OP which is
the [M+H]* ion for the possible diinsertion product (14, Figure 13). Although there is some
evidence for the diinsertion for the carbodiimides, it appears that these species are only
formed in very small quantities.

As for the hydrophosphination of isocyanates, which favours the formation of the
diinsertion product in the presence of a weak acid,3¢ the analogous reaction with PANCNPh
was repeated in the presence of NEt3-HCI. However this did not significantly change the

ratio of the peaks.

12c

Unidentified peaks PPh, 13
| | /
{ L AA
5 o 2 %o 0 5 o %o
ppm

Figure 12. 3'P NMR spectrum of catalytic hydrophosphination of PANCNPh with Ph,PH mediated by
3 in C¢D¢ after 24 h at 60 °C with PPh3 as an internal standard.
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Figure 13. Molecular structure of a potential diinsertion product (14).

The asymmetric carbodiimide ‘BuNCNEt was used as a substrate (Table 8, Entry 7). The
reaction reached 96% conversion after 24 h. Only one new product peak was formed in
the 3P NMR spectrum, indicating that the reaction was very selective. This product was
identified as 12d by 'H and 3!P NMR spectroscopy (Scheme 11).7% Use of COSY NMR
spectroscopy confirmed that the product was 12d, as shown by the coupling of the ‘Bu
and NH protons. This selectivity is likely due to the bulky {Bu group being too sterically
demanding to allow close proximity to the PPhz2 group and this is the most

thermodynamically stable product.

e !
—r— 5 mol% [Fe] | t
N=c=N _>mol%[Fel o Bu
PhoPH *+ PhyP” N
Bu CeDs H
60 °C
24 h 12d

Scheme 11. Hydrophosphination of tBuNCNEt catalysed by 3 in C¢Ds ([Fe] = 3).

2.3.4.2 Poisoning Experiments

In order to determine whether the catalysis was heterogeneous or homogeneous,
poisoning experiments were carried out using Hg(0) as well as CSz using a similar method
to that used in the hydroamination reactions in Section 2.3.2.6.°%>> The reaction with
Hg(0) and CS: both reached similar conversion after 24 h to the reaction without the
presence of an additive (Table 9, Entries 1-2). This provides evidence towards a

homogeneous mechanism for this reaction.
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The reaction was also carried out in the presence of 1,4-cyclohexadiene which acts as a
radical trap (Table 9, Entry 3). This did not inhibit the reaction indicating that the catalysis

does not proceed via a radical mechanism.

Table 9. Catalytic hydrophosphination of carbodiimides in the presence of 3 with additives.

Entry Additive T(°C) t(h) Conversion (%)l 12:130b]
1 Hg(0) 25 24 85 99:1
2 CS2 25 24 85 99:1
3 1,4-cyclohexadiene 25 24 81 99:1

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL of CsDs, 1:1 Ph2PH:CyNCNCy.

[b] Determined by 3P NMR spectroscopy.

2.3.4.3 Scale-Up Reactions

The reaction between Ph2PH and CyNCNCy was repeated on a larger scale in toluene with
30 mg of 3 (5 mol%). The reaction was heated to 60 °C for 24 h, and subsequently the
solvent was removed in vacuo and the resulting brown oil was extracted into hexane. This
resulted in the isolation of 12a as a pale-yellow powder in a yield of 30%. This low yield
(compared with the 97% conversion) can be explained by the low solubility of 12a in
hexane. Most of the product was likely left behind in the reaction mixture. Other solvents
such as toluene were also used but this resulted in small amounts of the catalyst being

dissolved into the solvent, leading to the isolation of impure product.

2.3.4.4 Stoichiometric Studies

A stoichiometric hydrophosphination reaction was carried out in a similar way to the
hydroamination reaction. The precatalyst 3, Ph2PH and CyNCNCy in a 1:1:1 ratio were
dissolved in CsDs in @ Young’s NMR tube and kept at room temperature. The 'H and 3!P
NMR spectra were measured immediately after adding the substrates and after 1 h, 20 h

and 48 h. The presence of the paramagnetic iron complex means that the peaks are
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broadened and can be difficult to observe in a 3'P NMR spectrum as they may be hidden
by the background noise in the spectrum. However, a peak at -18.3 ppm was observed in
the 3P NMR spectrum after monitoring the reaction for 20 h, which was assigned to 12a.
The peaks corresponding to 12a are also present in the 'H NMR spectrum. The peaks
corresponding to 3 at 31, -11, -35 and -54 ppm are present for the whole reaction and
no new paramagnetically-shifted peaks are observed so this reaction did not give any

insight into the identity of the active species in the catalysis.

|
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*
Ph,PH |ﬂ ‘ M
‘f / T
. Iy, UV, -
10 9 8 7 6 :5 4 3 2 1 0 -1 2
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Figure 14. 'H NMR spectra of the stoichiometric reaction between 3, Ph,PH and CyNCNCy in Ce¢Ds;
a) Immediately after substrates added, b) After 48 h at room temperature (* indicates Mes peaks
from 2,6-Mes;CsH3 ligand).

71



2.3.4.5 Cobalt Catalysed Hydrophosphination of Carbodiimides

The reaction between Ph2PH and CyNCNCy was also tested with the Co(II) complex 4
(Scheme 12). The reaction was performed on an NMR scale and followed by 3!P NMR
spectroscopy as detailed previously. After 24 h at room temperature the reaction had
reached 38% conversion, which is much lower than the analogous reaction with 3. This is
similar to the trend observed for the hydroamination reactions in the presence of 4 and
confirms that 3 is a much more efficient catalyst than 4. The 3P NMR spectrum shows the
same two new peaks that were previously observed for the monoinsertion product 12a at
-18.3 ppm and the dehydrocoupled product 13 at -15 ppm. A higher ratio of 13 is formed

(23%) than for 3 which is likely due to the longer reaction time.

Cy
/Cy 5 mol% [Co] N/
mo o}
PhaPH +  N=C=N i Bh P)LN/CV + PhyP—PPh,
Cy CsDsg 2 H
room temperature
24 h 12a 13

Scheme 12. Catalytic hydrophosphination of CyNCNCy using Ph;PH (1:1) mediated by 4 in CsDe¢
([Co] = 4).

2.4 Conclusions

The Fe(II) complex 3 acts as an effective precatalyst for both the hydroamination of
isocyanates and the hydrophosphination of carbodiimides under mild conditions. The
hydroamination reaction was shown to be analogous to the previously reported
hydrophosphination of isocyanates.3®¢ The Co(II) and Zn(II) complexes 4 and 5 produced
the same products as 3 but they had much lower conversions and were not explored
further.

Biuret derivatives were able to be synthesised through the use of the aromatic isocyanates
which led to the diinsertion of the isocyanate into the N-H bond. This product could be

selectively formed by increasing the ratio of R2NH:R’'NCO to 1:5. This was extended further
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with the use of diisopropylamine, which resulted in the formation of triuret and tetrauret
products from the tri- and tetrainsertion of the isocyanate. This showed the first reported
example of the direct transformation of amines to biurets and longer chain urea
derivatives. These species with multiple urea moieties have a high capacity for hydrogen
bonding which leads to applications in self-assembly and as ligands in coordination
chemistry.

This diinsertion reaction is not as favoured in the hydrophosphination of carbodiimides due
to the use of the bulkier substrates and the diinsertion product was only tentatively
identified through mass spectrometry. This could be explored further with a wider range
of carbodiimides.

Mechanistic studies were undertaken through the use of poisoning experiments which
indicated that the catalysis is homogeneous and not radical catalysed. Stoichiometric
studies were also undertaken and were monitored by both NMR and IR spectroscopy and
these indicate that 3 transforms into a new iron species which is likely the active species,
however the nature of this species was not determined as attempts to isolate and
crystallise the species were unsuccessful. Further mechanistic investigations could be
carried out with the diamagnetic Zn(II) complex 5 as the longer reaction times could lead
to an intermediate species that could be identified through NMR spectroscopy.

This chapter shows the promising potential of the diaryl m-terphenyl complexes to act as
precatalysts for hydroelementation reactions and their unusual ability to synthesise
species with multiple insertions of the heterocumulene. This catalyst is also the first

reported iron catalyst for these reactions.

2.5 Experimental Procedures

See Chapter 6 for general experimental.
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2.5.1 Synthesis of Precatalysts

2,6-MeszCeH3I (1), [2,6-Mes2CeHsLi]2 (2) and complexes 3-5 were synthesised

according to literature methods and characterisation matched literature data.38-#

2.5.2 Catalytic Hydroamination of Isocyanates

2.5.2.1 Standard Procedure for the Catalytic Hydroamination of Isocyanates

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDs (0.6 mL) in a Young's NMR
tube along with the corresponding isocyanate and amine (1:1, 1:2 or 1:5 of R2NH:R’'NCO).
The reaction was either carried out at room temperature or heated to 60 °C and the
reaction was monitored by 'H NMR spectroscopy. Conversion was quantified by integration
of 'H NMR spectra using either 1,3,5-trimethoxybenzene or TMS as an internal standard

and the results can be found in Table 2.

2.5.2.2 Standard Procedure for in situ NMR Reaction Monitoring for the Catalytic

Hydroamination of Isocyanates

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDs (0.6 mL) along with PhoNH
(49 mg, 0.292 mmol) in a Young’s NMR tube. The solution was cooled to -30 °C after
which the corresponding isocyanate (1:1 of Ph2NH:RNCO) was added and the sample was
cooled to —-78 °C to prevent the reaction from initiating. The sample was then transferred
to an NMR spectrometer and monitored by *H NMR spectroscopy at 25 °C. Conversion was

quantified by integration of *H NMR spectra using TMS as an internal standard.

2.5.2.3 Catalytic Hydroamination of Isocyanates in THF

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in THF (0.6 mL) along with the

corresponding isocyanate (0.292 mmol) and Ph2NH (49 mg, 0.292 mmol) in a Young’s
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NMR tube. The reaction was heated to 60 °C for 3 days. The solvent was then removed in
vacuo and the resulting solid was dissolved in CsDs. Conversion was quantified by

integration of the 'H NMR spectrum.

2.5.2.4 Scaled-up Catalytic Hydroamination of Isocyanates

In a Schlenk flask 5 mol% of 3 (50.0 mg, 0.0732 mmol), PhoNH (247 mg, 1.46 mmol) and
PhNCO (796 uL, 7.32 mmol) were dissolved in toluene (5.0 mL) and stirred at room
temperature for 3 h. The solvent was removed in vacuo and the solid was extracted into
CH2Cl2 (20 mL). The crude product was first passed through a silica column in
CHzClz2/hexane (25/75) and then the isolated product was washed from the silica with

acetone (250 mL). (7a: 460 mg, 77%).

2.5.2.5 Stoichiometric NMR Spectroscopy

In a Young’s NMR tube, the precatalyst 3 (10.0 mg, 0.0146 mmol), Ph2NH (2.5 mg, 0.0146
mmol) and PhNCO (6.4 uL, 0.0292 mmol) were dissolved in CsDe (0.6 mL). The reaction
was carried out at room temperature and was monitored by 'H NMR spectroscopy using

1,3,5-trimethoxybenzene as an internal standard.

2.5.2.6 Stoichiometric IR Spectroscopy

In a Schlenk flask, the precatalyst 3 (30.0 mg, 0.044 mmol), Ph2NH (7.4 mg, 0.044 mmol)
and PhNCO (4.7 pL, 0.044 mmol) were dissolved in toluene (5.0 mL) and stirred at room
temperature for 24 h. Aliquots of 0.3 mL were taken at three intervals throughout the

reaction and the IR spectrum of the solution was measured.
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2.5.2.7 Stoichiometric UV-Vis Spectroscopy

The precatalyst 3 (15.0 mg, 0.0219 mmol), PhaNH (3.7 mg, 0.0219 mmol) and PhNCO
(2.4 pL, 0.0219 mmol) were dissolved in hexane (10.0 mL). This was then diluted to give
a concentration of 0.439 M. The UV-vis spectrum of this solution was then measured.

Amax/nm (¢/dm3mol-*cm) = 356 (1.23), 368 (1.04), 380 (0.71), 410 (0.50).

2.5.2.8 Catalytic Hydroamination of Isocyanates in the Presence of NEt3-HCI

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDs (0.6 mL) in a Young's NMR
tube along with Ph2NH (49 mg, 0.292 mmol), PhNCO (64 pL, 0.586 mmol) and NEts-HCI
(20 mg, 0.146 mmol). The reaction was carried out at room temperature and was
monitored by 'H NMR spectroscopy. Conversion was quantified by integration of 'H NMR

spectra using TMS as an internal standard.

2.5.2.9 Catalytic Hydroamination of Isocyanates in the Presence of Hg(0)

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDe (0.6 mL) in a Young’s NMR
tube along with PhaNH (49 mg, 0.292 mmol) and PhNCO (32 uL, 0.292 mmol). A drop of
Hg(0) was then added to the reaction mixture. The reaction was carried out at room
temperature and monitored by 'H NMR spectroscopy. Conversion was quantified by

integration of *H NMR spectra using TMS as an internal standard.

2.5.2.10 Catalytic Hydroamination of Isocyanates in the Presence of CS:

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDs (0.6 mL) in a Young’s NMR
tube along with Ph2NH (49 mg, 0.292 mmol), ‘BuNCO (28 uL, 0.292 mmol) and CS:z (0.05

M in toluene, 29 pL, 0.00146 mmol). The reaction was carried out at room temperature
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and monitored by 'H NMR spectroscopy. Conversion was quantified by integration of 'H

NMR spectra using 1,3,5-trimethoxybenzene as an internal standard.

2.5.2.11 Catalytic Hydroamination of Isocyanates in the Presence of PPhMe:

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDe (0.6 mL) in a Young’s NMR
tube along with Ph2NH (49 mg, 0.292 mmol), ‘BuNCO (28 uL, 0.292 mmol) and PPhMe:
(1 pL, 0.00702 mmol). The reaction was carried out at room temperature and monitored
by 'H NMR spectroscopy. Conversion was quantified by integration of 'H NMR spectra using

1,3,5-trimethoxybenzene as an internal standard.

2.5.2.12 Catalytic Hydroamination of Isocyanates in the Presence of Cumene

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDs (0.6 mL) in a Young's NMR
tube along with Ph2NH (49 mg, 0.292 mmol), PhNCO (32 uL, 0.292 mmol) and cumene
(10 pL, 0.0733 mol). The reaction was carried out at room temperature and monitored by
'H NMR spectroscopy. Conversion was quantified by integration of *H NMR spectra using

TMS as an internal standard.

2.5.2.13 Synthesis and Characterisation of Ureas

2.5.2.13.1 PhoNC(=0)NH(Ph) 6a

0]

PR

Ph,N” N
? H

A solution of PANCO (96 pL, 0.879 mmol) in THF (1 mL) was added to a solution of 3 (30.0
mg, 0.0439 mmol) and Ph2NH in THF (2 mL) and heated to 60 °C for 3 days. The solvent
was removed in vacuo and the solid was extracted into CH2Cl2 (10 mL). The crude product

was first passed through a silica column in CH2Cl2 and then the isolated product was
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washed from the silica with acetone. The solvent was removed in vacuo affording 6a as a
white solid; 153 mg, 61%.

'H NMR (400 MHz, CsDs, 25 °C) 6 = 7.43 (d, 3J(H,H) = 8.1 Hz, 2H, Ph°?), 7.19-7.06 (m,
10H, NPh22™P), 6.99 (t, 3J(H,H) = 7.2 Hz, 2H, Ph™), 6.92 (t, 3J(H,H) = 7.5 Hz, 1H, Ph?),
6.44 (s, 1H, NH) ppm. 13C{*H} NMR (101 MHz, CeéDs, 25 °C) & = 153.0 (C=0), 143.3
(NPh2), 139.6 (Ph’), 137.6 (NPhz°), 129.6 (NPh2™), 129.2 (NPhy?), 126.3 (Ph™), 123.1
(PhP), 119.1 (Ph°) ppm. MS (ESI) Expected: 289.1335, found: 289.1333 (err [ppm] =

0.70) [M+H]*. Characterisation matched literature data.”>

2.5.2.13.2 Ph2NC(=0)NH(3,5-(0Me)2CesHs) 6b

OMe
I /@\
thN)kN OMe
H

In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), PhoNH (49.0 mg, 0.292
mmol) and 3,5-(0OMe)2CeH3NCO (52 mg, 0.292 mmol) were dissolved in THF (0.6 mL) and
heated to 60 °C for 3 days. The solvent was removed in vacuo and the solid was extracted
into toluene (3 x 5 mL) and stored at —-30°C overnight resulting in the precipitation of 6b
as a white solid; 49 mg, 48%.

'H NMR (400 MHz, CeDs, 25 °C) & = 7.09 (m, 4H, NPh2°), 7.00 (m, 4H, NPh2"), 6.93 (d,
4J(H,H) = 2.2 Hz, 2H, Ph°), 6.89 (m, 2H, NPh2?), 6.39 (s, 1H, NH), 6.35, (t, 9J(H,H) = 2.2
Hz, 1H, PhP), 3.33 (s, 6H, OCH3) ppm. 3C{'*H} NMR (101 MHz, CeDs, 25 °C) & = 161.9
(Ph™) 153.1 (C=0), 143.2 (NPh2), 141.5 (Ph’), 129.6 (NPh2™), 127.7 (NPh2°), 126.3
(NPh2?), 97.5 (Ph°), 96.2 (Ph®), 54.9 (OCHs) ppm. MS (ESI) Expected: 349.1547, found:

349.1532 (err [ppm] = 4.30) [M+H]*.
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2.5.2.13.3 Ph2NC(=0)NH(4-BrCeHa) 6¢

Br
| - C
Ph N)]\N
2 H

In a Young’s NMR tube 5 mol% of 1 (10.0 mg, 0.0146 mmol), PhaNH (49.0 mg, 0.292
mmol) and 4-BrCsH4NCO (58 mg, 0.292 mmol) were dissolved in THF (0.6 mL) and heated
to 60 °C for 3 days. The solvent was removed in vacuo and the solid was extracted into
toluene (3 x 5 mL) and stored at -30°C overnight resulting in the precipitation of 6c as a
white solid; 58 mg, 54%.

'H NMR (400 MHz, CeDs, 25 °C) & = 7.15 (m, 2H, Ph°) 7.13 (m, 2H, Ph™), 7.07-6.96 (m,
8H, NPh2°*™m), 6.90 (m, 2H, NPh2?), 6.11 (s, 1H, NH) ppm. 3C{*H} NMR (101 MHz, Ce¢Ds,
25 °C) & = 152.6 (C=0), 143.1 (NPh2), 138.5 (Ph’), 132.1 (Ph™), 129.6 (NPh2°), 127.7
(PPh°), 126.4 (NPh2?), 120.7 (NPh2™), 115.7 (Ph?) ppm. MS (ESI) Expected: 367.0441,

found: 367.0456 (err [ppm] = 4.30) [M+H]*.

2.5.2.13.4 Ph2NC(=O)NH(Pr) 6d

(@] )\
Ph N)I\N
2 H

In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), PhoNH (49.0 mg, 0.292
mmol) and 'PrNCO (29 uL, 0.292 mmol) were dissolved in CeéDs (0.6 mL) at room
temperature. The solvent was removed in vacuo and the solid was extracted into hexane
(3 x 5 mL) and stored at —-30 °C overnight resulting in the precipitation of 6d as a white
solid; 17 mg, 23%.

'H NMR (400 MHz, CeDs, 25 °C) & = 7.20 (d, 3J(H,H) = 7.9 Hz, 4H, NPh2°), 7.03 (t, 3J(H,H)
= 7.7 Hz, 4H, NPh2™), 6.88 (t, 3J(H,H) = 7.4 Hz, 2H, NPh2), 4.22-4.10 (m, 2H, NH +
CH(CH3)2), 0.85 (d, 3J(H,H) = 5.8 Hz, 6H, CH3) ppm. 3C{!H} (101 MHz, CeDs, 25 °C) d =

154.6 (C=0), 143.7 (Ph’), 129.0 (NPh2™), 127.2 (NPh2°), 125.3 (NPh2?), 42.4 (CH(CH3)z2),
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22.5 (CHs3) ppm. MS (ESI) Expected: 255.1492, found: 255.1495 (err [ppm] = 1.40)

[M+H]*.

2.5.2.13.5 Ph2NC(=0O)NH('Bu) 6e

(@] J<
Ph N)I\N
2 H

In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), PhoNH (49.0 mg, 0.292
mmol) and ‘BuNCO (0.292 mmol) were dissolved in CsDs (0.6 mL) at room temperature.
The solvent was removed in vacuo and the solid was extracted into hexane (3 x 5 mL)
and stored at -30 °C overnight resulting in the precipitation of 6e as a white solid; 27 mg,
25%.

'H NMR (400 MHz, CsDs, 25 °C) 6 = 7.19 (d, 3J(H,H) = 7.3 Hz, 4H, Ph°), 7.03 (t, 3J(H,H)
= 7.9 Hz, 4H, Ph™), 6.88 (t, 3J(H,H) = 7.4 Hz, 2H, PhP), 4.35 (s, 1H, NH), 1.25 (s, 9H,
C(CHs3)3) ppm. 13C{*H} (101 MHz, CsDs, 25 °C) d = 154.8 (C=0), 144.2 (Ph’), 129.4 (Ph™),
127.6 (Ph°), 125.5 (PhP), 51.0 (C(CHs)s3), 29.2 (C(CHs)3) ppm. MS (ESI) Expected:

269.1648, found: 269.1645 (err [ppm] = 1.1) [M+H]*.

