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ABSTRACT

Since their introduction, the hydrotris(pyrazolyl)borate and the
hydrotris(methimazolyl)borate ligands have drawn the attention of many research
groups. These boron-centred ligand systems have been studied, modified and applied
in different areas of chemistry from medicinal to surface chemistry and catalysis.

The synthesis of new tripodal ligands of the type [LB(mt);] (L = neutral
Lewis base; mt = methimazolyl) with boron substituted by various nitrogen donors
(L) is the aim of the work reported in this thesis. In this work a new synthetic method
to obtain these ligands is presented. This new method consists of the substitution of
dimethylamine in [(HNMe,)B(mt);] by a neutral N-donor under reflux in toluene.
The evidence that the dimethylamine in [(HNMe2)B(mt);] can be substituted with N-
donors contradicts the previously proposed mechanism for the “one-pot” reactions
with tris(dimethylamino)borane reported previously—From this synthetic work, a new
mechanism for the formation of ligands of the type [(L)B(mt);] is proposed.

The N-donors used in this work were mainly tertiary amines and imines but
also a primary amine, benzylamine was successfully used. The functionalization of
the boron central atom of these ligands with primary amines broadens the possibility
of synthesis of new ligands.

In order to explore an alternative to methimazole, two new boron-centred
tripodal ligands with sulphur donors, [(HNMe;)B(1,4,5-trimethylimidazolyl-2-
thione);] and [(HNMe;)B(1-methyl-benzimidazolyl-2-thione);], were synthesized.
These ligands present a more protective environment around the boron bridgehead

created by the substituents in the 4™ and 5™ position of methimazole.
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The chiral tripodal ligand, [(S)-(-)-a-methylbenzylamine)B(1,4,5-
trimethylimidazolyl-2-thione)s] was successfully obtained, and after its coordination
to molybdenum tricarbonyl two diastereoisomeric complexes in a 1:7 ratio were
obtained. Although, it was sought to obtain a single diastereisomer form of the
complex, this is a very promising result indicating that this system can still be

improved in order to obtain chiral boron-centred tripodal ligand complexes.
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BORON-CENTRED LIGANDS WITH THIONE DONORS



1.1. INTRODUCTION

The synthesis of new boron-functionalized tripodal ligand analogues of
hydrotris(methimazolyl)borate (Tm) is the main concem of this thesis. The efforts
towards the synthesis of these tripodal ligands will be described and discussed in the
next chapters. This chapter will provide an introduction to the Tm tripodal ligand

system which is necessary to contextualize this thesis work.

1.2. FROM HARD TO SOFT SCORPIONATE LIGANDS

Five decades ago, Trofimenko introduced the tris(pyrazolyl)borate (Tp)
ligand, and described it as “a creature (that) grabs its prey with two identical claws
and then may proceed to sting it with the sharp point of the curving tail”(Fig.1.1)."
Following this metaphor the poly(pyrazolyl)borates were coined as scorpionate

ligands.

Fig.1.1. Tris(pyrazolyl)borate ligand coordinated to a metal centre (M) mimicking a

scorpion attack.

The anionic hydrotris(pyrazolyl)borate was synthesized by heating pyrazole

and alkali-metal borohydrides under solvent-free conditions (Scheme 1.1)." This



Boron-centred ligands with thione donors

methodology has now also been employed to synthesise a wide range of Tp ligand

analogues.?

= f

BH; + E\NH&» H\i_
~"TOTD
—

Scheme 1.1. Synthesis of the anionic hydrotris(pyrazolyl)borate ligand.'

The tris(pyrazolyl)borate ligand is often compared to the cyclopentadienyl
(Cp) ligand, as both systems are anionic, 6e” donor face-capping ligands. However,
there are also differences between these ligands systems such as, the relatively hard
o-donor character of Tp and the softer character of Cp which has some xn-acceptor
ability. Other differences between these ligand systems are the topology and the
number of possible substitutable positions. There are five possible substitutable
positions in the Cp ligand and ten substitutable positions in the Tp ligand (one on the
boron and three on each of the pyrazole rings). Then, the tris(pyrazolyl)borate
ligands can be tuned sterically and electronically and this versatility is reflected in
the number of applications of Tp ligand derivatives in various fields of study such as
catalysis, bioinorganic models and metal extractions.’

It is also possible to modify the scorpionate ligands by replacing the pyrazole
with another heterocycle, or by replacing the central boron atom by another element.
The replacement of the pyrazole rings can affect the size of the chelate rings formed

on metal complexation, though the negative charge of the ligand is maintained.



Furthermore, the anionic character of the ligand can be changed if the boron is
replaced with a different atom.

The possibility of changing the pyrazole rings in the Tp ligand by other
heterocycles with different donor atoms is attractive since it can lead to scorpionate
ligands with different donor properties. As Tp ligand complexes were used to mimic
sulphur-donor protein complexes with biological activity, it became interesting to
explore the introduction of sulphur donor heterocycles into tris(pyrazolyl)borate
derivatives.’ However, the choice of another molecule to use in the synthesis of new
derivatives to replace the pyrazole was restrained to the presence of an N-H acidic
proton to enhance the condensation with the borohydride under solvent free
conditions.

The first scorpionate ligand with heterocycles bearing sulphur donors was
reported by Reglinski and Spicer in 1996.* They used 1-methylimidazole-2-thione
(methimazole) to replace the pyrazole in the Tp ligand structure and obtained the

hydrotris(methimazolyl)borate (Tm) ligand (Fig.1.2).*

2| -

Fig.1.2. Hydrotris(methimazolyl)borate (Tm) ligand and its crystal structure
(hydrogens and the counter ion omitted for clarity). e



Methimazole can exist in two tautomeric forms, thiol and thione (Fig.1.3).
Despite being commercialized as 1-methyl-2-imidazolethiol, NMR spectroscopy
studies proved that the thione tautomer is the more favourable structure for this
compound.® In this form it presents the acidic N-H proton which allows the
condensation with borohydride during the synthesis of

hydrotris(methymazolyl)borate ligand.*

{ /
(o —
N N
H
Fig.1.3. Thiol and thione tautomers of methimazole.
1.3. TRIS(METHIMAZOLYL)BORATE (TM) LIGAND
1.3.1. esis
The Tm ligand can be synthesised employing a similar method as used to

obtain the Tp ligand, a melt reaction with an alkali-metal borohydride and

methimazole. This synthesis does not require solvent and can be followed by

measuring the quantities of hydrogen gas produced after the solids start to melt.*
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Scheme 1.2. Synthesis of Tm ligand via melt reaction.

This synthesis is limited by the thermal stability of the product formed since
decomposition can occur if the reaction is heated beyond 180°C.” * The thermal
limitation of this reaction can be related to methimazole’s properties, as its melting
point is around 145°C. The Tm ligand can also be obtained when a solution of
methimazole and sodium borohydride in toluene is heated under reflux. This
synthetic route can prevent thermal decomposition of the reactants, however it can
take up to 36 hours to reach completion (Scheme 1.3).>’

8
| AN
OBH, + 3 s=<uj o, (\N /g"\:;(s + 3H
/&s &/”\

Scheme 1.3. Alternative Tm ligand synthesis: heating a solution of methimazole and

N

/

borohydride in toluene until reflux.

Some analogues of the Tm ligand with thioimidazole derivatives can be
synthesised by heating a mixture of a substituted thioimidazole and sodium

borohydride in toluene under reflux.’



1.3.2. Tm ligand derivatives

Derivatives of the Tm ligand can be obtained by replacing and/or
functionalizing the N-methyl group and the 4- and 5- positions of the methimazole
ring, or the boron central atom. The ten possible sites which can allow modifications

on the Tm ligand are represented in Fig.1.4.

Fig.1.4. Substitutable positions on the Tm ligand structure and respective

abbreviation system.

There are many examples of Tm ligand derivatives using methimazole
analogues with different alkyl and aryl groups instead of the N-methyl group. Some
of these methimazole derivatives used for the synthesis of Tm ligand analogues are
displayed in Fig.1.5. The common abbreviation for these analogues is Tm", where R

is the substituent of the thioimidazole nitrogen atom.
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P
-
Y
b )’ “®

@/N

R R R R R R \

T O Sopyon
Me Et fBu Cy Bz Ph pTol Mes o-An
Ref 4 10 11,12 13 10,9 14 9 12 15

Fig.1.5. Tm ligand derivatives with 1-R-imidazole-2-thiones.

Usually, the 1-R-imidazole-2-thiones are easy to synthesize or are
commercially available which makes them an interesting replacement for
methimazole in the Tm ligand. The ligands synthesized with the imidazole-2-thiones
may present different steric properties depending on the size of the R group which
affects the encapsulation of the metal upon complexation. The creation of a cavity
which can accommodate the metal centre is an attractive feature explored when this
ligand system is applied to modelling metalloenzyme sites.

The 1-R-imidazole-2-thiones can also accommodate different groups on the

4- and 5- positions such as 1.3 and 1.4 shown in Fig. 1.6..
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(o]
o— o~
13 14

Fig.1.6. Methimazole functionalized in the 5-position by piperazine derivatives: 1-
methyl-5-[4-(2 -methoxyphenyl)- 1-piperazinyl)carbonyl]-imidazole-2-thione 1.3 and
1-methyl-5-[4-(2 -methoxyphenyl)-1-piperazinyl)methyl]-imidazole-2-thione1.4. fo

As shown on Fig. 1.4, it is also possible to replace the hydride on the boron by
alkyl or aryl groups without affecting the overall negative charge of the ligand. The
first synthesis of a ligand with a different group on the boron instead of the hydride
was reported by Santos and co-workers. They used methyl and phenyl groups to
functionalize the boron atom by synthesising the ligands for precursors RB(OH)

(Scheme 1.4)."

Y
N/Ks
+ LIAIH + 37N_NH stR
RB(OH), ——» LiRBH;] — = NN
- 3H, TN N \
[
R = Me or Ph S N

1.5
Scheme 1.4. Synthesis of LIRTm 1.5 reported by Santos and co-workers. 17

Other groups have been used to replace the hydride on the boron central atom

of the Tm ligand, giving rise to ligands such as #7BuTm™ and p-FCsH,Tm".> Other
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approaches, such as the oxidative reaction of metallaboratranes was also used to
insert groups, such as Cl or Br or an alkoxide group on the boron central atom. >
The functionalization of the boron atom on the Tm framework with neutral
N-donors to form new neutral ligands was reported by Bailey’s research group.'® The
introduction of these zwitterionic ligands also brought to light a new synthetic
method to generate Tm ligand analogues from tris(dimethylamino)borane. With this
new synthesis, neutral tris(methimazolyl)borate derivatives can be obtained through
a one-pot reaction with N-donor, B(NMe;); and methimazole in a 1:1:3 ratio in a
toluene solution heated under reflux to obtain the product in high yield (more than 80

%).' This method will be discussed in more detail in Chapter I of this thesis.

K\Nl\‘" """ i -\N/w
/—<S( l o AN

NT s
1.6
Fig.1.7. Neutral boron-centred tripodal ligand [(N-
methylimidazole)B(methimazolyl)] 1.6 introduced by Bailey. 19

It is also possible to obtain ligands with a similar backbone structure as Tm
by using other five-membered ring heterocycles with thione functions such as
thiazolidine-2-thione” (1.7), 1,2,4-triazole-5-thione?™ (1.8) or 1,3,4-thiadiazole-2-
thione®' (1.9) and 1-methyl-5-thiotetrazole” (1.10) (Fig. 1.8). However, some of

these heterocycles (1.8 and 1.9) can provide boron-centred tripodal ligands with the

10
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ability to coordinate through two different donor atoms (sulphur or nitrogen). More

detail of these ligands and examples of complexes needed.

)]\ )j\ )k /lk/s s
J

18 1.10 1.11
R= H or Me

Fig.1.8. Range of other heterocycles which can be used in the synthesis of Tm ligand

derivatives.’

Recently, it was reported the synthesis of a new boron-centred tripodal ligand
with thione donors using 2-mercaptopyridine. This new ligand was prepared by
heating under reflux a xylene suspension of potassium borohydride and 2-

mercaptopyridine (Scheme 1.5).%

k[ = | ]
S A /Xylen S N i
KBH, +3 —%ﬁg» |
P B
N SH N |\N
" |
\ s \
— 1.12 -
Scheme 1.5. Synthesis of hydrotris(2-thiopyridone)borate (Tmp) ligand reported by

Owen.”
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Boron-centred ligands with thione donors

The 2-mercaptopyridine presents two tautomeric forms, the thione and
thiolate. The thione form provides more electron density on the sulphur which can

enhance the donor properties of the ligand (Fig 1.9).

O

-thlopyrldone pyridine-2-thiolate
23

Fig.1.9. Resonance structures present on 2-mercaptopyridone.

The anionic Tmp ligand can also present two resonance forms, as the
negative charge can be on one of the sulphur donors or on the boron central atom
Fig.1.10.2 However, Owen observed by C NMR and X-ray single crystal
diffraction that K{Tmp] structure presents thione donors which shows that the

thiopyridone form is predominant. >

000
eyefieqe
H
AN

Fig. 1.10. Resonance forms present on Tmp ligand. #

As the negative charge of Tmp ligand can be on the sulphur, the B-H bond

can activated which makes these ligands potential precursors of metallaboratranes. B

24
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1.4. COORDINATION CHEMISTRY

1.4.1. metry of metal complexes

The [(Tm)ZnBr] was the first complex of the Tm ligand reported by
Reglinski.* In this complex it was possible to observe that this tridentate ligand forms
a Cz-symmetric complex with a “propeller-like” conformation.* Fig.1.11 shows a
metal an example of a tetrahedral 1.13 and an octahedral 1.14 metal complex of Tm

ligand.

