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Abstract

Focussing on group 1 and group 2 metals, this thesis advances the use of polar
organometallics in catalysis, in particular intermolecular hydroamination processes;
as well as other key stoichiometric transformations, namely deprotonative

metallation and C-F bond activation.

Group 1 alkyl compounds MCH,SiMes (M = Li, Na or K) have proved to be efficient
catalysts for intermolecular hydroamination of a wide range of substituted
vinylarenes and alkynes at room temperature and with short timescales. Similarly,
advancing in the concept of s-block cooperative bimetallic catalysis, alkali-metal
magnesiate complexes [MMg(CH,SiMes)3] and [(donor),M;Mg(CH,SiMes)4] (M = Li,
Na or K) have shown that they can also act as catalysts for these hydroamination
processes, although longer times and high temperature conditions are required in
some cases. Reactivity studies show an alkali-metal effect with potassium being
significally more reactive than lithium. New insights into the constitution of the
potential organometallic intermediates involved in these processes have also been

gained by combining X-Ray crystallographic and NMR studies (including DOSY NMR).

The second part of this thesis assesses cooperative effects of single-metal
organomagnesium complexes in deprotonation and C-F bond activation processes.
Using a specially designed metallating base, which combines within the same
molecule a sterically demanding B-diketiminate ligand with a kinetically activated

TMP base ["*"NacnacMg(TMP)], regioselective magnesiation of heterocyclic and

Vil
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aromatic molecules, including pyrazine or 1,2,4,5-tetrafluorobenzene, can be
achieved at room temperature. Structural studies of these metallated intermediates
have revealed a crucial stabilising role of the B-diketiminate ligand, which facilitates
the trapping of the sensitive anions formed. Additionally, they have provided
important clues to rationalise the stability of these species in solution. Contrastingly
[DippNacnacMg(THF)Bu] complex is a much more kinetically retarded base, which
fails to metallate these substrates promoting in some cases, when confronted with

fluoroarenes, C-F bond activation process via nucleophilic aromatic substitution.
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Chapter 1. Introduction to s-Block Organometallics

Chapter1 Introduction to s-Block

Organometallics

1.1 Group 1: Alkali-Metal Organometallics

1.1.1 General Aspects

Alkali-metal organometallic compounds, in particular organolithium and Grignard
reagents, are amongst the most widely used organometallic reagents in synthesis
playing a pivotal role in a myriad relevant organic transformations.? Over the
years, structural studies on the constitution of these reagents have advanced the
understanding of their unique reactivities by providing valuable structural/reactivity
correlations.®! However, in many cases structures in the solid state differ from
solution, and their level of aggregation can also vary in different solvents

]

significantly.[4 Employing methods such as NMR spectroscopy, including DOSY

NMR,"™ new light has been shed on the constitution of these species which has
contributed to determine their reactivity and reaction mechanisms, as well as to

provide a tool to improve yields and/or selectivities.®”!
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The typical formula for organometallic alkali-metal complexes is displayed in Figure

1.1.

M = alkali-metal

R = anion

(L)n(MR)X 4 L =neutral Lewis donor

X = aggregation state

n = number of donor ligands

Figure 1.1: General formula for alkali-metal organometallics.

The aggregation state (determined by x in Figure 1.1) can range from x = 1, forming
a monomer, to x = oo that corresponds to a polymer. The aggregation is determined
by the identity of the cation and anion, the presence of donors (L) and their degree
of ligation (n) as well as the size and denticity of the anion (R) and the donor ligand

(L).[S]

There exists an important correlation structure vs reactivity, where the aggregation
state of the compound is inversely proportional to its reactivity.[g_ll] For instance,
linear nBuli is less reactive than the branched tBuli reagent in hydrocarbon solvents
due to the different aggregation state and pK, values (50 and 53 for nBuli and tBulLi
respectively[m), where in donor free medium the former is an hexamer and the

latter a tetramer (Figure 1.2).[9]
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Figure 1.2: Molecular structures of a) hexameric nBulLi and b) tetrameric tBulLi. All hydrogen atoms
have been omitted for cIarity.[13]

Additionally, the strong polarity of the MH-c®) pond imposes a high reactivity of
the organoalkali-metal complexes, due to the high electropositivity of the alkali-
metal, which increases while descending in the group.m] The enhanced reactivity of
the heavier alkali-metals may also lead to decomposition and a more difficult

manipulation compared to organolithium compounds.®*>

Generally,
organolithium complexes display smaller aggregation states, and therefore better
solubility than the heavier alkali-metals sodium and potassium. The addition of
donor ligands or the identity of the anion can prevent the formation of lithium
polymeric compounds, however, for sodium or potassium this is more challenging

to achieve.™”

The smaller aggregates produced by the addition of donors also enhances the
reactivity of the organolithium. For example, when combining nBuLi with TMEDA

the hexameric arrangement deaggregates to a dimer [nBuLi-TMEDA]Z,[”] which
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displays an enhanced reactivity compared to nBuli for example in deprotonation

reactions.“s]

1.1.2 Alkali-Metal Amides: Structural Insights

Among the diverse organoalkali-metal compounds, alkali-metal amides constitute
one of the most important and commonly used polar organometallic reagents in
synthesis.[19] The combination of their dual properties, high Brgnsted basicity and
poor nucleophilicity (especially for sterically hindered amides), enables them to be
used for selective deprotonation reactions, making them good rivals to alkyl lithium
reagents.[zol Additionally, they generally have good solubility in hydrocarbon
solvents and are safer to handle compared to alkali-metal alkyl or hydride
reagents.m] Interestingly, the most important amides are the sterically demanding
LIHMDS (bis(trimethylsilyl)amide), LiTMP (2,2,6,6-tetramethylpiperidine) and LDA
(diisopropylamide), which are most popularly used by synthetic chemists for their
safe handling, good solubility and relatively low cost (for LIHMDS and LDA).[ZO]
Parallel to these synthetic considerations, research on the structure and the
constitution of this family of organometallic reagents has also been carried out.l?”!
Some of these studies have shown that the chemistry in solution of these
compounds can be extremely complicated, with the formation of several aggregates

coexisting in equilibrium.[zz_z‘”

The simplest lithium amides are mononuclear but it is possible to find them in a rich
assortment of aggregation motifs due to the large polarity of the Li®*-N® bonds
(Figure 1.3). The most common form are dimers, which in solution can exhibit

equilibrium with other structures.



Chapter 1. Introduction to s-Block Organometallics

R1\N “““ v R1\N N’R2 """ T
N L= 1l
Rz’ \LI/ \ ] Rz’ \LP/ \R1 ------ LI—N-"LI—N;':""
\ /LI\Nﬁ .:N—Li\ P N—Li
- I . J ||_| [T]..,,,"" Li i N
/a < CLi—=N N—oLi

B

I

Figure 1.3: Different aggregations for lithium amides.

Lithium amides can be represented by (L)a[Li(NR'R?)]x. The lithium atom has a
strong tendency to achieve the maximum coordination number compatible with
steric constrains, and because of this cyclic structures are common for lithium
compounds. As the N centres exhibit 5p3 hybridisation, the substituents (R! and R?)
are projected above and below the (NLi), ring plane, inhibiting a close approach
vertically when they try to associate. Although lithium amides cannot adopt ring-
stacking association, they can approach edge to edge by lateral association, also
called ring—laddering.[zs'%] This tendency was first explained with the structure
[{PMDETA},{Li(N(C4Hsg)}3] by Snaith and co-workers.*! Additionally, this ladder
phenomenon can also be adopted in mixed alkali-metal complexes,m] however, it is
not observed for alkyl lithium compounds, which usually prefer to form three-

dimensional or one-dimensional polymeric aggregates (Figure 1.4).1"!
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Figure 1.4: Molecular structures with 50% probability displacement ellipsoids. All hydrogen atoms
have been omitted for clarity. a) Structure of [{PMDETA},{Li(N(CsHg)}s], an example of a ladder
association.” b) Structure of [{[tBuN(H)],LINa{TMEDA}], an example of a heterobimetallic ladder
association.”! c) Structure of [{Li(CsHg)}s{THF};], an example of a three-dimensional alkyl lithium
compound.[zgl

Figure 1.4 highlights the different association trends between lithium amides and
alkyl lithium complexes. In Figure 1.4a the first example of an organonitrogen-
lithium laddered structure is shown, formed by four Li-N rungs with two terminal
NLi units complexed by PMDETA to prevent further association. Figure 1.4b shows
another example of ladder association in a heterobimetallic compound, displaying a
mixed lithium-sodium tetrameric ladder formed by two attached [NLiNNa] rings
complexed by two terminal TMEDA donors. In contrast, Figure 1.4c represents the

first crystal structure of a secondary alkyl lithium solvated by THF,
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[{Li(CsHo)}a{THF}4]. This complex shows a tetrameric aggregation, with each lithium

atom coordinated to THF forming the tetrasolvated, tetrameric aggregate.