2.5.2.13.6 PhHNC(=0)NH(Ph) 6f

s88e

In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), PhNH2 (26 uL, 0.292 mmol)
and PhNCO (159 pL, 1.46 mmol) were dissolved in CeDe (0.6 mL) at room temperature for
24 h. 6f and 7f were obtained as a mixture and conversions were obtained by 'H NMR

spectroscopy (6f: 32%; 7f: 68%).
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6f: 'H NMR (400 MHz, CDCls, 25 °C) & = 7.49 (m, 4H, Ph°), 7.41 (m, 4H, Ph™), 7.33 (d,
3J(H,H) = 3.5 Hz, 2H, PhP), 6.46 (s, 2H, NH) ppm. 13C{!H} NMR (101 MHz, CDClz, 25 °C)
0 = 148.8 (C=0), 133.8 (Ph), 129.5 (Ph°), 128.6 (Ph™), 121.4 (Ph?) ppm. MS (ESI)
Expected: 235.0842, found: 235.0846 (err [ppm] = 1.80) [M+Na]*. Characterisation

matched literature data.”®

2.5.2.13.7 '‘Pr2NC(=0)NH(Ph) 6g

iPr,N N
2 H

In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), 'PraNH (41 uL, 0.292 mmol)
and PhNCO (32 pL, 0.292 mmol) were dissolved in CsDs (0.6 mL) at room temperature.
The solvent was removed in vacuo and the solid was extracted into hexane (3 x 5 mL)
and stored at -30 °C overnight resulting in the precipitation of 6g as a white solid; 42 mg,
64%.

IH NMR (400 MHz, CDCls, 25 °C) & = 7.39 (m, 2H, Ph°), 7.30 (m, 2H, Ph™) 7.03 (t, 3J(H,H)
= 7.3 Hz, 1H, Ph?), 6.22 (s, 1H, NH), 4.01 (sep, 3J(H,H) = 6.9 Hz, 2H, CH(CH3)2), 1.35
(d, 3J(H,H) = 6.9 Hz, 12H, CH3) ppm. 3C{!H} (101 MHz, CDCI3, 25 °C) d = 154.6 (C=0),
139.4 (Ph’), 128.9 (Ph™), 122.6 (PhP), 119.6 (Ph°), 45.5 (CH(CHs3)2), 21.6 (CH3) ppm. MS
(ESI) Expected: 221.1648, found: 221.1645 (err [ppm] = 1.60) [M+H]*. Characterisation

matched literature data.”>
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2.5.2.13.8 Ph2NC(=0)N(Ph)C(=0)NH(Ph) 7a

P90

Ph,N N N
H

In a Schlenk flask 5 mol% of 3 (50.0 mg, 0.0732 mmol), PhaNH (247 mg, 1.46 mmol) and
PhNCO (796 uL, 7.32 mmol) were dissolved in toluene (5.0 mL) and stirred at room
temperature for 5 h. The solvent was removed in vacuo and the solid was extracted into
CH2Cl2 (20 mL). The crude product was first passed through a silica column in
CH:Clz2/hexane (25/75) and then the isolated product was washed from the silica with
acetone (250 mL). The solvent was removed in vacuo affording 7a as a white solid; 460
mg, 77%.

!H NMR (400 MHz, CeDs, 25 °C) 6 = 10.81 (s, 1H, NH), 7.84 (m, 2H, PhB°) 7.34 (m, 4H,
NPh2°), 7.28-7.07 (m, 9H, NPh2™*P + PhBm*8r) '7.03-6.85 (m, 5H, Ph#°*m+P) ppm. 13C{'H}
(101 MHz, CeDs, 25 °C) 8 = 160.2 (C=0) 153.1 (C=0), 148.7 (NPh2), 143.4 (Ph#), 139.1
(Ph?8), 129.6-129.0 (NPh2™*P + Ph8m+P) 127.4 (Ph#°), 126.7 (Ph#™), 126.2 (Ph#P), 120.0
(Ph89), 119.2 (NPh2°) ppm. MS (ESI) Expected: 408.1707, found: 408.1707 (err [ppm] =

0.00) [M+H]*.

2.5.2.13.9 Ph2NC(=0)N(3,5-(0OMe)2CeH3)C(=0)NH(3,5-(OMe)2CeHz) 7b

OMe
(@] (0]

J

Ph,N OMe

N
H
MeO OMe
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In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), Ph2NH (49.0 mg, 0.292
mmol) and 3,5-(0OMe)2CeH3NCO (262 mg, 1.46 mmol) were dissolved in CsDe (0.6 mL).
The solution was heated to 60 °C for 4 hours. The solvent was removed in vacuo and the
solid was washed with hexane (3 x 5 mL) and stored at —30 °C overnight resulting in the
precipitation of 7b as a white solid; 21 mg, 14%.

1H NMR (400 MHz, CeéDs, 25 °C) & = 10.77 (s, 1H, NH), 7.24 (d, “J(H,H) = 2.3 Hz, 2H,
Ph8°), 6.84-6.79 (m, 8H, NPh2°*™), 6.41 (m, 1H, Ph®), 6.36-6.32 (m, 3H, NPh2" + Ph#"),
6.22 (d, “J(H,H) = 2.3 Hz, 2H, Ph??), 3.32 (s, 6H, OCHs5), 3.17 (s, 6H, OCH#") ppm.
13C{1H} (101 MHz, CsDs, 25 °C) & = 162.3 (Ph2NC=0), 162.0 (Ph™), 160.6 (Ph*™), 152.0
(HNC=0), 143.5 (NPh2), 140.9 (Ph#), 140.2 (Ph*), 129.3 (NPh2°), 126.9 (NPh2™), 108.1
(NPh2P), 107.7 (Ph#°), 100.5 (Ph#?), 98.3 (Ph5°), 97.4 (Ph??), 54.9 (OCH3?), 54.9 (OCH#)

ppm. MS (ESI) Expected: 528.2129, found: 528.2123 [M+H]* (err [ppm] = 1.20).

2.5.2.13.10 Ph2NC(=0)N(4-BrCsH4)C(=0)NH(4-BrCsHa) 7c
Br
o 0 @

PhoN N
Br

In a Young’s NMR tube 5 mol% of 1 (10.0 mg, 0.0146 mmol), PhaNH (49.0 mg, 0.292
mmol) and 4-BrCsH4sNCO (289 mg, 1.46 mmol) were dissolved in CeDes (0.6 mL). The
solution was heated to 60 °C for 4 hours. The solvent was removed in vacuo and the solid
was washed with hexane (3 x 5 mL) and stored at -30 °C overnight resulting in the
precipitation of 7c as a white solid; 26 mg, 16%.

'H NMR (400 MHz, CsDs, 25 °C) & = 10.63 (s, 1H, NH), 7.39 (m, 2H, Ph?°), 7.18 (m, 2H,
Ph&m), 6.95 (m, 4H, NPh2™), 6.82 (m, 2H, PhA™), 6.61 (d, 3J(H,H) = 6.8 Hz, 2H, Ph#),

6.50 (m, 2H, NPh2?), 6.21 (d, 3J(H,H) = 8.1 Hz, 4H, NPh2°) ppm. 13C{!H} (101 MHz, CsDs,

83



25 °C) & = 149.5 (C=0), 147.8 (C=0), 142.6 (NPh2), 141.6 (Ph?), 139.1 (Ph*), 132.3
(NPh2™), 132.0 (Ph8m), 130.3 (NPh2P), 129.0 (PhA™), 126.3 (Ph#°), 126.1 (NPh2°), 121.3
(PhB°), 118.6 (Ph*?) 116.3 (Ph®?) ppm. MS (ESI) Expected: 563.9917, found: 563.9915

[M+H]* (err [ppm] = 0.30).

2.5.2.13.11 PANHC(=0)N(Ph)C(=0)NH(Ph) 7f

DG

In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), PhNH2 (26 uL, 0.292 mmol)
and PhNCO (159 pL, 1.46 mmol) were dissolved in CeDes (0.6 mL) at room temperature for
24 h. 6f and 7f were obtained as a mixture and conversions were obtained by 'H NMR
spectroscopy (6f: 32%; 7f: 68%).

7f: 'H NMR (400 MHz, Ce¢Ds, 25 °C) & = 8.99 (s, 2H, NH), 7.45 (d, 3J(H,H) = 7.5 Hz, 4H,
Ph#°), 7.06 (m, 4H, PhA™), 7.01-6.95 (m, 4H, Ph*? + Ph&°), 6.87 (m, 2H, Ph8™), 6.79 (m,
1H, Ph8P) ppm. 13C{'H} (101 MHz, CeDs, 25 °C) 6 = 152.9 (C=0), 138.0 (Ph?), 136.9
(Ph#), 129.9 (Ph®pP), 129.7 (Ph#P), 128.9 (PhA™), 128.1 (Ph8°), 123.9 (Ph&™), 129.2 (Ph#°)

ppm. MS (ESI) Expected: 354.1213, found: 354.1199 (err [ppm] = 3.90) [M+Na]".

2.5.2.13.12 ‘PrNC(=0)N(Ph)C(=0)NH(Ph) 7g

o)

J

s

PryN
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(See section 2.5.2.14 for synthesis).

'H NMR (400 MHz, CsDs, 25 °C) & = 9.03 (s, 1H, NH), 7.58 (m, 2H, Ph°), 7.42 (m, 1H,
Ph°), 7.09-6.99 (m, 4H, PhA™ + Ph5m), 6.91 (m, 1H, Ph?), 6.82 (m, 1H, PhP), 3.45 (br s,
2H, CH(CH3)2), 0.90 (br s, 12H, CHs) ppm. 13C{!H} (101 MHz, CsDs, 25 °C) & = 140.0
(Ph’), 139.3 (Ph’), 129.2 (Ph™), 129.0 (Ph™), 127.8 (Ph°), 126.8 (PhP), 123.4 (Ph®), 119.9
(Ph°), 21.4 (CH(CHs3)2), 19.9 (CH3) ppm. MS (ESI) Expected: 340.2020, found: 340.2010

(err [ppm] = 2.70) [M+H]".

2.5.2.14 Procedure for in situ Formation of 7g, 8g and 9g

In a Young’s NMR tube 5 mol% of 3 (10.0 mg, 0.0146 mmol), 'PraNH (41 uL, 0.292 mmol)
and phenyl isocyanate [64 pL, 0.586 mmol (affording a mixture of 7g and 8g); 95 pL,
0.876 mmol (affording a mixture of 7g, 8g and 9g); 159 pL, 1.46 mmol (affording a
mixture of 7g, 8g and 9g)] were dissolved in CsDes (0.6 mL). The reaction was performed
at room temperature and monitored by H NMR spectroscopy. Conversion was quantified
by integration of 'H NMR spectra (7g 25%, 8g 54% and 9g 21%).

Selected spectroscopic data for 8g and 9g (observed as a mixture):
'PraNC(=0)N(Ph)C(=0)N(Ph)C(=0O)NH(Ph) (8g): 'H NMR (400 MHz, CeéDs, 25 °C) 0 =
10.36 (s, 1H, NH), 7.58-6.51 (m, 15H, Ph), 3.45 (br s, 2H, CH(CH3)2), 0.10 (br s, 12H,
CHs) ppm. MS (ESI) Expected: 459.2391, found: 459.2395 (err [ppm] = 0.90) [M+H]*.
"PraNC(=0)N(Ph)C(=0)N(Ph)C(=0)N(Ph)C(=0)NH(Ph) (9g): *H NMR (400 MHz, CsDs, 25
°C) 0 = 7.76 (s, 1H, NH) ppm. MS (ESI) Expected: 578.2762, found: 578.2777 (err [ppm]

= 2.70) [M+H]*.
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2.5.3 Catalytic Hydrophosphination of Carbodiimides

2.5.3.1 Standard Procedure for the Catalytic Hydrophosphination of

Carbodiimides

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDes (0.6 mL) in a Young’s NMR
tube along with Ph2PH (51 pL, 0.292 mmol) and the corresponding carbodiimide (1:1 or
1:2 of Ph2NH:RNCNR). The reaction was either carried out at room temperature or heated
to 60 °C. The reaction was monitored by 'H and 3'P NMR spectroscopy. Conversion was

qguantified by integration of 3!P NMR spectra with PPhs as an internal standard.

2.5.3.2 Catalytic Hydrophosphination of Carbodiimides in the Presence of

NEts-HCI

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDes (0.6 mL) in a Young’s NMR
tube along with Ph2PH (51 pL, 0.292 mmol), PANCNPh (114 mg, 0.586 mmol) and NEts-HCI
(40 mg, 0.292 mmol). The reaction was heated to 60 °C and was monitored by 'H and 3P
NMR spectroscopy. Conversion was quantified by integration of 3P NMR spectra with PPh3

as an internal standard.

2.5.3.3 Catalytic Hydrophosphination of Carbodiimides in the Presence of Hg(0)

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDs (0.6 mL) in a Young’s NMR
tube along with Ph2PH (51 pL, 0.292 mmol) and CyNCNCy (60 mg, 0.292 mmol). A drop
of Hg(0) was then added to the reaction mixture. The reaction was carried out at room
temperature and monitored by 'H and 3!P NMR spectroscopy. Conversion was quantified

by integration of 3'P NMR spectra with PPhs as an internal standard.
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2.5.3.4 Catalytic Hydrophosphination of Carbodiimides in the Presence of CS:

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDs (0.6 mL) in a Young’'s NMR
tube along with Ph2PH (51 pL, 0.292 mmol), CyNCNCy (60 mg, 0.292 mmol) and CS:2
(0.05 M in toluene, 29 uL, 0.00146 mmol). The reaction was carried out at room
temperature and monitored by 'H and 3'P NMR spectroscopy. Conversion was quantified

by integration of 3P NMR spectra with PPhs as an internal standard.

2.5.3.5 Catalytic Hydrophosphination of Carbodiimides in the Presence of 1,4-

Cyclohexadiene

5 mol% of 3 (10.0 mg, 0.0147 mmol) was dissolved in CsDe (0.6 mL) in a Young’s NMR
tube along with Phz2PH (51 pL, 0.292 mmol), CyNCNCy (60 mg, 0.292 mmol) and 1,4-
cyclohexadiene (6.9 pL, 0.073 mmol). The reaction was heated to 60 °C and was
monitored by 'H and 3'P NMR spectroscopy. Conversion was quantified by integration of

31p NMR spectra with PPhs as an internal standard.

2.5.3.6 Scaled-up Catalytic Hydrophosphination of Carbodiimides

In a Schlenk flask 5 mol% of 3 (30.0 mg, 0.0439 mmol), Ph2PH (153 uL, 0.879 mmol)
and CyNCNCy (181 mg, 0.879 mmol) were dissolved in toluene (5.0 mL) and stirred at 60
°C for 24 h. The solvent was removed in vacuo to give a dark brown oil which was then
extracted into hexane (3 x 5 mL). The solvent was removed in vacuo to give a pale yellow

solid. (13a: 102 mg, 30%).

2.5.3.7 Stoichiometric NMR

The precatalyst 3 (10.0 mg, 0.0146 mmol) was dissolved in CeDs (0.6 mL) in a Young’s

NMR tube along with Ph2PH (2.5 pL, 0.0146 mmol) and CyNCNCy (3.0 mg, 0.0146 mmol).
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The reaction was carried out at room temperature and was monitored by 'H and 3'P NMR

spectroscopy.

2.5.4 Synthesis of N,N’-Diphenylcarbodiimide 11

The synthesis of 11 was adapted from that reported by Jiang and co-workers, with minor
changes.”® N,N’-diphenylthiourea (4 g, 17.5 mmol) and HgO (5.6 g, 25.8 mmol) were
dissolved in acetone (20 mL) along with MgS04 (5.0 g, 42 mmol). The solution was heated
to reflux for 1 h. After cooling to room temperature, the black suspension was filtered
through Celite® resulting in a colourless solution. The solvent was removed in vacuo giving
a yellow oil and a colourless solid. This was extracted into CH2Cl> and the solvent was
removed in vacuo to give a yellow liquid.

Yellow liquid: 2.41 g, 57%. 'H NMR (400 MHz, CsDs, 25 °C) 6 7.03 (m, 4H, Ph°), 6.97 (m,
4H, Ph™), 6.86 (m, 2H, PhP) ppm. 13C{!H} (101 MHz, CsDs, 25 °C) 6 139.0 (NCN), 135.7

(Ph), 129.8 (Ph™), 125.7 (Ph°), 124.6 (Ph?) ppm. IR (ATR) v = 2110 (C=N) cm™1.

2.5.5 Characterisation of Phosphaguanidines

2.5.5.1 Ph2PC(=NCy)NH(Cy) 12a

h f
e
N d
Ph, )\N a c
H b

IH NMR (400 MHz, C¢Ds, 25 °C) & = 7.51 (m, 4H, PPh2™), 7.18-7.02 (m, 6H, PPh2*?),
4.15 (m, 1H, CH?), 4.09 (m, 1H CHe), 3.82 (d, 3J(H,H) = 6.9 Hz, 1H, NH), 1.96-1.78 (m,
6H, CHz*d), 1.69 (m, 4H, CH:%), 1.45 (m, 2H, CH2"), 1.24 (m, 4H, CH:9), 0.97 (m, 4H,
CH>") ppm. 3C{H} (101 MHz, CsDs, 25 °C) & = 152.3 (d, 1J(C,P) = 31.8 Hz, C=N), 135.8

(d, YJ(C,P) = 14.4 Hz, PPhy), 134.4 (d, 3J(C,P) = 19.5 Hz, PPho™), 129.4 (PPhz?), 129.1
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(d, 2J(C,P) = 6.8 Hz, PPh:°), 60.4 (d, 4J(C,P) = 34.0 Hz, CHe), 49.3 (CH?), 35.8 (CH.%),
32.7 (CH2"), 26.4 (CH2"), 26.3(CH2"), 25.3(CH29), 24.7 (CH2¢). ppm. 3P{*H} (162 MHz,
CsDe, 25 °C) & = -18.3 ppm. MS (ESI) Expected: 393.2454, found: 393.2455 (err [ppm]
= 0.30) [M+H]*. Cyclohexyl environments assigned using COSY. Characterisation

matched literature data.”*

2.5.5.2 Ph2PC(=N‘Pr)NH(’Pr) 12b

b
A\ d
N
A e
Ph N
2 H

!H NMR (400 MHz, CeDs, 25 °C) & = 7.46 (m, 4H, Ph°), 7.06 (m, 6H, Ph™*P), 4.38 (br s,
1H, CH?), 4.31 (brs, 1H, CH), 1.22 (br's, 6H, CH3®), 0.96 (br s, 6H, CH3%) ppm. 3C{*H}
NMR (101 MHz, CeéDs, 25 °C) 6 = 152.4 (d, YJ(C,P) = 32.1 Hz, C=N), 135.6 (d, YJ(C,P) =
14.2 Hz, Ph’), 134.3 (d, 2J(C,P) = 19.7 Hz, Ph°), 129.4 (Ph®), 129.1 (d, 3J(C,P) = 6.7 Hz,
Ph™), 52.2 (d, 4J(C,P) = 35.2 Hz, CH?), 42.9 (CH®), 25.4 (CHsP), 22.5 (CHz%) ppm. 31P{*H}
(162 MHz, CsDse, 25 °C) 6 = -18.5 ppm. MS (ESI) Expected: 313.1828, found: 313.1845

(err [ppm] = 5.40) [M+H]*. Characterisation matched literature data.’*

2.5.5.3 Ph2PC(=NPh)NH(Ph) 12c

'H NMR (400 MHz, Ce¢Ds, 25 °C) 6 = 7.68 (d, 3J(H,H) = 8.0 Hz, 4H, Ph?*"), 7.44-7.28 (m,

6H, PPh20*0), 7.13-7.05 (m, 2H, Phd+h), 7.00 (m, 4H, PPh™), 6.91-6.81 (m, 4H, Phc+9),
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6.44 (s, 1H, NH) ppm. 3C{'H} NMR (101 MHz, CeDs, 25 °C) & = 155.3 (C=N, J(C,P) =
41.0 Hz), 150.8 (PPh2, 1J(C,P) = 12.3 Hz), 141.9 (Ph®), 141.0 (PPh2°), 139.43 (Ph?), 134.4
(PPh2P), 129.8 (Ph?), 129.3 (Ph"), 129.2 (Ph9), 123.2 (Ph9), 122.9 (Phc), 122.8 (d, 3J(C,P)
= 2.3 Hz, PPh2™), 119.0 (Phf) ppm. 3'P{H} (162 MHz, CsDs, 25 °C) & = -11.3 ppm. MS
(ESI) Expected: 381.1515, found: 381.1534 (err [ppm] = 5.00) [M+H]*. Characterisation

matched literature data.”?

2.5.5.4 Ph2PC(=NEt)NH(‘Bu) 12d

\\N
Ph, J\NJ<

!H NMR (400 MHz, CeéDs, 25 °C) 6 = 7.45 (m, 4H, Ph™), 7.10-7.01 (m, 6H, Ph°*P), 3.78-
3.70 (m, 3H, CH2CHs + NH), 1.32 (s, 9H, CCHs), 1.27 (t, 3J(H,H) = 7.1 Hz, 3H, CH2CH3)
ppm. 13C{'H} (101 MHz, Ce¢Ds, 25 °C) & = 153.8 (d, YJ(C,P) = 33.5 Hz C=N), 138.0 (d,
1J(C,P) = 12.2 Hz Ph’), 134.4 (Ph™), 129.3 (PhP), 129.1 (Ph°), 52.2 (CCH3) 46.8 (d, 4J(C,P)
= 36.7 Hz CH2CH3s), 28.8 (CCH3s), 17.8 (CH2CH3) ppm. 3'P{*H} (162 MHz, CesDs, 25 °C) &
= -16.1 ppm. MS (ESI) Expected: 131.1828, found: 313.1829 (err [ppm] = 0.10) [M+H]".

Characterisation data matched literature data.®”
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3.1 Introduction

3.1.1 Catalytic Hydroboration

Hydroboration is the addition of a B-H bond across an unsaturated bond. It is an important
reaction in organic chemistry due to its use in forming a variety of organoboron
compounds? that have applications in organic synthesis to produce a wide range of organic
products.?=> A common example is in the hydration of alkenes which can be achieved by
the hydroboration of the alkene and then subsequent oxidation of the organoboron
product.® The structures of some commercially available boranes that are frequently used

in hydroboration reactions are shown in Figure 1.

T
T

9-BBN HBPin HBCat

Figure 1. Molecular structure and abbreviations of commonly used boranes.