113 1.14
Fig.1.11. Structures of [Zn(T n")Br] and [TI(Tm)>] reported by Reglinski and

Spicer.*”

The Tm ligand differs from the Tp ligand system by the insertion of
hexocyclic sulphur donor atoms on the methimazole ring. This results in the
formation of eight-membered rings upon complexation instead of the six-membered
rings formed in complexes with tris(pyrazolyl)borate (Tp) ligands. The Tm ligand
complexes present Cs;-symmetry due to twisting of the chelate rings to minimize
angle-strain and maximize the n overlaping. This contrasts with the Cs,-symmetry

presented by the tridentate Tp ligand metal complexes (Fig.1.12).

13



MTm

E %s N Qc.-zs:, Cy-symmetry Cs-symmetry

Fig.1.12. Symmetry differences between Tp and Tm metal complexes.

The helical rotation around the H-B---M axis of the tridimensional-cage
structure present on the Tm ligand complexes generates two enantiomeric

conformations (Fig.1.13).

(s

e - Boron Central Atom
a - Metal Center

Fig.1.13. Rotational enantiomers of MTm complexes.

The crystal structures of these complexes show the presence of the two
enantiomers. In solution it is possible to observe the racemisation process of Tm"®
complexes presenting diastereotopic CH, protons adjacent to N in the 1-position of
methimazole through '"H NMR analysis. The racemisation of the complexes can
occur by two different mechanisms: a non-dissociative mechanism and a dissociative

mechanism (Fig.1.14).

14



Boron-centred ligands with thione donors

- e A N
rNon-dussomatnve racemization
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Fig.1.14. Two possible racemization processes of metal complexes with Tm®
ligands.”

The chirality of these Tm ligand systems will be discussed in more detail in

the introduction to Chapter I'V.

1.4.2. Donor properties

The presence of three sulphur donor atoms in  the
hydrotris(methimazolyl)borate ligand makes it a “softer” derivative of the ubiquitous
hydrotris(pyrazolyl)borate (Tp) with its set of three hard nitrogen donors. A good
example of the different hard-soft properties of these ligands was demonstrated by
Reglinski and collaborators through a sequential reaction of BiCl; with NaTm and
NaTp (Scheme 1.6).”” The complex [Bi(Tm),] [Na(Tp).]” was obtained showing the
soft sulphur donors of Tm coordinated to the bismuth and the hard nitrogen donors of
Tp coordinated to the sodium (Fig.1.13) showing the coordination preferences of

both ligands.”’
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Scheme 1.6. Sequential reaction with hard and soft donor ligands reported by
Reglinski.”’

The result of the reaction presented in Scheme 1.6 was also confirmed by ab
initio calculations of the complexation energies for NaTp and NaTm, which showed

a lower energy for the formation of the sodium tris(pyrazolyl)borate complex.® This
confirms the softer donor character of the Tm ligand.

- o
1.15
Fig.1.15. Structure of [Bi(Tm),] [Na(Tp)] reported by Reglinski.”’
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Boron-centred ligands with thione donors

Since its introduction, the Tm ligand has been related with other 6e” face-
capping ligands, such as, the well known Tp and Cp (cyclopentadienyl) ligands. The
donor properties of these ligands can be determined by observing the IR carbonyl
stretching bands of similar metal carbonyl complexes of these ligands. This was
achieved by comparison of the carbonyl stretching frequencies in tungsten carbonyl

complexes [LW(CO)sI] with the Tm, Tp and Cp ligands (Table 1.1).%*

Table 1.1. C-O stretching frequencies for [LW(CO)sl] complexes with Cp, Tp and
Tm ligands.”®

Complex v(CO) / cm” Ref.
[CPW(CO)I] 2030 1944 1936 ~©
[TpW(CO):I] 2021 1942 1504
[TmW(CO)I] 2004 1916 1902 *

Observing Table 1.1, it is possible to order the ligands in a series of
decreasing donor strength as: Tm - Tp > Cp. In this series, Tm ligand is the
stronger donor due to its sulphur lone pairs 7-donation to the metal centre. However,
the n-donation from the Tp ligand to the metal centre is very small which is related to
its strong o-donation from the pyrazole nitrogen atoms. The Cp is the worst donor of
this series as it acts as a s-acceptor and competes with the carbonyl groups for
electron density and therefore the C-O stretching energy for [CpW(CO)sI] is high.®

The strong 7-donation of the Tm ligand to the metal centre was also observed in
other carbonyl complexes with metals such as, molybdenum,*' tungsten,> rhenium 32

and manganese.*®

17



Boron-centred ligands with thione donors

Another important aspect to describe the Tm ligands is its ligand-field
properties. The magnetic behaviour of three sandwich-type complexes of Fe(Il) with
Tm, Tp and Cp (ferrocene) showed how different these complexes can be in terms of
ligand field splitting. For instance, [Fe"(Cp).] (ferrocene) is a low-spin diamagnetic
complex while [Fe"(Tp)2] shows spin crossover properties** and [Fe"(Tm),] has a
high spin paramagnetic d® iron (II).** This indicates that the order of these ligands in
the spectrochemical series is Cp >Tp > Tm.**3¢

The spectroscopic analysis of the distorted octahedral [Ni(Tm);] complex
showed that hydro(trismethimazolyl)borate generates a weak ligand field with an
estimated Dg of 816 cm™. This estimation allowed the placement of Tm ligand
between the CI' ( Dq = 680 cm™) and the H,O (Dq = 850 cm) ligands in the

spectrochemical series.>>?

1.4.2.1. Donor properties of neutral RTm ligands

The synthesis of analogues of Tm ligand with replacement N-donor
substituents on the boron is the focus of this thesis. The insertion of these groups on
the boron neutralizes the charge of the anionic Tm and can change its donor
properties upon coordination to a metal centre. The effect of the insertion of different
donors in boron-centred ligands can be illustrated with the comparison of the CO
stretching frequencies of different manganese(I)triscarbonyl complexes with anionic

and neutral pyrazolyl tripodal ligands (Table 1.2).

18



Boron-centred ligands with thione donors

Table 1.2. CO stretching frequencies of manganese tricarbonyl complexes with
anionic and neutral pyrazolyl tripodal ligands

Complex Veolem- Medium Ref.
[{HB(3,5-Meypz)s]Mn(CO);] 2023,1912 KBr 3
[{HB(pz):}Mn(CO)s3] 2036, 1932  MeCN 38
[{1-methylimidazole)B(pz);} Mn(CO);]" 2041,1941  MeCN 39
[{HC(3,5-Mepz)s}Mn(CO);]" 2044,1949  CH:Ch “
[(HC(pz):}Mn(CO)s]" 2051,1956  CH.Ch 40

It is possible to observe on Table 1.2. that the anionic pyrazolyl ligands
generate neutral complexes whereas neutral ligands, such as [I-
methylimidazole)B(pz)s;] forms cationic complexes. The CO stretching frequencies
of an anionic complex are expected to be lower than in the neutral complex, as in the
latter the positive charge of the metal will affect directly the attached carbonyl
ligands. This is also verified by the IR data on Table 1.2, as the donor strength of the
ligand decreases if its negative charge is neutralized by the insertion of another group
on the boron tripodal central atom. Replacing the boron atom by a carbon atom on
the tripodal ligand not only affects the electronic charge of the ligand but also its
electron donation to the metal. By comparison of CO stretching energies of the
complexes [(HB(pz);}Mn(CO);] and [(HC(pz); }Mn(CO);]" it is possible to note a
decrease of electronic donation to the metal from the neutral complex as indicated
by the higher CO stretching frequency. Moreover, the insertion of an N-donor, as 1-
methylimidazole, on the boron bridgehead in the Tp ligand structure also decreases

the donor strength of this anionic ligand. This can be observed by comparison
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Boron-centred ligands with thione donors
between the two CO stretching frequencies on [{HB(pz)3}Mn(CO)] and [{I-

methylimidazole)B(pz);}Mn(CO);]". With the data on Table 1.2, it is possible to
place the ligand [ {1-methylimidazole)B(pz)s:} between the anionic Tp and the neutral
[(HC(pz):}Mn(CO)s]" according to its donor properties. This can be due to the
stabilization of the positive charge on the 1-methylimidazole ring which is located
away from the metal. In the tris(pyrazolyl)methane ligands this charge localization is
not possible which makes them the weakers donors than the other ligand on Table
1.2,

A similar situation is observed for the methimazolyl ligands, as the CO
stretching frequencies of manganese(I)tricarbonyl complexes with the neutral ligand
[(N-methylimidazole)B(methimazolyl);] was compared to the anionic Tm ligand by

IR spectroscopy. This IR data is displayed in Table 1.3.

Table 1.3. C-O stretching frequencies for manganese(I)triscarbonyl complexes with
Tm and [(N-methylimidazole)Tm ligands.

\
i &3
2 N },\N’\ é:
AA N NN,
Complex N s 3 / 144
! M/ S& ls s \
n ’
oc”” \ co /un/
co oc” \co
1.16 co
[TmMn(CO)5] L +
[(N-methylimidazole)Tm(CO);]
v(C-0) / cm’! 2003, 1905 2007, 1914
Medium Toluene Acetonitrile
Ref. a1 39
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Boron-centred ligands with thione donors

Observing Table 1.3, it is possible to see that the anionic Tm is only a slightly
stronger donor than the neutral ligand, indicating that the interaction between the
positive charge on N-methylimidazole and the metal centre is very small. This is

possibly caused by the delocalisation of the azole charge within the ring as shown on

Fig.1.16.*
/ e J
» &
) |
K\N“‘ ....... 3\ \ - = e 8l
i ~/ﬁ " ‘\N/§
/"—'<s VAl "~ —
\- /o sd N
N(«Ls ) /( LS SN
Fig.1.16. Localization of the charge on N-methylimidazole in the neutral boron-
centred tripodal ligand.*®

1.4.3. Coordination modes

The tris(methimazolyl)borates have shown great flexibility of coordination
and have been found to adopt six different coordination modes (Fig.1.17). This
versatility of coordination gives this ligand system a range of alternative steric and

electronic properties which can be explored for different applications.
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Fig.1.17. Possible coordination modes of boron-centred tripodal ligands with thione

donors ligand.

There is a wide range of complexes reported where these boron-centred
ligands present these different types of coordination and it is interesting to consider

the possible metal geometries that can be found in some of these metal complexes.

1.4.3.1.<%-S,S,S coordination mode

The most common complexes of the RTm ligand present the three sulphur
atoms coordinated to the metal centre in a ¥>-S,S,S coordination. The coordination
through three sulphur donors is the most expected pre-organization of these ligands.?

The tris(methimazolyl)borates can form bis-ligand complexes, when two Tm

units coordinate in a °-S,5,S fashion to a metal centre in an octahedral S¢
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coordination sphere. In the literature, it is possible to find [M(Tm),]"" complexes
with In(IIT),® TI(IIT),” Sn(IV),* As(II1),* Bi(IIT),” Fe(II),*> and Ni(Il).*> A bismuth
complex of this type was displayed on the Fig.1.15. It is also common to find
octahedral complexes were one tris(methimazolyl)borate occupies three positions of
the coordination sphere. [Mn(Tm)(CO)3], [Ru(Tm)(p-cymene)]Cl and [Ru(Tm)(Cp)]
are some examples of complexes that were previously reported and studied.'® *>* It
was observed that complexes of these tridentate ligands with tungsten can form a
seven coordinate complex, [W(Tm)(CO)sI] (Fig.1.18).%

Tetrahedral complexes of zinc bearing the tridentate Tm® ligands have also
been reported as they have been shown to have some applications as metalloenzyme

mimics. *

@
@

"
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S
®-
L &
®-

1.18
Fig.1.18. Structure of the seven coordinate complex [W(Tm)(CO);l].”*

1.4.3.2. ¥*-S,S coordination mode

The tris(methimazolyl)borate also can coordinate by two sulphur donors as a
4e” donor ligand, an example of this coordination mode is the tellurium complex
[Te(x*-S,5-Tm),). This complex has a distorted square-planar geometry as shown in
Fig.1.19. This geometry has previously been observed in other Te(II) complexes with

thione donors.*’
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Fig.1.19. Structure of [Te(x°-S,S-Tm)>].*”

The square-pyramidal antimony complex, [Sb(x’-S,S,S-Tm)(x*-S,S-Tm)]Tm,
has two Tm ligands coordinated in x* and %’ modes and a third Tm unit is present a

the counter anion (Fig. 1.20).*

1.20

Fig.1.20. Structure [Sb(x’-S,S,8-Tm)(°-S,S-Tm) ]Tm. *

1.4.3.3. <'- S coordination mode

The tris(methimazolyl)borates can also bind to a metal centre by only one
sulphur donor in a «'-S fashion. This coordination mode is not very common
amongst these ligands and the tetra coordinated tin complex [PhsSn(x'-S-Tm)] and

[Ag(PhTm)(PPhs)] are the few examples that can be found in the literature. *”*°
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Boron-centred ligands with thione donors
1.4.3.4. *-H,S,S and «*-H,S coordination modes

The B-H in hydrotris(methimazolyl)borates can be close to the metal centres
creating a M- --H-B interaction. It is difficult to evaluate the nature of this “bond” and
it is many times referred as an agostic bond. Although, agostic is a term that is
generally used to describe M:--H-C interactions, it may not be most appropriate to
describe the M---H-B interaction. Recently, Spicer and Reglinski® introduced a
classification system where these interactions are classified into three types. These
classes are defined by Ar which is the difference between the observed M:--H

distance (d(M:--H)) and the sum of the metal and hydrogen covalent radii (feov)

(Equation 1.1).°

Ar = d(M---H) - (reov(M) + reov(H)) Equation 1.1

The first type of M:--H interaction is when the metal and the hydride are
close (Ar < 0.25 A). When, Ar is between 0.25 A and 0.75 A the interaction M:--H
is of the second type and finally all other complexes that present longer interactions
(0.75 < Ar) belong to the third type.’ This classification system quantifies the M---H-
B interaction and allows the understanding of the nature of this “bond” as resultant
from 3-centre 2 electron bond or dependant of electrostatic or steric factors.? Fig.1.21

shows three complexes with Tm® ligands coordinated in a x*-H, S, mode.
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1.21 1.22 1.23 . fo
[Ru(Tm)(PPh;}COJH] [Ag(Tm)PCy,)] [Fe(TmP"),]

Fig.1.21. Complexes with tris(methimazolyl)borates presenting xK-H,S,S

coordination.”’>

From the complexes showed in Fig1.21, the octahedral complex
[Ru(Tm)(PPhs)(CO)H] presents a M:--H-B interaction of the first category with
short distance between the ruthenium and the hydride.*’ The other two complexes in
Fig.1.21 display M:--H-B interaction of the second type.*> > ** The Tm" ligands can
also coordinate in a x’-H,S mode however complexes with this type of coordination

are rare.