Using more sterically demanding amides such as TMP or HMDS, cyclic motifs are
obtained as shown in Figure 1.5.%% LiTMP can form a trimer (Figure 1.5a) or a
tetramer (Figure 1.5b) depending on the crystallisation temperatures employed,[zg]
with lower temperatures (below -35 °C) favouring the formation of the trimeric
polymorph. Both lithium cyclotrimer and tetramer were also studied in a variety of
solvents by NMR spectroscopy showing that (LiTMP); and (LiTMP); exist in
equilibrium. Interestingly, related LDA forms an infinite helical structure in the solid
statel®”! (Figure 1.5c). Stalke has recently reported new insights regarding the
solution constitution of LDA by DOSY NMR experiments, observing that when LDA is
dissolved in toluene, equilibrium between trimeric and tetrameric aggregates (2:1
ratio) is present at room temperature. However, when cooling down the mixture
higher oligomers are formed, illustrating that the lower the temperature, the more

similar the solution structure is the solid-state polymer.m]
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Figure 1.5: Molecular structures with 50% probability displacement ellipsoids. All hydrogen atoms
have been omitted for clarity. a) Molecular structure of (LITMP)3; and b) (LiTMP)4.[29] c) Polymeric

helical structure of LDA.2”

Structural studies of alkali-metal amides of the heavier congeners sodium and
potassium are much more scarce. This fact can be attributed to their higher
reactivity (as they can react with common organic solvents such as THF or benzene)
as well as their increasing ability to form higher oligomers, which makes the
crystallization of these compounds for X-Ray crystallography more challenging.™’!
Some of the heavier analogous alkali-metal amides have also been reported
s[32,33]

displaying cyclic motifs, in some cases, as shown in Figure 1.6 for NaHMD

(although it has also been reported as a polymeric chain)®* and KHMDS.**!
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Figure 1.6: Molecular structures of a) (NaN(SiMe3)2)3[33] and b) (KN(siMe3)2)2.[35] All hydrogen atoms
have been omitted for clarity.

X-Ray diffraction revealed that NaHMDS can also adopt a trimeric aggregation in
addition to the polymeric chain reported previously in 1977 by Atwood and
GrUning.[34] Figure 1.6a shows that it can also exist as a cyclic trimer similar to the
lithium homologue forming a six-membered ring. In contrast, the heavier KHMDS

analogue adopts a dimeric motif forming a four-membered ring (Figure 1.6b).1*

Other metal salts of bulky amides such as diphenylamide can crystallize with TMEDA
donor.®®! As shown in Figure 1.7a, the potassium amide adopts a linear polymeric
arrangement forming a four-membered (KN), ring and stabilized by the TMEDA

donor in order to complete the coordination sphere of the potassium ion.
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Figure 1.7: a) Structure of [{{TMEDA)s2K(NPh,)}..]®® and b) [(PMDETA)K(TMP),Na].”*”

Additionally, alkali-metal heterobimetallic amide bases can also be obtained.®” An
example of a mixed-metal amide is [(PMDETA)K(TMP),Na] using the bulky TMP
amide and solvated by PMDETA donor. As Figure 1.7b shows, the bimetallic Na-K
amide displays a monomeric arrangement with a four-membered [NaNKN] ring and

one molecule of tridentate N-donor ligand PMDETA.
1.1.3 Synthetic Applications of Organoalkali-Metal Compounds

As mentioned above, alkali-metal organometallic compounds are highly reactive
due to the strong polarity of the M-C bond. Amongst the wide range of polar
organometallic reagents, lithium derivatives are the reagents of choice due to their
greater solubility and ease of handling compared to their heavier sodium or
potassium analogues.'®?* Between the many applications of alkyl lithium and

2]

alkali-metal amide reagents in synthesis,[l’ one of the most important is their use

as powerful Brgnsted bases to promote deprotonation reactions.

10
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1.1.3.1 Deprotonative Metallation

Deprotonative metallation is one of the most recurrent synthetic methodologies for

2391 This chemical process consists of

the functionalization of organic molecules.!
transforming an inert C-H bond to generate more reactive C-M bond. Amongst the

different reagents available, organolithiums are usually the reagents of choice.

One of the first reported precedents of the deprotonation reaction was in 1908 by

Schorigin, obtaining phenylsodium when reacting diethylmercury with sodium

[40 [41]

metal in benzene."? In 1939 — 1940, pioneering and independent work by Wittig
and Gilman!*? developed the concept of Direct ortho-Metallation (DoM), when
ortho-deprotonating anisole by nBuli. The use of directing metallating groups
(DMG) in aromatic compounds and heterocycles was exploited in the synthetic
community, becoming one of the most powerful methods for regioselective

deprotonation (Scheme 1.1).[43]

~(LiR)
DMG (RL), DMG~ ' _mu
| X
F
Coordination Deprotonation Interception

Scheme 1.1: General sequence of Directed ortho-Metallation (DoM) reaction.

The nature of the DMG should be unreactive towards the attack of the strong
nucleophilic organometallic base, having no strongly electrophilic sites. The DMG
should also have a Lewis basic coordinating site (through a necessary heteroatom)

) [44]

in order to establish a complex-induced proximity effect (CIPE approximating

the organometallic reagent to the proton in the ortho position.[43] However, this

11



Chapter 1. Introduction to s-Block Organometallics

mechanism remains controversial and other effects apart from the metal
coordination, such as inductive electron withdrawal and steric effects also play a

key role in the formation of the product.[45_47]

Along with their high reactivity, alkyl lithium reagents are most convenient to work
because they are soluble in ether and frequently in alkanes, and many of them are
commercially available."*®! Similarly, the heavier alkyl sodium and potassium analogs
can also perform deprotonation reactions* and have a greater reactivity than alkyl
lithiums. Both alkyl sodium and potassium can deprotonate benzene, although
organolithiums can only deprotonate benzene in the presence of a Lewis donor,
such as TMEDA (N,N,N’,N’-Tetramethylethylenediamine) or PMDETA (N,N,N’,N",N"'-
Pentamethyldiethylenetriamine).[so] Additives such as TMEDA or potassium tert-
butoxide can also enhance the reactivity of group 1 alkyl bases.*”*! This sometimes
translates into unique regioselectivities. As previously mentioned, Lewis donors can
break the aggregates forming monomers and dimers in solution and increasing their
kinetic reactivity. Similarly, mixing alkyl lithium reagents with potassium alkoxide

[52-54]

leads to the formation of Lochmann-Schlosser superbases (LiC-KOR), where

the potassium alkoxide also decreases the aggregation state of the alkyl lithium

reagent forming extremely reactive [LiKR(OR’)], species.”>”

Scheme 1.2 and Scheme 1.3 illustrate the different reactivity of different alkali-
metal reagents towards the metallation of trifluoromethylbenzene. For instance,
the addition of Lewis donors such as TMEDA or PMDETA with tBulLi or tBuNa (in
hexane, -78 °C to room temperature for 24 hours) led to the deprotonation of
trifIuoromethylbenzene.[lgl In contrast, tBuli by itself does not undergo metallation

(Scheme 1.2).

12
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1) tBuLi CF3 1) tBuLi-TMEDA CF3
-78 °C to RT, THF, 24 h H -78°C to RT, hexane, 24 h x
no reaction = o | —
2) 1y 2) 1, F
81%
1) tBuNa-PMDETA ey
-78 °C to RT, hexane, 24 h
2) 1,
CF4
| X
-
Z
82%
(ortho: meta: para,
80:1:1)

Scheme 1.2: Effect of Lewis donor additives for deprotonation of trifluoromethylbenzene using
Group 1 reagents.[m]

Similarly, when nBulLi was treated with trifluoromethylbenzene, a mixture (48%
yield) of the ortho, meta and para products (5:1:trace) were observed (using ether
as a solvent and reflux conditions).[SG] However, Schlosser has been able to improve

the yield and regioselectivity of the same deprotonation reaction to 94% of the

ortho-metallated product, by using the nBuLi-KOtBu superbase (THF at -78 °C).5”!
CF4 1) nBuLi CF4 1) nBuLi-KOtBu Fs
reflux, Et,O -78 °C, THF COOH

X ~———————— & —>

| —-cooH 2) CO, 2) CO,
F

48%

(ortho:meta: para 94%
5:1:trace)

Scheme 1.3: Improvement of yield and regioselectivity with the LiC-KOR superbase.[57]

13
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Competing with alkyl reagents, alkali-metal amides can also promote deprotonation
reactions minimising competing side reactions such as nuchleophilic additions,™®
due to their Brgnsted basicity and poor nucleophilicity (Scheme 1.4).2% Additionally
they have a greater solubility in hydrocarbon solvents and are safer to handle than
alkyl reagents. The sterically demanding alkali-metal “utility amides” 1,1,1,3,3,3-
hexamethyldisilazide (HMDS), diisopropylamide (DA) and 2,2,6,6-
tetramethylpiperidide (TMP) are the most commonly used by synthetic chemists.”?”!
Similar to alkyl reagents, mixed alkali-metal amides can also improve the selectivity

of the deprotonation.®

SOQPh ) LDA $S0zPh
-78 to -5 °C, THF %NHtBU
2) tBuNCO
-78 °C to RT
83%
M
OMe 4y Litmp OH OMe
HW)\ 78°C, THF
I Ph I N
NN 2) PhCHO N. N
-78 °C to RT A
49%

Scheme 1.4: a) and b)Examples of different reactions with alkali-metal “utility amides”. [60,61]

Although being one of the most popular reagents for deprotonation reactions in
synthe5|s group 1 alkyl and amide reagents can suffer from limited selectivity
and reduced functional group tolerance. This imposes in many cases the use of
extremely low temperatures (-78 to -90 °C) in order to avoid competing side

reactions.[39'62]

14
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1.1.3.2 Alkali-Metals in Catalysis

While alkali-metal reagents are widely employed as stoichiometric reagents, their
applications in catalysis remain less explored.[63] The high basic properties of s-block
metals have been less exploited in catalytic processes, which started to emerge in
the recent years. For instance, alkali-metal compounds such as lithium amides or
sodium metal have been used in hydroamination reactions where harsh reaction

conditions (more than 120 °C) are generally required.[64'65]

Breaking new ground in the field, recent studies by Hill have reported the
dehydrocoupling of Me;NH-BH; by MHMDS (M = Li, Na and K) precatalysts.[GG]
Furthermore, Mulvey and Robertson have introduced the use of a lithium
dihydropyridine (1-lithio-2-alkyl-1,2-dihydropyridine) complex as an effective
catalysts for the transformation of diamine boranes into cyclic 1,3,2-

diazaborolidines (Scheme 1.5).[67]

@
5 mol% N fBHu
Bu., / \ Bu I Bu / \ Bu
N N Li N N
al N > N/
7 H C °C B
BHj Do, 720H ,6h &
-2Hp
94%

Scheme 1.5: Dehydrogenation reaction using group 1 catalysts.[67]
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1.2 Group 2: Organomagnesium Chemistry

Magnesium is the 6" most abundant metal element on Earth. It is essential to life
and takes an important role in photosynthesis as ATP energy source.® For
example, a protein scaffold involving bimetallic magnesium plays a crucial role in
the transfer of phosphate groups, which is an essential function of many

intracellular biological enzymes.[sgl

Organomagnesium reagents possess less polar metal-carbon bonds when compared
with organolithium reagents, making them less reactive but offering in many cases
greater levels of selectivity and a better functional group tolerance, and allowing

the use of milder reaction conditions.!””