There are some examples of hydroboration reactions that do not require the use of a
catalyst, for example the hydroboration of alkenes using 9-borabicyclo[3.3.1]nonane (9-
BBN) has been widely reported.!” Other boranes, such as the more electron deficient
pinacolborane (HBPin) and catecholborane (HBCat) often require a catalyst in order to
undergo hydroboration under mild conditions.8-13 A recent example is the hydroboration

of alkenes with HBPin catalysed by [Ru(p-cymene)Clz2]2 (Scheme 1).14

0.05 mol% [Ru(p-cymene)Cl,], .
HBPIn  +  _A\p i N
solvent free
room temperature
24 h

Scheme 1. Hydroboration of alkenes catalysed by [Ru(p-cymene)Cl,],.1*
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Some catalysts can control the selectivity of the reaction. One example of this is the
hydroboration of 1-octene by BHs-THF catalysed by RhCl3-nH20.1°® The hydroboration
reaction was followed by an oxidation with NaOH/H202, which resulted in only 2.4%
conversion to the 1-octanol product, and a much larger conversion to the 3- and 4-octanol
products (Scheme 2). This is in comparison to the uncatalysed reaction where 92.8% of
the 1-octanol is formed. In the uncatalysed reaction the ‘BH>" moiety is substituted at the
least sterically hindered position, but in the catalysed reaction the ‘BH2’ group is
substituted in the more sterically hindered positions. In the catalysed reaction the
isomerisation of the alkene is much faster than the formation of the C-B bond so the more
stable isomer is formed and then hydroboration takes place leading to the formation of 3-

and 4-octanol.10

OH

/\/\/\) 24%
1. RhCly-nH,0 w )
BH5 THF 17.4 %

2. NaOH/H202 OH

NN >

THF
room temperature OH

2h
/\/\)\/ 36.9 %
W 433 %

OH

Scheme 2. Catalytic hydroboration of 1-octene followed by oxidation with NaOH/H,0,.1°

Traditional catalysts for hydroboration are generally precious metals such as rhodium or
ruthenium?®>-'7 (as illustrated in the previous examples) so there is a need for catalysts

from more earth abundant metals due to their lower cost and higher availability.
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3.1.2 Hydroboration of Heterocumulenes

The hydroboration of substrates such as alkenes!®-20 and ketones?!-23 has been widely
investigated but reports of the hydroboration of heterocumulenes such as isocyanates and
carbodiimides are limited to magnesium,?4-27 aluminium?® and f block?® metals. There have
currently been no transition metal catalysts reported.

The hydroboration of carbodiimides can result in either the monohydroboration or
dihydroboration product where the boron group ends up on either one nitrogen or both
nitrogen atoms of the carbodiimide respectively. The use of different catalysts can
selectively produce one of these products. For example, the use of [Mg(thf)e][HBPh3]2 as
a catalyst results in the exclusive formation of the dihydroboration product (Scheme 3),%>
whereas the actinide catalyst reported by Eisen et al. exclusively forms the
monohydroboration product (Scheme 4).2° Hill et al. also reported a magnesium
precatalyst that catalyses the hydroboration of carbodiimides (Scheme 5) which

exclusively forms the monohydroboration product.?*

/P 1 mol% Mg(thf)elHBPh], , RS
2 HBPin + N=C=N » P . _BPin
N N
o THF-dj | |
60 °C BPin Pr
12 h

Scheme 3. Hydroboration of '/PrNCN/Pr with HBPin catalysed by [Mg(thf)s][HBPh3].%>

/Dipp
N CH3
\
N Cp*
R \ "
/ A em
HBPin + N=C=N - R\N/ N/BP|n
4 CeDe I
70 °C R
2-6 h

Scheme 4. Hydroboration of carbodiimides with HBPin in the presence of an actinide catalyst (An =
U or Th; R = alkyl or aromatic group).?®
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10 mol% N N
° Dipp/ Mg \Dipp
| H
/R nBu )\ .
HBPin + N=C=N - R A _BPin
/ N
R CeDe |
60-80 °C R
5.5-60 h

Scheme 5. Hydroboration of carbodiimides with a magnesium catalyst (R = alkyl or aromatic
group).>*

There are only two reported precatalysts for the hydroboration of isocyanates and these
are the two magnesium complexes previously reported for the hydroboration of
carbodiimides.?>2% [Mg(thf)s][HBPh3]2 was shown to catalyse the hydroboration of ‘BUNCO
with HBPin. The dihydroboration of the isocyanate at both the nitrogen and oxygen atoms

occurs (Scheme 6).%°> The reaction reached completion after 0.5 h at 60 °C.

_BPin
)
o 1 mol% [Mg(thf)s][HBPhs],
2 HBPin * o/ ' PinB
Bu THF-dg 'i‘ H
60 °C
0.5h R

Scheme 6. Hydroboration of tBuNCO with HBPin catalysed by [Mg(thf)s][HBPhs]>

The magnesium precatalyst reported by Hill et al. has a wider substrate scope than
[Mg(thf)s][HBPhs]2.26 The products obtained with this precatalyst can be changed through
the manipulation of the reaction stoichiometry (Scheme 7). When two equivalents of HBPin
were used the dihydroboration of isocyanates at the nitrogen and oxygen atoms occurs.
This hydroboration reaction only takes place in significant yields with the aromatic
isocyanates MesNCO and DippNCO as substrates. These reactions take place at room
temperature and reach 100% conversion after just 15 minutes. The monohydroboration
product, where the BPin only adds at the nitrogen atom of the isocyanate is observed as

an intermediate for this reaction. When three equivalents of HBPin were used in the
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reaction the hydrodeoxygenation of the isocyanate occurs; this reaction involves the
cleavage of the C=0 bond of the isocyanate and the formation of O(BPin)2. The mechanism
for this catalysis involves the sequential addition of the borane to the isocyanate and the
hydrodeoxygenation reaction proceeds via the formation of the monohydroboration and

then dihydroboration products.2®

BPin
-
o (0]
HBPI HBPin _ p; )*\\H
in PinB._ )I\ _>P|nB\N H
toluene-dg ’il H toluene-dg |
60 °C °
R 60 °C R
X
N=c=0 10 mol% N| |
R Dipp” Mg~ Dipp
3 HBPin
toluene-dg RO~
60 °C N ©

| * pin” BPin
BPin

Scheme 7. Hydroboration and hydrodeoxygenation of isocyanates with a magnesium catalyst (R =
alkyl or aromatic group).2®

3.2 Aims

The aim of this work was to investigate the use of first row transition metal m-terphenyl
complexes as precatalysts for the hydroboration of heterocumulenes. The effect of the
metal centre on the reaction was investigated. A range of different substrates were used
to investigate the effect of the heterocumulene on the catalysis and the mechanism of the
catalysis was investigated using stoichiometric reactions and poisoning experiments. This
was the first reported example of a transition metal catalyst for this reaction and greatly

increases the scope of the reaction compared to the previously reported catalysts.
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3.3 Results and Discussion

3.3.1 Iron Catalysed Hydroboration of Isocyanates

3.3.1.1 Initial Investigations

Initially, control reactions between HBPin and PhNCO were performed in the absence of a
catalyst. No reaction was determined to have occurred at room temperature after 48 h by
'H and 'B NMR spectroscopy. In order to investigate the use of Fe(2,6-Mes>CsH3)2 (3) as
a precatalyst for this reaction, an NMR scale reaction in CeDs between HBPin and PhNCO
(1:1) in the presence of 3 (5 mol%) was carried out (Scheme 8). The hydroboration
products (of the formula RN(BPin)C(=0)H and RN(BPin)C(OBPin)H2) have been reported
to decompose with heating so the reaction was carried out at ambient temperature.?® The
reaction was monitored using 'H and !B NMR spectroscopy (Figure 2), with the initial !B
NMR spectrum displaying a doublet at 28.5 ppm due to the HBPin substrate. After 4 h a
new peak in the spectrum at 25.9 ppm is observed and there is a concomitant colour
change from a bright yellow to a colourless solution. Measurement of the !B NMR
spectrum at 24 hours shows that this resonance had increased in intensity, and the initial
doublet has decreased in size and a second small new peak at 21.9 ppm has grown in with
82% conversion of the HBPin. These two new chemical shifts are in agreement with those
observed by Hill et al., suggesting that the use of precatalyst 3 affords the analogous
mono- and dihydroboration products.?® The peak at 25.9 ppm is assigned to NBPin and
the peak at 21.9 ppm is assigned to OBPin.2¢ In the monohydroboration product there is
one NBPin and in the dihydroboration product there is both an NBPin and an OBPin
(Scheme 8), the similarity between the two NBPin environments mean that it is difficult to
quantify the ratio of these two products from the integration of the !B NMR spectra
(integration of !B NMR is also often unreliable). However, it was possible to quantify the
product ratio using the 'H NMR spectrum, as the monohydroboration CH appears at 9.18
ppm and the dihydroboration CH> appears at 4.96 ppm.2® The integration of these peaks
confirms the major product as the monohydroboration product (15a) and the minor

product as the dihydroboration product (16a) with a ratio of 91:9 indicating that although
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the ratio of HBPin:PhNCO used was 1:1 a small amount of 16a is formed (Table 2, Entry

1).
o) O/BPin
| N=C=0  Smol%[Fe] . - )]\ H
HBPin + / — n N H * PinB{
Ph CeDs I N H
room temperature Ph |
24 h 15a Ph . 6a

91:9

Scheme 8. Catalytic hydroboration of PhNCO with HBPin in the presence of 3 (5 mol%) in CsDs at
room temperature ([Fe] = 3).

OBPin
/16a
C.
NBPin
/ 15a and 16a
b.
HBPin
\
a.
36 34 32 30 28 26 24 22 20 18 16
ppm

Figure 2. 11B NMR spectra of reaction between HBPin and PhNCO (1:1) in CgDe at 25 °C in the
presence of 3 after a) 10 min, b) 4 h, c) 24 h.

Crystals of 15a suitable for X-ray crystallography were grown from a saturated solution

of the compound in CsDs solution at room temperature (Figure 3 and Table 1). The C1-01

bond length is 1.2149(14) A and the 03-C7-N1 bond angle is 125.06(11)° which are both
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indicative of a carbonyl bond and are similar values to the Dipp-substituted analogue

reported by Hill et a/.2¢

Figure 3. Crystal structure of 15a, with thermal ellipsoids at 50% probability and hydrogen atoms
omitted for clarity (black = carbon, blue = nitrogen, red = oxygen, yellow = boron).

Table 1. Selected bond lengths (&) and bond angles (°) for 15a.

15a
B1-N1 1.4480(15)
Ci-01 1.2149(14)
01-C1-N1 125.06(11)

The ratio of the substrates was altered in an effort to investigate the effect on the
selectivity of the reaction. Increasing the ratio of HBPin could increase the yield of the
dihydroboration product 16a whereas increasing the ratio of PANCO could result in the
diinsertion of the isocyanate which is observed in the hydrophosphination3! and

hydroamination (Chapter 2) of isocyanates with this precatalyst (Scheme 9).

104



/BPin

o (0] (0]
N=C=0 : PinB )I\ )I\
HBPin + / ———— 3  PinB )< or FINBJ
Ph \l]l H 'il lil H
Ph Ph Ph
excess HBPin excess PhNCO

Scheme 9. Proposed structures of products resulting from the dihydroboration of the isocyanate or
the diinsertion of the isocyanate.

In an effort to increase the yield of the dihydroboration product 16a, the reaction was
performed with a 2:1 ratio of HBPin:PhNCO (Table 2, Entry 2). This resulted in complete
consumption of the isocyanate in just 7 h but little change in the ratio of the products
formed, as determined by 'H NMR spectroscopy. The reaction with a 5:1 HBPin:PhNCO
ratio was also carried out and it was found that there was no PhNCO present after 5 h, but
again the monohydroboration product is favoured (Table 2, Entry 3). This suggests that
the catalyst favours the monohydroboration product even when there is an excess of HBPin
available. This is different to the magnesium catalyst reported by Hill et al. where the
dihydroboration is selectively formed and the monohydroboration is only observed as an
intermediate.?® This suggests that this catalyst undergoes a different mechanism to that
proposed by Hill and the second hydroboration is disfavoured. Crystals were obtained from
the 5:1 CsDs reaction solution and were found to be [PinBOC(CH3)2]2 (17) (Figure 4). This
is from the decomposition of pinacol borane which is also observed by Hill et al. in the
hydroboration of imines.3® This is likely a consequence of the large excess of unreacted
pinacolborane that was present in the reaction mixture. It has a chemical shift in the 'B
NMR spectra at 24.8 ppm. It is not observed during the course of the reaction and the

crystals formed after storage of the CsDe solution for a week at room temperature.
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Table 2. Catalytic hydroboration of PANCO with HBPin in CsDg mediated by 3.(al

HBPin:PhNCO Time (h) Conversion (%)t®! 15a:16al’!
Entry
1 1:1 24 82 91:9
2 2:1 7 100 98:2
3 5:1 5 99 98:2
4 1:2 24 100 82:18l¢l
5 1:5 0.75 100 82:18I[¢l

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL CsDs at room temperature. [b]

Determined by 'H NMR spectroscopy using TMS as an internal standard with respect to

limiting reagent. [c] Unidentified product also present.

Figure 4. Crystal structure of 17, with thermal ellipsoids at 50% probability. Hydrogen atoms
omitted for clarity (black = carbon, red = oxygen, yellow = boron).

In order to investigate whether the diinsertion of the isocyanate occurs, two reactions with
an excess of PhNCO were carried out with HBPin:PhNCO ratios of 1:2 and 1:5 (Table 2,
Entries 4 and 5). This resulted in a new unidentified peak in the !B NMR spectrum at 9.4
ppm, which became larger as the ratio of isocyanate was increased (Figure 5). It was also
observed that adding an excess of isocyanate decreased the reaction time needed for the
pinacol borane to be fully consumed. When 5 equivalents of phenyl isocyanate are used
there is no pinacol borane present after 45 minutes, however, there is still phenyl
isocyanate present in the reaction mixture, which continues to react, and the peak at 9.4

ppm (broad singlet indicating that there is no coupling to any protons) in the !B NMR
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spectra increases in size while the other peaks decrease. This is therefore likely to be a
BPin group, although it is shifted significantly upfield compared to the OBPin and NBPin
groups observed. The ratio of 15a:16a increased from 91:9 (Table 2, Entry 1) to 82:18
(Table 2, Entries 4 and 5) as the ratio of PhNCO is increased. This appears to suggest that
the ratio of the dihydroboration product is increasing as the ratio of HBPin decreases,
however in the 1:2 and 1:5 reactions there is also another identified product (peak at 9.4
ppm). This means that the overall conversion of 15a and 16a in these reactions is smaller
than it appears although the exact conversion of the unidentified product cannot be
reported without confirmation of the structure.

Attempts were made to crystallise the reaction product for the 1:2 reaction between HBPin
and PhNCO, in order to identify the unknown peak in the !B NMR spectrum. Colourless
crystals were grown from hexane diffusion into the CsDs solution. These were found to be
18 (Figure 6). The molecule is made up from four PhNCO fragments and one ‘PhNC’
fragment. It is a similar structure to the isocyanurate than can result from the
cyclotrimerisation of isocyanates.3? This unusual structure is presumably a result of the
excess unreacted isocyanate that was in solution for a long period of time. One explanation
for the missing O from the ‘PhNC’ fragment is the formation of O(BPin)2 similar to the
hydrodeoxygenation reaction that occurs with the magnesium catalyst reported by Hill et
al. as discussed above.?® This structure does not contain any boron atoms however, so

does not explain the extra peak in the !B NMR spectrum.
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Unidentified species

OBPin

NBPin 16a
15a + 16a /

Figure 5. 11B NMR spectra of reaction between HBPin and PhNCO in C¢Ds in the presence of 3 after
24 h with a HBPin:PhNCO ratio of a) 1:1, b) 1:2 and c) 1:5.

Figure 6. Crystal structure of 18, with thermal ellipsoids at 50% probability. Hydrogen atoms and
solvent molecule omitted for clarity (black = carbon, blue = nitrogen, red = oxygen).
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3.3.1.2 Aromatic Isocyanates

The reaction was performed using a range of different aromatic isocyanates including
isocyanates containing electron donating and withdrawing groups such as 3,5-
(Me0)2CsH3NCO and 4-BrCsHsNCO as well as p-ToINCO. These all reached over 99%
conversion after 24 h, apart from the Br containing isocyanate, which only reached 53%
conversion (Table 3). This slower reaction was also observed for the hydroamination of
this isocyanate at room temperature. The ratio of 15:16 for these isocyanates was similar
to the 1:1 reaction between HBPin and PhNCO with the monohydroboration product being
the major product and only a very small amount (less than 10%) of the dihydroboration

product being formed.

Table 3. Catalytic hydroboration of aromatic isocyanates with HBPin in CsDs at room temperature
mediated by 3.12]

RNCO HBPin:RNCO  Time (h)  Conversion (%)®!  15:16["!
Entry
1 3,5-(Me0)2CsHs3 1:1 24 94 93:7
2 4-BrCeHa4 1:1 24 53 93:7
3 p-Tol 1:1 24 99 90:10

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL CsDs at room temperature. [b]

Determined by 'H NMR spectroscopy using TMS as an internal standard.

A second peak corresponding to a C(=0)H proton at 9.61 ppm is observed in the *H NMR
spectra in the reaction between HBPin and 3,5-(0OMe)2CeH3sNCO in the presence of 3.
Crystals were grown from a saturated CsDs solution at room temperature. Single crystal
X-ray diffraction measurements on these crystals determined them to be the Fe(II)

complex 19 (Figure 7).

109



Figure 7. Crystal structure of 19, with thermal ellipsoids at 50% probability. Hydrogen atoms and
solvent molecules omitted for clarity (orange = iron, black = carbon, blue = nitrogen, red =
oxygen, yellow = boron).

Table 4. Selected bond lengths (A) and bond angles (°) for 19.

19

Fel-O1  2.1130(9)
Fel-03  2.1666(9)
Fel-06  2.0477(9)
03-C7  1.2448(16)
06-C16  1.2480(17)

01-Fel-03  95.73(3)

O1-Fel-06  84.81(4)

03-Fel-06  88.55(4)

This crystallised in the P21/c space group with half a molecule in the asymmetric unit and

a benzene solvent molecule. It has a pseudo octahedral geometry around the iron metal
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centre (O-Fe-0O bond angles range from 84.27(3) to 95.73(3)°) with two tridentate
ligands. A similar complex was reported by Kamitani et al. which was isolated from a
reaction between an Fe(II) complex, KOAc and HBPin (Figure 8b).33 The ligand for complex
19 is shown in Figure 8a. It is similar to the monohydroboration product 15b, however
with the incorporation of two isocyanate molecules leading to a four-coordinate boron
atom. This product may explain the presence of the second carbonyl peak in the 'H NMR
spectrum at 9.62 ppm. The ligand is coordinated to the metal via the carbonyl oxygen
atoms and one of the oxygen atoms in the BPin group. Hill et al. have observed a similar
compound from the addition of HBPin and DippNCO to the Mg catalyst used for
hydroboration (Figure 8c).?® The 03-C7 and 06-C16 bond lengths are 1.2448(16) and
1.2480(17) A respectively. These are similar to the C-O bond length (1.262(2) &) in the
complex shown in Figure 8c.33 The B NMR spectrum also exhibits small peaks at 1.1 and
6.7 ppm, which could be a result of this complex. As 19 does not contain any m-terphenyl

ligands it seems unlikely that this is an intermediate to the catalysis.

O
N4 YY
_B
a. b. ‘(O \
{ (l) DlppN ND|pp
O\B/O O///l.F .|\\\\O

o ‘O\\ O
7o\
07 SN O | H/< /
| | o} % —B
Ar Ar \ /O .
/B\O Dipp H
(0]

Figure 8. a) Ligand in complex 19 (Ar = 3,5-(0OMe).CgH3); b) Molecular structure of a
bis(diacetatopinacolylborate) iron complex.33; c) Molecular structure of Mg complex containing
BPin group.2®

3.3.1.3 Aliphatic Isocyanates

The reaction was also carried out with a range of alkyl isocyanates. It has previously been
reported by the Kays group that 3 catalyses the cyclotrimerisation of primary

isocyanates.3? For this reason n-hexyl isocyanate was initially chosen as a primary alkyl
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isocyanate as the rate of cyclotrimerisation is much slower than shorter chain alkyl
isocyanates.3? The hydroboration reaction reached completion in less than 15 minutes at
room temperature (Table 5, Entry 2). As the cyclotrimerisation reaction takes 14 h at
60 °C, it seems unlikely that any significant cyclotrimerisation occurred in this reaction.3?
This was confirmed as there were no peaks for the cyclotrimer present in the 'H and 3C
NMR spectra. The reaction resulted in only one new peak at 26.1 ppm in the 1B NMR
spectra indicating that only one new product is formed (Figure 9). This has a similar
chemical shift to the peak that was previously assigned to NBPin suggesting that just the
monohydroboration product is formed (15f). This is supported by the 'H NMR spectra
where there is a peak at 8.75 ppm for the CH of the monohydroboration product but no

peak at ~5 ppm for the CH: of the dihydroboration product.

Table 5. Catalytic hydroboration of aliphatic isocyanates with HBPin in CsDe¢ at room temperature
mediated by 3.12]

RNCO HBPin:RNCO  Time (h) Conversion (%)l 15:16[P]
Entry

1 "Pr 1:1 <0.25 100 100:0
2 "Hx 1:1 <0.25 100 100:0
3 NHxLd] 1:1 24 17 100:0
4 THx 2:1 24 100 100:0
5 OCN(CH2)sNCO 2:1 24 100 100:0
6 Pr 1:1 24 99 100:0
7 Cy 1:1 24 98 100:0
8 ‘Bu 1:1 48 49 100:0!¢
9 ‘Bu 3:1 24 100 100:0!

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL CsDs at room temperature. [b]
Determined by *H NMR spectroscopy using TMS as an internal standard with respect to
the limiting reagent. [c] Hydrodeoxygenation products also present. [d] 1 mol%

catalyst loading.
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As the reaction with "HXNCO reaction reached completion in such a short amount of time,
a reaction with a lower catalyst loading of 1 mol% was carried out (Table 5, Entry 3). After
24 h at room temperature only 17% conversion of the HBPin had occurred showing that
lowering the catalyst loading significantly increases the reaction time. The reaction with
an increased HBPin:"HxNCO ratio of 2:1 was also carried out but this did not result in any
dihydroboration (Table 5, Entry 4).