1.4.3.5.x°-B,S,S and «*-B,S,S,S coordination modes

The formation of complexes with tris(methimazolyl)borane coordinated in a
«>-B,S,S or a x*-B,S,S,S mode can occur when the boron loses the hydride during the
complex synthesis. This has been shown to occur during the reaction of
[Ir(PPhs)(CO)CI] with KTm™" generating {[(x’-B,S,S-B(mt)s]ir(PPh;)(CO)H}.**
The synthesis of this complex involves the metathesis of Cl by the
tris(methimazolyl)borate and the cleavage of the B-H bond to allow the formation

the M—B interaction. The type of structure formed has been named as
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metallaboratranes.**

A metallaboratrane is formed by the coordination of the three sulphur atoms
of the tris(methimazolyl)borates and a dative bond between the boron and the metal
centre and presents a structure with three five membered chelate rings. These types
of complexes with Rh(I),” ** Ir(1),** Ru(II),>* Os(0) 57 and other platinum group
elements have been reported and studied. An example of a ruthenaboratrane structure

is displayed in Fig.1.22.

Fig.1.22. Structure of [Ru(x’-B(mt) 3)(PPh3)(CO)].”

The nature of the M—B interaction was investigated using computational
methods and it was observed that in a metallaboratrane the metal has a d°
configuration instead of the expected d* configuration according to the metal
oxidation number. Parkin’s studies of M—B bonding in the metallaboratrane {[(*-
B(mt);JIr(PPh;)Cl} showed that there is a 3-centre 4-electron interaction between Cl-
Ir-B orbitals resulting in decrease of 2 electrons in the metal d® electron orbital

configuration.>*
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Boron-centred ligands with thione donors

1.5. CONCLUSION

Since it was introduced the tris(methimazolyl)borates have been used to
model sulphur-rich metalloenzyme sites. 59, 46 Technetium complexes with this ligand
system have been studied and applied as radiopharmaceutical drugs. 17, 32, 60 The
application of the Tm ligand in surface coatings has also been reported.®! Other
applications of this ligand in mass spectrometry of organometallic analytes®? and in
catalysis have as well been investigated.*

Due to the particularly large variety of coordination modes,
tris(methimazolyl)borate ligands have the ability to "tune" the metal centre in terms
of geometry and/or electronic and steric properties. Thus, its uses are very diverse

making this system attractive and applicable in different areas of chemistry.
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CHAPTER I
STUDIES INTO THE SYNTHESIS OF BORON-CENTRED TRIPODAL

LIGANDS FROM TRIS(DIMETHYLAMINO)BORANE



Studies into synthesis of boron centred tripodal ligands from tris(dimethylamino)borane

2.1. INTRODUCTION

The synthesis of new tripodal ligands of the type [LB(mt);] (L = neutral
Lewis base; mt = methimazolyl) with boron substituted by various nitrogen donors
(L) is the aim of this work. These ligands can be synthesized via a “one-pot”
reaction with tris(dimethylamino)borane, as mentioned in the previous chapter, or
through substitution of the dimethylamine in [(HNMe)B(mt)3]. In this chapter, the
results towards the study and development of the latter synthetic method will be
presented and discussed. To support the understanding of this work, an introduction
to the reactivity of tris(dimethylamino)borane and the synthesis of these ligands via a
“one-pot” reaction will be presented. The application of a similar synthetic route to

obtain [(L)B(pz)s] (pz = pyrazole) will also be included in this chapter.

2.2. TRIS(DIMETHYLAMINO)BORANE

The source of boron of the majority of the ligands synthesized and studied in
this work was tris(dimethylamino)borane. In order to understand the [LB(mt)s]
ligand system synthesis it is important to consider some structural features and
reactivity of B(NMe:)s.

X-ray diffraction and gas phase electron diffraction studies have shown that
tris(dimethylamino)borane has D; symmetry in which B-N; is planar (Fig.2.1).
Although, it was observed that two of the three dimethylamino groups of this

compound can twist through a variable angle between 28 to 35° (N(CHz), twist
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angle)."? '[;ﬁs ;wist is due to the steric strain relief of the amine groupes. The B-N
bond lengths were found to be between 1.43-1.44(8) A, which is shorter than in
tetrahedral borane compounds, such as HsBNH; where the B-N distance is 1.56 A%
The short distance between the vacant p-orbital of the boron and the delocalized lone

pairs of the nitrogen atoms creates a m-interaction.

[ T
®c
[ B 21

Fig. 2.1. Structure of tris(dimethylamino)borane 2.1. 2

NMR studies by Beckett and co-workers demonstrated that this B-N z-
interaction decreases the Lewis acidity of tris(dimethylamino)borane relative to
tris(methoxy)borane and trifluoroborane, and this can be understood in terms of the
relative electronegativities of nitrogen, oxygen and fluor.*

Tris(dimethylamino)borane can easily react with primary and secondary
amines by transamination reactions to form tris(amino)boran&s.5 These reactions are
facilitated by the fact that liberated dimethylamine gas is readily lost from the

reaction, thus driving the equilibrium to the transamination product (Eq. 2.1).°

B(NMe;); + 3 RNH: %= B(NHR); + 3 HNMe:(9) Egq 2.1
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Other heterocyclic aminoboranes, such as that formed with 3,3,2-
diaminodipropylamine, can be obtained via the reaction with triamines, as

represented in Scheme 2.1.

\N/
P T P S 3 é CBHB/A
HoN ﬁ NH, \N/ \'il/ ~3 HNMe,

Scheme 2.1. Synthesis of 1,5, 7-triaza-6-borabicyclo[4.4. 0]decane from
tris(dimethylamino)borane. .

Interesting work on the reactivity of B(NMe); with pyridines and anilines
was developed by Braun and Noth. They reported the synthesis of three
tris(amino)boranes synthesized via transamination of tris(dimethylamino)borane with
aniline, 2-aminopyridine and 8-quinolinamine. For all these reactions the respective
amine was reacted with tris(dimethylamino)borane under reflux in toluene.” ¥ The
structures of tris(anilino)borane 2.2, tris(2-pyridylamino)borane 2.3, and tris(8-

quinolinoamino)borane 2.4 are represented on Fig. 22"

ofy o

Ttis(uimo)bm Tns(z-pyﬂdylanno)baun Tris(e-q.holimho)bm

Fig.2.2. Trisaminoboranes synthesized from tris(dimethylamino)borane(hydrogens

are not shown).’
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Studies into synthesis of boron centred tripodal ligands from tris(dimethylamino)borane

Braun and Noth also investigated the reactivity of B(NMez); with di(pyrid-2-
yl)amine 2.5 expecting to obtan bis(dimethylamino)di(pyridyl-2-yl)borane 2.6
(Scheme 2.3). This reaction was unsuccessful and the product formed was the

heterocyclic 2-aminopyridine(dimethylamino)borane 2.7 (Scheme 2.3).7

MegN NMe,

\B/
N rla N
AN AN
-HNMe, é I l
H NMe, F F
N N N | 2.6
A = 8
| | + MezN/ \NM62 N
P a ”s F e = N\ “ I
AN ”\é/“«‘\
/7 \
MeN NMe,
2.7

Scheme 2.3. Product obtained and expected of the reaction of
tris(dimethylamino)borane with di(pyrid-2-yl)amine. 7

According to Braun and Noth, the mechanism of this reaction was different
from the previous reactions with pryridines and anilines. In this case, the boron
coordinates first with one of the pyridine nitrogen atoms instead of reacting with the
nitrogen bearing the acidic N-H proton, which is less accessible sterically.
Dimethylamine gas is formed and eliminated due to the formation of an N-H' N
hydrogen bridge bond. The rotation of the C-N bond of the non-coordinated pyridyl
moiety allows the cyclization and consequently formation of the six-membered ring
anion. The electron delocalization of di(pyrid-2-yl)amine 2.5 also affects strongly

this mechanism, which is shown on Scheme 247
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N Na N N A LN

25

Scheme 2.4. Mechanism of the synthesis of the 2-
aminopyridine(dimethylamino)borane and the electron delocalization of di(pyrid-2-

NMe,

yl)amine reported by Braun and Noth. ’

When this 2-aminopyridine(dimethylamino)borane reacts with aluminium
trichloride one of the dimethylamine groups is easily removed. This may be due to
the disparity of the B-N bond lengths of the dimethylamino groups which are
different (1.63(8) A and 1.45(9) A), which may indicate a weaker B-N bond. This is
observed in the structure of 2-aminopyridine(dimethylamino)borane 2.7, also

reported by Braun and Néth (Fig.2.3.).”

*o

m Z O

Fig.2.3. Structure of 2-aminopyridine(dimethylamino)borane 2.7 reported by Braun
and Néth (hydrogens not shown for clarity). d
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Studies into synthesis of boron centred tripodal ligands from tris(dimethylamino)borane

Niedenzu also investigated the reactivity of tris(dimethylamino)borane with
pyrazole in the synthesis of pyrazaboles. In this work, B(NMez); was reacted with
different equivalents of pyrazole under benzene or toluene reflux where some
dimethylamine gas evolution was observed. In the case of pyrazabole formation, the
mixture was left reacting at room temperature until dimerization occured. The
conditions of these reactions and the products obtained, dimethylamine-
tris(pyrazolyl)borate 2.8 and two different pyrazaboles (2.9 and 2.10), are displayed

in Scheme 2.5.

H- ﬁMez
o / =
1:3in benzene / 4 (2 h) N— B=—N
- 2 HNMe, \ l =
N
e
28
Y
N——N
NMe. MeN + NMe;
? AN 1:1 inbenzene / A (2 h) \BZ SB/
+ Y
8 | N 1 day at RT 7\ N
Mo NMe, N/ -2 HNMe, MeNT N\ NMe
H U
X
29
CT )
2:5 in toluene / A (2 days)
S N——N
1 week al RT \ "\ /' \/N\N

- 5 HNMe,
NMe;

oY

2.10

Scheme 2.5. Niedenzu reactions with B(NMe)); and pyrazole.”
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Studies into synthesis of boron centred tripodal ligands from tris(dimethylamino)borane

According to Niedenzu, the driving force for these reactions is the formation
of a very reactive tetrahedral intermediate, [(HNMe;)(NMe;)B(pz).], that reacts
readily with pyrazole in solution releasing dimethylamine gas. Niedenzu’s work
showed that it was possible to synthesize a tris(pyrazolyl)borate analogue from

tris(dimethylamino)borane. > *°

2.3. SYNTHESIS OF LIGANDS OF THE TYPE [LB(MT):]

2.3.1. Ligand synthesis via a “one-pot” reaction: genesis _and

mechanism

Tris(pyrazolyl)borate ligand derivatives with functionalized boron can be
synthesized from boronic acids and boron trihalides.!* As mentioned previously,
tris(dimethylamino)borane was used in the synthesis of [(HNMe2)B(pz);] 2.8 as
reported by Niedenzu (Scheme 2.5).° It was observed in the low temperature H
NMR spectrum that the dimethylamine N-H proton can interchange site between the
NMe, group and pyrazole nitrogen atoms, and the ligand can be represented as
[(HNMe,)B(pz)3] or H[(NMe2)B(pz)s]. This is reinforced by its easy deprotonation,
so when this ligand reacts with MeLi the lithium salt, Li[(NMe2)B(p2)s], is formed

(Scheme 2.6).
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H L
/ \N/
—N

L e D0 200
\ Wi 9

28

Scheme 2.6. Synthesis of [(HNMe2)B(pz)s] 2.8 from B(NMe,); and respective

lithium salt reported by Niedenzu. 912

This route was exploited by Bailey to obtain derivatives of the
hydrotris(methimazolyl)borate (Tm) ligand in which the boron bound hydride is
replaced by alternative groups, [(L)B(mt)3], as the synthesis of these ligands could
not be achieved directly from [(H)B(mt)3] due to the strong covalent character of the
B-H bond.'> * After establishing that [(HNMe;)B(mt);] could also be obtained by
heating a solution of tris(dimethylamino)borane and methimazole in toluene under
reflux, Bailey and co-workers first attempted to prepare these derivatives of Tm was
via N-H deprotonation of [(HNMe;)B(mt);] with a strong base followed by the
addition of an electrophile in order to convert HNMe; into a good leaving group
which could be substituted by the desired groups (L) (Scheme 2.7). Despite the use
of different bases (BuLi, MeLi, NaH, NaOMe, LDA) and electrophiles (Mel,
Me;OBF,;, MeCOC], PhCOCI), this method failed as only methimazole and/or its
derivative resulting from electrophilic addition could be isolated. The attempts to
isolate the anion [(NMe;)B(mt);]” were also unsuccessful possibly due to product

decomposition during the deprotonation step.*

42



Studies into synthesis of boron centred tripodal ligands from tris(dimethylamino)borane

" L
H €
~ "‘ - ~N ~ '.‘ —
I | N
K\N‘w.-.u B-\ N Ry (\N“\u“-' i\ N /\| (\N - B'\ N /\l
l N Base N : Etectrophile (E) 3 N ‘ N

/N\Qs Z.NLS 2/ N BuLi LDA L/ SQS [;)ts %"\ Mel, PhCOC,... / \Qs [N'Ls 2/ AN
\ \ ] \

Scheme 2.7. Synthetic approach attempted by Bailey and co-workers to obtain Tm
ligand derivatives via deprotonation of the dimethylamine group in

[(HNMe2)B(m1)s]."