1.2.1 Grignard and Turbo-Grignard Reagents

Alongside organolithium compounds, Grignard reagents are the most important
and widely employed polar organometallic reagents in organic synthesis.m] They
are relatively easy to prepare by reacting magnesium metal with an organic halide
compound in ether or THF solution, which facilitated their use in synthesis (Scheme
1.6). Grignard reagents, of general formula “RMgX” (R = organic group, X =
halogen), were discovered by Victor Grignard in 1900. The importance of his
contribution in the synthetic community was recognised very promptly and in 1912,

he was awarded the Nobel Prize for Chemistry.[72'73]

Et,O or THF
2RX + 2Mg — > 2RMgX

RzMg + MgX2

Grignard Reagent

Scheme 1.6: Direct synthesis of Grignard reagents via insertion into a carbon-halogen bond.
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Wilhelm Schlenk observed that the composition of Grignard reagents is complex
and more than one magnesium-containing species exists in ether solution. In fact,
Grignard reagents (RMgX) are in equilibrium (Schlenk equilibrium) with the
diorganomagnesium (MgR,) and the magnesium dihalide (MgX,) (Scheme 1.6).[74]
This equilibrium can be driven to the right side by adding a donor ligand such as 1,4-
dioxane, to precipitate an insoluble coordination polymer with MgX, and leaving
the MgR, species in solution.”™ Scheme 1.6 shows the “common” Schlenk
equilibrium, although a more advanced equilibrium has been suggested (Scheme
1.7), where the addition of oligomeric species were considered.”® The position of
the equilibrium depends of different factors such as concentration, solvent, steric

demand of the organic substituents and temperature./””!

oligomer (RMgX)» 2 RMigX
RoMg-MgX, RoMg + MgX,

Scheme 1.7: Schlenk equilibrium for Grignard reagents.

As previously mentioned, while Grignard reagents are more selective than
organolithiums, they also exhibit lower reactivities. Many efforts in modern
magnesium chemistry have concentrated on the design of new methodologies to
activate organomagnesium reagents - trying to match the high reactivity of
organolithiums, but at the same time maintaining their superior properties in terms
of selectivity and functional group tolerance. One of the most important advances
of this family has been the development of Knochel’s Turbo-Grignard reagents,
made up by a combination of a Grignard RMgCl (or Hauser base RR'NMgCI) with
Licl.”®

17
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The addition of LiCl results in a dramatic improvement compared to the
conventional Grignard reagents. Thus, the addition of LiCl decreases the
aggregation state and therefore enhanced reactivities are achieved. For instance,
Scheme 1.8 illustrates the considerable improvement of reactivity when employing
Turbo-Grignard reagents. Additionally, these reagents display better solubility,
regioselectivity and functional group tolerance compared to traditional Grignard

4[78]

reagents. Turbo-Grignard reagents were first reported at 200 and are now

commercially available from Sigma-Aldrich.

MgCl Br MgCI-LiCl
PrMgCl PrvigCI-LiCI
— S ——
25°C, THF, 68 h 25°C, THF, 68 h
OMe OMe OMe
18% 70%

Scheme 1.8: Example of the better reactivity of a Turbo-Grignard reagent compared to a Grignard
reagent.

Recently, Koszinowski and co-workers also contributed to the understanding of the
effect of LiCl in Turbo-Grignards at the molecular level by analysing solutions of
Grignard and Turbo-Grignard reagents in ethereal solvents./”?! By a combination of
different experimental, spectrometric, and spectroscopic methods as well as
guantum-chemical calculations, they have detected that both Grignard and Turbo-
Grignard reagents are related via Schlenk equilibria. Additionally, anionic ate
complexes can be more abundant when LiCl is added. The presence of a larger
fraction of more nucleophilic and electron-rich ate complexes in the case of Turbo-

Grignards explains their enhanced reactivity compared to Grignard reagents.

18
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1.2.2 Magnesium Amides

Organomagnesium amides were first introduced in 1903 by Meunier.®” 45 years

after, Hauser and co-workers developed the use of these amido Grignard reagents

(Hauser bases), with formula [(R;N)MgX] and [(R.N),Mg], as Brgnsted bases.

[81]

Furthermore, Eaton introduced sterically demanding amido ligands such as TMP in

the Hauser bases and reported their success in ortho-deprotonation of aromatic

compounds by using [(TMP)MgBr] or [(TMP),Mg] (Scheme 1.9).[82_84]

CO,Me 1) TMP,Mg (excess) COsMe
a) N 25 °C, THF, 45 mm» N CO,Me
| 2) CO, |
a 3) CHoN» G
81%
COzMe COQMG

1) TMP,Mg (excess)
reflux, THF, 2 h MeO,C

b)

2) CO,
3) CHaN, COMe
CONEt, CONE,

87%

Scheme 1.9: Examples of magnesiation reactions.

Muzler expanded the scope of these regioselective magnesiations to pyridine

carboxamides and carbamates by using [(TMP)MgCI] and Kondo and co-workers

extended it to other heterocycles (Scheme 1.10).5>¢]
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SO,Ph 1) [((DA)MgCI] (2 equiv.) SO,Ph
NI RT, THF, 4 h NI
a) > | X |
/ 2) 1, P
85%

1) [(DA)MgCI] (2 equiv.)

RT, THF, 10 min
o TR O
b) EtzOC/O > Et,0C |

S 2)1, S
77%

Scheme 1.10: Examples of deprotonation using the Hauser base [(DA)MgCl].

However, Hauser bases have also some limitations. They have low solubility in most
organic solvents and large excess (2-12 equivalents) of the amide base and the
electrophile (8-10 equivalents) are normally required in order to obtain high
conversions and high reaction rates.l’%! They also exhibit a weaker metallating
ability compared to lithium reagents and some magnesium diamides such as
[(DA),Mg] can also react with substituents acting as reducing agents.[m] In order to
overcome these limitations, LiCl-powered Hauser bases have also been developed
by Knochel.®” These Mg/Li bases, such as [(DA)MgCI-LiCl] or [(TMP)MgCI-LiCl], have
excellent solubility in THF and display enhanced kinetic basicity and regioselectivity

for magnesiation reactions (Scheme 1.11).
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1) [(DA)MgCI-LiCI] (2 equiv.)

AN 25°C, THF,12 h
a) N

81%

1) [(TMP)MgCI-LiCI] (1.1 equiv.)

Xy 25°C, THF, 2h
b) > N

92%

Scheme 1.11: Metallation ability of Turbo-Hauser bases.

The bimetallic constitution of [(TMP)MgCI-LiCl] (Figure 1.4) was established by
Mulvey.®® This complex adopts a monomeric arrangement, where both metals are
connected by Cl anions, whereas the TMP group is coordinated terminally to
magnesium. This coordination mode is proposed to be responsible of the enhanced
kinetic basicity of this system, since only one bond needs to be broken to release

the active base.®®

Figure 1.8: Molecular structure of [(TMP)MgCI-LiCl] with 50% probability displacement ellipsoids. All
hydrogen atoms have been omitted for cIarity.[SSJ
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Hauser and Turbo-Hauser bases have also been studied in solution. Advanced NMR
studies (including DOSY) and structural studies by Mulvey have shed some light on
the contribution of these reagents, which have aided to rationalize their unique
reactivity.[gg'sgl Further contribution to this field by applying a recently new DOSY
method considering external calibration curves (ECC), has provided a more accurate
approximation of the aggregation state of these species in solution.””?% These
solution studies suggested that the TMP ligand in [(TMP)MgCI-LiCl] is bulky enough
to prevent dimerisation and a monomeric aggregation related to that of the solid

state is suggested in solution (Figure 1.9).

O, THF
N—Mgl L
No” THF

Figure 1.9: Suggested structure of [(TMP)MgCI-LiCl] in solution. (90}

As illustrated in Scheme 1.11, [(TMP)MgCI-LiCl] base has an enhanced reactivity
over [(DA)MgCI-LiCl] base, which has a lower solubility in THF and requires longer
times and higher amounts of base to complete the magnesiation reaction. Solid and
solution studies of both species have reflected this different reactivity pattern.
While [(TMP)MgCI-LiCl] is a monomer in THF solution® and solid state,®
[(DA)MgCI-LiCl] is a dimer in the solid state® and forms different dimeric

aggregatesin solution./””!