A shorter chain primary isocyanate was also used, with the 1:1 reaction between HBPin
and "PrNCO in the presence of 3 reaching 100% conversion in under 15 min and again
only the monohydroboration product was observed (Table 5, Entry 1). This is a promising
result as it widens the range of isocyanates able to be used in this reaction compared with
the analogous hydrophosphination3! and hydroamination (chapter 2) reactions, as the
short reaction time means there is no competing cyclotrimerisation with primary
isocyanates. This confirms that primary isocyanates selectively form the
monohydroboration product. This could be due the higher steric demands of the alkyl
isocyanates compared to the aromatic isocyanates or it may be a difference in the

electronic effect between the isocyanates.
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BPinCH; —

COH
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Figure 9. 'H and !B NMR spectra of reaction between HBPin and "HxNCO in CsDs in the presence
of 3 after 15 min (* indicates Mes peaks from 2,6-Mes;CsH3 ligand).

The diisocyanate, 1,6-diisocyanatohexane was also used. This reaction took significantly
longer than the other primary isocyanates. The reaction reached completion after 24 h
(Table 5, Entry 5) compared to 15 min for "HXxNCO, however still no cyclotrimerisation was
observed. Only one new peak was observed in the !B NMR at 26.1 ppm. The 'H NMR
spectrum displayed a new resonance at 8.65 ppm for the CH environment in the

monohydroboration product 15g (Scheme 10). Crystals suitable for X-ray diffraction were
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grown by the diffusion of hexane into the CesDs reaction solution and identified as 15g

(Figure 10 and Table 6).

O I|3Pin
NCO 5 mol% [Fe] )I\ NN H
2 HBPin + OCNN » H™ N \"/
3 CeDs | 3
room temperature BPin O
24 h 159

Scheme 10. Hydroboration of 1,6-diisocyanatohexane with HBPin in the presence of 3 (5 mol%) in
CsDs at room temperature ([Fe] = 3).

Figure 10. Crystal structure of 15g, with thermal ellipsoids at 50% probability and hydrogen atoms
omitted for clarity (black = carbon, blue = nitrogen, red = oxygen, yellow = boron).

Table 6. Selected bond lengths (A) and bond angles (°) for 15g.

15¢g
B1-N1 1.440(2)
Ci-01 1.216(2)
0O1-C1-N1 124.82(17)
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The use of the secondary alkyl isocyanates 'PrNCO and CyNCO demonstrated increased
reaction times compared to those for the primary isocyanates. The reactions took 24 h to
reach >98% conversion with catalyst loadings of 5 mol% at ambient temperature, and the
monohydroboration product was also formed exclusively (Table 5, Entries 6-7). This
suggests that sterics play a role in the selectivity of these reactions with the
dihydroboration product being more disfavoured with these bulkier alkyl isocyanates
compared with the less bulky planar aromatic isocyanates. This reaction selectivity
influenced by sterics is similar to the diinsertion of the isocyanate that is observed with

the hydrophosphination3! and hydroamination (Chapter 2) reactions catalysed by 3.

The tertiary alkyl isocyanate ‘BuNCO demonstrated even longer reaction times, and after
48 h there was only 49% consumption of the HBPin with the monohydroboration product
(15j) being formed (Table 5, Entry 8), according to !B NMR spectroscopic measurements.
However, the monohydroboration product only forms part of the product composition and
there are multiple peaks in the B NMR spectrum that do not correspond to 15j (Figure
11). There is a doublet at 28.4 ppm for the HBPin starting material and the NBPin
resonance for 15j is at 26.2 ppm (60%). There are also two large singlets at 24.3 (10%)
and 21.7 ppm (30%) and a minor triplet at -4.8 ppm (<1%) with a 'J(B,H) value of 117.9
Hz. The triplet suggests the presence of a ‘BH2’ species in the reaction mixture. The lower
chemical shift is also indicative of a four-coordinate boron species.?* The two singlets
indicate that there is a significant product or products that are not the monohydroboration
product. There is no peak in the 'H NMR spectrum corresponding to the CHx in the
dihydroboration product, so this is not one of the unidentified resonances in the !B NMR
spectrum. The resonance at 24.3 ppm is assigned to ‘BuN(BPin)CHs (20) (the resonance
corresponding to the CHs groups was also observed at 2.71 ppm in the 'H NMR spectrum)
and the resonance at 21.7 ppm to O(BPin)2 (21), when comparing to literature values for
these species.?%3> These products occur from the cleavage of the C=0 bond in the
isocyanate from the addition of three equivalents of pinacol borane (Scheme 11). Hill et

al. previously reported this hydrodeoxygenation reaction.?® This does not occur with any
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other isocyanates catalysed by 3. The ratio of the products was obtained by integration of
the BPin signals in the 'H NMR spectrum. After 48 h at room temperature only 10% of the
product was 20 but after 2 weeks, the monoinsertion product 15j had been almost
completely consumed and converted to 20, indicating that the hydrodeoxygenation occurs
much slower than the hydroboration reaction. This also suggests that the
monohydroboration product is an intermediate of the hydrodeoxygenation reaction.
Crystals were grown by diffusion of hexane into the CeDe solution and were found to be

O(BPin)2 (21) by X-ray diffraction (Figure 12).

15j

HBPin _,
20

21

35 30 25 20 15 10 5 0 -5 -10 -15
ppm

Figure 11. *B NMR spectrum of reaction between HBPin and ‘BUNCO (1:1) in the presence of 3
after 48 h at room temperature.

117



N=C=0 Smol%[Fel g )]\ PInB o
HBPin + / in ~N +
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Scheme 11. Catalytic hydroboration and hydrodeoxygenation of tBuNCO with HBPin (1:1) in the
presence of 3 (5 mol%) in C¢Ds at room temperature after 48 h. ([Fe] = 3).

Figure 12. Crystal structure of 21, with thermal ellipsoids at 50% probability and hydrogen atoms
omitted for clarity (black = carbon, red = oxygen, yellow = boron).

A reaction was carried out with a HBPin:!BUNCO ratio of 3:1 in an effort to optimise the
yield of 20 (Table 5, Entry 9). After 24 h the ‘BuNCO had been fully consumed although
there was still HBPin present in the reaction mixture. The major product formed was the
monohydroboration product 15j (96%) and only a small conversion to the
hydrodeoxygenation product 20 (4%). The previously observed triplet at -4.8 ppm was
also present. This increase in the ratio of HBPin did not increase the yield of 20 so the
catalyst appears to favour the hydroboration reaction over the hydrodeoxygenation
reaction. Even after over a week at room temperature, the conversion of HBPin was still
only 29% and 15j is the major product with 47% conversion and only 19% conversion to

20. This is in contrast to the magnesium catalyst reported by Hill et al. which selectively

118



forms the hydrodeoxygenation product with a 3:1 HBPin:RNCO ratio. This confirms the

selectivity of catalyst 3 towards the monohydroboration product.

3.3.1.4 Stoichiometric Studies

In the catalytic reactions with 3, a colour change in the solution from yellow to colourless
was observed suggesting a new iron species is possibly being formed. This colour change
could indicate a change in the oxidation state of the metal centre. In order to investigate
the change to the catalyst, a stoichiometric NMR reaction was undertaken. An equimolar
volume of HBPin and PhNCO was added to a solution of 3 in CeDes. Unlike the catalytic
reaction, there was no colour change observed. The 'H and !B NMR spectra were recorded
immediately after the addition of the substrates and 24 h after. The paramagnetically-
shifted peaks for 3, at -54, -33, —11 and 30 ppm in the 'H NMR spectrum are still present
after 24 h suggesting that the majority of 3 is unchanged (Figure 13). However, there are
also some new paramagnetically-shifted resonances at -63, -38, -20, -10, -7 and 29 ppm,
which could indicate that there is a new iron species being formed in the solution, possibly
due to the coordination of either the starting materials or the product in a similar way to
19. The new peaks are different to the peaks observed for the hydroamination reactions
(-17, 8, 10 and 17 ppm). There is a resonance at 9.16 ppm present in the 'H NMR
spectrum which indicates the presence of 15a in the reaction and also a resonance at 4.94
ppm indicating the presence of the dihydroboration product 16a. There are also multiple
new peaks in the region of 0.95-1.10 ppm which suggests that there are multiple new
species containing a ‘BPin’ group, possibly due to the formation of a similar compound to

the ligand in 19.
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Figure 13. 'H NMR spectra of a stoichiometric reaction between 3, HBPin and PhNCO in CgDs
immediately after adding substrates (a) and after 24 h (b).

The 'B NMR spectrum initially shows the doublet due to the pinacolborane starting
material at 28.5 ppm (Figure 14). After 24 h there are two new peaks are observed at
25.9 and 21.8 ppm, which are the same as those observed in the catalytic reactions for
the mono- and dihydroboration products 15a and 16a. No other peaks were observed in

the B NMR spectrum. No reaction was observed with the addition of either HBPin or

PhNCO separately.
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Figure 14. 1B NMR spectra of a stoichiometric reaction between 3, HBPin and PhNCO in CgDs
immediately after adding substrates (a) and after 24 h (b).

3.3.1.5 Posioning experiments

The mechanism of the catalytic hydroboration of isocyanates was investigated by using
different poisoning agents. The reaction between HBPin and PhNCO catalysed by 3 was
carried out in the presence of 0.1 equivalent of CS». This reaction reached 100%
conversion after 25 h at room temperature, which is similar to the reaction without any
additives (Table 7, Entry 1) so the mechanism is likely to be homogeneous.

The reaction was also carried out in the presence of 1,4-cyclohexadiene which can act as
a radical trap. This reaction also reached 100% conversion after 26 h, indicating that the

reaction is not radical catalysed (Table 7, Entry 2).
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Table 7. Hydroboration of isocyanates mediated by 3 in the presence of additives.![?]

Conversion
RNCO HBPin:RNCO Additive t (h) 15:16!"!
Entry (%)
1 Ph 1:1 CS2 25 100 81:19
1,4-
2 Ph 1:1 26 100 83:17

cyclohexadiene

[a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL of CeDs at 25 °C. [b]

Determined by 'H NMR spectroscopy with TMS as an internal standard.

3.3.1.6 Scale-Up Reactions

The reaction between HBPin and PhNCO was carried out on a larger scale with 30 mg of 3
(5 mol%) in toluene (Figure 15). The solution was stirred at room temperature for 24 h.
The solvent was then removed in vacuo and the resulting yellow solid was washed with
hexane resulting in 15a as a beige powder with a yield of only 15%. This low yield is likely
due to loss of some product due to its high solubility in hexane. Reaction optimisation for

the isolation of the product is required to improve the yield.

Ph toluene
room temperature Ph
24 h 15a

0
N=C=0 5 mol% [Fe] . )]\
HBPin + —  PnB ’
|

15 % yield

Figure 15. Scaled-up hydroboration of PANCO with HBPin catalysed by 3 (5 mol%).

3.3.2 Cobalt and Zinc Catalysed Hydroboration of Isocyanates

The hydroboration of PANCO with HBPin was investigated with Co(2,6-Mes2CsH3)2 (4). The
reactions were carried out on a small scale with a catalyst loading of 5 mol% and monitored

using 'H and !B NMR spectroscopy. The reaction reached 100% conversion after 24 h
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(Table 8, Entry 1) which is a similar reaction time to the reaction with 3. Two new peaks
in the 1B NMR spectrum were observed at 25.7 and 21.9 ppm indicating that the products
are the same as those observed in the reactions with 3 (15a and 16a). The ratio of
15a:16a is 89:11, which is similar to the ratio observed with precatalyst 3. After a few
hours, there was a small amount of black solid that precipitated in the NMR tube which
suggests the possible formation of metal nanoparticles and indicate that the mechanism

could be heterogeneous rather than homogeneous.

Table 8. Catalytic hydroboration of isocyanates catalysed by 4 and 5.[2]

Conversion
Catalyst RNCO HBPin:RNCO Time (h) 15:16![°]
Entry (%]
1 4 Ph 1:1 24 95 89:11
2 5 Ph 1:1 24 12 100:0

[a] Reaction conditions: 10 mg of 4 or 5 (5 mol%), 0.6 mL CeDs at 25 °C. [b]

Determined by 'H NMR spectroscopy.

In order to investigate whether the catalysis with 4 is heterogeneous or homogeneous, a
Hg(0) poisoning experiment was carried out.*® The reaction was carried out with the same
conditions as described previously, but a drop of Hg(0) was added to the solution after all
the reagents had been added (Table 9, Entry 1). The reaction reached 100% conversion
after 24 h, indicating that time for completion of the reaction time did not decrease,
providing evidence for a homogeneous mechanism. In contrast to the previous reaction
without Hg(0) there was no colour change and no visible precipitate. This may indicate
that the Hg(0) has prevented the formation of nanoparticles, but that the nanoparticles
are not responsible for the catalysis. The catalysis was also carried out in the presence of
CS2 (Table 9, Entry 2). This also did not result in a change to the reaction time lending

further evidence to a homogeneous mechanism.
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Table 9. Catalytic hydroboration of isocyanates catalysed by 4 in the presence of additives.![?]

Conversion
RNCO HBPin:RNCO Additive t (h) 15:16![°]
Entry (%) 1!
1 Ph 1:1 Hg(0) 24 100 90:10
2 Ph 1:1 CS2 24 99 87:13

[a] Reaction conditions: 10 mg of 4 (5 mol%), 0.6 mL of CsDs at 25 °C. [b]

Determined by 'H and 'B NMR spectroscopy.

Another test was undertaken in which the reaction was carried out without any additives
and once the reaction had reached 100% conversion the reaction mixture was passed
through a filter with 0.2 um pore sizes, resulting in the removal of any visible precipitate.3°
The solution was then returned to the NMR tube and a fresh loading of the substrate was
added to the reaction solution. After another 24 h the reaction had again reached 100%
conversion and no new precipitate was observed. This test is most useful for determining
whether the reaction is catalysed by bulk metal particles. It is not conclusive for
determining whether nanoparticles are formed as if they are smaller than 0.2 pm they will
pass through the filter (cobalt nanoparticles with diameters as small as 8 nm have been
synthesised37:38), although it does provides some further evidence towards a homogeneous

mechanism.

The reaction was also investigated using Zn(2,6-Mes2CsH3)2 (5) as a precatalyst. The
reaction proceeded with a much longer reaction time than with 3 or 4. Only 12%
conversion was achieved after 24 h (Table 8, Entry 2). There was also no evidence for the
dihydroboration product in the 'H NMR spectrum. However, this may be due to the slow
conversion and if left for longer the monohydroboration product may have undergone a

second hydroboration to form the dihydroboration product.
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3.3.3 Catalytic Hydroboration of Carbodiimides

The catalytic hydroboration of carbodiimides was investigated using precatalyst 3 (Scheme
12). Small scale reactions were performed in CeDe with a catalyst loading of 5 mol% (Table
10) and were followed using 'H and !B NMR spectroscopy. These products are thermally
stable, so the reactions were amenable to heating to 60 °C in contrast to the reaction

conditions necessary for the hydroboration of isocyanates.

Mes
5 mol% Fe

2

H

/Cy Mes )\ .
HBPin + N=C=N » Cy\N/ N/BPln
Cy/ CsDs |
60 °C Cy
28 h 22

Scheme 12. Catalytic hydroboration of CyNCNCy with HBPin in the presence of 3.

Table 10. Catalytic hydroboration of carbodiimides with HBPin.[a]

Entry Catalyst RNCNR HBPin:RNCNR t Conversion (%)l
1 3 Cy 1:1 28 h 99
2 3 Cy 2:1 24 h 100

[@a] Reaction conditions: 10 mg of 3 (5 mol%), 0.6 mL CsDs at 60°C. [b] Determined by
'H NMR spectroscopy using TMS as an internal standard with respect to the limiting

reagent.

As observed with other catalysts, either the monohydroboration or dihydroboration
product could be formed.?#2>2° The reaction between HBPin and NN~
dicyclohexylcarbodiimide (CyNCNCy) in the presence of 3 was investigated (Table 10,

Entry 1). The !B NMR spectrum (Figure 16) showed a new product, as demonstrated by
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a new singlet at 25.5 ppm. This does not indicate whether mono- or dihydroboration has
taken place as both products only possess one boron environment. The 'H NMR spectrum,
however, indicates the monohydroboration product (22) is formed as there is a resonance
at 8.31 ppm which can be assigned to the N=C-H which has been reported in the
literature.?* The reaction with carbodiimides is much slower than the reaction with
isocyanates and required heating to 60 °C before the reaction proceeded. This was also
observed for the hydrophosphination of carbodiimides catalysed by this catalyst (see
Chapter 2), suggesting that carbodiimides are less reactive towards hydroelementation
reactions than isocyanates which has also been observed in the literature.3® This could be
due to the less electrophiic nature of carbodiimides and the more polarised C=0 bond in

isocyanates compared to the C=N bond in carbodiimides.

22

HBPin

34 32 30 28 26 24 22 20 18
ppm

Figure 16. 'H NMR spectra of reaction between HBPin and CyNCNCy in C¢De¢ in the presence of 3
after a) 0 h and b) 28 h.
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The reaction was repeated with 2 equivalents of HBPin to investigate whether the
dihydroboration product could be formed (Table 10, Entry 2). This resulted in only
complete conversion of the CyNCNCy to the product in 24 h and still only one product, as
demonstrated by a single resonance at 25.5 ppm in the B NMR spectrum after 7 days.
This demonstrates that the dihydroboration product is not formed even when using 2
equivalents of HBPin so the catalyst selectively forms the monohydroboration product.
This could be due to the monohydroboration product being less activated compared to the
original carbodiimide, so a second hydroboration is not favoured. This is also observed
with the catalysts reported by Hill et al.?* and Eisen et al.?® that were previously discussed.
Crystals suitable for single crystal X-ray diffraction were grown by diffusion of hexane into
the CeDs solution. These were found to be the precatalyst 3. This is a promising result as
it gives evidence that the catalyst is able to be recovered from the reaction. This also
reinforces the observations from the stoichiometric reaction between 3, HBPin and PhNCO
(section 3.3.1.4) which showed that the precatalyst 3 is mostly unchanged after the

addition of the substrates.

3.4 Conclusions

The diaryl m-terphenyl complexes M(2,6-Mes2CsH3)2 (3 (M =Fe), 4 (M = Co)and 5 (M =
Zn)) were shown to act as precatalysts for the hydroboration of a range of different
aromatic and alkyl isocyanates at room temperature. These are the first examples of
transition metal catalysts for this reaction and show a much wider substrate scope
compared to previously reported catalysts.?® This catalysis with 3 favours the
monohydroboration of isocyanates and even with an excess of the borane, only a small
conversion to the dihydroboration product is observed with aromatic isocyanates and with
aliphatic isocyanates the monohydroboration product is formed exclusively. This is a
different selectivity to that reported by Hill et al. where the dihydroboration of isocyanates

was the major product.?®
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The reactions with catalysts 4 and 5 produced the same products as 3 but had much
longer reaction times confirming that the iron m-terphenyl complexes are much more
efficient precatalysts than the cobalt and zinc complexes.

The mechanism of the reaction was investigated with the poisoning experiments which
gave evidence for a homogeneous mechanism. A stoichiometric reaction between the
catalyst, borane and isocyanate indicated that a new iron species is formed in the reaction
which is likely the active species.

The hydroboration of carbodiimides was also shown to be catalysed by 3, resulting in the
selective formation of the monohydroboration product, similar to other group 2 and f-block
catalysts for this reaction. The reaction required heating to 60 °C to achieve 99%
conversion after 28 h so is slower than the hydroboration of isocyanates, following a similar
pattern to the hydrophosphination of carbodiimides with this catalyst.

This work adds to the few reported catalysts for the hydroboration of heterocumulenes
which has not been previously well explored in the literature and is the first transition
metal example. It shows an efficient method to synthesise organoboron compounds which

can be utilised to synthesise a diverse range of organic molecules.

3.5 Experimental Procedures

See Chapter 6 for general experimental.

3.5.1 Catalytic Hydroboration of Isocyanates

3.5.1.1 Iron Catalysed Hydroboration of PhNCO

HBPin (42 uL, 0.292 mmol or 84 uL, 0.584 mmol or 212 pL, 1.46 mmol) and PhNCO (32
ML, 0.292 mmol or 64 pL, 0.584 mmol or 159 uL, 1.46 mmol) were added to a solution of
5 mol% 3 (10 mg, 0.0146 mmol) in CeéDes (0.6 mL) in @ Young’s NMR tube. The reaction
was carried out at room temperature and monitored by 'H and ''B NMR spectroscopy.
Conversion was quantified by integration of the 'H and !B NMR spectra using TMS as an

internal standard.
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3.5.1.2 Standard Procedure for Iron Catalysed Hydroboration of Isocyanates

HBPin (42 pL, 0.292 mmol) and the corresponding isocyanate (0.292 mmol) were added
to a solution of 5 mol% 3 (10 mg, 0.0146 mmol) in CsDs (0.6 mL) in a Young’s NMR tube.
The reaction was carried out at room temperature and monitored by 'H and !B NMR
spectroscopy. Conversion was quantified by integration of the 'H and ''B NMR spectra

using TMS as an internal standard.

3.5.1.3 Standard Procedure for Cobalt Catalysed Hydroboration of Isocyanates

HBPin (42 uL, 0.292 mmol) and PhNCO (32 uL, 0.292 mmol) were added to a solution of
5 mol% 4 (10 mg, 0.0146 mmol) in CeDes (0.6 ML) in a Young’s NMR tube. The reaction
was carried out at room temperature and monitored by 'H and ''B NMR spectroscopy.
Conversion was quantified by integration of the 'H and !B NMR spectra using TMS as an

internal standard.

3.5.1.4 Standard Procedure for Zinc Catalysed Hydroboration of Isocyanates

HBPin (42 uL, 0.290 mmol) and PhNCO (32 uL, 0.290 mmol) were added to a solution of
5 mol% 5 (10 mg, 0.0145 mmol) in CeDes (0.6 ML) in a Young’s NMR tube. The reaction
was carried out at room temperature and monitored by 'H and !B NMR spectroscopy.
Conversion was quantified by integration of the 'H and !B NMR spectra using TMS as an

internal standard.