The ligand decomposition and consequent formation of the methimazolyl
anion in the presence of a strong base suggests a weaker coordination of the
methimazole rings to the boron than pyrazole under these conditions. This disparity
is likely to be related to the stability of the anionic heterocycles anions and can be
expressed by the acidic pK. which is a measure of its Bronsted acidity and therefore
stability of conjugate base (heterocycle anion). Thus, methimazole (pK. = 12) is
expected to provide a more stable anion than pyrazole (pK.= 14 in EtOH/H;0). 16
Following these observations, Bailey and co-workers sought the reactivity of
tris(dimethylamino)borane with a range of imidazoles. The different imidazbles used
to react with the borane under toluene reflux are displayed in Table 2.1."

These reactions lead to the isolation of two different types of product:
[(HNMe,)B(azolyl);] 2.12 and H[B(azolyl)s] 2.13 (Scheme 2.8). The basic pK. of
the heterocycles appeared to be the main feature which determines the outcome of
these reactions. It was observed that azoles with basic pK. higher than ~3 give the

H[B(azolyl);] 2.13 system and azoles with basic pK, lower than ~3 form

[(HNMe;,)B(azolyl)s] 2.12 (Scheme 2.8).
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Table 2.1. Range of azoles reacted with B(NMe); by Bailey and co-workers. 1

Azole Basic pK. Acidic pK,
J 1-methylimidazole-2-thione . 5
s - 1
[n>= (methimazole) 1.0 12.0
[ 2-nitro-imidazole 0.8 75"

v (DMF/H,0) (MeOH/H,0)
= 20 16
E\NH pyrmle 2.5 14.0
~/ ,0) (EtOH/H0)

[ e 2-cloro-imidazole 352 2
[u o) 10.5
©[N\> benzimidazole 51% 1287
| H0) H;0)
N
\E\> imidazole 708 1498
; (DMF/H,;0) (DMF/H,0)
E > 2-methylimidazole 7.8 " 1412
i (DMF/H;0) '
H
NS
o

N—(X Q R

= .-B

U A WA R
a8

X N >;N
\ R
J : \;\/Z‘ X 242
R
N - / R
A\ B— R
RIN>'—X + /B N\-——> 7 NH
H __N\ RfZ N/)\x
N
. R
R =H; X =H, Cl, NO, 4:1int -ene A N= Be R
R = C.Ha: X = H pIC, > ~3 R/S/N‘ N/ \N EN

Scheme 2.8. Influence of azole basic pK, and its reactivity with
tr'is(dimethyIamino)borane.25
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Bailey and co-workers initially explained these observations as resulting from
a two step mechanism via a reactive intermediate. The first step in the formation of
H[B(azolyl)s] 2.13 was proposed to be the formation a tetrahedral reactive
intermediate [(azole)B(NMe)s] 2.14 (Scheme 2.9) by coordination of the azole to
tris(dimethylamino)borane. It was suggested that, despite the weak Lewis acidity of
B(NMe;);, the strong basicity of the azole (basic pK, higher than ~3) enables its
coordination. The formation of this tetrahedral intermediate [(azole)B(NMe)s] 2.14
(Scheme 2.9) removes the N-B n-bonding within B(NMe;); and substantially
increases the basicity of the NMe; groups bound to the boron and these then react
with the remaining azole heterocycle in solution through a transamination reaction to
form the tetra(azolyl) system 2.13 (Scheme 2.9). This is analogous to the initial
formation of [(HNMe;,)(NMe,)B(pz),] proposed by Niezendu during the formation of

pyrazole borates,” although without the proton transfer from the azole to NMe;.

R R?
HN \ HN
o >} .
Me’N’II,, “=_‘R R \ﬁ R 3 R‘NIR R \N R
W@ 6} R _ L T3 HNMe, = B <
MeoN R MazN j \NMe R'/NN N/ N
Me,N 2 R R\\/‘Z' R ’k=N
N
214 R 2.13

R=H, R'=H (imidazole), C4H, (benzimidazole)
R= Cl (2-chloroimidazole), Me (2-methylimidazole), R'=H

Scheme 2.9. Bailey and co-workers proposed mechanism for the reaction of strongly

basic azoles with tris(dimethylamino)borane to afford a tetrasubstituted borane."*

If the azole was not basic enough (basic pK, lower than ~3, e.g. methimazole
or pyrazole) it cannot coordinate to the borane to form the [(azole)B(NMe,)s] 2.14
(Scheme 2.10) intermediate. In this case, transamination directly from B(NMe;)s

proceeds to provide initially [(azoly)B(NHMez)(NMe),] and subsequently
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[(HNMe;)B(azolyl)s] 2.12 via subsequent transamination steps (Scheme 2.10); this

being the mechamism proposed by Niedenzu for the reaction with pyrazole.

H . )
\ S \'l‘/ s \'5/ . \ltle/ s
— e A, 15/ A e M
\ d /“\ — '9__/ ) Jnw BN TN TN S
/N—B\ + 3 HNE/N/ 37 tohmne rQN“ ""Bk N\ HNMs, (":k \N \s — /N—-Qs CNF\?/
a 7NN 2 g *
\

Scheme 2.10. Transamination reaction between methimazole and

tris(dimethylamino)borane.

In all of these reactions the reactivity of tris(dimethylamino)borane with the
basic azole heterocycles is affected by its weak Lewis acidity, as the boron p-orbital
in the planar B(NMe;); is stabilized by B-N z-bonding by donation of the nitrogen
lone pairs to the boron. In this view of the mechanism, the strongly basic
heterocycles may be regarded as activating the B(NMe,)s, as they form the reactive
tetrahedral borane species to promote the reaction with the azoles.

As a result of this interpretation, Bailey and his collaborators reported a new
method to synthesize ligands of the type [LB(mt)3] via a “one-pot” reaction. Through
this method [(N-methylimidazole)B(methimazolyl);] could be obtained in high yield
(vield > 80 %) from a mixture of tris(dimethylamino)borane, N-methylimidazole and

methimazole in a 1:1:3 ratio in a toluene solution under reflux (Scheme 2.11)."
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15 Step:
Activation of the
borane with
N-methylimidazole

2" Step:
Substituition of
dimethylamino

groups by

methimazole via
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Scheme 2.11. The proposed two step mechanism of [ (N-methylimidazole) B(m1) ]

synthesis in a “one-pot” reaction reported by Bailey. 1

The idea behind this approach was that one equivalent of the strongly basic N-

methylimidazole would coordinate to B(NMe,); to form a more reactive

intermediate, [(N-methylimidazole)B(NMe;)s] 2.15 (Scheme 2.11). Since N-

methylimidazole lacks an acidic proton, the transamination reaction only occurs

when this intermediate reacts with the acidic N-H proton of methimazole to form

[(N-methylimidazole)B(mt);] 2.16. As dimethylamine was released from the

reaction, the concentration of [(N-methylimidazole)B(NMe)s] 2.15 in the mixture

was very low and it was never possible to observe its presence by NMR analysis.

The scope of this reaction with some different basic activators other than N-

methylimidazole was also studied by Bailey and Perucha, and further investigated

through the work presented in this thesis. Perucha’s results on the scope of basic

activators of borane using this synthetic method are presented on Table 2.2.%
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Table 2.2. Work developed by Perucha on the scope of neutral N donor heterocycles
(L) as borane activators in the synthesis of [LB(mt) P

Heterocycles
o ~ .
=
e - | " A
Pyridine . _ W 13<iezabicyclo[5 4 0fundec-Tene  Triethylamine
o gine  dimethylaminopyridine DBU)
Basic 514% 627 923 120% 9.07%
PK. H:0) H:0) (H0) (DMS0) (DMS0)
Reactio *
n time 16 h 8h 6h lh _

#No reaction due to steric effects

In all these reactions the three components were combined in toluene solution
and heated to reflux. The time until dimethylamine ceases to be evolved marks the
time to reaction completion, at which point the product has generally precipitated
from the reaction mixture. At first glance, these results indicate a correlation between
the heterocycle basicity and reaction time, but this is not conclusive since no further
kinetic studies with a wider range of borane activators were done. The reaction with
triethylamine was not successful as only [(HNMe;)B(mt)s] could be isolated in the
end, despite its high basic pK.. This indicates that steric effects also affect the
synthesis of these ligands through this route. It should be noted that in the absence of

an “activating base” the reaction between B(NMe)s and methimazole proceeds to

form [(HNMe,)B(mt)s] in 2 h,
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2.3.2. Ligand synthesis via [(HNMe,)B(mt):]

The aim of this work is the synthesis of chiral boron-centred tripodal ligands
type [(L*)B(mt);] following the previous work of Perucha. However a more
extensive study of the influence of the basic pK. of the bases used to activate
tris(dimethylamino)borane and the outcome of these “one-pot” reactions showed that
the mechanism explained above cannot be cotrect. As mentioned before, there is a
correlation between the basicity of the borane activator and the reaction time, as
stronger bases react readily with the borane decreasing the overall ligand synthesis
reaction time. Consequently, the formation of the tetrahedral borane species with a
strongly basic activator base appears to be the rate-determining step of this reaction.
Comparing, the basic pK, of dimethylamine (pK. = 10. 7)* with some other borane
activators, as 4-dimethylaminopyridine (pK. = 9.2),”® showed that it could also
activate the borane while it is present in solution during reaction. Besides, it was seen
that when pyridine (pK. = 5.14)' acts as borane activator it takes around sixteen
hours until no dimethylamine evolution ceases. In reactions with all other activating
bases the products LB(mt); are obtained in a pure state, however the product of this
reaction with pyridine is contaminated with [(HNMe;)B(mt);], which can be
obtained after just a few hours of reaction. This was intriguing and the hypothesis
that [(HNMez)B(mt)3] could react with strong neutral N-donors (L) to afford the
desired ligand type [(L)B(mt)s] by direct substitution of its HNMe; group was raised.
Since [(HNMe;)B(mt)s] is formed in just 2 hours in the absence of an “activating
base”, the question arises as to why the slower reactions with activating base do not

form products contaminated with this species.

49



In order to investigate this hypothesis, a series of ligands were synthesized
by both methods: the “one-pot” reaction and from the reaction of [(HNMe;)B(mt)s]
with a strong base. An analysis of both synthetic methods and the discussion of the

obtained results with both syntheses will be presented in the Section 2.4 of this

chapter.
S
H
= L
*NRH QTMez e|
\—/ NMe + L/ - HNMe; G
SRS Mesz-Pi’\N/x R e MeN™ R\N/S
MegN—B
\NMe NMe, N
. 217 s \
+Hmt | - HNMe; +Hmt |- HNMe,
HN/S HaTMGE el
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L /- HNMe,
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NW ‘ N \ l 4
A e )N N N
S s S s
2.18 + - HNMe,
+Hmt|- HNMe;
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0NM92 |

+ L /- HNMe, K\N\\\“"Q'B\N/\l
K\N\\\ i N —_— S ‘
( s

2.1 \
L : Dimethylamine, 4-N, N-dimethylaminopyridine, 1,5-Diazabicyclo[4.3.0]non-5-ene, N-methylimidazole, benzylamine

Scheme 2.12. Proposed mechanism for the synthesis of these ligands.

This investigation proved that it is possible to substitute the dimethylamine in
[(HNMe;)B(mt)s] 2.11 with neutral nitrogen donors to obtain the desired neutral
boron substituted ligand, [(L)B(mt)s]. Therefore, the previously reported mechanism
has been shown to be erroneous and the proposed mechanism for this synthesis 1s

represented in Scheme 2.12.
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Acx,or&ing to the results obtained, the first step of the synthesis of [(L)B(mt)s]
from [(HNMe;)B(mt);] is the formation of a neutral tetrahedral species 2.17,
[(HNMe;)(NMe;).B(methimazolyl)] (Scheme 2. 12) from a reaction between
methimazole’s acidic proton with one of the borane dimethylamino groups with
coordination of the resulting methimazolyl group to boron. The borane thus loses its
B-N 7-bonding and changes its hybridization from sp° to sp’. In the absence of an
added base (L), this more reactive tetrahedral borane species reacts with two more
equivalents of methimazole to afford the ligand [(HNMe;)B(mt)s] by transamination
reactions. In the presence of an added base, the dimethylamine group of one of the
three tetrahedral borane intermediates (2.17, 2.18 or 2.11 on Scheme 2.12) can be
replaced. Although this base substituted borane intermediate could not be isolated,
the outcome of this reaction was the desired substituted neutral ligand. Whether the
substitution of HNMe, can occur in the intermediates 2.17 or 2.18 could not be
determined, however it was established that it can be achieved in [(HNMe;)B(mt);]

2.11 to provide the ultimate product [LB(mt)s].

[ L]
@&c
oN
[ *1]

2.11

Fig.2.4. Structure of dimethylamino-tris(methimazolyl)borate 2.11 reported by
Bailey (hydrogens atoms are hidden for clarity)."
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Tt has therefore been established that it is possible to substitute the HNMe> in
[(HNMe,)B(mt);] by another basic N-donor, providing a new route to obtain ligands
of the type [(L)B(mt)s]. The substitution of HNMe, of [(HNMe;)B(pz)s] has also

been investigated and this is discussed in Section 2.7.

24. ANALYSIS OF BOTH SYNTHETIC METHODS

Both synthetic methods, the “one-pot” reaction (method 1) and the reaction of
[(HNMe;)B(mt);] with added N-donor (method 2), are effective for the synthesis of
[LB(mt)s]. The procedures are quite similar, as the products are obtained by heating
the starting materials under reflux in a high boiling point solvent, usually toluene.
Generally, the final product precipitates while the mixture is still heated under reflux
or after cooling and can be recovered in high yield (more than 80%) and purity after
filtration.