1.2.3 Sterically Demanding Ligands In Group 2: B-diketiminate Ligands

In recent years, advances in the preparation of complexes containing sterically
demanding ligands have been key for new advances in synthesis. Bulky ligands

provide steric and sometimes electronic protection, where a wide variety has been
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developed over the years and some of the most common are displayed in Figure

1.10.°Y
©) (- 9
L0
pentamethylcyclopentadienyl terphenyl N-heterocyclic carbene

R R

Re  Ra =

Rz R2 —N R\/A/R
T R\ .o A
R_I/N N\R1 N\ e\ _

R R
2 3 R/U\R
Diazabutadiene B-diketiminate scorpionate

Figure 1.10: Examples of some sterically demanding ligands.

The versatile bidentate B-diketiminate ligands, commonly referred as “Nacnac”, are
one of the most widespread systems in coordination chemistry. The B-diketiminato
metal complexes can include metal centres of different oxidation states from across
the different groups of the periodic table.”>%! The bulky scaffold offers steric
protection to the metal and in most situations acts as an spectator ligand, although
in some cases it can also participate in some reactivity.[94] B-diketiminate ligands
offer several opportunities for functionalization, possessing up to three different
tuneable sites (Figure 1.11). By varying the different substituents, new steric and
electronic properties can be offered,®* ™" where the B-C and N-aryl ortho
substituents play an important role for steric effects and the a-C and B-C positions

are more influential for electronics.””
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Figure 1.11: Substituent patterns in B-diketiminate scaffold.

Alkaline-earth metals supported by a B-diketiminate ligand have been widely
employed in the recent years with many applications in synthesis of new
compounds and in catalytic processes.”>**7%! One of the most remarkable recent
discoveries is the stabilisation of a dimeric Mg(l) complex, containing a covalent
Mg(1)-Mg(l) bond and supported by a sterically demanding {"*"Nacnac} ligand
(°PPNacnac = Ar*NC(Me)CHC(Me)NAr*; Ar* = 2,6-"Pr,-CgHs) (Figure 1.12).10%

Figure 1.12: Molecular structure of [DippNacnacMg]z with 50% probability displacement ellipsoids. All
hydrogen atoms have been omitted for cIarity.[ml]
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From the isolation of this Mg(l) complex, the stabilisation of other Mg(l) dimers
have emerged bearing a variety of B-diketiminate ligands with different steric bulk
and denticity.[97] Additionally, the stabilisation of this new family of Mg(l) complexes
has been key to recent breakthroughs in synthesis. For instance, [°""NacnacMg],
can form stable dimeric adducts with different Lewis bases such as THF, dioxane or
DMAP (DMAP = 4-Dimethylaminopyridine).’* Furthermore, these magnesium (1)
compounds have proved to be very effective as reducing agents for example of N-
/O-functionalised unsaturated organic substrates such as carbodiimide, CyN=C=NCy

(Cy = cyclohexyl), or azobenzene (Scheme 1.12).10%%%!

oA o A
N N N N N
“, Ve CyN=C=NC “a., NS
3) < ANoMIg ) : - ( /Mg_<C AN )
I\‘I N toluene, -70 °C, 10 min l\‘l l}l l,\l
Ar *Ar Ar* Cy ‘*Ar
o
N, N PhN=NPh
b) C Mg—Mg )
N NN toluene, -60 °C, 1.5 h
! |
Ar* *Ar

Scheme 1.12: Example of [DippNacnacMg]z complex acting as reductant of unsaturated organic
substrates.['** 7%

[104] Hydrogenation of

Notably, activation of CO has also been explored.
[DippNacnacMg]z dimer by an excess of the transfer hydrogenation reagent 1,3-
cyclohexadiene leads to the formation of the magnesium (ll) hydride
[DippNacnacMg(u—H)]z guantitatively at room temperature. Further exposure to CO

at 40-50 °C forms the C-C coupled product as shown in Scheme 1.13.
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* *A * *A

’\l'?r | 1,3-cyclohexadiene (10 equiv.) ’\?r H Irl\l
N 2 CeDe, RT, 10 h N N A\

\ /I\/Ig——l\/lg\ > \ /I\/Ig Mg\
f\‘| N= -CeHsg l\‘l \ / N=

Art A Ar* Al

H
C
toluene, 45°C, 15 h
H H

H>_<H HE — A
— \ N — N
0] O—Mg/ A 0] O—I\/Ig/ A
SN= THF SN=
I < !
Mg *Ar Mg *Ar
*Ar\N/ \N—Ar* *Ar\N/ \N—Ar*
F | F

Scheme 1.13: CO activation reaction.™*

Different applications illustrating the stabilizating power of the B-diketiminate
ligand have also emerged. For example, Harder reported a multinuclear magnesium
hydride cluster [Mgngo]6+ stabilised by 3 bridging bis-(B-diketiminate) ligands that
shows complete hydrogen/desorption at 200 °C (see figure Figure 1.13);"%! and the
recent development of B-diketiminate stabilised kinetically activated magnesium

bases can also promote direct Mg—H exchange towards 1,3-benzoazoles.™**®!
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Figure 1.13: Molecular structure of Magnesium hydride cluster [Mgngo]6+ stabilised by 3 bridged bis-
(B-diketiminate) ligands with 50% probability displacement ellipsoids. Some hydrogen atoms and the
aryl substituents have been omitted for cIarity.[mS]

Furthermore, the extension of B-diketiminate compounds to magnesium's heavier

. . . 92,98,107
congeners calcium, strontium and barium has also been explored.[ss’ /98,107]

Interestingly, the design of calcium hydride complexes stabilized by B-diketiminate
ligands has been achieved.®!

B-diketiminate complexes can also act as successful catalysts in a myriad of
reactions. The steric bulk of the PB-diketiminate anionic ligand restricts the
coordination to the metal, facilitating only one site towards reactivity while avoiding
at the same time the formation of high aggregates. Additionally, it stabilises the

intermediates facilitating their isolation in order to provide mechanistic

[109

information.® Magnesium B-diketiminate complexes have proved to be active

[110-112]

initiators towards the polymerisation of rac-lactide and Hill and co-workers
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have shown a wide scope of catalytic reactions where magnesium B-diketiminate

complexes act as efficient precatalysts for different processes such as

113-115 ) [116,117]

hydroboration[ Tor hydroamination reactions (Scheme 1.14

Insertion
AorB H LM
Precatalyst n
activation
o R o-bond metathesis
// \\
Y Y'Y
1 |
N
W YA
: Mg., / a,, ! H -
: Me/ THF  (MegSi)o,N" THF | N 0
. A B | \(_J
: ! n
I\ Ar* = 2,6'iPr2'CsH3 l’

__________________________

Scheme 1.14: Generalized postulated catalytic cycle for magnesium or calcium-mediated
intramolecular hydroamination reaction.™”!

Scheme 1.14 illustrates the suggested catalytic cycle for intramolecular
hydroamination processes catalysed by p-diketiminate magnesium or calcium
complexes. Furthermore, the heavier calcium B-diketiminate complexes can also
act as active catalysts for intramolecular hydroamination reactions™*”**® petween

other catalytic processes.[63'107'119]

Despite all the diverse applications of B-diketiminate magnesium complexes, their
potential as metallating reagents has hardly been explored. Our group has recently

introduced this new synthetic application by developing a magnesium complex that
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combines a basic TMP group and a sterically demanding ligand B-diketiminate,
[DippNacnacMg(TMP)], which can promote deprotonation reactions of 1,3-

benzoazoles.!*°®
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1.3 Ate Compounds

An “ate” complex is a heterobimetallic entity composed of a cationic and anionic
moiety contacted or separated depending on the system.[m] In general terms,
these complexes are formed by pairing an organoalkali-metal reagent (generally
lithium, sodium or potassium) with another organometallic reagent with a less polar

M-C bond (such as magnesium or zinc) (Scheme 1.15).1%7%

MeLi + MgMe; ——— Li+ (MgMegy)
ate complex

Scheme 1.15: Formation of a lithium magnesiate.

These compounds present a unique structure and chemistry, especially in
metallation reaction where ates enable lots of improvements. Although the
understanding of this chemistry is relatively new, the first zincate NaZnEt; was
synthetized in 1858 by Wanklyn.[m] Alkali metal magnesiates, zincates and
aluminates in particular have been used with a great success in deprotonative

metallation of for example challenging aromatic substrates.[*®!

1.3.1 Alkali-Metal Magnesiates

[122]

Firstly prepared by Wittig, alkali-metal magnesiates have emerged as a powerful

family of organometallic reagents, which can participate in several cornerstone

organic transformations.!*2%1%3!