3.5.1.5 Hydroboration of Isocyanates with 1 mol% catalyst loading

HBPin (42 pL, 0.292 mmol) and "HxNCO (43 uL, 0.292 mmol) were added to a solution of
1 mol% 3 (2 mg, 0.00292 mmol) in CsDes (0.6 ML) in a Young’s NMR tube. The reaction

was carried out at room temperature and monitored by 'H and ''B NMR spectroscopy.
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Conversion was quantified by integration of the 'H and !B NMR spectra using TMS as an

internal standard.

3.5.1.6 Scaled-Up Catalytic Hydroboration of Isocyanates

In a Schlenk flask 5 mol% of 3 (30.0 mg, 0.0439 mmol), HBPin (248 uL, 0.879 mmol)
and PhNCO (96 pL, 0.879 mmol) were dissolved in toluene (3.0 mL) and stirred at room
temperature for 24 h. The solvent was removed in vacuo and the solid was washed with

hexane (5 mL). (15a: 34 mg, 15%).

3.5.1.7 Stoichiometric NMR Studies

HBPin (2.1 pL, 0.0146 mmol) and PhNCO (1.6 pL, 0.0146 mmol) were added to a solution
of 3 (10 mg, 0.0146 mmol) in CsDs (0.6 mL) in a Young’s NMR tube. The reaction was

kept at room temperature for 24 h and was monitored by 'H and ''B NMR spectroscopy.

3.5.1.8 Catalytic Hydroboration of Isocyanates in the Presence of Hg(0)

HBPin (42 pL, 0.292 mmol) and PhNCO (32 uL, 0.292 mmol) were added to a solution of
5 mol% 4 (10 mg, 0.0146 mmol) in CeDs (0.6 mL) along with a drop of Hg(0) in a Young’s
NMR tube. The reaction was carried out at room temperature and monitored by H and ''B
NMR spectroscopy. Conversion was quantified by integration of the 'H and !B NMR spectra

using TMS as an internal standard.

3.5.1.9 Catalytic Hydroboration of Isocyanates in the Presence of CS:

HBPin (42 pL, 0.292 mmol) and PhNCO (32 uL, 0.292 mmol) were added to a solution of
5 mol% 3 or 4 (10 mg, 0.0146 mmol) in CsDs (0.6 mL) along with CS2 (0.05 M in toluene,

29 uL, 0.00146 mmol) in a Young’s NMR tube. The reaction was carried out at room
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temperature and monitored by 'H and 'B NMR spectroscopy. Conversion was quantified

by integration of the 'H and !B NMR spectra using TMS as an internal standard.

3.5.1.10 Catalytic Hydroboration of Isocyanates in the Presence of 1,4-

Cyclohexadiene

HBPin (42 uL, 0.292 mmol) and PhNCO (32 uL, 0.292 mmol) were added to a solution of
5 mol% 3 (10 mg, 0.0146 mmol) in CsDs (0.6 mL) along with 1,4-cyclohexadiene (6.9 pL,
0.073 mmol) in a Young’s NMR tube. The reaction was carried out at room temperature
and monitored by 'H and !B NMR spectroscopy. Conversion was quantified by integration

of the 'H and 'B NMR spectra using TMS as an internal standard.

3.5.2 Catalytic Hydroboration of Carbodiimides

HBPin (42 pL, 0.292 mmol or 84 pL, 0.584 mmol) and CyNCNCy (60 mg, 0.292 mmol)
were added to a solution of 5 mol% 3 (10 mg, 0.0146 mmol) in CeéDe (0.6 mL) in a Young'’s
NMR tube. The reaction was carried out either at 60 °C and monitored by 'H and !B NMR
spectroscopy. Conversion was quantified by integration of the 'H and !B NMR spectra

using TMS as an internal standard.

3.5.3 Characterisation of Hydroboration Products

3.5.3.1 PhN(BPin)C(=O0)H 15a

0
PinB )I\
N H
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IH NMR (400 MHz, CéDs, 25 °C) & = 9.16 (s, 1H, HC=0), 7.22 (d, 3J(H,H) = 7.9 Hz, 2H,
Pho), 7.12 (t, 3J(H,H) = 7.7 Hz 2H, Ph™), 6.97 (t, 3J(H,H) = 7.5 Hz, 1H, Ph?), 0.92 (s, 12H,
CHs) ppm. 3C{*H} NMR (101 MHz, CeDs, 25 °C) & 164.4 (C=0), 139.5 (Ph'), 137.4 (Ph°),
128.8 (Ph™), 126.9 (Ph?), 84.2 (C(CHs)2), 23.3 (CHs) ppm. 1B{'H} NMR (128 MHz, CsDs,

25 °C) 6 = 25.7 (BPin) ppm.

3.5.3.2 3,5-(OMe)2CsHsN(BPin)C(=0)H 15b
0
PinB )I\
>N H

MeO OMe

'H NMR (400 MHz, CeDs, 25 °C) & = 9.18 (s, 1H, HC=0), 6.55 (s, 2H, Ph°), 6.40 (s, 2H,
PhP), 3.27 (s, 6H, OCHs), 0.99 (s, 12H, CCH3) ppm. *C{'H} NMR (101 MHz, CeDs, 25 °C)
0 = 161.0 (C=0), 141.6 (Ph’), 130.4 (Ph™), 106.5 (Ph°), 99.2 (Phr), 84.0 (CCH3), 54.5

(OCHs), 24.0 (CCHs) ppm. 'B{'H} NMR (128 MHz, C¢Ds, 25 °C) 3 = 25.8 (BPin) ppm.

3.5.3.3 4-BrCeHaN(BPin)C(=0)H 15c

0]
PinB )k

N H

Br
'H NMR (400 MHz, Ce¢Ds, 25 °C) & = 9.08 (s, 1H, HC=0), 7.16 (br s; overlapping with
CeDs, 2H, Ph°), 6.84 (br's, 2H, Ph™), 0.97 (s, 12H, CCHs) ppm. 3C{*H} NMR (101 MHz,

CeDs, 25 °C) & = 164.7 (C=0), 136.2 (Ph’), 131.9 (Ph°), 129.7 (Ph™), 120.6 (Ph?), 84.5
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(C(CH3)2), 24.4 (C(CH3)2) ppm. "B{'H} NMR (128 MHz, CeéDs, 25 °C) & = 25.6 (BPin)

ppm.

3.5.3.4 p-ToIN(BPin)C(=0)H 15d

o]
PinB )I\

N H

IH NMR (400 MHz, CsDs, 25 °C) & = 9.19 (s, 1H, HC=0), 7.08 (m, 2H, Ph°), 6.92 (d,
3J(H,H) = 7.5 Hz, 2H, Ph™), 2.01 (s, 3H, p-CHs), 0.98 (s, 12H, CCHs) ppm. 3C{'H} NMR
(101 MHz, CsDs, 25 °C) & = 164.8 (C=0), 155.9 (Ph), 136.4 (Ph?), 129.5 (Ph™), 125.6
(Ph°), 84.2 (C(CHs)2), 24.4 (C(CHs)2), 20.9 (p-CHs) ppm. 1B{'H} NMR (128 MHz, CeDs,

25 °C) 6 = 25.9 (BPin) ppm.

3.5.3.5 "PrN(BPin)C(=0)H 15e

0
PinB J\
>N H
C

a
!H NMR (400 MHz, CsDs, 25 °C) & = 8.80 (s, 1H, HC=0), 3.30 (br s, 2H, H°), 1.54 (q,
3J(H,H) = 7.0 Hz, 2H, H®), 0.73 (t, 3J(H,H) = 7.1 Hz, 3H, H?), 0.99 (s, 12H, CCH3) ppm.
13C{'H} (101 MHz, CsDs, 25 °C) 6 = 163.8 (C=0), 83.9 (CCH3s), 42.1 (C®), 24.5 (CCH3),

23.5 (Cb), 10.99 (C?). 11B{H} NMR (128 MHz, C¢Ds, 25 °C) & = 26.1 (BPin) ppm.
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3.5.3.6 "HexN(BPin)C(=0)H 15f

IH NMR (400 MHz, CsDs, 25 °C) & = 8.76 (s, 2H, HC=0), 3.36 (m, 2H, Hf), 1.55 (m, 2H,
He), 1.16 (m, 6H, H>9), 1.00 (s, 12H, CCHs), 0.81 (m, 3H, H?) ppm. 3C{'H} NMR (101
MHz, CeéDs, 25 °C) & = 164.23 (C=0), 83.9 (CCHs), 40.4 (C7), 31.9 (C¢), 30.4 (C*), 26.9
(C°), 24.5 (CCHs), 23.0 (C°), 14.24 (C?) ppm. 'B{'H} NMR (128 MHz, CeéDs, 25 °C) & =

26.1 (BPin) ppm.

3.5.3.7 HC(=0)N(BPin)(CH2)sN(BPin)C(=0)H 15g

\"/ N H
a c |

0 BPin
IH NMR (400 MHz, CeDs, 25 °C) & = 9.02 (s, 2H, HC=0), 3.44 (t, 3J(H,H) = 7.0 Hz, 4H,
H2), 1.55 (quin, 3J(H,H) = 6.6 Hz, 4H, HP), 1.18 (quin, 3J(H,H) = 3.5 Hz, 4H, Hc), 0.97 (s,
24H, CCHs) ppm. 3C{'H} NMR (101 MHz, CeéDs, 25 °C) & = 165.1 (C=0), 83.9 (CCHs),
40.3 (Cb), 30.2 (C°), 26.9 (C?), 24.4 (CCH3). 1'B{'H} NMR (128 MHz, CeDs, 25 °C) & =

26.1 (BPin) ppm.
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3.5.3.8 ‘PrN(BPin)C(=0)H 15h

0]
PinB )k
>N H

)a\

b
IH NMR (400 MHz, CeDs, 25 °C) & = 9.09 (s, 1H, HC=0), 4.64 (sep, 3J(H,H) = 6.9 Hz, 1H,
H?), 1.25 (d, 3J(H,H) = 6.8 Hz, 6H, HP), 0.96 (s, 12H, CCHs) ppm. 3C{*H} (101 MHz, CeDs,
25°C) & = 165.5 (CO), 83.1 (CCHs), 41.8 (C?), 23.9 (CCHs), 21.3 (C?) ppm. *B{'H} NMR

(128 MHz, CeDs, 25 °C) & = 26.0 (BPin) ppm.

3.5.3.9 CyN(BPin)C(=0)H 15i

0
PinB )I\
>N H
a

b

c
d

IH NMR (400 MHz, CeDs, 25 °C) & = 9.06 (s, 1H, HC=0), 4.20 (m, 1H, H2), 1.96 (q, 3J(H,H)
= 12.8 Hz, 2H, HY), 1.62 (d, 3J(H,H) = 11.5 Hz, 4H, HP), 1.12 (m, 4H, HS), 1.00 (s, 12H,
CCHs) ppm. 3C{*H} (101 MHz, CeDs, 25 °C) & = 83.3 (CCHs), 50.4 (C?), 32.0 (CY), 26.6
(CP), 25.7 (C°), 24.4 (CH3) ppm. 'B{'H} NMR (128 MHz, CsDs, 25 °C) & = 26.2 (BPin)

ppm.

3.5.3.10 ‘BuN(BPin)C(=0)H 15j

0
PinB J\
>N H
a
b
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IH NMR (400 MHz, CsDs, 25 °C) & = 9.09 (s, 1H, COH), 1.53 (s, 9H, Hb), 1.01 (s, 12H,
CCHs) ppm. 3C{!H} (101 MHz, CeéDs, 25 °C) & = 167.1 (C=0), 82.9 (CCHs), 55.2 (C?),

30.0 (Cb), 24.7 (CCH3) ppm. 'B{'H} NMR (128 MHz, CsDs, 25 °C) d = 26.2 (BPin) ppm.

3.5.3.11 '‘BuN(BPin)CHs 20

PinB
\N/
a
b
'H NMR (400 MHz, CsDs, 25 °C) & = 2.71 (s, 3H, CH3), 1.29 (s, 9H, HP), 1.10 (s, 12H,

CCHs) ppm. 13C{'H} (101 MHz, CeéDs, 25 °C) & = 81.3 (CCHs), 52.1 (C?), 30.5 (CHs), 29.8

(CP), 24.8 (CCHs) ppm. 'B{'H} NMR (128 MHz, CsDs, 25 °C) & = 24.3 (BPin) ppm.

3.5.3.12 O(BPin)2 21

0
PinB” “BPin

IH NMR (400 MHz, CeDs, 25 °C) & = 0.95 (s, 12H, CCHs) ppm. 3C{*H} (101 MHz, CsDs,
25°C) 3 = 82.9 (CCHs), 24.7 (CCH3) ppm. 11B{'H} NMR (128 MHz, CsDs, 25 °C) & = 21.7

(BPin) ppm.

3.5.3.13 CyN=CHN(BPin)Cy 22
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IH NMR (400 MHz, CeéDs, 25 °C) & = 8.31 (s, 1H, NCH), 4.58 (m, 1H, He), 2.98 (m, 1H,

H9), 2.36-1.24 (m, 20H, H&"%"") 1.08 (s, 12H, CCHs) . 13C{*H} (101 MHz, CsDs, 25 °C) 5

= 150.6 (N=CH), 82.8 (CCHs), 65.4 (CyY), 51.8 (Cy®), 36.2 (Cy), 32.1 (Cy), 26.9 (Cy),

26.3 (Cy), 26.1 (Cy), 25.4 (Cy), 24.6 (CCHs). 'B{H} NMR (128 MHz, CeDs, 25 °C) & =

25.4 (BPin) ppm.
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Chapter 4

Synthesis and Reactivity of m-
Terphenyl Complexes
Containing Bidentate Ligands
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4.1 Introduction

Bidentate ligands are a diverse group of compounds that have a range of different donor
atoms and substituents which can alter the sterics and electronic effects of the ligand.*™
Perhaps the most ubiquitous bidentate ligands are diphosphines. They are particularly
prevalent in catalysis.> 7 Diphosphines can possess various substituents on the flanking
groups or the backbone which can influence the properties of the ligand (Figure 1). The

length and rigidity of the backbone can alter the bite angle (8) of the ligand.

¢ I

PPh, PPh,
o\ / \

0 Ph,P PPh PPh, PPh,
R,P PR 2 2 O
e J <

M
o]
DPPE BINAP SEGPHOS

Figure 1. General structure of diphosphines showing the bite angle (R = any alkyl or aromatic
group, 6 = bite angle) and examples of common diphosphines.

A change in the bite angle of the diphosphine can alter the selectivity of a catalytic reaction.
This can be demonstrated with the example of the ruthenium catalysed hydrogenation of
ketones. This reaction is catalysed by a BINAP-Ru(II) complex.®82! The enantiomeric
excess for the hydrogenation of hydroxyacetone to 1,2-propanediol is 89.0% for the R
isomer (Scheme 1).2! This enantioselectivity can be improved with the use of SEGPHOS
which has a smaller bite angle than BINAP (SEGPHQOS: 65.0°, BINAP: 73.5°). This results
in an enantiomeric excess of 98.5%. The smaller bite angle means that the metal centre
is more sterically encumbered and so the angle at which the substrate can approach the

metal centre is more limited resulting in a more selective reaction.?!
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0.01-0.03 mol% [{(PP)-RuCl},(1-Cl)s][Me,NH,]

o) H, OH
)I\/OH CH5OH or CHCH,OH /'\/OH
65 °C
7h PP = (R)-BINAP  ee = 89.0%

PP = (R)-SEGPHOS ee = 98.5%

Scheme 1. Catalytic hydrogenation of hydroxyacetone with a diphosphine Ru(II) complex.2!

Another example of catalysis with diphosphine ligands is the iron-catalysed Negishi
coupling (Scheme 2) reported by Bedford and co-workers.'” The reaction is catalysed by
FeBr2 in the presence of a diphosphine. Monodentate ligands such as PPhs show no activity,
showing that the presence of the bidentate ligand is vital to the catalysis. The activity of
the catalysis depends heavily on the structure of the Fe(II) complex that is formed. The
ligands that showed the highest activity are DPBZ and DPTH which both formed
mononuclear complexes with the formula FeBr2(PP) (PP = diphosphine). The ligands that
formed either a polymer (DPPE) or a bis(diphosphine) complex (DMBZ) showed much

lower activity than DPBZ or DPTH.!”

1 mol% FeBr,
+ 7n 2 mol% diphosphine -
\ / THF
2 7°C
20 min

Br

Scheme 2. Iron catalysed Negishi coupling.!’

Bidentate ligands can be used in the stabilisation of low coordinate monomeric complexes.
This is shown by the bidentate ligand 1,2-dimethoxyethane (DME) which is used to
stabilise the complex Fe(SAr)(Mes)(DME) (Ar = 2,6-Mes2CsHs or 2,6-(2,6-Xyl)2CsH3).22
This is synthesised from the addition of the bulky thiol ArSH to [FeMes:]2 in the presence
of DME (Scheme 3). In the absence of DME the dimeric complex FezMes2(u-SAr)(u-Mes)

is formed.
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S\
Fe Fe
ArSH
-MesH
Et,O
[FeMes;l»
DME
ArSH
-MesH / /Ar
[O\ .\\\S
Fe
VAR 4
o Mes

\

Scheme 3. Synthesis of Fe;Mes,(u-SAr)(u-Mes) and Fe(SAr)(Mes)(DME) (Ar = 2,6-Mes;CgH3 or
2,6—(2,6—Xy|)2C6H3).22

There are some examples of four-coordinate bidentate complexes containing a bidentate
ligand and an aryl ligand.

An example of this is the complex FeMesz(tmeda), which can be synthesised via the
addition of TMEDA to [FeMes:2]2.232* The addition of FeBr;(tmeda) to FeMesz(tmeda) results

in the formation of Fe(Mes)Br(tmeda) (Scheme 4).2* These complexes have a tetrahedral

geometry.
2 eq. TMEDA Y < Fe(tmeda)Br, Y <
[FeMes,], > PN / - " N\ /
Et,0 Fe CeHe Fe
room te?r;])erature s' /Mes room te1mr;1)erature Mes’ Br

Scheme 4. Synthesis of FeMes;(tmeda) and Fe(Mes)(tmeda)Br.23:24

These two complexes were shown to be part of the catalytic cycle for the coupling between
a MesMgBr and 1-bromooctane (Scheme 5).2* The reaction is catalysed by FeCls and

TMEDA in THF at room temperature, with a yield of 32% after 18h. Slow addition of
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MesMgBr and TMEDA leads to an increase in the yield. Addition of MesMgBr to FeCls and
TMEDA in the absence of 1-bromooctane resulted in the formation of FeMesz(tmeda). The
further reaction of FeMes2(tmeda) with 2 equivalents of 1-bromooctane resulted in the
formation of Fe(Mes)Br(tmeda) along with 1-octyl-2,4,6-trimethylbenzene. Subsequent
reaction of Fe(Mes)Br(tmeda) with MesMgBr regenerated FeMes2(tmeda). It was proposed
that these species are part of the mechanistic cycle and the slow addition of MesMgBr and
TMEDA contributes to the formation of FeMesz(tmeda), increasing the vyield of the

reaction.?4

5 mol% FeClj

TMEDA
MesMgBr  + /\M\Br > /\M\Mes
THF

3 3
room temperature
18 h

1-bromooctane octyl-mesitylene

TMEDA ~ /_\N/ ~ /_\N/

MesMgBr N N
FeCly > ~ \F/ ™~ ~ \F/ ~
e e
Mes’ Mes Mes’ Br
MgBr, MesMgBr

Scheme 5. Coupling reaction between MesMgBr and 1-bromooctane catalysed by FeClz and
TMEDA.24

The similar complexes FeMesz(dppe) and Fe(Mes)Cl(dppe) have also been synthesised.?3
FeMesz(dppe) was synthesised by the addition of DPPE to [Fe(Mes)2]2.232° Following an
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attempt to crystallise this complex from dichloromethane, the complex Fe(Mes)Cl(dppe)

was isolated, with a tetrahedral geometry (Scheme 6).

DPPE Ph,P. PPh, CH,Cl, Ph,P. PPh;
[FeMes,], > N\ / - N\ /
Et,0 Fe Fe,
room temperature Mes’ Mes Mes’ “l
2h

Scheme 6. Synthesis of FeMes,(dppe) and Fe(Mes)Cl(dppe).23:2>

The complexes Fe(Ph)Br(SciOPP) and Fe(Mes)Br(SciOPP) have also been isolated as part
of a catalytic cycle (Scheme 7). FeCl2(SciOPP) acts as a precatalyst for the cross-coupling
of alkyl halides and Grignard reagents.?® The species Fe(Ph)Br(SciOPP) was identified in
situ by Mossbauer spectroscopy,?’ and the similar species Fe(Mes)Br(SciOPP) was
identified with the use of MesMgBr.?® These complexes were also synthesised outside of
the catalysis by the addition of ArMgBr (Ar = Ph or Mes) to FeCl2(SciOPP) or

FeBr2(SciOPP).27:28

0.5 mol% FeCl,(SciOPP)
Br + MgBr >
-MgBr,

THF
25°C
20 min
Bu By
P P = SciOPP
Bu Bu
Bu Bu

Scheme 7. Cross-coupling of alkyl halide and Grignard reagent catalysed by FeCl,(SciOPP).26
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These examples highlight the important role these complexes can play in catalysis.
Investigating them can give us some insight into the nature of these species and the role
they play in catalysis. These complexes show that a four-coordinate complex containing a
bidentate ligand, an aryl ligand and a halide can be synthesised, however a complex
containing an m-terphenyl ligand has not yet been reported. A similar approach to the
synthesis of these complexes could be applied to incorporate an m-terphenyl ligand. The
steric bulk of the m-terphenyl may also lead to the possibility of a three-coordinate species
containing an m-terphenyl ligand and a bidentate ligand, which due to the unsaturated

metal centre could have applications as a catalyst.

Hillhouse and co-workers have reported the synthesis of several M(I) complexes
containing a bidentate ligand and an anionic ligand.2°-3!