Another common feature of these syntheses is their irreversibility due to the
evolution of dimethylamine gas. This characteristic is important because it favours
the formation of the boron functionalized Tm ligand analogue. During the reaction
[(HNMe,)B(mt);] and the final product are in equilibrium (Scheme 2.13). This
equilibrium is shifted if dimethylamine gas is released from the reaction vessel,
allowing the formation of the desired final product. It was observed that these
reactions are faster when nitrogen is bubbled into the reaction vessel to sweep the
HNMe;, away. This procedure assures the irreversibility of this reaction as it allows a

better degasification of the mixture. The release of dimethylamine facilitates the
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monitoring of this reaction by testing the pH of the gases exhausted while the
mixture is heated.

+
H~ NMe, (b

|
Qi\Ng\ Pl ——— ) ,:< wa--z\,/;; HNMe (g)
SIS = [ s
N N
\ \
L = neutral N-donor

Scheme 2.13. Species in equilibrium during the reaction of [(HNMe;)B(mt)s] with a
neutral N-donor (L).

The position of the equilibrium represented on Scheme 2.13 will be
determined by the nature of the added donor L, and may be correlated with its basic
pK. as the reaction is favoured by the stronger donors (higher pK.,). The basic pKa of
HNMe, is 10.8% and thus its substitution with weaker bases (e.g. pyridine, pKa 5.14
31), would be unfavourable and provide a small value of K (Scheme 2.13). However,
the loss of HNMe; as a gas drives the reaction to completion. Since these reactions
can be quantitative, the measure of accurate stoichiometric amount of starting
materials favours the high purity of the final product, which can be obtained just by

solvent removal or after washing the precipitated product with an inert solvent.

2.4.1. Ligands synthesized by both methods

In order to study and understand the synthetic methods a series of ligands was
synthesized via both routes (Fig.2.5). This study started with the synthesis of

previously reported ligands obtained by the “one-pot” reaction (method 1), [(N-
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methylimidazole)B(methimazolyl)s] 2.16 and [(4-
dimethylaminopyridine)B(methimazolyl)s] 2.20, but using
[(dimethylamine)B(methimazolyl)s] as starting material (method 2) instead of

tris(dimethylamino)borane.

N
S
/
N/ \N/ N
- N =
=S O O OO
N N N N
2.16 219 2.20 2.21 2,22

Fig. 2.5. Series of ligands synthesized.

Following Bailey’s methods, [(dimethylamine)B(methimazolyl)3] was
obtained by heating under reflux a 1:3 mixture of tris(dimethylamino)borane and
methimazole in toluene. After a few hours, the product precipitated from the mixture
and isolated by filtration, Qashed with diethylether, dried under vacuum and used as
starting material for this work.

The procedure used for both methods was very similar; heating under reflux a
suspension of reactants in toluene. Although, during these reactions
[(dimethylamine)B(methimazolyl)s] never completely dissolves in the toluene, this
solvent has been chosen for the base exchange reactions (method 2). Tetrahydrofuran
and dichloromethane were also tried for method 2.  Although

[(dimethylamine)B(methimazolyl)] is soluble in these solvents, the reactions were
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very slow due to their lower boiling points and sometimes the final product was
contaminated with starting materials. The results obtained with both synthetic
methods are displayed on Table 2.3.

For this study, the basicity was the main feature for selecting N-donors other
than N-methylimidazole or 4-dimethylaminopyridine, but the possibility to use a
chiral analogue of these bases was also important.

The choice of 1,5-diazabicyclo[4,3,0]non-5-ene (DBN) for this work was
based on previous work done by Perucha with 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) and with a perspective to functionalize the boron with a chiral DBN

analogue.

Table 2.3. Results obtained for the synthesis of ligands of type [LB(mt)s] via
method 1 (“one-pot” reaction) or by method 2 (from a reaction of a base with

[(HNMe2)B(m1)s]).

Ligand Method 1 Method 2

(product . ]
N-donor (L) PK, number) Reaction ., Reaction gy
time* time*
R
N-methylimidazole 78 216 2 M 3 715

(DMF/H,0)

1,5-diazabicyclo[4,3,0lnon-5-one (DBN) 12, 032 2.19 4 78 5 72

4-dimethylaminopyridine (DMAP) 9.20% 2.20 4 87 4 76
- 8.74%
Benzylamine oo 221 9 54 12 40

1,4-diazabicyclo[2.2.2]Joctane (DABCO)  9.06*°° 222 48 83 36 718

* As measured by the time of cessation of HNMe; formation.
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The successful ligand synthesis with benzylamine (ligand 2.21) showed that
primary amines can also be used to functionalize the borane; all previous work had
been done with tertiary amines or imines.

The DABCO (1,4-diazabicyclo[2.2.2]octane) was selected for this work as an
alternative to triethylamine, since its nitrogen lone pairs of electrons are more
accessible. It was also interesting to investigate the reactivity of a diamine in these
ligand syntheses. An interesting result was obtained from a “one-pot” reaction with
tris(dimethylamino)borane, methimazole and 1,4-diazabicyclo[2.2.2]octane, in 1:3:1
proportion respectively. This reaction was stopped before all dimethylamine gas was
released and a solid was isolated after solvent removal under vacuum. The analysis
through electro-spray mass spectrometry (Fig. 2.6.) and '"H NMR (Fig.2.7) showed

that this powder was a mixture of three different species.

N \\ﬂt@ -
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c‘l,l x.l;(« ’x‘: _‘l'-l - '.'»"I" j‘f‘ . “1" m/z
200.00 400 00 600 00 800.00

Fig.2.6. Positive electro-spray mass spectrum of the mixture obtained from the “one-
pot” ligand synthesis with DABCO.

The 'H NMR of this mixture of products shows five different signals between

3.65 and 2.9 ppm which correspond to the DABCO protons and to the methyl groups
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of the meﬂﬁm;mlé moieties of the ligands (I‘;ig. 2.7). There are two differént signals
for the DABCO protons; one at 2.91 ppm which corresponds to the mono substituted
product and another signal of small intensity at 3.56 ppm for the bis substituted
ligand. The "H NMR of this mixture also shows three different signals at 3.49, 3.58

and 3.61 ppm which were assigned to the three different methimazole methyl groups

of the species present n the mixture, [(1,4-
diazabicyclo[2.2.2]octane) {B(methimazolyl)s}2], (1,4-
diazabicyclo[2.2.2]octane) {B(methimazolyl)s and

[(dimethylamine)B(methimazoly])s] (Fig. 2.7).
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Fig.2.7. ' H NMR of the mixture obtained from the “one-pot” ligand synthesis with
DABCO in CDCls (detail over region between 3.65-3.45 ppm where are the different
proton signals of the three products).

The presence of [(dimethylamine)B(methimazolyl)s] in this mixture indicates
that this ligand was an intermediate formed during a “one-pot” reaction. Also, it is
interesting to note that the mixture contains the bis-substituted DABCO species,

[(1,4-diazabicyclo[2.2.2]octme){B(meﬁlimazolyl)g}z] (Fig. 2.7). The formation of
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this product indicates that the basicity of the 2" DABCO nitrogen atom in
[(DABCO)B(mt);] is sufficiently high to substitute HNMe, in [(HNMe,)B(mt)s].
Many attempts were made to separate this mixture or to synthesise [(1,4-
diazabicyclo[2.2.2]octane);] exclusively but all of them failed due to product
decomposition or inefficient separation. The synthetic approaches attempted for this

synthesis are displayed on Scheme 2.14.

2 B(NMey); + 6 Hmt_2a/Toluene . 223+2.22 + 2.11
- HNMe,

+ B(NMs,); + 3 Hmt Product

— _A.LI‘___> 1 y
N B(NMe,); + 3 Hmt oluene 223+2.1 Decomposition

cooling A/ Toluens
[ 8] +  HNMe, - HNMe;,

N | B(NMey); + 3 Hmt AlToluene . 223
N, purge / - HNMe,

A/ Toluene
N _Arlowuene . 223
[(HNMe,)B(mt)3] HNMe,

Y za” [8] L\
ZoN-B-N —B-N N— 2
l; &/N N 'Y z)‘)s?\ S\‘\>g N/S{“

N S;:\}S 7 N\ \
2.22 \ 223 | 241 1

Scheme 2.14. Attemped synthetic apporoaches to obtain [(1,4-
diazabicyclo[2.2.2]octane) {B(methimazolyl) s} > ]

The [(l,4-diazabicyclo[2.2.2]octane){B(methimazolyl)g}z] seems to be an
unstable product thus, it was not possible to isolate. Analysis of the decomposition
product obtained by 'H NMR show that small quantities of [(HNMe;)B(mt)s] (one
singlet at 3.58 ppm) and [(DABCO)B(mt)s} (two singlet signals at 3.50 and 2.90

ppm) were also present within the mixture. This indicates that there is an equilibrium
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between [(DABCO)B(mt)s] and [(DABCO) {B(mt);}2] that depends on the presence

of [(HNMe,)B(mt);] and dimethylamine dissolved in solution. The instability of
[(DABCO){B(mt)s}2] favours the equilibrium towards the formation of

[(DABCO)B(mt);}, which is the final product of this reaction (Scheme 2.15).

Ne
' NN S Ne of ==
S N’E! N\ + [(HNMe,)B(mt)g) / - HNMe, —N = N'/B;,,N"\/N— \—NTN
'/ NSy = — SN Y NRS
N sq||s N HNMe, / - [(HNMe)B(mt)s] Nz ) {\\
N N
' \

Scheme 2.15. Equilibrium that can occur during the reaction of [(HNMe3)B(mt)s]
and DABCO.

2.5. METAL COMPLEXES
As mentioned in Chapter I, the Tm ligand and its derivatives synthesized in

this work give metal complexes with C3 symmetry. In this chapter the synthesized

ruthenium and molybdenum complexes will be introduced and discussed.

2.5.1. Structural parameters

The structures of the Cs - symmetric complexes of Tm™® ligand have been

described by Hill in terms of two parameters 6° and @° (Fig. 2.8).%
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Fig 2.8. Parameters introduced by Hill and co-workers to characterize the Cs-

symmetric metal complexes of Tm ligand or its derivatives.*

These parameters are used to describe the rotational deformation that the
metal complexes of the Tm ligand and its derivatives (including ligands of the type
[(L)B(mt);]) metal complexes exhibit. When coordinated to a metal this type of
ligand forms a bicyclo[3,3,3] cage that twists due to its inherent angle strain. The
formation of two rotational enantiomers, 411 and 609, is a consequence of the helical
twist of this cage. Hill introduced the 6 parameter to describe the absolute
configuration of the rotational enantiomers. This parameter is the measure of the
tortional angle N-B-M-S (Fig.2.8.).> Therefore, for a complex with 4 enantiomeric
configuration the parameter 6 is < 0° and if 8 is > 0° the enantiomeric configuration
of the complex is & (Fig. 2.8). The measure of the three ¢ angles (6™) in a complex
allows the determination of the absolute rotational enantiomeric configuration of the
complex, since A and & configurations cannot coexist in the same complex, though
the two enantiomers can coexist in the same unit cell of the whole crystal structure
lattice.*

The angle between the normal to the plane of the methimazole ring, which
makes with the B>M vector is the second parameter, w, defined by Hill (Fig.2.8.).**

This angle measures the displacement of the metal (M) from the methimazole planes
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and is related to the flexibility of hybridization of the sulphur atoms. This parameter

is usually presented as ", which is the mean of all the three w angles.*

2.5.1. Complexation to Ruthenium (i)

In this work, some of the ligands were coordinated to the [Ru(p-cymene)]2+
fragment. Ruthenium was used for this work due to its properties and its potential
applications in catalysis. Ruthenium (II) forms low spin diamagnetic complexes, and
it easily coordinates to molecules containing heteroatoms (e.g. nitrogen, oxygen,
phosphorus...).35 The complexes of n°- arene Ru(Il) are usually stable to hydrolysis
and the metal not easily oxidized to Ru(IIl) due to the strong = interaction between
the metal and the arene.3® Moreover, ruthenium complexes have shown good
catalytic activity in hydrogenations and transfer hydrogenations®” and on olefin
metathesis.® The potential catalytic applications of ligands of the type [(L*)B(mt)s],
(with chiral groups attached to the boron) coordinated to rutheninum (II) can also be
interesting in a further investigation as future work.

The synthesis of the Ru(ll) complexes described in this work followed a
similar method which was previously reported by Bailey and Perucha for the
synthesis of [Ru(p-cymene)(N-methylimidazole)B(methimazolyl);][Cl]> (Scheme

2.16)."
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Scheme 2.16. Synthetic route used to obtain the ruthenium complexes 2.25 and 2.26.

A ruthenium (II) complex of [(1,5-diaza-bicylo-(4.3.0)non-5-
ene)B(methimazolyl);] 2.25 was formed by reaction of the ligand with dichloro(p-
cymene)ruthenium dimer in ethanol followed by a salt metathesis with NH4PFs to
exchange the chloride counter-ions (Scheme 2.16). Generally, this last procedure
facilitate the purification of the complex, since the hexafluorophosphate anions
usually make the complex precipitate, thus render it easy to isolate via filtration.

Compared to that of the free ligand, the 'H NMR spectrum of the complex
shows a shift upfield of the proton signals of 1,5-diaza-bicylo-(4.3.0)non-5-ene
which indicates that the complex was formed. The other signals of the 'H and *C
NMR for 2.25 confirm the solid state structure found by X-Ray anaysis.