By switching on cooperative effects, these heterobimetallic reagents can exhibit

enhanced reactivities and unique selectivities, which cannot be replicated by their
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homometallic components. For instance, O’Hara and Mulvey have shown that
dimethylaniline can be selectively meta-meta deprotonated by mixed-metal
Na,Mg(TMP)3Bu base, whereas both NaTMP or Mg(TMP), fail to deprotonate this
substrate. This is an unprecedented regioselectivity, which overcomes the long

standing concept of directed ortho-metallation previously explained.!***

~NT
nBulLi
NaTMP TMEDA L
no reaction «—&—— [Li]
Mg
NasMgTMP5Bu
no reaction -
N
[Mg] [Mg]

Scheme 1.16: Summary of the metallating power of magnesiates. X-Ray structure of the meta-meta
metallation of anisole by mixed-metal magnesiate base.!*”

Alkali-metal magnesiates have found widespread applications, not only in
deprotonative metallation chemistry,mg] but also in other fundamental organic
processes such as metal-halogen exchange[78] and nucleophilic alkylation of
ketones.™ For instance, homoalkyl lithium magnesiates LiMgR3 have been used by
Ishihara to promote alkylation of ketones, showing enhanced reactivities and
chemoselectivities than single metal components of the magnesiate, as shown in

Table 1.1 for the reaction of LiMgBus and acetophenone.ms]
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Table 1.1: Addition to acetophenone with Li- or Mg- alkyl reagents.ms]

0 nBuMX HO, nBu o OH OH
P N O N
Ph THF,-78°C,5h Ph Ph WePh Py
a b c

Entry n-Bu,MX a b c
1 nBulLi 62 7 0
2 nBuMgCl 50 9 8
3 nBu,Mg 48 27 20
4 nBusMgLi 82 0 0

Furthermore, recent studies by our group have established the excellent metallating
ability of potassium homo-alkyl reagents.[m] By introducing the monosilyl CH,SiMe;
group these compounds display enhanced solubility in hydrocarbon solvents and

they are more stable than other C-base alkyl groups such as nBu or tBu.*’!
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Table 1.2: Metallation of anisole using different alkyl Li, Na and K Mg reagents.[m]

OMe OMe

o
hexane, 20 °C, 2 h

Entry MCH,SiMe; Yield (%)
1 Mg(CH,SiMes), 0
2 KCH,SiMe3 20
3 KMg(CH,SiMes); 15
4 (PMDETA),K;Mg(CH,SiMes), 99
5 (TMEDA),Li;Mg(CH,SiMe3s), 5
6 (TMEDA);Na,;Mg(CH,SiMes)4 10
7 (PMDETA),K;Mg(CH,SiMes), +18-crown-6 0

As shown in Table 1.2 the higher-order magnesiate (Table 1.2, entry 4) proved to be
an excellent magnesiating reagent in comparison to the lower-order congener or
the KCH,SiMe; (Table 1.2, entries 2 and 3). Additionally, a dramatic alkali-metal
effect is disclosed obtaining very low yields when the reaction is performed using
the Li and Na higher-order magnesiate analogues. These studies have shown that
higher order (or tetraorgano) potassium magnesiates [(PMDETA),K;Mg(CH,SiMes),]
can promote direct magnesiation of a wide range of cyclic molecules in excellent

yields.

Related to this family of mixed-metal reagents triorgano (lower-order) sodium
magnesiate [NaMg(CstiME3)3][128] has demonstrated excellent catalytic capabilities
to promote hydroamination/cyclotrimerization processes of isocyanates and

guanylation of amines.'?13% Other reports using potassium calciates such as
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[K,Ca(NPh3)s] or [K,Ca{(N(H)Dipp}s], have also demonstrated catalytic ability
towards hydroamination reactions of diphenylbutadiyne with a variety of anilines in
contrast of their single-metal counterparts Ca(NPh,), and KNth.[131_134] Further

discussion of the catalytic activity of these reagents will be disclosed in Chapter 3.
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1.4 Aims and Structure of this Thesis

Building on recent advances in s-block chemistry, the main aim of the thesis is to
exploit cooperative effects for Group 1 and Group 2 organometallic systems to
develop new applications in synthesis and catalysis. While some of these systems
are mixed-metal complexes, which enables metal-metal cooperativity (Chapter 3), a
main focus of the thesis is to explore metal-ligand and ligand-ligand cooperative
effects in single metal systems. This include the use of group 1 alkyl compounds
combined with several donors as precatalyst in intramolecular hydroamination
complexes (Chapter 2) as well as designing new Mg platforms to promote
deprotonative metalation (Chapter 4) and C-F bond activation processes (Chapter
5). The latter complexes combine a highly sterically demanding B-diketiminate
ligand (®""Nacnac) with a highly reactive anionic group (amide TMP or Bu group). In
these systems the B-diketiminate ligand can act as steric stabilizer providing shelter

for the highly reactive anions generated in the metallation processes.

s-Block organometallics are starting to gather momentum in catalysis, with the vast
majority of studies focussing on heavier alkaline-earth metals (i.e. Ca, Ba, Sr). This
thesis opens new ground in this evolving field by assessing the catalytic applications
of group 1 complexes as well as those of alkali-metal magnesiate complexes for
challenging intermolecular hydroamination processes of alkenes and alkynes. Using
mixed-metal systems, new insights into s-block cooperative catalysis have been
gained, including a greater understanding on the role of each metal during the

hydroamination process.
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Chapter2 Group 1 Metal-Catalysed

Intermolecular Hydroamination Reactions

2.1 Introduction

2.1.1 Intermolecular Hydroamination Reactions

Hydroamination reactions can be described as the addition of a N-H fragment
across an unsaturated C-C bond. They constitute one of the most powerful atom-
efficient and waste-minimized methodologies to access amines in organic
synthesis.[54'135_139] These nitrogen-containing species have a great importance as
lead structures among numerous pharmaceuticals, biological systems, natural
products and industrially basic and fine chemicals.™%**! However, the high kinetic

hurdle of these processes imposes in most cases the use of metal catalysts (Scheme
2.1)-[144,145]
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catalyst
a) Intramolecular < NN IE—S - Q/
L
-
_ N catalyst He -~
b) Intermolecular <
— .\ catalyst Ho_~

Scheme 2.1: Hydroamination reactions via a) intramolecular or b) intermolecular.

Despite their high synthetic value, hydroamination reactions have found significant
interest only over the last two decades, where the use of transition-metal catalytic
systems such as rhodium, ruthenium, titanium or palladium have seen significant
progress due to their good tolerance of polar functional groups.*****”! pioneering
work by the groups of Hill and Harder have revealed that alkaline-earth metal
complexes can also act as catalysts, being a cheaper and more sustainable synthetic
alternative, 116148149 Particularly, those of the heavier elements (calcium and

(1481 ot only in intramolecular

strontium) can show excellent catalytic capabilities,
processes but also in the more experimentally challenging intermolecular
hydroamination reactions.®>**® Alkaline-earth metal complexes can facilitate these
reactions under relatively mild conditions. 16118149 pop example, heavier alkaline-
earth amides such as [Sr{N(SiMes),}.], can catalyse the hydroamination reaction of
styrene and piperidine at 60 °C in 5 hours obtaining a 79% yield. Work by Hill or
Carpentier and Sarazin have also disclosed that the catalyst activity increases when
the ionic radius of the metal is bigger,[116'150] the same effect that has been
observed in organolanthanide(lll) hydroamination catalysis, which has been

extensively studied by Marks, 1351511521 Interestingly, the use of alkali-metal based

catalysts has hardly been explored, although some work using alkali-metal catalysts
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such as sec-BuLi or Na metal has been known since the 1950’s.[6414>1537157] p|kali-

metal catalysed hydroamination reactions impose harsh reaction conditions such as
high temperatures (reaction of piperidine and styrene requires 130 °C using sodium
metal as catalyst, for example) and poor mechanistic understanding is
provided.[64’155_157] Recent reports using LiN(SiMes), or KOtBu precatalysts have
improved the yields of these reactions using alkali-metal catalysts, although high
temperatures (100 - 120 °C) are still required.[55'l40] Moreover, the gap in studies
using the heavier alkali-metal derivatives (sodium and potassium) as catalysts, is
particularly surprising considering the greater nucleophilicity compared to the
analogous lithium complexes. Previous report by Galle in 1980’s has shown the
greater activity of sodium and potassium diethylamides compared to the lithium
analogue for hydroamination of ethylene.“ssl In these studies, higher reaction rates
are obtained for the heavier metal sodium and potassium complexes under similar
conditions (1 mol% at 45 °C), however, these heavier alkali-metal dialkylamide
catalysed reactions decrease in rate after 25% conversion due to decomposition of

the catalyst.

Multiple efficient catalysts have been reported for intra- and intermolecular
hydroamination, while the intermolecular process has been studied just for alkynes.
From a thermodynamic perspective, intermolecular hydroamination reactions are
more entropically demanding than the cyclisation of aminoalkene and aminoalkyne
processes.[136’152] The reactivity of the unsaturated fragment decreases from alkyne
> allene = diene > vinylarene >> unactivated alkene, making the intermolecular

hydroamination of simple alkenes the most challenging type of reaction.t3>13

These intermolecular processes using s-block catalysts seem to operate via
activation of the amine rather than activation of the alkene or alkyne, similarly to

lanthanide catalysts.[64’65] The metal-carbon amido o-bonds formed, are typically
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very reactive, contrary to late transition-metals.™**! Furthermore, their high basicity

[158]

can provide side reactions, such as alkene isomerization, and many of these

compounds are extremely air and moisture sensitive, which can complicate their

manipulation.[63]

In contrast to transition-metals, alkali and alkaline-earth metal catalysts can not
operate via oxidative addition or reductive elimination. DFT (density functional
theory) studies performed by Hill™ and Hultzch, ! suggested the formation of the

hydroamination products via metal-amide intermediate species (Scheme 2.2).

— 1
R Insertion Vvia M//
Rll
H
M Rll
MR' # :
MJ\/
RH M (1)
Initiation
H

Rll

>\/ Protonolysis

Scheme 2.2: Base-catalyzed amination via metal amide species.