In 2001 the synthesis of the Ni(I) complex Ni(NHDipp)(dtbpe) was reported.?® First, the
Ni(II) complex NiCl2(dtbpe) was reduced with KCs to give the Ni(I) dimer [NiCl(dtbpe)]a.

The Li salt DippHNLi was then added to the dimer to give Ni(NHDipp)(dtbpe) (Scheme 8).

t t t t
¢ Bu ¢ Bu Bu ¢ ¢ Bu
Bu\P/ Bu\P/ \P/Bu Bu\P/
N\ Keg \ &, DippHNLi N s
N NI NI e Ni—NJ
/p\ Cl 35 °C /p\ Cl P, _35200 /p\ H
Bl i, 15h Bu” Vg, fBu/ By 3h Bu” Vg,

Scheme 8. Synthesis of Ni(NHDipp)(dtbpe).2°

The similar species Ni(P!Bu2)(dtbpe) and Ni[PH(2,6-Mes2CsH3)](dtbpe) were also
synthesised by Hillhouse et al. using this method,?® as well as the silyl complex
Ni(SiHMesz)(dtbpe).3?

It can be envisioned that similar complexes could be synthesised containing an m-
terphenyl complex through the reduction of the proposed four-coordinate species

containing an m-terphenyl ligand, a bidentate ligand and a halide. A species containing a
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bidentate ligand and an m-terphenyl ligand would combine the already established
catalytic properties of m-terphenyl complexes3?-34 with the ability to selectively tune the
selectivity through sterics that bidentate ligands have previously shown.t%17:21

A common reducing agent used with m-terphenyl complexes is KCs which was utilised by
Power et al. to synthesise a Cr(I) complex containing a quintuple Cr-Cr bond.3> Power et
al. also reported the synthesis of three group 12 m-terphenyl complexes containing M-M
bonds (M = Zn, Cd, Hg). These were synthesised using different reducing agents (Scheme
9).3%-3% The three reducing agents utilised are Na (M = Zn), NaH (M = Cd) and KCs (M =
Hg). The addition of the reducing agent to either (2,6-(2,6-Dipp)2CsH3)M(u-1)2M(2,6-
(2,6-Dipp)2CeH3) (M = Zn, Cd) or Hg(2,6-(2,6-Dipp)2CsH3)I produces the complexes

M2[2,6-(2,6-Dipp)2CsHz]2.

Dipp Dipp Dipp Dipp
I
Mi :M Na or NaH > M—M
| Et,O or THF
room temperature
Dipp Dipp 2 days Dipp Dipp

M = Zn, Na/Et,0
M= Cd, NaH/THF

Dipp Dipp Dipp
KC
Hg— 2 > Hg-Hg
Et,0
0°C
Dipp 36 h Dipp Dipp

Scheme 9. Reduction of group 12 m-terphenyl complexes to form a M-M bond (M = Zn, Cd,
Hg).36‘38

Power et al. also reported the synthesis of a monomeric Cr(I) species containing an m-

terphenyl ligand and a neutral monodentate phosphine ligand (Figure 2).3° This was

synthesised by the reduction of (2,6-Trip2-3,5-'Pr2CeH)CrCl with KCs in the presence of
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PMes. The steric bulk of the m-terphenyl ligand ensured that this was a monomeric

complex. A similar method could be utilised with a bidentate phosphine.

ipr

Figure 2. Molecular structure of (2,6-Trip2-3,5-"Pr,-CsH)Cr(PMes).40

Another method that could be used to remove a halide is halide abstraction where the
halide is replaced by a weakly coordinating counteranion.*'>° There are many examples
of halide abstracting agents in the literature: Na[BArf4],°' AgPFe, 4446 AgBF4,4' and
NaBPhg.49:50

Reduction and halide abstraction are both methods that can be utilised in the synthesis of

a three-coordinate complex containing a bidentate ligand and an m-terphenyl ligand.

4.2 Aims

The aim of this work was to synthesise and characterise a family of four-coordinate
monomeric complexes containing a bidentate ligand, an m-terphenyl ligand and a halide.
The effect of altering both the metal centre and the bidentate ligand employed was
investigated. Investigations into the magnetic properties of these complexes was
undertaken using Evans method. The reactivity of these complexes towards reduction and

halide abstraction was then explored.
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4.3 Results and Discussion

4.3.1 Diphosphines

The synthesis of an m-terphenyl complex containing the diphosphine ligand 1,2-
bis(diphenylphosphino)ethane (DPPE) was initially attempted with a one-pot reaction
between ZnClz, [Mes2CeHsLi]2 (2) and DPPE. An equimolar solution of the three reagents
in diethyl ether was stirred at room temperature, and it was noted that under the reaction
conditions the diphosphine did not fully dissolve. After 24 h, the reaction mixture was
filtered, resulting in a very pale-yellow solution, and after storage of the filtrate at room
temperature for 24 h, colourless crystals suitable for X-ray diffraction were isolated.
Analysis of these crystals demonstrated that they were the polymer [ZnCl2(dppe)]» (23)
(Figure 3), featuring a DPPE ligand bridging two zinc centres, the structure of which was

previously observed by Bedford et al. in 2019.%7

Figure 3. Crystal structure of 23 (a. monomer unit; b. polymer chain), with thermal ellipsoids at
50% probability and hydrogen atoms omitted for clarity (brown = zinc, black = carbon, pink =
phosphorus, green = chlorine).

A similar reaction was undertaken using FeClz in an attempt to synthesise an iron complex
containing DPPE, as iron has a larger atomic radius than zinc (Fe: 1.52 &; Zn: 1.22 A)52 it
was postulated that it may be able to accommodate both a coordinating DPPE and an m-
terphenyl ligand. The synthesis was also altered from the initial one-pot reaction, where
the diphosphine complex [FeClz(dppe)]» (24) was synthesised initially.>> A solution of

[Mes2CeHsLi]2 (2) in diethyl ether was added dropwise at 0 °C to a solution of 24 in diethyl
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ether. The reaction mixture was stirred at 0 °C for 4 hours and was then allowed to slowly
warm to room temperature (Scheme 10). After stirring the yellow reaction mixture for 24
h, it was filtered, and the solvent removed in vacuo. The resulting yellow powder was
extracted into hexane and yellow crystals formed in the solution at room temperature
suitable for X-ray diffraction. These were demonstrated to be the Fe(II) complex Fe(2,6-

Mes2CeH3)Cl(dppe) (25) (Figure 4).

Mes Ph Mes Ph Ph
Ph\ | \ P/
1 P\ /Cl \\\\
7 Li + |: Fe ——— Fe-apl_
/N Et,0 Ph
/P\ -LiCl Cl Ph
B Mes 2 | Ph Php i 0°C Mes
n 24 h a0
2 24 25 Yield: 8%

Figure 4. Crystal structure of 25, with thermal ellipsoids at 50% probability. Hydrogen atoms
omitted for clarity (orange = iron, black = carbon, pink = phosphorus, green = chlorine).

The solid-state structure of 25 contains one m-terphenyl ligand, one DPPE ligand and a
halide coordinated to the iron centre (Figure 4). The halide site exhibits partial occupancy
by a chloride and a bromide (Cl:Br ratio of 54:46). Although there are no bromide-
containing reagents in this reaction, it is conceivable that the bromide originates from the
initial synthesis of the m-terphenyl iodide preligand (which utilised MesMgBr). A similar

result has been reported by Power and co-workers for [2,6-Dipp2CsH3zMn(us-
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Cl)2Li(THF)]2,>* and previously within our own laboratory for [2,6-Mes2CsH3Cd(us3-
CI)2Li(THF)]2,°° although this involved CI/I mixed occupancy, the origin of which has been
postulated as an m-terphenyl iodide precursor. The crystal structure of 25 displays a
distorted tetrahedral geometry with a C-Fe-Cl/C-Fe-Br bond angle of
119.3(3)°/115.02(13)° and a P-Fe-P bond angle of 81.31(2)° (Table 1). The Fe-C bond
length is 2.066(2) A which is longer than the diaryl complex Fe(2,6-Mes2CsHs)2
(2.040(3) R) and the tetrahedral complex FeMes(dppe)Cl (2.044(5) A).23 The Fe-P bond
lengths are 2.5332(6) and 2.4843(6) A which are considerably longer than other iron DPPE
containing complexes FeCp(dppe)Cl, Fe(dmpe)Cl2 and FeMes(dppe)Cl which have Fe-P
bond lengths of 2.1963(10), 2.241(1) A and 2.4598(15) & respectively.23:56.57 This could
be due to the presence of the m-terphenyl ligand which is more sterically hindered than
Mes or Cp so the diphosphine is not able to be as close to the metal centre in 25. The
monomeric structure of 25 is in contrast to the halide bridged dimers that are observed
for similar four-coordinate complexes containing m-terphenyl ligands and halides without

the presence of a bidentate ligand.>®

Table 1. Selected bond lengths (&) and angles (°) for 25.

25

Fel-C1 2.066(2)
Fe1l-P1 2.5332(6)
Fel-P2 2.4843(6)
Fe1-Cl1 2.4364(13)
P1-Fel-P2 81.31(2)
P1-Fel-C1 132.40(6)
P2-Fel-C1 127.01(6)
Cl-Fel-Cl1 119.3(3)
P1-Fel-Cl1 91.2(3)
P2-Fel-Cl1 94.0(3)
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Complex 25 has also been characterised by 'H and 3'P NMR spectroscopy, and as expected
for a paramagnetic species, the 'H NMR spectrum was very broad and showed 10
paramagnetically-shifted peaks between -100 and 100 ppm, and no resonances were
observed in the 3'P NMR spectrum. This is most likely due to the paramagnetic broadening
of the peak for the DPPE ligand upon coordination to the Fe(II) centre which is common in
iron diphosphine complexes.!” Unfortunately, the yield of this compound was very low as
only a few crystals were isolated. The 'H NMR spectrum of the remaining yellow hexane
solution that did not crystallise showed the presence of a small amount of the Li salt 2 and
some paramagnetically-shifted peaks suggesting the presence of an Fe(II) compound.
The synthesis of a DPPE-containing Mn complex was also attempted by the reaction of 2
and MnBr2 in diethyl ether at —-78 °C, followed by the addition of a suspension of DPPE in
diethyl ether at room temperature. After stirring at room temperature for 24 h and
filtration, colourless crystals suitable for X-ray diffraction precipitated from a saturated
diethyl ether solution at -30 °C, however these were found to be crystals of uncoordinated
DPPE.

Due to the difficulty in the isolation and characterisation of these complexes and the issues
with the solubility of DPPE, attention was moved to the more soluble nitrogen and oxygen

ligands, TMEDA and DME.

4.3.2 TMEDA

Tetramethylethylenediamine (TMEDA) is much smaller than DPPE as it only contains
methyl groups instead of phenyl groups so it should coordinate more readily to the metal
centre with an m-terphenyl ligand. The Mn complex Mn(2,6-Mes2CsH3)Br(tmeda) (26a)
was synthesised by adding a solution of 2 in diethyl ether dropwise to a solution of MnBr2
in diethyl ether at -78 °C, followed by warming to room temperature and addition of one
equivalent of TMEDA (Scheme 11). The reaction mixture was stirred at room temperature
for 16 hours, followed by filtration and storage of the solution at -30 °C for 48 h afforded

colourless crystals of 26a with a moderate yield of 29%.
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Analogous reactions using FeCl2, CoBr2(DME) and ZnCl: resulting in the analogous
complexes 26b (M = Fe), 26¢ (M = Co) and 26d (M = Zn). Crystals suitable for X-ray
diffraction for these complexes were grown from a saturated diethyl ether solution stored

at -30 °C (Figure 5) with yields of 13% (26b) and 36% (26d).

Mes Mes \/
. () G S
Li —_— I\/{-nN
Et,O
2 X |\
Mes
L Jo Mes Yield: 7-36%
2 26

Scheme 11. Synthesis of TMEDA complexes 26a-d (MX; = MnBr; (26a), FeCl, (26b), CoBr,(DME)
(26¢) and ZnCl; (26d)). (i) MX;, —=78 °C, 2h; (ii) TMEDA, room temperature, 16 h.

The Co(II) complex (26c¢) was isolated in small quantities (7%) as a blue crystalline solid.
This low yield meant that only limited analysis was able to be carried out on 26¢. A
colourless crystalline solid (27) was also obtained from the same reaction mixture in much
higher yields than 26c¢, which was characterised by 'H, }3C{*H} and 7Li NMR spectroscopy.
The complex displayed a resonance at 2.0 ppm in the 7Li NMR spectrum and resonances
in the 'H NMR spectrum at 2.22 and 1.86 ppm can be assigned to the CH3 and CH- protons
in TMEDA respectively. This suggests the presence of a lithium halide salt with TMEDA
coordinated to the lithium metal centre, likely Li(tmeda)2Br.

Complexes 26a-d showed similar distorted tetrahedral geometry to 25 and they all have
one molecule in the asymmetric unit (Figure 5). The M-C bond length decreases as you
move from Mn to Co (Mn-C>Fe-C>Co-C) as would be expected with the decreasing
covalent radii of the metal. The M-C bonds are slightly longer compared to the analogous
diaryl M(2,6-Mes2CsH3)2 complexes.>?:%0 This could be due to the four-coordinate complex
being slightly more sterically hindered which pushes the m-terphenyl ligand away. The C-
M-X bond angles for M = Mn, Fe and Zn range from 112.71(7)-115.80(16)°, which is
larger than the optimal tetrahedral angle of 109.5°. The C-M-X bond angle for 26¢c (M =

Co) is significantly smaller at 104.49(7). The N-M-N bond angles are in the range
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78.52(10)-84.20(8)°, which is significantly smaller than 109.5° as would be expected with
the chelating ligand forcing the nitrogen atoms of the TMEDA closer together. The N-Fe-
N angle observed for Fe(Mes)(tmeda)Br which is 81.23(11)°2* is slightly larger than the
N-Fe-N angle observed for 26b (79.44(9) A).

Complex 26b consists of two crystallographically distinct molecules and has partial
occupancy of the Cl1 position with a bromine (Cl:Br, 54:46). This is the same ratio that is
observed in complex 25 suggesting that this does arise from an impurity in one of the
starting materials.

Complex 26b can be compared with the iron DPPE complex 25. The Fe-C (25: 2.066(2)
A; 26b: 2.0843(3) A) and Fe-Cl (25: 2.4364(13) &; 26b: 2.309(5) A) bond lengths are
similar and the Fe-P bond lengths (2.5332(6) &) are longer than the Fe-N bond lengths
(2.208(2) A) as would be expected due to the increased covalent radius for phosphorus
(1.07 R) compared with nitrogen (0.71 A).52 The N-Fe-N bond angle (79.44(9) A) is
smaller compared to the P-Fe-P (81.31(2) A) bond angle and the C-Fe-Cl bond angle is
slightly larger in the DPPE complex 25 compared to 26b.

Table 2. Selected bond lengths (&) and bond angles (°) for 26a-d.

26a 26b 26¢ 26d

M = Mn M = Fe M = Co M = Zn

X = Br X =Cl X = Br X =Cl

M1-C1 2.139(3) 2.084(3) 2.028(3) 2.017(2)
M1-N1 2.294(3) 2.208(2) 2.196(2) 2.191(2)
M1-N2 2.271(3) 2.239(2) 2.097(2) 2.155(2)
M1-X1 2.5735(7) 2.309(5) 2.4625(5) 2.3132(7)
N1-M1-N2 78.52(10) 79.44(9) 84.20(8) 82.18(9)
N1-M1-C1 123.84(11) 132.78(10) 131.54(9) 127.48(9)
N2-M1-C1 133.72(11) 123.37(10) 127.56(9) 130.60(9)
C1-M1-X1 113.73(8) 115.80(16) 104.49(7) 112.71(7)
N1-M1-X1 103.94(8) 92.42(15) 101.66(6) 100.89(8)
N2-M1-X1 95.41(9) 104.80(17) 102.52(7) 95.11(8)
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Figure 5. Crystal structures of 26a-d with thermal ellipsoids at 50% probability. Hydrogen atoms omitted for clarity (purple = manganese, orange =
iron, dark blue = cobalt, brown = zinc, black = carbon, blue = nitrogen, maroon = bromine, green = chlorine).
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Mass spectrometric analysis through APCI was attempted with these complexes, but it was
not possible to detect the desired species through this technique. A different ionisation
technique may be more successful although there are other reports in the literature of
similar complexes containing TMEDA ligands that were not able to be detected by mass

spectrometry such as [FesCls(tmeda)s][BPha4].5!

Unlike the other complexes, 26d provided diamagnetic NMR spectra (Figure 6). The
TMEDA peaks appear at 1.60 (CH3) and 1.75 (CHz) ppm in the 'H NMR spectrum, which is
shifted significantly upfield from free TMEDA (2.12 (CHs) and 2.35 (CHz) ppm) as the

protons have become more shielded after coordination to the metal.

Mes
p-CH;
Mes TMEDA
O'CHs\ CH
m-terphenyl / 3
aromatic C-H TMEDA

CH,

7 6 5 4 3 2 1
ppm

Figure 6. 'H NMR spectrum of 26d.

The zinc complex 26d was also synthesised via an alternative method that is analogous
to the method used to synthesise the DPPE complex 25. ZnClx(tmeda) (28) was
synthesised by the reaction between ZnCl, and TMEDA in THF.%? The structure was

confirmed by 'H NMR spectroscopy and X-ray crystallography (Figure 7).
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Figure 7. Crystal structure of 28 with thermal ellipsoids at 50% and hydrogen atoms omitted for
clarity (brown = zinc, black = carbon, blue = nitrogen, green = chlorine).

Complex 28 was then used to synthesise 26d by adding a solution of 2 in diethyl ether
dropwise to a solution of 28 in diethyl ether at 0 °C (Scheme 12). Colourless crystals were
isolated by storing the solution at -30 °C and confirmed to be 26d by 'H and 3C NMR

spectroscopy. A similar yield to the previous method was obtained.

ey ves |/
H N\ \\\Cl s\\\NB
Li + Zn e Zn<aN
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- Mes 1 24h Mes Yield: 40%
2 28 26d

Scheme 12. Alternative method to synthesise 26d.

4.3.3 DME

In order to extend on the work with TMEDA, the ligand 1,2-dimethoxyethane (DME) was
investigated. It is slightly smaller than TMEDA as there is only one methyl group on each
of the oxygen atoms compared to the two methyl groups on the nitrogen atoms in TMEDA.

The Fe(II) complex Fe(2,6-Mes2CeH3)Cl(dme) (29b) was synthesised using a similar
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method to the TMEDA complexes where 2 was added dropwise to FeCl: in diethyl ether at
—-78 °C. Stirring the solution at this temperature for 2 h, warming to room temperature,
followed by addition of one equivalent of DME afforded 29b with a 20% yield (Scheme

13).

i Mes | Mes
. () (i) SiP)
Li EE— FewQ
Et,0 \CI \
B Mes | 2 Mes
9 Yield: 20%

Scheme 13. Synthesis of 29b. (i) FeCl,, -78 °C, 2h; (ii) DME, room temperature 16 h.

Crystals of 29b were grown from a saturated diethyl ether solution at -30 °C over 1 week.
The crystal was found to be twinned and three separate crystal environments (with ratios
of 51:39:10) were identified and the major environment was resolved with two molecules
in the asymmetric unit. The complex has a distorted tetrahedral geometry similar to the
DPPE (25) and TMEDA complexes (26a-d). It displays Fe-C bond lengths of 2.058(12)
and 2.054(13) A which is similar to the Fe-C bond length in 25 (2.066(2) A) and 26b
(2.084(3) R). The Fe-O bond length (2.150(11), 2.150(12) &) is shorter than the Fe—-N
bond length (2.208(2) A) in 26b. The bond length decreases from Fe-P>Fe-N>Fe-0O
(25>26b>29b). This trend can be explained by the decreasing covalent radii (P: 1.07 &;
N: 0.71 A; O: 0.66 A)52 and the increasing electronegativity of the atom bonded to the Fe
metal centre. There will also be an influence of the sterics of the bidentate ligands on the
bond length. The DPPE ligand is the most sterically demanding of these bidentate ligands

and the Fe-P bond length for 25 is the longest of these bonds.
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Figure 8. Crystal structure of 29b, with thermal ellipsoids at 50%. Hydrogen atoms omitted for
clarity (orange = iron, black = carbon, red = oxygen, green = chlorine).

Table 3. Selected bond lengths (&) and angles (°) for 29b.[?]

29b
Fel-C1 2.058(12), 2.054(13)
Fe1-01 2.150(11), 2.150(12)
Fe1-02 2.136(9), 2.120(10)
Fel-Cl1 2.287(4), 2.306(4)
01-Fe1-02 77.4(4), 77.3(4)
01-Fe1-C1 115.5(5), 118.0(5)
02-Fel-C1 120.8(4), 121.6(5)
C1-Fel-Cl1 131.4(4), 124.2(4)

O1-Fel-Cl1 101.7(3), 105.5(3)

02-Fel-Cl1 96.0(3), 99.9(3)

[a] Values provided for both molecules

in asymmetric unit

A similar reaction was repeated with CoBr2(DME), and from this green crystals were grown
from a saturated diethyl ether solution at —-30 °C over 1 week, however they were not the

expected analogous cobalt complex, but were instead found to be the bimetallic complex
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30 (Figure 9 and Table 4). In the solid state structure of 30, the DME ligand is coordinated
to the Co centre but only through one oxygen atom and it is also coordinated to a lithium
atom, likely originating from the Li complex 2, which is interacting with the aromatic ring
of one of the flanking groups (Figure 10). The interaction of lithium with the flanking
groups in an m-terphenyl ligand has been previously observed by Power et al. in the solid
state structures of Li(‘Bu)Li(2,6-Trip2CsH3)®3 and (2,6-Trip2CsH3)(Me)2Sn-Sn(Li)(Me)(2,6-
Trip2CsH3).54 The Li-O bonds between the Li and the DME ligand are 2.096(4) and 1.971(4)
A, the former is similar to the 2.09(3) A Li-O bond length in Li(dme)Br2.6* The Li1-02
bond length in 30 is slightly shorter than this at 1.863(4) A. The Co-Br bond length is
shorter than in the TMEDA complex 26¢ (2.3994(4) A for 30 compared with 2.4625(5) A

for 26c).