The complex was crystallized by slow diffusion of ether into a concentrated
acetonitrile solution. The structure of the obtained crystals contains both A4 and 660
enantiomers within the unit cell. One of the rotational enantiomers of this crystal

structure can be seen on Fig.2.9.
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Fig.2.9. Crystal stucture of A enantiomer of [{(1,5-diaza-bicylo-(4.3.0)non-5-
ene)B(methimazolyl) ;) Ru(p-cymene) |[PFs]. 2.25 (hexafluorophosphate counter-ions
and hydrogens not shown for clarity). The selected bond lengths and angles for this

complex are presented on Table 2.4.
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Table 2.4. Selected angles (9 and bond lengths (A) of [{(1,5-diaza-bicylo-
(4.3.0)non-5-ene) B(methimazolyl) s} Ru(p-cymene) [ [PFs], 2.25

B-Num(13) 1.538(5) Ru-S(2) 2.403(9)
B-Nu(11) 1.553(4) Ru-S(3) 2.425(8)
B-Num(12) 1.561(4) Ru-S(1) 2.454(9)
B-Npan(14) 1.569(5) N(13)-B-N(11) 109.6(3)
S(1)-C(21) 1.7213) N(13)-B-N(12) 116.733)
S(2)- C(22) 1.729(3) N(11)-B-N(12) 105.03)
S(3)-C(23) 1.719(3) N(13)-B-N(14) 104.5(3)
Ru-Cpoym (55) 2.183(4) N(11)-B-N(14) 111.5(3)
Ru-C,pym (35) 2.185(3) N(12)-B-N (14) 109.6(3)
Ru-C,oym (65) 2.196(4) S(2)-Ru-S(1) 90.90(3)
Ru-Cp opm (25) 2.196(4) S(3)-Ru-S(1) 95.69(3)
Ru-C,p oy (45) 2.213(4) S(2)-Ru-S(3) 87.08(3)
Ru-C,p oy (15) 2.226(4)

The ruthenium (II) complex of [(DMAP)B(methimazolyl);] was obtained by
an analogous method (Scheme 2.16.) as the previously presented complex.
Compared to the free ligand, the "H NMR of 2.25 shows a shift downfield of the two
doublet signals of the DMAP pyridine moiety and the olefinic protons of the
methimazole rings. The analysis of 2.25 by FAB-MS, showed the molecular peak of
the complex with loss of the counterions (M" = 708.7). This complex was
crystallized by slow diffusion of diethyl ether in acetonitrile. These crystals were
analysed by X-ray crystallography, however its structure could not be refined as the
crystal lattice was not regular due to solvent loss and decomposition of the complex.

The structure presented on this chapter shows only the relative position of the atoms.



The crystals analysed showed to have the AAA and 388 enatiomers present in the

crystal unit cell as seen in Fig.2.10.

do000
> ¥ n®

AA 358

Fig.2.10. Crystal structure of [{(DMAP)B(methimazolyl) ;}Ru(p-cymene) ][PF s/
2.26 showing the axial enantiomers i)\ and 666 (hydrogen atoms and counter-ions
were hidden for clarity).
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Fig.2.11. Crystal stucture of 566 enantiomer of [{(DMAP)B(methimazolyl) s} Ru(p-

cymene) J[PFs], 2.26 showing the atomic numbering scheme

(hexafluorophosphate counter-ions and hydrogens not shown for clarity). The
selected bond lengths and angles for this complex are presented on Table 2.4.
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Table 2.5. Selected angles () and bond lengths (A) of A enantiomer of
[{(DMAP)B(methimazolyl) s}Ru(p-cymene) J[PFs], 2.26 (this structure could not be
refined due loss of solvent))

B-N (18) 1.592 Ru-S(2) 2414
BN (7) 1.541 Ru-S3) 2.432
B-Nwm(25) 1.538 Ru-S(1) 2412
B-N par ©9) 1.584 N(18)-B-N(7) 111.92
S(1)-C21) 1.713 N(7)-B-N(25) 105.91
S(2)- C(22) 1.728 N(@25)-B-N(18) 115.78
S(3)-C(23) 1.718 N(13)-B-N(9) 103.50
Ru-C, o (55) 2.177 N(11)-B-N(9) 109.28
Ru- Cpepm (35) 2.189 N(12)-B-N(9) 110.46
Ru- Cproym (65) 2.206 S(2)-Ru-S(1) 92.59
Ru- Cpeym (15) 2.220 S(3)-Ru-S(1) 87.11
Ru- Cproym (25) 2.203 S(2)-Ru-S(3) 92.54
Ru- Cpoym (45) 2.213

The structure of complex 2.26 was not fully solved as the R-factor was above
30%, thus the measurements on this crystal do not present any standard deviations.
The structures presented on Fig.2.10 and Fig.2.11 were based on the atomic position
assigned for the crystals obtained.

The structure of complexes 2.25 and 2.26 show that the ligand is coordinated
in a facial °-S,S,S mode to the metal centre. The average S-Ru distances and S-Ru-
S angles are 2.42 A and 91.23° for 2.25 and 2.41 A and 90.74° for 2.26. The
distances and angles present on 2.25 are very similar to the ones found in [{(N-
methyIminidazole)B(methimazolyl); } Ru(p-cymene)][PFs), (Ru-S 2.42 A and S-Ru-
S 90.77°) reported by Bailey and Perucha'® % In both of the complexes the
ruthenium is 7 bonded to the p-cymene ligand with an average Ru-C bond distance

of 2.19 A for 2.25 and 2.20 A for 2.26. The separation between the metal centre and
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the arene ligand centroid is 1.68 A 2.25 and 1.70 A 2.26. The average B-Ny, bond

length is 1.55 A 2.25 and 1.56 A 2.26 of the nitrogen atoms of the methimazole rings
coordinated to the boron. The mean Np~B-Ny, angle of complex 2.26 is 111.20°. For
complex 2.25 the mean NpB-Np: angle is 110.43° which is close to 109.45° found
in {(N-methylminidazole)B(methimazolyl);}Ru(p-cymene)][PFs]. (The structural
parameter &7 for 2.25 and 2.26 is respectively, -49.23° and 49.3 and -49.0° for the
displayed structures. The @™ tortional parameter is -56.22° (AA4 enantiomer of 2.25)
and -56.34° and 56.33° for 441 and 660 enantiomers of 2.26, respectively. The value
of 6" and @™ value for complex 2.25 is in the range for octahedral Tm ligand
complexes (6 42.8—-49.8° and w 50.6—61.7°).*

The complexation of [(benzylamine)B(methimazolyl);] with ruthenium (II)
by a similar procedure as presented on Scheme 2.16 was attempted. Before
recrystallization, the 'H NMR analysis of this complex indicated the presence of
[{(benzylamine)B(methimazolyl);} Ru(p-cymene)]*", since the four aromatic protons
of the benzylamine appeared as a multiplet between 7.60 and 7.54 ppm and the
correspondent singlet signals at 3.91 ppm for the CH; group and at 5.90 ppm for the
NH, moiety. Recrystallization of the product was performed by slow diffusion of
diethyl ether in acetonitrile and yielded crystals suitable for X-Ray analysis.
However, this analysis showed that these crystals presented an unexpected structure
containing only three methimazole ligands coordinated to ruthenium p-cymene
(Fig.2.12). This may be due to complex decomposition by moisture/air or light
during crystallization or it is also possible that the previously analysed complex was

contaminated with benzylamine from the ligand decomposition.
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Fig.2.12. Crystal structure of [(methimazole) ;Ru(p-cymene) [[PFs]>2.27 (some
hydrogen atoms and counter-ions were hidden for clarity). The selected bond lengths

and angles for this complex are presented on Table 2.6.

Table 2.6. Selected angles (°) and bond lengths (A) [(methimazole) sRu(p-
cymene) [[PFs]>2.27.

S(1)-C(11) 1.707(6) Ru- Cpym (5) 2.260(6)
S(2)-C(12) 1.716(6) Ru- Cpeym (6) 2.226(5)
S(3)-C(13) 1.700(6) R Coaa (T 2.189(6)
Ru-S(1) 2.401(15) N(1)-C(11)-S(1) 129.1(4)
Ru-S(2) 2.427(16) N(22)-C(12)-S(2) 127.4(4)
Ru-S(3) 2.408(14) N(23)-C(13)-5(3) 130.1(4)
Ru-C,om (2) 2.241(6) S(1)-Ru-S(3) 83.60(5)
Ru- Cpom (3) 2.204(5) S(1)-Ru-S(2) 88.40(5)
Ru- Cpoym (4) 2.201(6) S(2)-Ru-S(3) 87.51(5)

The structure of complex 2.27 shows three independent methimazole rings

and a p-cymene ring coordinated to ruthenium. The arene ligand is 7 bonded to the
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metal centre with an average Ru-C bond distance 2.20 A which is very close to the
Ru-C average bond found in [TmRu(p-cymene)]” (2.21 A) reported by Bailey.* The
separation between the arene centroid and the metal centre is 1.71 A. The average S-
Ru bond distances in complex 2.27 is 2.43 A which are similar to the Ru-S average
bonds found for the cationic [TmRu(p-cymene)]’ (average S-Ru bonds 2.41 A).
Unexpectedly, these values are similar to the ones found in the previously presented
structures 2.25 and 2.26 and for the ones found in [TmRu(p-cymene)]’, despite the
absence of the boron centre. This may indicate that the coordination of the
methimazole to boron does not significantly influence the donor properties of the
sulphur atoms in the tripodal ligands. An interesting feature of this complex is the
S-H-N hydrogen bond present between two of the three methimazole rings
coordinated to the ruthenium. For this interaction, the S-H distance is 2.73 A and
the S--*H-N angle is 123.73°, which fall on the range of typical sulphur containing
hydrogen bonds.*® These hydrogen bonds, which are commonly present amongst
proteins, are relatively weaker and generally are related to the stabilization of the
sulphur atom by an acidic proton.*’ In the case of the complex 2.27 this hydrogen-
sulphur interaction affects the position of the Ru coordinated methimazole rings.
This is reflected on the average S-Ru-S angles for complex 2.27 (average S-Ru-S
angle 86.5°) relatively to the ones found in [TmRu(p-cymene)]” (average S-Ru-S

angle 91.7°). ¥

69



Studies into synthesis of boron centred tripodal ligands from tris(dimethylamino)borane

2.5.2. Complexation to Molydenum(0)

The ligand [(HNMe;)B(methimazolyl)s] was reacted with molybdenum
hexacarbonyl under reflux of tetrahydrofuran, to obtain

{[(HNMe_)B(methimazolyl);]Mo(CO)3} (Scheme2.17).

~ A
¥
\F.' pd co “'Bg
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e ocn, | we0  aITHF NC( 7N ’}
Z R T + Mo, } N (RN
N(:(N l N\fs oc? | ~co N
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N s oc™ \\co
2.1 CoO 228

Scheme 2.17. Synthesis of [{(dimethylamine)B(methimazolyl) ;}Mo(CO);].

The synthesis of 2.28 was followed by IR spectroscopy until the molybdenum
hexacarbonyl characteristic C=O frequency band (2004 c¢m™) could no longer be
observed. The appearance of two new C=O frequency bands at 1982 and 1921 cm’
indicated the reaction was complete and the complex 2.28 was formed. The product
2.28 was recovered as a white solid after washing the crude product with diethyl
ether and removing the remaining solvent under high vacuum. The 'H and '*C NMR
and electrospray mass spectroscopy analysis confirmed the presence of 2.28. The !'B
NMR of this compound presented a single peak at 5.98 ppm which is in the range for
tetrahedral boron compounds.*! This diamagnetic stable complex allowed the study
of the ligand properties by comparing the Infra-Red C=0 stretching frequencies with

those observed for complexes with other tridentate sulphur donor ligands (Table 2.7).
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Table 2.7. Infra-red C=0 stretching frequencies of [{{(HNMe3)B(mt)s}Mo(CO);] and
other three tridentate sulphur donor molybdenum (0) triscarbonyl complexes.

Complex vcofcm') Medium  Ref
)
s/\ s s
X~/ (3.6,9- 42
OC/M{ """" co trithioundecane)triscarbonyl)molybdenum (0)] 1930, 1820 CH,Cl,
co
2.29
'SPh e
N7 o [(2-cthyl-1,4,7- a2
oc/mlq""co trithiocyclononane)(tricarbonyl )molybdenum 1936, 1827 CH)Cl,
co ]
2.30
\ NCH
:”% [tetrabutylammonium|[tetrakis(methyithio)m
te utylammonium ][t methylthio)me 43,44
/s\’i,s\ thyl)-borate)(tricarbonyl)mol ybdenum(0)] 1899, 1784 THF
oc/ué;'"co
2.31
\%/
Y
444 P\ [{(dimethylamine}tris(methimazoly)borate(ti 1967 1057 K This
Ly carbonyl)molybdenum (0)] » eXane  work
“v‘““‘h\
\ e
2.28

The C=0 frequencies observed are higher in 2.28 that in the previously
reported complexes. This indicates that the C=O bonds in this complex are stronger
that in the other three complexes, which means that [(HNMe;)B(mt);] is the weakest
donor of this group. The lower carbonyl stretching frequencies observed for the other
three complexes indicate weaker C=0 bonds. This is due a stronger Mo-CO T
backbonding that is influenced by the higher electronic donation of the sulphur atoms
coordinated to the metal. This difference may be attributed to the sp” hybridization of
the methimazolyl sulphur atom resulting in a = donation to the metal in comparison
to the sp’ hybridization of the sulphur donors in the other three complexes which are

o donors.
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2.6. FURTHER INVESTIGATION OF THE LIGAND SYNTHESIS

MECHANISM

Since the dimethylamine could be substituted in [(HNMe;)B(mt);], its
substitution in metal complexes of this ligand was investigated. The aim of this study
was to attempt to identify if the HNMe;, substitution in [(HNMe;)B(mt);] follows a
Sn1 or Sn2 type of process. If this substitution follows a dissociative mechanism type
Sn1, the reaction occurs in two steps. The first step is the formation of a 3-coordinate
borane species after the dimethylamine is release. Then this reactive borane species
reacts with the added N-donor to produce the substituted complex (Scheme 2.18). If
this substitution follows a Sn2 process the release of the dimethylamine and the
coordination with an N-donor will be simultaneous. This process cannot occur within
a complex since the hindrance created by the coordinated metal to the ligand would
not allow the N-donor backside attack and the evolution of HNMe; will not be
observed. Although a bimolecular substitution is possible to occur within the free

ligand [(HNMe;)B(mt)3] (Scheme 2.18).
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Scheme 2.18. Possible mechanisms for the substitution of HNMe; in metal

complexes of [(HNMe3)B(mt)s].