H

The mechanism proposed in Scheme 2.2 is widely accepted for group 1) and 2
metals.2*41491%% The initiation or the catalyst activation step consists of the
deprotonation of the amine and the formation of a nucleophilic metal-amide

intermediate. (Scheme 2.2) The chosen precatalyst is important not only for its own
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stability, but also in terms of favouring this deprotonative step towards the
formation of the amide compound. In these studies using s-block catalysts, this first
step has generally been found to be fast and exothermic, having a minimal effect on
the reaction rate of the hydroamination process, while contrastingly, the insertion
of the unsaturated organic molecule in the M-N bond tends to be the rate-
determining step. The amide intermediate (lI) formed needs to be strongly
nucleophilic to favour the addition of the unsaturated bond in the insertion process.
This nucleophilic addition proceeds via a transition state formed via a highly
polarized four membered ring,[m] forming an intermediate (ll), which now presents
a M-C bond. The activation energy for the insertion step is large and the
intermediate formed is highly reactive and forms the product immediately upon
protonation by the starting amine. In the final step of the catalytic cycle the final

product is formed and regeneration of the active nucleophilic species takes place.

In intermolecular hydroamination reactions, the design of the catalyst plays an
important part facilitating the amine deprotonation to give the amide intermediate
(1), which should be nucleophilic enough to insert into the unsaturated bond. As
previously mentioned, computational and experimental studies using alkaline-earth
catalysts, have shown that the hydroamination reaction tends to proceed at lower
rates with decreasing metal ionic radius. These studies, provided lower activation
barrier values (AG = 16.7 and 8.6 kcal/mol in the insertion and protonolysis step
respectively) in the Ca-based cycle compared to Mg (AG = 21.0 and 19.8 kcal/mol in
the insertion and protonolysis step respectively).msl Assessing the important role of
the metal in intramolecular hydroamination reactions, recent studies by Harder
have proved the important role of a Lewis acidic metal in order to activate the
unactivated C=C bonds. In contrast, hydroamination reactions of more activated
bonds such as C=0 or C=N, can form the new amine product by using the metal-free

catalysts: [PhoN][MesN*] and [PhsC][MegN*].244
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In general, the addition of amines to olefins can provide two products: the
Markovnikov and the anti-Markovnikov products, a process controlled by reaction
kinetics and thermodynamics, and factors such as the structure of the intermediate

catalyst can determine the regioselectivity of the reaction (Scheme 2.3).[145]

H
e N e +
H
R)\/ R)\/
Markovnikov anti-Markovnikov

Scheme 2.3: Intermolecular hydroamination reaction.

While in most cases Markovnikov selectivity is observed, a significant amount of
research efforts have focussed on the design of systems that can promote the
formation of the anti-Markovnikov products, which is recognised as one of the main

challenges in the field.!®*!

In alkali-metal catalysts, Markovnikov products are
normally formed when short-chain aliphatic olefins are reacted due to the higher
stability of the carbocation intermediate. Contrastingly, anti-Markovnikov product
appears to be favoured with aryl olefins due to the better stability of the benzylic

anion intermediate formed compared to the Markovnikov analogue.(Scheme

2.4).[64,65,145]

7 20 mol% nBuLi
a) 2 ©/\ + > m Yield: 65%
THF, 50 °C, 20 h P
5 mol% LiN(SiMes),
§ 5 mol% TMEDA
b) + > @/\/ Yield: 62%
(j CeDg, 120 °C, 1 h

[160]

Scheme 2.4: Example of the formation of Markovnikov and anti-Markovnikov'®” hydroamination

products.
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This anti-Markovnikov regioselectivity is determined by the insertion step, through
the formation of a more stable transition states, due to the interaction between the
metal and the aromatic ring of the vinylarene or aromatic alkynes, and also the

resonance stabilization of the generated benzyl carbanion.®

The intermolecular hydroamination of alkynes is generally viewed as being easier
than that of alkenes because of the higher reactivity and electron density of the
triple carbon bonds. However, there is also a steric effect to consider that could also
be an impediment to the addition.™*! Reactions of unsymmetric internal alkynes
are more challenging because of the formation of two products and terminal

alkynes are in general more reactive than their internal analogues.msl

5 mol%
2 x . [SHCH(SiMej3),}o(THF)] - anti-Markovnikov
CeDg RT,10min @N
70%
10 mol% Ph Ph
[SH{CH(SiMe3)2}o(THF)] __
b) Ph—=—Ph + . H + Ph
CgDg, 60°C,17 h >=<
H Ph
60% 6%

Scheme 2.5: Examples of intermolecular hydroamination reactions.

Examples on the hydroamination reaction of styrene and diphenylacetylene with
piperidine are shown in Scheme 2.5 using a Sr alkyl as a catalyst. In this case the
reaction with diphenylacetylene is significantly slower, which is rationalised in terms

of the greater steric congestion in the alkyne.

Identifying a gap in the ability of alkali-metal catalysts towards hydroamination of
olefins and the harsh reaction conditions usually required (over 100 °C and long

reaction times[55'140’153]), the aim of this chapter is to expand the knowledge of
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intermolecular hydroamination processes catalysed by alkali-metal alkyl compounds
MCH,SiMe; (M = Li, Na, K) as well as the scope and limitations of these
transformations. Furthermore, the potential organometallic intermediates involved
in these transformations have been studied in order to obtain new insights into

their constitution by combining X-Ray crystallography and DOSY NMR studies.
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2.2 Results and Discussion

2.2.1 Optimisation of the Reaction Conditions

In order to perform the catalytic hydroamination reactions, a systematic procedure
has been adopted. All the reactions were carried out in a J. Young’s NMR tube
under argon atmosphere and at NMR scale. Identical reaction conditions were
considered in all the reactions performed: 10 mol% of ferrocene has been used as
internal standard as well as 0.81 M solutions on substrate. An initial '"H NMR
spectrum of the reaction mixture was recorded prior to the addition of the
precatalyst. In that way, it has been possible to assess if the background reaction
takes place without the precatalyst at room temperature and also to calculate the
exact amount of the starting materials employed by integration against the
resonance of the internal standard ferrocene. After the introduction of the
organometallic precatalyst, the conversions were measured by integration of the
resonances in the *H NMR spectra recorded from the addition of the catalyst (time

zero) to different intervals of time until full conversion.

Initially, the reaction of diphenylacetylene (1a) and piperidine (2a) was studied.
[llustrating the high kinetic barrier of the process, no reaction took place in the
absence of the catalyst even under forcing conditions (heating the J. Young’s NMR
tube at 80 °C over 48 hours in C¢Dg or ds-THF). (Figure 2.1) 'H NMR studies of the
reaction have shown the non-variation of the corresponding signals of the starting
materials 1a (multiplets ranging from 7.41 to 7.59 and 7.24 to 7.38 ppm in dg-THF)
and 2a (multiplets ranging from 2.61 to 2.80 and 1.34 to 1.56 ppm in ds-THF) even

heating the reaction at 80 °C for 2 days (Figure 2.1).
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Ph———~"Ph + -
dg-THF, 80 °C, 48 h
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Figure 2.1: 'H NMR spectrum of a mixture of diphenylacetylene (1a) and piperidine (2a) in absence of
precatalyst in dg-THF.

Therefore, alkali-metal alkyls MCH,SiMe3 [M = Li (3), Na (4) and K (5)] were used as
precatalysts since it is known that the choice of the precatalyst plays a key role
upon the catalyst initiation.™**! While 3 is commercially available as a 1M solution in
pentane, 4 and 5 were prepared by metathesis of [(trimethylsilyl)methyl]lithium
with sodium (4) or potassium tert-butoxide (5) in n-hexane.!**”! Additionally,
compounds 3, 4 and 5 can be stored in the glovebox as solids without

decomposition and present enough solubility in THF and benzene in the catalytic
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amounts used. The reaction of diphenylacetylene (1a) and piperidine (2a) was
studied in CsDg and ds-THF and a 5 mol% loading of the three different alkali-metal

alkyl species (3, 4 and 5) (Table 2.1).

Table 2.1: Comparison of alkali-metal precatalysts for the reaction of 1a and 2a.

5 mol% MCH,SiMe Ph Ph
3 40r5) >=<
Ph—=——Ph + > H + Ph
solvent, RT, time >=<
H Ph
(1a) (2a) (6a) - E (6b) - Z
Precatalyst
Entry Solvent t (h) Yield (%)"! E:z™"]
MCH,SiMe;
1 Li (3) CeDs 24 5 100:0
2 Li (3) dg-THF 24 350! 83:17
3 Na (4) CeDs 24 42 90:10
4 Na (4) ds-THF 1 100 40:60'!
5 K (5) CeDs 12 100 86:14
6 K (5) dg-THF 0.25 100 92:8

€l vields determined by '"H NMR using ferrocene as an internal standard. ) Determined by 'H NMR
spectroscopy. 100 % conversion and 87:13 ratio heating during 9 hours at 80 °C. @ 90:10 ratio was

obtained after heating at 80 °C for 1 hour.

Figure 2.2 shows an example of a *H NMR spectrum of the hydroamination product
of the reaction of diphenylacetilene (1a) and piperidine (2a) with 5 mol% of 4. The
signals corresponding to the characteristic protons of the products appear at 5.62
and 5.66 ppm for the isomers 6a (E) and 6b (Z) respectively, resulting from the

formal addition of piperidine (2a) into diphenylacetylene (1a).
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5 mol% Ph.  Ph
NaCH,SiMes (4) >=<
Ph—=——Ph + > H + Ph
dg-THF, RT, 1h « —(
LH P
(1a) (2a) (6a) - E (6b) - Z

7

7

7
I

6

6

6
_—5.65
T>5.61
——2.86
~~2.78
—1.55
—1.42
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Figure 2.2: 'H NMR spectrum of the formation of the E and Z hydroamination product after 1 hour of
reaction at RT in dg-THF, using precatalyst 4.