Figure 9. Crystal structure of 30, with thermal ellipsoids at 50% probability. Hydrogen atoms
omitted for clarity (dark blue = cobalt, black = carbon, light blue = lithium, red = oxygen, maroon
= bromine).

160



Figure 10. Crystal structure of 30, with thermal ellipsoids at 50% probability. Hydrogen atoms and
second m-terphenyl ligand omitted for clarity (dark blue = cobalt, black = carbon, light blue =
lithium, red = oxygen, maroon = bromine).

Table 4. Selected bond lengths (&) and angles (°) for 30.

30

Co1-01 1.8912(16)
Col-Bri 2.3994(4)
Li1-02 1.863(4)
Li1-03 2.096(4)
Lil-04 1.971(4)
c1-o01 1.340(3)
01-Co1-02 136.75(7)

In the solid state structure of 30, an oxygen atom has been inserted into one of the m-
terphenyl ligands and formed an alkoxide. Power et al. has previously reported the
reactivity of diaryl m-terphenyl complexes with O2 which proceed via the insertion of an
oxygen atom into the M-C bond in a similar way.®> It is therefore conceivable that a small
amount of Oz was present in the reaction and a similar insertion occured. The C1-01 bond
length of 1.340(3) A is similar to that observed for the aryloxide groups in the Fe(OAr)2
complex reported by Power et al. (1.3485(15) A).55 On the second m-terphenyl group

there are two extra carbon atoms and an oxygen atom, forming an alkoxide ligand on the
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metal. It is possible that this is from a molecule of DME that has been fragmented and
inserted into the Co-C bond. This insertion is similar to that observed for the insertion of
CO into the Fe-C bond of Fe(2,6-Dipp2CsH3)2 to form a carbonyl complex.%> The
fragmentation of DME to form 30 would result in the cleavage of the C-0O which is not
commonly observed under mild conditions. This fragmentation would also result in the
formation of ‘CHs3’ and ‘OCH3’ fragments so it seems likely that the isolated complex 30 is
not the only species that was formed in this reaction and that there are other species
present in the reaction solution that did not crystallise. Further work to investigate this
reaction could be undertaken by attempting to isolate crystals using different solvents (or
other crystallisation methods) to identify different reaction products that may contain
these missing fragments. This will help to determine the mechanism of this reaction.

An analogous reaction between ZnCl2, 2 and DME afforded a colourless polycrystalline
solid isolated from diethyl ether solution at —30 °C over 1 week. Further attempts to obtain
single crystals suitable for X-ray crystallography by crystallisation from toluene or hexane
were unsuccessful. The 'H and '3C NMR spectra of the colourless solid in CeDs
demonstrated that the resonances for the DME at 2.72 (CH3) and 2.81 (CH2) ppm had
shifted significantly from free DME (3.12 and 3.33 ppm), indicating that coordination to

the metal centre has taken place (Figure 11).
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Figure 11. 'H NMR spectra of 29d (a) and free DME (b) in CgDs.

4.3.4 Magnetic Measurements

Evans method®® was used to determine the magnetic moment of the three paramagnetic
Fe(II) compounds 25, 26b and 29b and Mn(II) complex 26a (Table 3) in CsDe. The
measurements were repeated once and the average was taken as the magnetic moment.
The effective magnetic moment for 25 was measured as 3.61 ps, which is significantly
smaller than the spin only value for a high spin d® complex (4.90 us), but is similar to the
magnetic moment for FeMesz(dppe) (3.4 pb) which is attributed to an electron
configuration with two unpaired electrons indicating a low spin tetrahedral d® complex.?3
A similar observation is made for the Fe(II) DME complex 29b which has a magnetic
moment of 3.12 ps.

The effective magnetic moment for 26b was 4.91 us, which is close to the spin only value
for a high spin d® complex with four unpaired electrons (4.90 ug), and to the diaryl m-

terphenyl complex Fe(2,6-Mes2CsH3)2 (4.90 ue)>° and FeMesz(tmeda) (5.1 pg).23 These
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results suggest that the TMEDA ligand is able to stabilise the high spin electron
configuration more than the DPPE and DME ligands.

The magnetic moment for the Mn(II) complex 26a was found to be 3.66 ps which is
significantly smaller than the spin only value for a high spin d> complex with five unpaired
electrons (5.92 pe) and the observed value for Mn(2,6-Mes2CesH3)2 (5.89 ps)*® and the
tetrahedral complex MnCp(tmeda)Cl (5.9 pg).%” This value is similar to the spin only value
for three unpaired electrons (3.87 us) which corresponds to an intermediate spin electron

configuration for a d°> complex.

4.3.5 Reactivity of TMEDA complexes

4.3.5.1 Reduction and Halide Abstraction

As most successful complex synthesis occurred with the TMEDA complexes, these
complexes were chosen to investigate the possibility of synthesising a three-coordinate
species containing an m-terphenyl ligand and a bidentate ligand.

A reduction was carried out in an attempt to synthesise an M(I) species. KCs was chosen
as a reducing agent as this has been shown to reduce other m-terphenyl transition metal
complexes.3>3° A suspension of KCs in diethyl ether was added to a solution of 26a in
diethyl ether at -30 °C, and after a few minutes a black precipitate had formed. After
stirring the reaction mixture at room temperature for 16 h and filtration and storage at
-30 °C for 2 weeks, no crystals had precipitated. Removal of solvent and then extraction
of the resulting white powder into both toluene and hexane respectively in unsuccessful
attempts to crystallise the solid was undertaken. A 'H NMR spectrum in CsDs solution was
recorded of the white powder from these crystallisations and was similar to that measured
for the starting material 25a. Crystals from this solution via hexane diffusion were shown
to be 31 (Figure 12) from singe crystal X-ray diffraction measurements. In the solid state
31 is a Mn(II) bromide bridged dimer containing two TMEDA ligands, indicating that the

reduction reaction was unsuccessful. It is also possible that 26a is not stable in solution
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for extended periods, during the attempted crystallisations. It is possible that 26a is in a
Schlenk equilibrium with the homoleptic diaryl and dihalide complexes (Scheme 14).58:6°
Halide abstraction reactions with NaBArf4 and AgPFes were also attempted and were

unsuccessful.

Figure 12. Crystal structure of 31, with thermal ellipsoids at 50% probability. Hydrogen atoms
omitted for clarity (purple = manganese, black = carbon, blue = nitrogen, red = oxygen, maroon

= bromine).
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Scheme 14. Proposed Schlenk equilibrium between 26a and 31.

4.3.5.2 Metathesis Reactions

Power et al. have reported the use of Li[N(SiMes3)2] in a salt metathesis reaction with
[2,6-Dipp2CsH3Co(u-Cl)]2 to synthesise Co(2,6-Dipp2CsH3)[N(SiMe3)2].7° A similar salt
metathesis reaction was carried out with KO'Bu in an effort to form
M(2,6-Mes2CeH3)20'Bu(tmeda) on a small scale with 26d in CsDe and the reaction was

monitored using 'H NMR spectroscopy (Figure 13). A slight shift upfield in the resonances
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for the Mes CHs groups from 2.41 and 2.23 ppm in 26d to 2.36 and 2.22 ppm was
observed. The CH3z TMEDA peak for 26d at 1.60 ppm and the ‘Bu peak for KOBu at 1.16
ppm were no longer present. There are multiple peaks in the range 0.4 to 1.2 ppm that
may be assigned to a new ‘Bu environment. Unsuccessful attempts to crystallise a product

by hexane diffusion into the CsDs solution were undertaken.

'Bu of OBu-

CH, of
TMEDA

2.6 2.4 2.2 2.0 1.8 16 1.4 1.2 1.0 0.8 0.6 0.4

Figure 13. 'H NMR spectra of 26d (a) and after addition of KO‘Bu (b) at room temperature in CgDs.

Similarly the reaction between 26d and Na[N(SiMes)2] in CeDe was attempted and was
followed by 'H NMR spectroscopy, which showed a shift in the aromatic protons for the m-
terphenyl ligands after 24 h (Figure 14). Figure 15 shows the SiMes peaks in the 'H NMR
spectra, where the resonance for Na[N(SiMes)2] (0.12 ppm) is no longer present, but two
new resonances are observed at 0.20 and -0.04 ppm. The 2°Si NMR spectrum shows a
single peak at -1.9 ppm.

The 'H NMR spectrum shows resonances for the CH2 and CHs groups for free TMEDA (&
= 2.12 and 2.35 ppm, respectively). The lack of coordination of TMEDA to the metal centre

may be due to the steric bulk of N(SiMes)2". The peak at —-0.04 ppm has been assigned as
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Zn(2,6-Mes2CesH3)[N(SiMes)2] (32) in analogy with Co(2,6-Dipp2CeH3)[N(SiMes)2] reported
by Power et al. in 2010,7° and the second SiMes peak at 0.20 ppm has been assigned as

Zn[N(SiMe3)2]2 (33), which has been reported previously.”!:72

.

b. L
/ m-CH ‘\m-CH
. Sl .
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Figure 14. Selected region of 'H NMR spectra of 26d (a.) and after addition of Na[N(SiMes)2] (b.)
in CGDG.
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Figure 15. Selected region of 'H NMR spectra of Na[N(SiMes).] (a.) and after addition of
Na[N(SiMes).] to 26d (b.) in CsDs showing SiMes peaks.
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Scheme 15. Synthesis of 32 in C¢De at room temperature.

4.4 Conclusions

A series of four-coordinate complexes containing an m-terphenyl ligand, a bidentate ligand
(DPPE, TMEDA or DME) and a halide were synthesised and characterised. These complexes
all showed a distorted tetrahedral geometry. Attempts to isolate complexes containing the
sterically encumbered diphosphine ligand DPPE were unsuccessful for M = Mn and Zn.

These reactions resulted in either the formation of the polymer [ZnCl2(dppe)]» (23) or the
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free diphosphine ligand. These issues could be overcome with the use of a less sterically
hindered diphosphine such as DMPE which contains methyl groups instead of phenyl
groups.

The reactivity of the TMEDA complexes was investigated. Attempts at reducing 26a with
KCs were unsuccessful. The dimer [MnBr(u-Br)(tmeda)]2 (31) was isolated suggesting the
presence of a Schlenk equilibrium between 26a and 31 which requires further
investigation. The use of cyclic voltammetry could aid in the selection of a more suitable
reducing agent for these complexes.

A metathesis reaction between 26d and Na[N(SiMes):] results in the formation of Zn(2,6-
Mes2CeH3)[N(SiMes)2] (32) showing that the TMEDA ligand does not remain coordinated
to the metal centre due to the steric bulk of the N(SiMes)>~ ligand.

This work has explored the synthesis of m-terphenyl complexes containing bidentate
ligands. The use of these ligands has aided in the stabilisation of the monomeric four-
coordinate complexes. The presence of the halide leads to the possible reactivity of the
complex towards reduction, halide abstraction and salt metathesis reactions. This chapter
reports some preliminary efforts to utilise this reactivity although they were mostly
unsuccessful. Future work should focus on the exploration of this reactivity with different
reducing agents and halide abstraction agents. This proposed three-coordinate complex
containing a bidentate ligand and an m-terphenyl ligand would have potential applications
as a catalyst due to its unsaturated metal centre. The presence of both the m-terphenyl
ligand and the bidentate ligand could lead to unique applications in catalysis building on
the previously reported catalytic properties of m-terphenyl complexes and using the
bidentate ligand to be able to tune the selectivity of the catalysis. An alternative method
to synthesise this proposed complex could involve the reduction of the metal halide adduct
before coordination of the m-terphenyl in a similar way to the synthesis of the Ni(I)

complex Ni(NHDipp)(dtbpe).
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4.5 Experimental Procedures

See Chapter 6 for general experimental.

4.5.1 [ZnCl2(dppe)]n 23

A solution of ZnCl2 (170 mg, 1.25 mmol), 2 (400 mg, 1.25 mmol) and DPPE (500 mg,
1.25 mmol) in Et20 (20 mL) was stirred at room temperature for 24 h. The reaction mixture
was filtered and colourless crystals formed in the solution suitable for X-ray diffraction

after storage of the solution for 3 days at room temperature.

4.5.2 Fe(2,6-Mes2CeHs)Cl(dppe) 25

A solution of 2 (91 mg, 0.286 mmol) in Et20 (10 mL) was added dropwise to a suspension
of 24 (150 mg, 0.286 mmol) in Et20 (10 mL) at 0 °C. The solution was stirred for 4 h at
0 °C and was then allowed to warm to room temperature and stirred for 24 h. The solution
was filtered and then the solvent was removed in vacuo and the resulting yellow solid was
extracted into hexane. Storage of this solution at room temperature for 1 day afforded
yellow crystals of 25; 25 mg, 8%. 'H NMR (400 MHz, CeDs, 25 °C) & = 12.36 (br s), 9.55
(brs), -4.53 (br s), -11.20 (br s), -11.30 (br s), -12.64 (br s), -17.05 (br s), -24.98 (br
s), —-50.65 (br s), -54.37 (br s) ppm. uefr (Evans’ NMR Method, CsDs, 25 °C) = 3.61 us.

UV-vis (toluene) strong absorbance between 300 and 350 nm; shoulder at Amax = 365 nm.

4.5.3 Mn(2,6-Mes2CsH3)Br(tmeda) 26a

A solution of 2 (200 mg, 0.625 mmol) in Et20 (20 mL) was added dropwise to a solution
of MnBr2 (134 mg, 0.625 mmol) in Et20 (20 mL) at -78 °C. The solution was stirred at
-78 °C for 2 h and was then warmed up to room temperature. TMEDA (0.09 mL, 0.625
mmol) was added to the solution and it was then stirred for 16 h at room temperature.

The solution was filtered resulting in a colourless solution which was stored at -30 °C for
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2 days, affording colourless crystals of 26a; 103 mg, 29%. 'H NMR (400 MHz, CsDs, 25
°C) & = 10.66 (br s), 2.33 (br s) ppm. yerr (Evans’ NMR Method, CeDs, 25 °C) = 3.66 us.

UV-vis (toluene) strong absorbance between 300 and 350 nm.

4.5.4 Fe(2,6-Mes2CesH3)Cl(tmeda) 26b

A solution of 2 (200 mg, 0.625 mmol) in Et20 (20 mL) was added dropwise to a solution
of FeCl2 (79 mg, 0.625 mmol) in Et20 (20 mL) at -78 °C. The solution was stirred at -78
°C for 2 h and was then warmed up to room temperature. TMEDA (0.09 mL, 0.625 mmol)
was added to the solution and it was then stirred for 16 h at room temperature. Filtration
afforded a pale-yellow solution which was stored at -30 °C for 1 day affording colourless
crystals of 26b; 42 mg, 13%. 'H NMR (400 MHz, CeDs, 25 °C) d = 69.2 (br s), 50.9 (br
s), 38.9 (brs), -0.52 (br s), -5.30 (s), -8.52 (s), -10.24 (s), -17.98 (s) ppm. pesr (Evans’

NMR Method, CsDs, 25 °C) = 4.91 pe.

4.5.5 Co(2,6-Mes2CesHs)Br(tmeda) 26¢

A solution of 2 (200 mg, 0.625 mmol) in Et20 (20 mL) was added dropwise to a solution
of CoBrz2(DME) (193 mg, 0.625 mmol) in Et20 (20 mL) at -78 °C. The solution was stirred
at -78 °C for 2 h and was then warmed up to room temperature. TMEDA (0.09 mL, 0.625
mmol) was added to the solution and it was then stirred for 16 h at room temperature.
The solution was filtered resulting in a blue solution which was stored at -30 °C for 3 days,
which afforded blue crystals (26¢: 25 mg, 7%) and colourless crystals (27: 75 mg).
26¢c: 'H NMR (400 MHz, CsDs, 25 °C) 0 = 65.82 (br s), 63.3 (brs), 2.24 (br s), 1.91 (br
s), 0.28 (br s), -1.87 (br s), -3.15 (br s) ppm.

27: 'H NMR (400 MHz, CeDs, 25 °C) d = 2.21 (s, 24H, CHs), 1.85 (s, 8H, CH2) ppm. 13C{'H}
NMR (101 MHz, CsDs, 25 °C) & = 56.6 (CH2), 46.8 (CH3) ppm. “Li{*H} (117 MHz, CeDs, 25

°C) & = 2.02 (s) ppm.
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4.5.6 Zn(2,6-Mes2CsH3)Cl(tmeda) 26d

Method 1: A solution of 2 (200 mg, 0.625 mmol) in Et20 (20 mL) was added dropwise to
a solution of ZnCl2 (85 mg, 0.625 mmol) in Et20 (20 mL) at -78 °C. The solution was
stirred at -78 °C for 2 h and was then warmed slowly to room temperature. TMEDA (0.09
mL, 0.625 mmol) was added to the solution and then stirred for 16 h. Filtration resulted
in a colourless solution which was stored at -30 °C for 2 days, upon which colourless
crystals precipitated. 120 mg, 36%.

Method 2: A solution of 2 (190 mg, 0.594 mmol) in Et20 (10 mL) was added dropwise to
a suspension of 28 (150 mg, 0.594 mmol) in Et20 (10 mL) at 0 °C and then stirred at
room temperature for 24 h. The reaction mixture was filtered resulting in a colourless
solution which was stored at -30 °C for 4 days upon which colourless crystals precipitated.
125 mg, 40%.

'H NMR (400 MHz, CeDs, 25 °C) & = 7.31 (t, 3J(H,H) = 7.5 Hz, 1H, p-H of CeHs), 6.97 (d,
3J(H,H) = 7.5 Hz, 2H, m-H of CsH3), 6.89 (s, 4H, m-H of Mes), 2.41 (s, 12H, 0-CHs of Mes),
2.23 (s, 6H, p-CHs of Mes), 1.75 (s br, 4H, CH> of TMEDA), 1.60 (s, 12H, CH3 of TMEDA)
ppm. 3C{!H} NMR (101 MHz, CeDs, 25 °C) d = 155.4 (Ph’/ of CeH3), 150.9 (0-CMes of
CeH3), 146.4 (0-CCHs of Mes), 137.6 (Ph’ of Mes), 135.8 (p-CCHs of Mes), 128.6 (m-CH of
Mes), 127.9 (m-CH of CeHs), 127.1 (p-CH of CsHs3), 57.6 (CH2 of TMEDA), 46.9 (CHs of

TMEDA), 22.2 (0-CHs of Mes), 21.1 (p-CHs of Mes) ppm.

4.5.7 ZnCl2(tmeda) 2862

TMEDA (0.22 mL, 1.47 mmol) was added to a solution of ZnCl2 (200 mg, 1.47 mmol) in
THF (20 mL). The solvent was removed in vacuo and the resulting solid was extracted into
THF. Colourless crystals formed in the solution at room temperature after 3 days. 283 mg,
76%. 'H NMR (400 MHz, CDCls, 25 °C) & = 2.73 (s, 4H, CH2), 2.60 (s, 12H, CHs3) ppm.
I3C{'H} NMR (101 MHz, CsDs, 25 °C) & = 57.0 (CH2), 47.9 (CH3) ppm. Characterisation

matched literature data.®2
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4.5.8 Fe(2,6-Mes2CsH3)Cl(dme) 29b

A solution of 2 (200 mg, 0.625 mmol) in Et20 (20 mL) was added dropwise to a solution
of FeClz2 (79 mg, 0.625 mmol) in Et20 (20 mL) at -78 °C. The solution was stirred at -78 °C
for 2 h and then warmed up to room temperature. DME (0.06 mL, 0.625 mmol) was added
to the solution and it was then stirred for 16 h at room temperature. The solution was
filtered resulting in a pale yellow solution which was stored at -30 °C for 20 days upon
which colourless crystals formed; 61 mg, 20%.

'H NMR (400 MHz, CsDs, 25 °C) d = 14.49 (brs), 4.02 (brs), 0.29 (s), -0.49 (br s), -2.68
(brs), —=3.06 (br s), -7.93 (br s), —-49.52 (br s). uert (Evans’ NMR Method, CsDs, 25 °C) =
3.12 ps. UV-vis (toluene) strong absorbance between 300 and 350 nm; shoulder at Amax

= 359 nm.

4.5.9 Zn(2,6-Mes>CeH3)Cl(dme) 29d

A solution of 2 (200 mg, 0.625 mmol) in Et20 (20 mL) was added dropwise to a solution
of ZnCl> (85 mg, 0.625 mmol) in Et20 (20 mL) at -78 °C. The solution was stirred at
—-78 °C for 2 h and was then warmed up to room temperature. DME (0.06 mL, 0.625 mmol)
was added to the solution and it was then stirred for 16 h at room temperature. This was
then filtered resulting in a colourless solution, which was stored at -30 °C for 1 day
affording colourless crystals; 239 mg, 76%.

'H NMR (400 MHz, CeDs, 25 °C) & = 7.35 (t, 3J(H,H) = 7.5 Hz, 1H, p-H of CeHs), 7.08 (d,
3J(H,H) = 7.5 Hz, 2H, m-H of CsH3), 6.90 (s, 4H, m-H of Mes), 2.32 (s, 12H, 0-CHs of Mes),
2.21 (s, 6H, p-CHs of Mes), 2.91 (s br, 4H, CH> of DME), 2.72 (s br, 6H, CH3 of DME) ppm.
13C{*H} NMR (101 MHz, CeDs, 25 °C) d = 150.2 (0-CMes of CeH3), 144.8 (Ph’ of Mes),
136.7 (0-CCHs of Mes), 135.5 (p-CCHs of Mes), 128.4 (m-CH of Mes), 127.9 (p-CH of
CsH3), 125.8 (m-CH of CsH3), 70.3 (CH2 of DME), 59.1 (CH3 of DME), 21.5 (0-CHs of Mes),

21.2 (p-CHs of Mes) ppm.
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4.5.10 Synthesis of 30

A solution of 2 (200 mg, 0.625 mmol) in Et20 (20 mL) was added dropwise to a solution
of CoBr2(DME) (193 mg, 0.625 mmol) in Et20 (20 mL) at -78 °C; this was stirred at -78 °C
for 2 h and was then warmed up to room temperature. DME (0.06 mL, 0.625 mmol) was
added to the solution and it was then stirred for 16 h. The solution was filtered resulting
in a dark blue solution; storage at -30 °C for 1 day afforded a small number of green

crystals formed suitable for X-ray diffraction.