For this study, [{(dimethylamine)B(methimazolyl):}Mo(CO);] was dissolved
in toluene and 4-dimethylaminopyridine was added. The mixture was heated under
reflux for one hour and after cooling it was stirred at room temperature until no
evolution of dimethylamine gas was observed. The isolated off-white solid obtained
was analysed by infra-red and ''B NMR spectroscopy to seek, respectively, the
presence of carbonyl characteristic vibration bands and boron isotope nuclei. Despite
the fact that dimethylamine gas was released during the reaction, this product has
been shown to be a complex mixture of decomposition products without any boron

or carbonyl groups.
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Scheme 2.19. Attempted substituition of dimethylamine for 4-dimethylaminopyridine

within a molybdenum complex.

The results from this study are therefore inconclusive since this reaction was
performed only once, and lead to the decomposition of the product. Further
investigation of this type of reactions with different metal complexes and different

N-donors may indicate the which mechanism type can occur when the ligand

[LB(mt)s] is synthesized from [(EINMe)B(mt)s].

2.6.1. Functionalization of boron by N-donors within complexes:
reactivity of metallaboratranes

Nickel complexes with tris(2-mercapto-1-tert-butylimidazolyl)borate with the
boron functionalized on the 4™ position by a N-donor have been obtained from the
reaction of the respective metallaboratrane. This observation”was made by Parkin

and co-workers who reacted a nickel metallaboratrane complex, [k*-B(mt*®");]NiCl
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with potassium thiocyanate or sodium azide in the presence of iodine (Scheme

2.20).%
S
~ ¢
R—N_ N — N
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(\N_lf__\ —N N /l';\
g SN LN
—
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,/
¢ RN
8 i
R = C(CHa)s

Scheme 2.20. Synthesis of[(SCN)B(mt>*);]Nil by reaction of {[x*-B(mt"
Bu) s INi(NCS)} with iodine.*

More investigation of this route may lead to an alternative route to synthesize
boron functionalized complexes. However, the mechanism of this synthesis is still
uncertain and more investigation is required to provide a better understanding of the

reactivity of metallaboratranes.*’

2.7. SYNTHESIS OF [RB(PZ);] TYPE OF LIGANDS

The chemistry of hydrotris(pyrazolyl)borate or scorpionate ligand and its
analogues has been under investigation since their introduction by Trofimenko. *
Many analogues of Tp ligand have been reported and used for a broad range of
applications, from catalysis to radiopharmaceutical drugs.

Due to its importance, the synthesis of Tp ligand analogues in which the B-H
is replaced by a neutral N-donor was also investigated in this work. The
dimethylamine substituition on [(HNMe;)B(pz)s;] was also investigated to afford the

respective boron substituted Tp ligands analogues of the type [LB(pz)s].
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2.7.1 Synthesis of [(HNMe,)B(pz);]

As discussed on Section 2.2, Niedenzu studied the reactivity of
tris(dimethylamino)borane and pyrazole under various conditions (e.g. reflux time,
further stirring time at room temperature) and solvents (benzene or toluene) and the
different products that could be obtained (Scheme 2.5). The reaction of pyrazole
reaction with B(NMe,); is exothermic with immediate evolution of dimethylamine,
and a range of boranes from [(HNMe;)B(pz);] to pyrazaboles can be obtained
depending on the reactional conditions.® For this work it was necessary to improve
and modify these conditions in order to obtain exclusively [(HNMe;)B(pz)s]. Many
attempts were made until the desired product was obtained in relatively high yield
and good purity. The product was obtained by a slow addition of B(NMey); to a
solution of pyrazole in cyclohexane followed by heating under reflux for one hour.
This procedure slows the reaction of tris(dimethylamino)borane with pyrazole and

avoids the formation of dimers and/or pyrazaboles, favouring the formation of

[(HNMe;)B(pz)s].

2.7.2. Synthesis of [L B(pz);] ligands from [(HNMe,)B(pz);]

Since the substitution of dimethylamine in [(HNMe;)B(pz);] 2.8 by neutral
N-donors could be achieved it was investigated whether this method could be applied

to tris(pyrazolyl)borate analogues.
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The ligands 2.33 and 2.34 were synthesized by heating a solution of
[(HNMe;)B(pz);] under reflux with a neutral N-donor (Fig. 2.13). The loss of
HNMe;, during these reactions was observed with damp pH paper. The '"H NMR
analysis of the crude product of these reactions showed the absence of the
characteristic singlet for the HNMe; group at 2.26 ppm of 2.8, indicating the

successful synthesis of both ligands.

TZ TZ
PN N
O Oodn

Fig.2.13. Ligands synthesized by substituition of HNMe; in
[(dimethylamine)B(pyrazolyl) ;].

The ligand [(N-methylimidazole)B(pyrazolyl)s] had been previously
synthesized by Perucha via a “one-pot” reaction” of tris(dimethylamino)borane,
pyrazole and N-methylimidazole, and it was reproduced via a base exchange reaction
to compare the efficiency of both methods in the synthesis of this compound. The 'H
NMR characterization of this compound was very similar to the analysis of the same

ligand obtained by Perucha.®

77



Studies into synthesis of boron centred tripodal ligands from tris(dimethylamino)borane

This base exchange method was also used to obtain [(DMAP)B(pyrazolyl):]

which is an analogue of one of the ligands previously obtained from
[(HNMe)B(mt);]. The analysis of this product by 'H and *C NMR are consistent

with the proposed ligand structure.

2.7.3. Complexation to Ruthenium (il)

Ruthenium complexes of poly(pyrazolyl)borates ligands have been shown to
have many interesting applications in catalysis, such as C-H activation, proton
transfer reactions and C-C bond formation amongst others.*”->°
For this work, a ruthenium (I) complex of [(DMAP)B(pyrazolyl)s] was

synthesized by a method similar reported by Tocher (Sheme 2.21).%
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Scheme 2.21. Synthetic approaches reported by Tocher for the synthesis of [Ru(n’-p-
MeCsHy) {i-HB(pz) 3} [PFs].*

The ligand was added to a methanolic solution of dichloro(p-
cymene)ruthenium dimer and left stirring for an hour This was followed by a salt
metathesis reaction with addition of NH,PFs. The obtained yellow powder was
crystallized from diethyl ether diffusion into a concentrated acetonitrile solution. The

crystal structure of this complex is displayed on Fig.2.14.
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Fig.2.14. Crystal structure of [{(DMAP)B(pz):}Ru(p-cymene)Cl] PF 2.38.

(hydrogen atoms and hexafluorophosphate counter-ion were omitted for clarity).

One chloride ligand is still coordinated to ruthenium and the ligand is ¥*-N,N
coordinated. This was unexpected since the synthetic method used was the analogous
to the one reported by Tocher and collaborators (Scheme 2.21) which provides the
K- N,N,N coordinated ligand.*® The analysis of this product by 'H and *C NMR
showed the presence of two types of pyrazole signals in a 1:2 ratio, which was

concordant with the structure found in the solid state.
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Table 2.8. Selected angles (°) and bond lengths (4) for [{{DMAP)B(pz)s}Ru(p-

cymene)Cl] PFg 2.38.

B-N pyar(7) 1.569(4) Ru- Cpom (9) 2.159(3)
B-N,. (2D 1.521(4) Ru-Cl 2.390(D)
B-N,(12) 1.531(8) Ru-N(11) 2.076(2)
BN, (17) 1.540(4) Ru-N(16) 2.086(2)
N(21)-N(22) 1.367(4) N(11)-Ru-N(16) 86.76(8)
N(12)-N(11) 1.361(3) N(16)-Ru-Cl 84.92(6)
N(16)-N(17) 1.370(3) N(@1)-Ru-Cl 84.82(6)
Ru-Cpeym (4) 2.224(3) NQ1)-B-N(17) 109.7(2)
Ru- Cpoym (5) 2.192(3) N(7)-B-N(12) 105.9(2)
Ru- Cpoym (6) 2.184(3) N(D-B-NQ21) 110.4(2)
Ru- Cpopm (7) 2.217(3) N(17)-B-N(12) 111.4(2)
Ru- Cpoym (8) 2.187(2)

In this complex the [(DMAP)B(mt)s] ligand binds the metal in a x¥*-N,N
coordination mode with an average Ru-N distance of 2.08 A The ruthenium is 7
bonded to the p-cymene ligand with an average Ru-C distance of 2.19 A and it is
1.67 A separated from the arene centroid. The Ru-Cl distance is 2.39 A. The angle of
the chelating ligand and the metal (N ;Ru-N) is 84.87°. These distances and angles are
very similar to the ones found in [Ru(n’-p-MeCsHy){x*-HB(pz);}Cl] (average Ru-
Carene 2.20 A, Ru-Cl distance 2.39 A, N-Ru-N angle 84.8°) which was previously
reported by Tocher *® The average B-N distance of the three pyrazole N atoms to the
boron center is 1.53 A and the B-N distance between DMAP’s nitrogen coordinated
to the boron is 1.57 A which is slightly longer than the other B-N bonds.

In order to investigate the possible conversion of the x*-N,N coordination of
the ligand to x*-N,N,N the complex was dissolved in acetonitrile and AgBF, was

added and the formation of AgCl was observed in solution (Scheme 2.22).
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The solution was filtered and the remaining yellow solution was evaporated
to dryness under vacuum. The 'H NMR spectrum of the resulting product showed
three different signals for the pyrazole rings indicating that the ligand was not
coordinated in a ¥*-N,N,N mode and/or there was a mixture of products resulting
from complex decomposition. Attempted purification of this product by

crystallization was unsuccessfully.
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y g \N\NiN: + AgBF, in MeCN/ /‘\ (BF,y + AgCl
Chs VY AN
ol Hs CIGD
=N\ M=
Ru \R‘u/

2.38 2.39
Scheme 2.22. Attempted synthesis of [{(DMAP)B(pz) s}Ru(p-cymene) [(PFs)(BF )

(hexafluorophosphate counter-ions are omitted for clarity).

The retention of the chloride ligand to the ruthenium centre in the structure of
2.38 was responsible for the ¥* coordination of the tripodal ligand thus influencing
the position of the uncoordinated pyrazole ligand. The attempt to recoordinate this
pyrazole ring to the ruthenium failed since it required decoordination of the chloride

and one of the pyrazole ring to form the ¥’ coordinated complex.
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2.8. CONCLUSION

The work presented in this chapter shows that it is possible to synthesize
ligands of the type [(L)B(mt)s] by substitution of dimethylamine in
[(HNMe,)B(mt);] when it is reacted with a neutral N-donors under reflux in toluene.
The N-donors used in this work were mainly tertiary amines and imines but also a
primary amine, benzylamine was successfully used. The possibility to use primary
amines to functionalize the boron broadens the range of N-donors that can be applied
in the synthesis of new ligands. Hence, there are more possible ways to functionalize
the boron of the Tm ligand derivatives with chiral groups. The synthesis of the ligand
with a chiral primary amine, a-methylbenzylamine, is presented on Chapter I'V.

This synthetic route can also be applied to ligands with pyrazole instead of
methimazole, although only two reactions were performed and more of the reactivity
of these ligands requires further investigation.

The evidence that the dimethylamine in [(HNMe;)B(mt);] can be substituted
with N-donors contradicts the previously proposed mechanism for the “one-pot”
reactions with (dimethylamino)borane reported by Bailey and Perucha.'* ** In the
light of this work, another mechanism for the formation of ligands of the type
[(L)B(mt);] is proposed. However, it was not possible to determine whether the
process is a dissociative or a bimolecular substitution. This investigation will require
further work in the reactivity of dimethylamino(trismethimazolyl)borate metal

complexes with N-donors.
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CHAPTERII
BORON-CENTRED TRIPODAL LIGANDS WITH HETEROCYCLES

OTHER THAN METHIMAZOLE



Boron-centred tripodal ligands with heterocycles other than methimazole

3.1. INTRODUCTION

Previously, the work towards the synthesis of analogues of
tris(methimazolyl)borate ligands with boron functionalized with a neutral N-donor
has been presented. Subsequently, the synthesis of these ligands with different
sulphur and selenium donor heterocycle analogues of methimazole has been
investigated. This work will be presented in this chapter. The heterocycles used for
this work were 1-methyl-benzimidazole-2-thione, 1,4,5-trimethyl-imidazole-2-thione

and 1-mesityl-imidazole-2-selone (Fig.3.1).

Oin s | H\_s 7 N\_/ \
- -

1-methyl-benzimidazole-2-thione 1,4,5-trimethyl-imidazole-2-thione 1-mesityl-imidazole-2-selone

Fig.3.1. Heterocycles used for the ligand synthesis.

As some of these compounds were not readily available for purchase, their
synthesis will also be discussed in this chapter. Dimethylamine and N-
methylimidazole were used to functionalize the boron forth position in these new

ligands.

3.2. BORON-CENTRED TRIPODAL LIGANDS WITH SOFT DONOR
ATOMS

The ubiquitous tris(pyrazolyl)borate ligand system can be derivatized in order

to control the steric environment of the binding site. This derivatization can be done
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by replacing thé 7py7razolei nngs by ;ut;st'rtuted pyrazole rings and/or b; other
heterocycles. " ? The substitution of the pyrazole by methimazole rings in this type of
system gave rise to another generation of scorpionates or boron-centred tripodal
ligands with soft donors.

The tris(methimazolyl)borate ligand system framework can be described as
[E(L;D)s] (E = central tripod atom, L = linking atom and D = donor atom) with many
possibilities for variation by changing E, L and D (Fig.3.2.)." In this work only the
ligand systems with boron as central tripodal atom, as [B(L,D);] with soft donor

atoms will be considered.

Q - Central Tripod Atom
'\‘E) - Linking atom

° - Donor atom
@ - Metal Center

Fig.3.2. Coordination of a [E(L2D) ] ligand system to a metal centre (M) (two
different views showing the bicyclo[3,3,3]cage).