Remarkably, these group 1 alkyls are able to catalyse the hydroamination reaction
at room temperature, in some cases with short periods of time (15 minutes, Table
2.1 entry 6). As shown in Table 2.1, the reactions take place significantly faster in
polar THF rather than in non-coordinating solvent benzene (Table 2.1, entry 3 vs 4).
Additionally, a dramatic alkali-metal effect is observed with LiCH,SiMe3 (3) being the
slowest precatalyst, requiring 24 hours at room temperature to achieve 35% vyield
(Table 2.1, entry 2). However, forcing the conditions to 80 °C, 100% of yield is

obtained after 9 hours, again with a good selectivity (E:Z; 87:13). Contrastingly,
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when the sodium precatalyst NaCH,SiMe3 (4) is used, the hydroamination process is
drastically faster, affording 6a and 6b in a 40 and 60% respectively, with 100%
conversion of alkyne 1a. This reactivity trend is similar to that described for Hill et
al. in group 2 complexes [2""NacnacM(HMDS)(THF)] and [°*"NacnacMMe(THF)]
(°"PNacnac = Ar*NC(Me)CHC(Me)NAr*; Ar* = 2,6-'Pr,-C¢Hs) where lower reaction
rates were observed when decreasing metal ionic radius of the precatalyst.™*® This
alkali-metal effect could also be related to the different aggregation state of the
active species in solution and the polarity of the M-N bonds of the amido-
intermediates that could be involved in these reactions. The amide intermediate
formed needs to be strongly nucleophilic to be added to the unsaturated bond of
the diphenylacetylene in the second step of the reaction.™** An explanation for this
rate variation using the different alkali-metal catalysts could be provided by the

increase in the nucleophilicity of the amide formed when descending group 1.

The hydroamination reaction of 1a with 2a has also been reported by Hill et al., 1!

using [Sr{CH(SiMes),}.(THF),] precatalyst, affording a mixture of 6a and 6b (91:9). To
perform this reaction it is required to use of 5 mol% of the strontium precatalyst
and to heat at 60 °C during 2 hours in ds-THF. These excellent studies highlight the
need of harsher conditions in order to promote the hydroamination reactions,
which contrast to our findings using 3 and 4. Interestingly, despite the fact that
complexes 3, 4, and 5 decompose rapidly in THF, here under the conditions of study
they work efficiently as precatalysts.[m] The use of the monosilyl CH,SiMes
fragment improves the stability of the organometallic compounds used as
precatalysts due to the bulkiness of the anionic ligand and the lack of B-hydrogens
that makes the organometallic species resistant to B-hydride elimination.1281627165]
As well, these compounds can be stored in the glovebox as solids, which facilitates

their manipulation. The first step in order to initiate the catalytic reaction is the

deprotonation of the amine to form the active catalyst. When precatalysts 3, 4 and
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5 are reacted with the amine, TMS is liberated making the acid-base equilibrium
non-reversible towards the formation of the amide species. Agreeing with this, Hill
has reported some examples where this equilibrium lies towards the starting

(149,166

materials using HMDS or B-diketiminate ligands I"and could also explain the

harsh reaction conditions needed (120 °C) when using LIHMDS or KOtBu

precatalysts. 47!

Also, it is possible to improve the selectivity of the E:Z products (6a and 6b
respectively) to 90:10, either after 7 hours at room temperature or heating at 80 °C
for one more hour. The heavier alkali-metal KCH,SiMe; (5) proved to be the most
effective catalyst in terms of reaction rate and selectivity, as compounds 6a and 6b
are formed in just 15 minutes at room temperature. 100% yield was obtained with

an excellent selectivity (E:Z; 92:8).

Furthermore, in order to assess the role of these transformations, we carried out
the hydroamination reaction between 1a and 2a in C¢Dg adding a 5 mol% of the
TMEDA donor (Table 2.2). Following a similar trend to that reported by Hill et al.
using [Sr{CH(SiMes),},(THF),] as precatalyst,**” here we observe the dependence
of different solvents with this system, proving that the reaction rate accelerates

with increased polarity.

Table 2.2: Comparison of the reactivity in different polarities.

5 mol% Ph.  Ph
NaCH,SiMe; (4) —
Ph—=—Ph + > H + Ph
solvent, RT, 1h >=<
H  Ph
(1a) (2a) (6a) - E (6b) - Z
Entry Solvent Additive Yield (%)™ E:z1"!
1 CeDs - 5 16:84
2 CeDs 5 mol% TMEDA 21 77:23
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3 dg-THF - 100 40:60

€l Yields determined by '"H NMR using ferrocene as an internal standard. ) Determined by 'H NMR

spectroscopy.

Also, the bidentate TMEDA donor accelerates the process when it takes place in the
hydrocarbon solvent CsDs from 5 to 21% vyield after 1 hour of reaction (Table 2.2,
entry 1 vs 2). Additionally, the fact that the TMEDA is a chelating ligand makes the
coordination sphere of the sodium more saturated compared to the more labile
THF molecule, which is superior in terms of reactivity (100% yield after 1 hour of

reaction) (Table 2.2, entry 2 vs 3).

2.2.2 Substrate Scope

To test the substrate scope of this approach a range of aliphatic and aromatic
amines have been studied. Interestingly, it was found that when using sodium or
potassium complexes 4 and 5 as precatalysts (5 mol% of precatalyst in dg-THF at
room temperature), excellent conversions to the relevant aminoalkenes were

observed (Table 2.3).
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Table 2.3: Intermolecular hydroamination of diphenylacetylene (1a) and a range of secondary
amines (2a-2h) catalyzed by sodium and potassium precatalysts in dg-THF at room temperature.

5 mol% MCH,SiMe;
(4 and 5) Ph Ph Ph

Ph—=—Ph + ——> == + =
dg-THF, RT, time H H Ph
(1a) (2a-2h) (6a-9a) - E (6b-9b) - Z
Precatalyst
Entry Amine t(h) Product Yield (%) E:z™!

MCH,SiMe3

1 { NH (2a) Na (4) 1 6 100 40:60'

2 € NH (2a) K (5) 0.25 6 100 92:8

3 CNH (2b) Na (4) 3 7 100 73:27"

4 CNH (2b) K (5) 1 7 100 100:0

5 O/_\NH (2c) Na (4) 4 8 100 55:45!
\_/

6 d (2¢) K (5) 0.25 8 86 95:5
_/

7 nBu,NH (2d) Na (4) 1 9 100 65:35

8 nBu,NH (2d) K (5) 0.25 9 100 88:12

9 Ph(Me)NH (2e) Na (4) 24 - of -

10  Ph(Me)NH (2e) K (5) 24 - 0 -

11 Bz(Me)NH (2f) Na (4) 24 - 0 -

12 Bz(Me)NH (2f) K (5) 24 - 0 -
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13 Bz,NH (2g) Na (4) 24 - 0 -
14 Bz,NH (2g) K (5) 24 - 0 -
15 Ph,NH (2h) K (5) 24 - off! }

€l vields determined by '"H NMR using ferrocene as an internal standard. ) petermined by '"H NMR
integration of spectra. I 90 - 10 ratio was obtained after heating at 80 °C for 1 hour. 100 - 0 ratio

after 7 hours at RT. © 60 - 40 ratio after 6 hours at RT. 1 0% yield after heating at 80 °C for one hour.

Table 2.3 shows the different conversions obtained when diphenylacetylene (1a) is
reacted with a large variety of amines including cyclic and acyclic amines. Under
similar reaction conditions, half of the amines that have been used afford full
conversions in relatively low periods of time (Table 2.3, entries 1 to 8), whereas
other amines (Table 2.3, entries 9 to 15) do not show any reaction at all. As seen in
the previous reactions, the potassium precatalyst remains superior regarding the

selectivity of the E product.

Six and five membered ring cyclic amines (2a-2c), as well as dibutylamine (2d),
provide the desired hydroamination products (from 6 to 9) in very short periods of
time (one hour or less when using the potassium precatalyst) at room temperature
(Table 2.3, entries 1-8). However, when using bulkier secondary amines such as N-
methylaniline, N-benzylmethylamine, dibenzylamine or diphenylamine with aryl
groups the hydroamination reaction does not take place, probably because the less
nucleophilic amides formed prevent the formation of the relevant aminoalkene
products, even forcing the reaction conditions at 80 °C during 24 hours and using
the potassium precatalyst (Table 2.3, entries 10 to 15). It should be noted that
hydroamination of alkynes to give products such as 7b or 8a requires very harsh
reaction conditions and generally employs transition metal catalysts, apart from the

previously mentioned strontium catalyst by Hill that can achieve the formation of
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6a and 6b (91:9) at 60 °C after 2 hours in dg-THF.[l49] Gold or nickel catalysts can also
catalyse these reactions requiring 140 °C during 72 hours to afford product 7b in a
29% vyield using 5 mol% of [((PhO)sP),NiCl,] catalyst or 110 °C during an hour in
order to obtain 8a in yields ranging from 68 to 76% using 5 mol% of [Au(SMe,)Cl] in

the presence of different P,N-substituted phenylene Iigands.[167’168]

In order to investigate more challenging reactions we then moved to the study of
hydroamination of alkenes. These reactions are known to be more challenging than
alkynes in terms of the weakness of the t-bond in the C=C triple bond.™! To assess
the functional group tolerance of this approach, the reaction of piperidine 2a with a
range of substituted vinylarenes was investigated, in ds-THF and using 5 mol% of

the MCH,SiMes; [M = Na (4), K (5)] precatalyst (Table 2.4).