4.5.11 Reduction with KCs

A suspension of KCs (13.1 mg, 0.097 mmol) in diethyl ether (10 mL) was added dropwise
to a solution of 26a (50 mg, 0.089 mmol) in diethyl ether (5 mL) at -30 °C and slowly
allowed to warm to room temperature. After stirring at room temperature for 24 h the
reaction mixture was filtered resulting in a colourless solution. Colourless crystals were
grown from diffusion of hexane into a CsDs solution over 1 month and were found to be

29 by X-ray crystallography.

4.5.12 Metathesis Reaction

Na[N(SiMes)2] (3.5 mg, 0.019 mmol) was added to a solution of 26d (10 mg, 0.019 mmol)
in CeDs (0.6 mL). The reaction was monitored at room temperature by 'H NMR
spectroscopy. The formation of Zn(2,6-Mes>CeH3)[(N(SiMe3)2] (32) and Zn[N(SiMes)2]2
(33) was observed by 'H, 3C and !°Si NMR spectroscopy.

32: 'H NMR (400 MHz, CeDs, 25 °C) & = 7.29 (t, 3J(H,H) = 7.6 Hz, 1H, p-H of CsH3), 7.05
(d, 3J(H,H) = 7.5 Hz, 2H, m-H of CeH3), 6.88 (s, 4H, m-H of Mes), 2.20 (s, 6H, p-CHs of
Mes), 2.16 (s, 12H, o0-CHs of Mes), -0.04 (s, 18H, Si(CHz)2 ppm. 3C{*H} NMR (101 MHz,
CeDs, 25 °C) & = 150.1 (Ph’ of CsH3), 143.4 (Ph' of Mes), 137.1 (p-CCHs of Mes), 135.6

(0-CCHs of Mes), 129.5 (p-CH of CeHs), 129.2 (m-CH of Mes), 126.2 (m-CH of CeH3), 21.3
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(0-CHs of Mes), 21.1 (p-CHs of Mes), 4.7 (Si(CH3)2) ppm. 1°Si{'H} (79.48 MHz, CesDs, 25
°C) & = -1.9 ppm.
33: 'H NMR (400 MHz, CeDs, 25 °C) 6 = 0.20 (s, 36H, Si(CHs)2 ppm. 13C{'H} NMR (101

MHz, CeDs, 25 °C) & = 5.2 (Si(CH3)2) ppm.

4.5.13 Evans Method

Magnetic moments were calculated using Evans method at 298 K in CeDs.%® The 'H NMR
spectra of the sample is measured in CsDs containing an insert with a 1:1 ratio of
CsDs:CsHs. There is a shift in the frequency of the solvent peaks in the two different
environments. The measurements were carried out twice and the average value was used
as the magnetic moment. The magnetic moments were calculated using the following

equation:

_ 3Af Xo(do — ds)
" Anfm LR —

where,

X = mass susceptibility

f = frequency of spectrometer

Af = frequency separation between signals

mass of sample (in 1 mL solution)

m
Xo = mass susceptibility of solvent

do = density of solvent

ds = density of solution
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5.1 Global Conclusions

The aim of this thesis was to expand the knowledge around the use of diaryl m-terphenyl
complexes as precatalysts for hydroelementation reactions. The diaryl m-terphenyl
complexes M(2,6-Mes2CeHs)2 (M = Fe (3), Co (4), Zn (5)) are precatalysts for a range of
hydroamination, hydrophosphination and hydroboration reactions. Fe(2,6-Mes2CeH3)2 was
shown to be the most efficient catalyst, with longer reaction times needed for 4 and 5 for

the hydroamination and hydroboration of isocyanates compared to 3.

The hydroamination of isocyanates using precatalyst 3 demonstrated similar reactivity to
the previously reported hydrophosphination of isocyanates! with the diinsertion of the
aromatic isocyanates leading to the formation of biurets. This is the first reported example
of the direct transformation of amines to biurets. This was extended even further to the
tri- and tetrainsertion of the isocyanate with diisopropylamine to synthesise molecules with
multiple urea moieties which have a high capacity for hydrogen bonding and applications
in self-assembly. It was possible to tune the selectivity of the reaction through altering the
reaction conditions. An excess of the isocyanate favoured the multiple insertions of the
isocyanate whereas the use of THF as the solvent favoured the selective formation of the
urea. Although 3 was found to not act as a precatalyst for the hydroamination of
carbodiimides it was successful for the hydrophosphination of carbodiimides although
there was little evidence for the diinsertion of the carbodiimide. This was attributed to the

added steric bulk of carbodiimides compared to isocyanates.

The promising activity of these precatalysts was expanded to the hydroboration of
isocyanates which has not been well explored in the literature. These are the first examples
of transition metal catalysts for this reaction. The monohydroboration product was
selectively formed. Even an addition of excess borane did not promote the dihydroboration
which is in contrast to the other reported catalysts in the literature and demonstrates the

selectivity of 3. The hydroboration of carbodiimides is also catalysed by 3 and the
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monohydroboration product is exclusively formed which may be due to the lower reactivity
of the monohydroboration product compared to the carbodiimide so the second

hydroboration does not occur.

These investigations demonstrate the versatility of m-terphenyl diaryl complexes as
catalysts. Although the nature of the active species was not determined initial steps into
the exploration of the mechanism were undertaken. Poisoning experiments revealed that
the catalysis presented in this thesis is homogeneous and not radical catalysed.
Stoichiometric NMR studies revealed the formation of a new iron species which is likely
the active catalyst, although all attempts to isolate this species were unsuccessful. A
kinetic investigation into these reactions would provide further insight into the mechanism

of the catalysis.

A series of four coordinate complexes containing an m-terphenyl ligand, a bidentate ligand
and a halide of the form M(2,6-Mes2CsH3)X(LL) (M = Mn, Fe, Co or Zn; LL = bidentate
ligand; X = Cl or Br) were reported. The three bidentate ligands utilised were DPPE, TMEDA
and DME. The only m-terphenyl complex with DPPE that was able to be synthesised was
the Fe(II) complex Fe(2,6-Mes2CsH3)Cl(dppe). Attempts to synthesise analogous Mn and
Zn complexes were unsuccessful and resulted in either the formation of the polymer
[ZnCl2(dppe)]n (23) or the free diphosphine ligand. These issues could be overcome with
the use of a less sterically hindered diphosphine such as DMPE which contains methyl
groups instead of phenyl groups and so may be more able to coordinate to the metal
centre.

The attempted reduction of Mn(2,6-Mes2CeH3)Br(tmeda) using KCg afforded
[MnBr(u-Br)(tmeda)]o as the only crystalline product. The reaction between
Zn(2,6-Mes2CsH3)Cl(tmeda) and Na[N(SiMes)2] formed the two-coordinate complex
Zn(2,6-Mes2CsH3)[N(SiMes)2] with concomitant loss of coordinated TMEDA.

This work has undertaken some preliminary efforts to explore the reactivity of these

complexes. This proposed three-coordinate complex containing a bidentate ligand and an
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m-terphenyl ligand would have potential applications as catalysts due to its unsaturated
metal centre. Future work should focus on the exploration of this reactivity with different
reducing agents and halide abstraction agents. The use of cyclic voltammetry would aid

the selection of a suitable reducing agent.

5.2 References

1 H. R. Sharpe, A. M. Geer, W. Lewis, A. J. Blake and D. L. Kays, Angew. Chem. Int.

Ed., 2017, 56, 4845-4848.
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Chapter 6

General Experimental
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6.1 General Experimental Procedures

6.1.1 Manipulation of Air Sensitive Compounds

All manipulations were performed in strict anaerobic and anhydrous conditions using
standard Schlenk line and glovebox techniques under an atmosphere of nitrogen or argon

unless stated otherwise.

6.1.2 Preparation of Solvents and Reagents

Solvents were dried by refluxing over molten potassium (toluene), sodium/benzophenone
(THF), calcium hydride (dichloromethane, TMEDA, dimethoxyethane) or sodium potassium
alloy (diethyl ether) for a minimum of three days and iso-hexane was dried by passage
over a drying column with 4 A molecular sieves. All solvents were stored in ampoules over
a potassium mirror (toluene, diethyl ether and iso-hexane) or 4 & molecular sieves (THF,
dichloromethane, TMEDA and dimethoxyethane). All solvents were degassed in vacuo
before use. Benzene-ds was dried over molten potassium and degassed with three freeze-
pump-thaw cycles prior to use. KCs was synthesised following literature procedures.!?
Diphenylamine was sublimed before use. Isocyanates were transferred to the glovebox
and molecular sieves were added before use. All other reagents were used as received

unless stated otherwise.

6.2 Physical Measurements

6.2.1 NMR Spectroscopy

All NMR spectroscopy was carried out on Bruker DPX300, AV400, AV(III)400, or
AV(IITI)600 spectrometers. Chemical shifts are quoted in parts per million relative to TMS
for 'H, 13C{'H} and 2°Si{'H}, LiCl/D20 solution for ’Li{'H}, BF3-OEt> for 1'B, H3PO4 for 3!P

and CFClIs for 1°F.
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6.2.2 DOSY

DOSY experiments were carried out on an AV(III)600 NMR spectrometer. The intensity (I)

of a peak in a 'H NMR spectrum is proportional to:

o ~1(¥98)2D(8-3)]

where,

Yy = gyromagnetic ratio

g = gradient strength

0 = diffusion gradient pulse length

D = diffusion coefficient

A = diffusion delay

The DOSY experiment was measured by varying values of g along 16 spectra. The intensity
of each peak was used to plot In(I) against g? from each of the spectra which gives a

straight line. The diffusion coefficient can be obtained from the gradient of this line.

6.2.3 Mass Spectrometry

Mass spectrometry measurements for air stable compounds were carried out with the
University of Nottingham open access service on a Bruker MicroToF II spectrometer. Air
sensitive samples were sealed in glass capillary tubes under an inert atmosphere and were
carried out either by Mr Ben Pointer-Gleadhill at the University of Nottingham using a
Bruker Impact II spectrometer or at the EPSRC National Mass Spectrometry Facility
(Swansea University, UK) using a Finnigan MAT 95 XP or a Thermo ScientificLTQ Orbitrap

XL spectrometer.

6.2.4 Infrared Spectroscopy

Infrared spectroscopy was carried out on a Bruker ALPHA FTIR spectrometer. Air sensitive

samples were prepared under an inert atmosphere in a solution cell with KBr windows.
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6.2.5 UV-Vis Spectroscopy

Sample solutions were prepared under an inert atmosphere in a glovebox. All UV-Vis
spectra were acquired on a Perkin Elmer Lambda 16 spectrophotometer in a Young’s tap

10 mm quartz cell.

6.2.6 X-Ray Crystallography

Under a flow of nitrogen, crystals suitable for analysis by X-ray diffraction were quickly

removed from the crystallisation vessel and mounted on a MiTeGen MicroMount™ with YR-
1800 perfluoropolyether oil and cooled rapidly in a cold stream of nitrogen using an Oxford
Cryosystems open flow cryostat at 120 K. Single crystal X-ray diffraction data were
collected on an Agilent SuperNova diffractometer (mirrormonochromated Cu-Ka radiation
source; A = 1.54184 R; w scans), equipped with either an Atlas, AtlasS2 or TitanS2
detector. Cell parameters were refined from the observed positions of all strong reflections
in each data set and absorption corrections were applied using a Gaussian numerical
method with beam profile correction (CrysAlisPro?). The structures were solved by direct
methods and all non-hydrogen atoms refined by full-matrix least-squares on all unique F?
values with anisotropic displacement parameters. Hydrogen atoms were refined with
constrained geometries and riding thermal parameters. Platon SQUEEZE? was used for 30
to account for the scattering from highly disordered solvent molecules that could not be
sensibly modelled. Programs used include CrysAlisPro? (control and integration of
Supernova), Platon3® (SQUEEZE), SHELXS* (structure solution), SHELXT®> (structure
solution), SHELXL® (structure refinement) and OLEX2” (molecular graphics). CIF files were

checked using checkCIF.8

6.3 References
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Crystallographic Data

10 15a
Identification code OAJSLA OAJSLD
Empirical formula C27H21N303 Ci3H1sBNO3
Mw 435.47 247.09
T (K) 120(2) 120(2)
Crystal system monoclinic monoclinic
Space group C2/c P21i/n
a (R) 13.48880(10) 13.9215(3)
b (R) 13.53150(10) 6.18243(12)
c (R) 12.61320(10) 16.4441(4)
a (°) 90 90
B (°) 97.3240(10) 110.727(3)
y (°) 90 90
V (R3) 2283.42(3) 1323.72(6)
y4 4 4
Dealc (g/cm3) 1.267 1.240
U (mm1) 0.678 0.697
Fooo 912.0 528.0
Crystal size/mm?3 0.631 x 0.502 x 0.27 0.469 x 0.303 x 0.154
A (R) 1.54184 1.54184
26 range for data collection
(°) 9.296 to 153.852 7.176 to 146.986

Reflections collected
Independent reflections
Rint

Final GooF

R1, WR2 [I>=20(1)]

R1, wR> [all data]

Min. and max. electron

densities (e A-3)

20927
2387
0.0239
1.144
0.0497, 0.1258
0.0498, 0.1260

0.31/-0.60

5363
2607
0.0198
1.052
0.0348, 0.0840
0.0389, 0.0874

0.25/-0.21
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15g 17 18
Identification code OAJSLI OAJSLL OAJSLE
Empirical formula C20H38B2N206 CisH36B206 C38H29N504
Mw 424.14 370.09 619.66
T (K) 120(2) 120(2) 120(2)
Crystal system triclinic monoclinic triclinic
Space group P-1 P2i/c P-1
a (R) 6.0033(4) 10.5855(3) 11.514(2)
b (R) 8.3770(5) 10.4037(2) 12.228(2)
c (R) 12.2109(12) 10.7788(3) 12.288(2)
a (°) 99.232(6) 90 86.344(15)
B (°) 98.584(7) 118.654(3) 62.58(2)
Y (°) 98.782(5) 90 80.578(16)
V (R3) 589.44(8) 1041.67(5) 1514.9(6)
z 1 2 2
Dcalc (g/cm?3) 1.195 1.180 1.359
u (mm-) 0.691 0.681 0.728
Fooo 230.0 404.0 648.0
Crystal size/mm? 0.249 x 0.082 x 0.29 x 0.105 x 0.157 x 0.083 x

0.061 0.092 0.039
A (R) 1.54184 1.54184 1.54184

26 range for data

collection (°)
Reflections collected

Independent

reflections

Rint

Final GooF

R1, WR2 [I>=20(1)]
R1, wR> [all data]
Min. and max.

electron densities (e

A-3)

7.454 to 102.572

4798

1268

0.0177
1.072

0.0331, 0.0794
0.0352, 0.0814

0.19/-0.18

9.522 to 144.668

26040

2056

0.0356
1.047

0.0369, 0.1020
0.0381, 0.1033

0.30/-0.25

7.328 to 146.622

9420

5010

0.1659
1.033

0.1307, 0.2845
0.2212, 0.3416

0.37/-0.43




19 21 23
Identification code OAJSLJ AJSDKN ZNAJSB
Empirical formula CsoH76B2FeN4O 16 C12H24B20s C26H24Bro.83Cl1.17P2Zn
Mw 1186.71 269.93 571.56
T (K) 120(2) 120(2) 120(2)
Crystal system monoclinic monoclinic monoclinic
Space group P2i/c P21i/n P2i/n
a (R) 11.58500(10) 6.39980(10) 12.9306(4)
b (R) 13.2401(2) 20.7501(3) 11.5291(4)
c (R) 20.6147(3) 11.5743(2) 16.8287(6)
a (°) 90 90 90
B (°) 106.294(2) 94.7830(10) 99.428(3)
y (°) 90 90 90
V (R3) 3035.01(7) 1531.67(4) 2474.91(14)
y4 2 4 4
Dealc (g/cm3) 1.299 1.171 1.534
u (mm-1) 2.575 0.704 5.414
Fooo 1256.0 584.0 1156.0
Crystal size/mm? 0.173 x 0.136 x 0.262 x 0.109 x 0.154 x 0.093 x

0.085 0.108 0.051

A (R) 1.54184 1.54184 A = 1.54184

26 range for data

collection (°)
Reflections collected

Independent

reflections

Rint

Final GooF

R1, WR2 [I>=20(1)]
R1, wR> [all data]
Min. and max.

electron densities (e

A-3)

7.95 to 145.596

19910

5875

0.0211
1.045
0.0310, 0.0827
0.0341, 0.0848

0.34/-0.33

8.522 to 145.9

11567

2993

0.0196
1.063
0.0468, 0.1274
0.0522, 0.1326

0.30/-0.21

8.02 to 149.066

13320

4915

0.0257
1.171
0.0356, 0.0788
0.0401, 0.0808

0.41/-0.34




25 26a 26b

Identification code FEAJSC MNAJSA FEAJSB
Empirical formula CsoH49Bro.46Clo.saFeP2 C3oH41BrMnN3 C30Ha41Bro.46Clo.s4FeN2
Mw 820.62 564.50 541.51
T (K) 120(2) 120(2) 120(2)
Crystal system triclinic monoclinic monoclinic
Space group P-1 P21i/n P21/n
a (R) 11.6387(5) 8.4409(4) 8.44070(10)
b (R) 12.2509(4) 30.8979(16) 30.7994(5)
c (R) 17.1728(5) 10.9499(6) 10.8630(2)
a (°) 102.192(3) 90 90
B (°) 101.771(3) 94.196(5) 94.595(2)
vy (°) 112.090(4) 90 90
V (R3) 2106.28(14) 2848.1(2) 2814.96(8)
y4 2 4 4
Dealc (g/cm3) 1.294 1.316 1.278
M (mm-) 4.698 5.543 5.667
Fooo 856.0 1180.0 1145.0
Crystal size/mm? 0.363 x 0.148 x 0.195 x 0.035 x 0.354 x 0.079 x

0.134 0.033 0.059
A (R) 1.54184 1.54184 1.54184

26 range for data

collection (°)
Reflections collected

Independent

reflections

Rint

Final GooF

R1, WR2 [I>=20(1)]
R1, wR> [all data]
Min. and max.

electron densities (e

A-3)

8.214 to 144.758

21826

8129

0.0345
1.060
0.0406, 0.0940
0.0467, 0.0977

0.62/-0.34

8.588 to 145.344

22339

5616

0.0642
1.042
0.0482, 0.1188
0.0608, 0.1287

0.64/-0.76

8.656 to 145.88

21338

5526

0.0391
1.142
0.0484, 0.1022
0.0537, 0.1045

0.73/-0.37
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26¢ 26d 28
Identification code COAJSA ZNAJSC ZNAJSA
Empirical formula C30H41BrCoN:2 C30H41CIN2Zn CsH16Cl2N2Zn
Mw 568.49 530.47 252.48
T (K) 120(2) 120(2) 120(2)
Crystal system triclinic monoclinic monoclinic
Space group P-1 P21i/n P2i/c
a (R) 8.1111(4) 10.7081(2) 7.5944(2)
b (R) 10.8427(7) 24.8304(5) 13.2502(3)
c (R) 17.2005(11) 10.9003(3) 11.3198(3)
a (°) 74.638(6) 90 90
B (°) 83.180(5) 101.475(2) 103.759(3)
Y (°) 73.094(5) 90 90
V (R3) 1394.21(16) 2840.31(11) 1106.39(5)
y4 2 4 4
Dealc (g/cm3) 1.354 1.241 1.516
u (mm-) 6.637 2.197 7.110
Fooo 594.0 1128.0 520.0
Crystal size/mm? 0.198 x 0.138 x 0.452 x 0.228 x 0.507 x 0.437 x
0.104 0.155 0.102
A (R) 1.54184 1.54184 1.54184

26 range for data

collection (°)
Reflections collected

Independent

reflections

Rint

Final GooF

R1, WR2 [I>=20(1)]
R1, wR> [all data]
Min. and max.

electron densities (e

A-3)

8.786 to 144.768

12847

5363

0.0410
1.081
0.0373, 0.0966
0.0404, 0.1009

0.89/-0.71

7.12 to 146.84

42913

5664

0.0318
1.045
0.0468, 0.1139
0.0505, 0.1170

1.73/-0.85

10.456 to 145.448

11938

2161

0.0926
1.084
0.0393, 0.1055
0.0400, 0.1065

0.73/-0.53




29b 30 31
Identification code FEAJSD COAJISB MNAJSE
Empirical formula C28H32CIFeO2 Cs4He4BrCoLiO4 C12H32N4Mn2Bra
Mw 491.83 922.83 661.93
T (K) 120(2) 120(2) 120(2)
Crystal system triclinic tetragonal monoclinic
Space group P-1 I-4 P2i/n
a (R) 13.2798(10) 31.5040(2) 10.42060(10)
b (R) 14.5250(12) 31.5040(2) 15.4875(2)
c (R) 15.4432(14) 10.38910(10) 14.4437(2)
a (°) 65.875(9) 90 90
B (°) 72.661(7) 90 92.3990(10)
vy (°) 78.267(7) 90 90
V (R3) 2583.7(4) 10311.20(16) 2329.01(5)
y4 4 8 4
Dealc (g/cm3) 1.264 1.189 1.888
g (mm1) 5.788 3.826 16.864
Fooo 1036.0 3880.0 1288.0
Crystal size/mm? 0.745 x 0.313 x 0.226 x 0.121 x 0.237 x 0.167 x
0.201 0.108 0.054
A (R) 1.54184 1.54184 1.54184

26 range for data

collection (°)
Reflections collected

Independent

reflections

Rint

Final GooF

R1, WR2 [I>=20(1)]
R1, wR> [all data]
Min. and max.

electron densities (e

A-3)

6.698 to 146.242

26417

26417

0
1.041
0.1638, 0.4215
0.2181, 0.4599

2.77/-1.58

7.938 to 144.99

46482

10045

0.0311
1.041
0.0230, 0.0592
0.0238, 0.0599

0.43/-0.14

8.374 to 145.748

9477

4521

0.0296
1.021
0.0368, 0.0942
0.0401, 0.0969

1.73/-1.14
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