In these ligands the coordination of the three donor atoms to a metal forms
Cs-symmetric complexes with a bicyclo[3,3,3]cage that presents chirality through the
twisted conformation of the cage.* > Modification of the heterocycles that provide the

donor atoms can be used to tune this system electronically and sterically.



Boron-centred tripodal ligands with heterocycles other than methimazole

3.2.1. Boron-centred tripodal ligands with sulphur donors

As mentioned in Chapter 1, the Tm ligand has been used to model
metalloenzyme sites,” since it can create a protective encapsulation for a metal
centre. This metal prétection can be achieved by substituting the methimazole N-
methy] group on the Tm ligand structure. To explore the biomimetic applications of
this ligand system, many new ligands have been prepared with methimazole
derivatives containing different functional groups (R) in the methimazole ring 3-
position. The common abbreviation used for these analogues is Tm®. Some of these

analogues are listed on Table 3.1

Table 3.1. Some Tm ligand derivatives with methimazole analogues substituted in

the third position.
Substituent Abreviation Ref.

Methyl R— Tm or Tm™* )

R
[u/ Phenyl —O Tm™ ’
s T)\ s Mesityl %i}- Tm™* !

)J\ /89\“"
O T T T
= s%[\ " 9

& Bz
| Benzyl ~) Tm

p-TO'yl A.O— TmP-Tol 9
o-Anisyl o0 Tm™" *
Xylene '—Q Tm*”" "
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The metal protection in complexes with Tm ligand analogues depends on the
orientation and the nature of the functional group in the methimazole 3-position.
Vahrenkamp and co-workers have studied some zinc complexes with Tm™®, T
Tolyl and Tm™! and compared the orientation of the three different N-substituents of
the thioimidazole relative to the B-Zn axis. A schematic view of this comparison is

displayed in Fig3.3.

A)
QO 09:9:0:0-

B) <)

Fig.3.3. Partial view of tripodal ligand arms bonded to zinc in three different
complexes with: A) Tm™"'; B)Tm """ and C) Tm o-Tolyl 11

According to Fig.3.3 it is possible to create more encapsulation of the metal if
para-substituted aromatic thioimidazoles are used in the Tm backbone.'' The
chirality of the metal complexes containing these Tm ligand analogues can also be
influenced by variation of the nitrogen substituents of the methimazole. Since these
ligands form a cage with helical rotation, the size and shape of these groups can
create a hindrance that restrain the motion of this cage. Bailey and collaborators
investigated a range of complexes and studied the possible racemisation processes

and their energetic barriers.’> * This work will be discussed in more detail as an

92



introdl:ction to Chapter IV, as this chapter is more focused on the modifications of
the methimazole rings to obtain new ligands.

It is also possible to synthesize analogues of the Tm ligand using heterocycles
other than methimazole, but always keeping the sulphur donors atoms. Ojo and
Regliski reported the synthesis of new soft tripodal ligands from the reaction of
borohydride with different thiones. 14 From the three imine-thiones used in their work
(2-mercaptothiazoline, 2-mercaptobenzothiazoline and imidazolidinethione) only

two reacted successfully with the borohydride to form new ligands (Scheme 3.1.)"

[ § ® Na*
s K-
E #S + NaBH4 ﬁﬁz» —N\J ?\j NTN_
N
H s=( J S
2-mercaptothiazoline N"NaTz
pK, 4.7. m.p. 105-107 °C - I B
/ T s w Na*
N T = Na
[ S—s 4 NaBH, Ao T Y
= M v
Methimazole Nj ®
pKy4.7. m.p. 144-147 °C L | NaTm
2 Na*
8

s d s -
(e« rooncttie [ 32y

N

H

S
2-mercapto-benzopthiazoline S( :@
pK, 4.2, m.p. 177-181°C s

i

E >=s + NaBH; &
N
H

Imidazolidinethione
pK, 4.6, 197-200°C

Scheme 3.1. Imine-thiones used by Ojo and Reglinski to synthesize the Tm ligands
and two new boron centred-tripodal ligands with soft donors (NaTz and NaTbz). "

The melting point and the pK, of the different heterocycles were determinant
factors in the choice of the thiones used in Ojo and Reglinski’s work. The

unsuccessful synthesis with imidazolidinethione through a melt reaction showed that
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Boron-centred tripodal ligands with heterocycles other than methimazole

in this case the pKa of the heterocycle may not be a determinant factor in this
synthetic route (Scheme 3.1). In these melt reactions the main cause of
decomposition can be the overheating of the mixture. To avoid thermal
decomposition during the synthesis, the melting point of the heterocycle has to be
considered as an important factor when the thione is selected.

Although, the pK, of different azoles is an important factor in the synthesis of
neutral boron-centred tripodal ligands from B(NMe2);. According to previous
results, Bailey and Perucha established that the reaction of methimazole and other
azoles with pK. below 3.0 (approximately) with tris(dimethylamino)borane
generated the neutral tetrasubstituted species [(azole)B(azolyl);]. These azoles
presented an acidic proton which allows the reaction with B(NMe;); and therefore
the synthesis of new ligands with different heterocycles in place of methimazole.

In the next section of this chapter, the work with analogues of methimazole
substituted in the 4 and 5 position in order to develop the synthesis of new ligands

will be presented.

3.3. BORON-CENTRED TRIPODAL LIGANDS WITH SUBSTITUTED
METHIMAZOLE ANALOGUES

Tt was mentioned previously that the most common derivatizations made on
the Tm ligand system were related to the substitution of the N-methyl group of the
methimazole with different alkyl or aryl groups. However, it is also possible to use
methimazole analogues substituted in the 4- and S-positions. In this thesis, two

analogues of methimazole were synthesized and used to obtain new boron-centred
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Boron-centred tripodal ligands with heterocycles other than methimazole

tripodal ligands. This work will be presented in this section and the synthesis of these
new ligands will be presented in presented and discussed on Section 3.4.

The work with these heterocycles will be continued in Chapter IV where
chiral neutral N-donors used to functionalize the boron’s 4™ position will be

introduced.

3.3.1. Carbon-substituted analoques of methimazole

For this work two methimazole analogues substituted at the 4- and 5-
positions (Fig. 3.4) were used for the ligand synthesis. As in methimazole, these

heferocycles present an acidic N-H proton which allows the transamination reaction

with B(NMey)s.

SR ve

1-methyl-benzimidazole-2-thione 1,4,5-trimethyl-imidazole-2-thione

Fig.3.4. Methimazole analogues used to synthesize the ligands presented in this

work.

From the reaction of these thioimidazoles with tris(dimethylamino)borane it
is expected to obtain two ligands that, upon complexation, present a protected

environment for the remaining axial site at boron as found for the anionic ligand
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NaTbz, containing the 2-mercaptobenzothiazoline donors, reported by Ojo and

Reglinski (Scheme 3.1 and Fig.3.5).

x

0

s

@

Fig.3.5. Structure of the anionic Tbz ligand coordinated to thalium reported by Ojo
and Reglinski."*

In the structure of the complex displayed in Fig. 3.5, the orientation of the
aromatic rings of the benzothiazoline in the Tbz ligand creates a Cs-symmetric cavity
around the hydride attached to the boron.

The 1-methyl-benzimidazole-2-thione and the 1,4,5-trimethyl-imidazole-2-
thione (Fig.3.4) can also be used to synthesize ligands with chiral N-donors in the
boron 4™ position. In this case the chiral group coordinated to the boron will be
located in the Cs-symmetric cavity thus increasing the transfer of the chirality to the

rest of the ligand. In the Chapter IV, the work done towards the synthesis of a new
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Boron-centred tripodal ligands with heterocycles other than methimazole

chiral boron-centred tripodal ligand using 1,4,5-trimethylimidazole-2-thione which

will be presented and discussed.

Several synthetic methods have been reported for the synthesis of 1-methyl-
benzimidazole-2-thione. This compound can be synthesized by heating a mixture of
1-methylbenzimidazole and sulphur at 260°C,"> or by reacting 1-methyl-2-
chlorobenzimidazole with sodium bisulphite in sodium hydroxide solution.'® There
are also alternative synthetic routes starting from benzimidazole; the synthetic

strategies to obtain 1-methyl-benzimidazole-2-thione are displayed in Scheme

3 7 17,18
/
N BN
(A) @:N» + g a0
N/
® ©: J—Cl  + NaHSO, __inOH soltion _
N

/
N
- > —
() C[;Fs HECHN (:E:\*S\ Neer c@u
1.(@)20‘

\ in THF
. in 5% MeCOOH/MeOH
(D) C[ >=S ; E:): ane @ : S @ Under reflux
N ' YO J
H 4. Me} Me
<X )}

Scheme 3.2. Synthetic routes to obtain 1-methyl-benzimidazole-2-thione 3.19;

References: (4),” (B),"°(C),"’(D)."®
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Boron-centred tripodal ligands with heterocycles other than methimazole

The synthesis of 1-methyl-benzimidazole using 2-thiobenzimidazole as
starting matenial, reported by Doerge and Cooray was undertaken (D of Scheme
3.7)."® Via this method the methylation of 2-thiobenzimidazole is achieved after
protecting the thione sulphur with a trityl group to avoid S- methylation.

This method was successful, as the required benzimidazole was synthesized
in gram-scale and high purity. However, it was found that if the trityl protective
group was not efficiently removed after methylation, the mixture of the desired
benzimidazole and its protected derivative obtained as final product was difficult to
separate. Although the separation of these compounds by recrystallization was
possible, the reaction yield was substantially affected. These issues are related to an
incomplete removal of the trityl group in the last step of this synthesis. After
increasing the reaction time from 2h to 36 h to promote the completion of this last
step and recrystallizing the product from acetonitrile instead of ethanol, it was
possible to produce pure 1-methylbenzimidazole-2-thione in a 71% yield and
proceed to the ligand synthesiss The 'H NMR analysis of the 1-

methylbenzimidazole-2-thione obtained was consistent with the reported analysis.

3.3.3. Synthesis of 1.4.5-trimethylimidazole-2-thione

The other methimazole analogue synthesized was 1,4,5-trimethylimdazole-2-

192 and it involves

thione. The synthesis of this compound was reported by Kister,
the condensation of 3-hydroxy-2-butanone and N-methylthiourea in hexanol at
160°C for twelve hours. The water produced during this reaction can be removed by

an azeotropic distillation and this product can be purified by preparative
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Boron-centred tripodal ligands with heterocycles other than methimazole

chromatography and/or recrystallization®® This method was optimised in order to
maximize the yield of this reaction (21%). The best result was obtained when this
reaction was carried out in a solution of 4% hydrochloric acid in hexanol and heated

to reflux for 16 hours (Scheme 3.3).

(o] S H
HCI/Hexanol
—_ +
+ )]\ . Terc | >=s 2H,0
H,N N

H N
OH |
3.3

Scheme 3.3. Synthetic route to obtain 1,4,5-trimethylimidazole-2-thione 3.3. 19

The azeotropic removal of water was not necessary. The final crude product
was recrystallized from petroleum ether and hexanes and obtained in 30% yield. The

'H NMR analysfs of this product was consistent with the literature data.
3.4. LIGAND AND COMPLEX SYNTHESIS
The methimazole analogues,were reacted with tris(dimethylamino)borane in

toluene under reflux to afford the respective ligands (3.4 and 3.5) shown in Fig.3.6 in

respectively 66 and 54% yield.
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Boron-centred tripodal ligands with heterocycles other than methimazole
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Fig.3.6. Ligands synthesized with 1-methylbenzimidazol-2-thione 3.4 and
1,4, 5-trimethylimidazole-2-thione 3.5.

Both tripodal ligands were successfully synthesized and characterized by 'H
and 3C NMR and positive ion FAB mass spectrometry.

The 'H NMR spectrum of [(HNMe;)B(1,4,5-trimethylimidazolyl-2-thione)s]
(3.4) showed three singlets at 2.84, 2.08 and 2.04 ppm assigned to the methyl groups
of the 1,4,5-trimethylimidazolyl-2-thione groups. The dimethylamino group gives a
singlet at 3.48 ppm for the six methyl protons and a broad signal appears at 10.47
ppm for the N-H proton. The *C NMR spectrum shows six signals for this ligand
since the two CH;-C moieties of 1,4,5-trimethylimidazolyl-2-thione and the two
methyl groups of HNMe, appear at the same chemical shift. The presence of the
ligand was confirmed by FAB® mass spectrometry ([M+1] = 480) and elemental
analysis. Further work with 1,4,5-trimethyl-imidazole-2-thione will be presented in
Chapter IV.

The 'H NMR spectrum of [(HNMe;)B(1-methyl-benzimidazolyl-2-thione)s]
(3.5) contained a clear aromatic multiplet in the region 7.19 to 7.13 ppm for the
aromatic moiety of the thione heterocycle. The two equivalent methyl groups of the

HNMe, appeared at 3.75 ppm while the methy! groups of the benzimidazolyl moiety
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Boron-centred tripodal ligands with heterocycles other than methimazole

of the ligand give another singlet at 3.80 ppm. The N-H proton produces a broad
signal at 10.22 ppm. The >C NMR exhibits nine signals; eight signals correspond to
the three equivalent benzimidazole rings and one signal is assigned to the equivalent
methyl groups of HNMe, The FAB' mass spectrometry ([M+1] = 546) and
elemental analysis confirmed the presence of the ligand.

In order to study the donor properties of the ligand [(HNMe;)B(1-methyl-
benzimidazolyl-2-thione);] (3.5) it was coordinated to molybdenum tricarbonyl to
form the complex [{x’-(HNMe;)B(1-methyl-benzimidazolyl-2-thione);}Mo(CO)s]
(3.6). The complex was synthesized from a mixture of the ligand and Mo(CO)s 1n

tetrahydrofuran under reflux.
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Fig.3.7. Complex of [(HNMe)B(1-methyl -benzimidazolyl-2-thi