Table 2.4: Hydroamination reaction of para-substituted vinylarenes with 2.

5 mol% MCH,SiMes

A (4 and 5)
+ >
X dg-THF, RT, time
X

(1b-1f) (2a) (10-13)
Alkene Precatalyst
Entry t (h) Product  Yield (%)™"
(X-) MCH,SiMes
1 H- (1b) Li (3) 0.25 10 100
1 H- (1b) Na (4) 0.25 10 100 (88)
2 H- (1b) K (5) 0.25 10 100
3 Me- (1c) Na (4) 0.25 11 100 (70)
4 MeO- (1d) Na (4) 0.25 12 100 (84)
5 Cl- (1e) Li (3) 0.25 13 100 (85)
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6 Cl- (1e) Na (4) 24 - 0
7 Cl- (1e) K (5) 24 - 0
8 F- (1f) Li () 24 - 0
9 F- (1f) Na (4) 24 - 0
10 F- (1f) K (5) 24 - 0
11 Br- (1g) Li (5) 24 - 0

Cl vields determined by '"H NMR using ferrocene as an internal standard. 1 Isolated yields in

parenthesis.

The reaction of vinylarenes and piperidine (2a) provides the anti-Markovnikov
product, with no byproducts detected. This regioselectivity is determined in the
alkene insertion step of the hydroamination reaction, which is believed to occur via

a more stable four-membered transition state.'®!

Different para-substituted vinylarenes (alkenes 1c-1g) were studied in order to
show an electronic trend in the reactivity with different electron density groups. It is
known that electron-withdrawing substituents in para-positions stabilises the
negative charge formed during the transition state of the carbon-nitrogen bond

formation.**”

In our studies, the presence of electron-donating substituents, such as methyl and
methoxy in the para-position (Table 2.4, entries 3 and 4), provide the addition
products 11 and 12 in very short periods of time (15 minutes) and at room
temperature. The same reactions were found in the literature with the use of other
catalysts. Hill et al. were also able to obtain the hydroamination products in

excellent yields (95 and 90% NMR vyields) at room temperature catalysing the
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reactions with 5 mol% of the strontium precatalyst [Sr{CH(SiMe3),}>(TH F)z].[149] Also,
Hultzsch et al. were able to afford product 10 in a 62% yield, using 5 mol% of
LiN(SiMes),, 5mol% of TMEDA in C¢Ds and heating at 120 °C during 1 hour."®® In our
case, compound 10 can be prepared at room temperature in 15 minutes using any
of the three precatalysts including the lithium alkyl 3. This can be rationalised in
terms of the importance of the precatalyst ligand used. When using precatalyst 3,
the formation of TMS drives the initiation reaction towards the products making it
non-reversible. However, when using LiN(SiMes),, harsher reaction conditions (120
°C) are needed in order to form the catalyst amide. Some of the reported reactions
of para-substituted vinylarenes are catalysed by transition metal catalysts such as
ruthenium, where they require harsher reaction conditions (100 °C during 72 hours

of reaction to afford 67% vyield of product 11, for example).“sg]

When halide-substituted vinylarenes 1e and 1g were reacted with piperidine 2a
using precatalyst 4 and 5, no reaction was observed suggesting a faster deactivation
of the catalyst, perhaps by the formation of the corresponding sodium or potassium
halide, as a white precipitate was obtained at the bottom of the J. Young’s NMR
tube. Deactivation of the catalyst has also been reported when [Sr{N(SiMe3),}.]>
precatalyst is used for the para-fluorostyrene (1f) and piperidine (2a), where it is
proposed that deactivation of the catalyst occurs by a competing C-F activation
process.[149’170] Interestingly, when the lithium precatalyst (3) was used for the
reaction between 1le and 2a, the hydroamination product 13 was obtained in
guantitative yields after 15 min at RT and no decomposition of the catalyst occured
(Table 2.4, entry 5). However, 3 also failed to promote the hydroamination reaction

when the fluoro- and bromoderivative 1f and 1g were employed, suggesting a

decomposition of the catalyst (Table 2.4, entry 8 and 11).
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Furthermore, a range of substituted olefins in the a- and B-carbon centres of the
C=C group, which were also treated with piperidine (2a) were studied. In general,
good conversions were observed in very short periods of time at room temperature

(Table 2.5).

Table 2.5: Hydroamination reaction with piperidine (2a) and different olefins (1g-1i) in ds-THF at
room temperature.

5 mol% MCH,SiMes Ry Ra
Ry Rs (4 and 5) >—<
= + o R,
R, H dg-THF, RT, time
(1g-1j) (2a) (14-16)

Precatalyst

Entry Alkene t (h) Product Yield (%)®"]
MCH,SiMe;
x
1 ©A )  Na(4) 0.25 10 100 (88)
S
2 @A (1b) K (5) 0.25 10 100
3 (j/K (1h) Na (4) 0.25 14 100 (88)
N N
4 ® @ Na(4) 5 15 38(38)*
N
5 (j/v (1 K (5) 24 15 0
6 1 w  Naa) 24 16 0
6 T @  Na) 24 16 o'
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= f N
7 Y K (5) 0.25 16 @W( 16a: 67

wa 16b: 14

Cl vields determined by '"H NMR using ferrocene as an internal standard. 1 Isolated yields in
parenthesis. I 5% conversion after 24h heating at 80 °C. * Presence of byproducts, see

experimental part.

By introducing a methyl group in the alkene using a-methylstyrene, we wondered if
an electronic and steric effect would be found to destabilise the negative charge in
the transition state during the formation of the newly N-C bond. Full conversion to
the product 14 was achieved when reacting a-methylstyrene (1h) with piperidine
(2a) after 15 minutes using the sodium precatalyst 4 (Table 2.5, entry 3).
Contrastingly, some alkene polymerisation appeared to compete with
hydroamination reaction when the trans-B-methylstyrene (1i) and the piperidine
(2a) were employed, affording product 15 in a low 38% yield, when precatalyst 4
was employed. Additionally, this reaction does not take place when KCH,SiMe3 (5) is
used as a precatalyst, even forcing the reaction conditions at 80 °C for 24 hours.
Showing an interesting alkali-metal effect, for isoprene (1j) relative good
conversions at room temperature were observed using the potassium precatalyst 5
(67% of 16a and 14% of 16b; Table 2.5, entry 7) whereas the sodium compound 4
fails to catalyse this reaction even under forcing reaction conditions (80 °C during 24
hours) (Table 2.5, entry 6). The reaction of a-methylstyrene (1h) and piperidine (2a)
is reported in the literature using a LiN(SiMes), precatalyst as well as the already
mentioned [Sr{N(SiMes),}.], and ruthenium complex precatalysts, require again
long periods of time and high temperatures.[65'149'171] The relatively low yields

obtained in some of these reactions, suggest that some of these products could be
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polymerised as it is known that group 1 organometallic compounds have a history
as initiators of anionic polymerisation of alkenes such as styrene, butadiene or

[63,158,172-1741 |t has been reported that lithium amides can initiate anionic

isoprene.
polymerization of dienes. For example, N-lithiopyrrolidinide:2THF can initiate
the copolymerisation of butadiene and styrene. Other reports show the anionic
telomerisations of isoprene with secondary amines, such as pyrrolidine, piperidine

and morpholine, using sodium metal.l”?!

The intermolecular hydroamination reaction has also been explored by using a wide
range of amines reacted with styrene (1b). Again, all the reactions afford the anti-
Markovnikov addition product, consistent with the presence of the nucleophilic

addition step in the catalytic cycle.

Table 2.6: Intermolecular hydroamination of styrene (1b) with different amines in dg-THF at room
temperature.

5 mol% MCH,SiMes
X (4 and 5)
| + >
= dg-THF, RT, time ©/\/

(1b) (2a-2j) (17-23)

Precatalyst

Entry Amine t (h) Product  Yield (%)®"
MCH,SiMe;
1 € NH (2a) Na (4) 0.25 10 100 (88)
2 CNH (2b)  Na(a) 0.25 17 100 (88)
3 0  NH (2¢) Na (4) 0.25 18 100 (80)
d .
__/
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10

11

12

13

14

"Bu,NH (2d)

Ph(Me)NH (2e)

Ph(Me)NH (2e)

Bz(Me)NH (2f)

Bz,NH (2g)

Ph,NH (2h)

Ph,NH (2h)

BzNH, (2i)

BzNH, (2i)

BzNH, (2i)

BzNH, (2i)

Na (4)

Na (4)

K (5)

Na (4)

Na (4)

Na (4)

K (5)

Li (3)

Na (4)

K (5)

Li (3)

0.25

24

0.25

0.25

24°

24°

0.25

0.25

0.25

19

20

21

22

23

23

23

23

95 (74)

73 (69)

91 (84)

81 (72)

81

51

11

84 (65)

! Yields determined by '"H NMR using ferrocene as an internal standard. 1 Isolated yields in

parenthesis. '/ Reaction at 80 °C.

Reacting cyclic (2a-2c) and aliphatic (2d) amines, with styrene (1b) it was possible to

observe full conversion towards the formation of the hydroamination product
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instantly (less than 15 minutes) using NaCH,SiMes; (4) precatalyst at room
temperature (Table 2.6, entries 1 to 4). When using bulkier amines with aromatic
groups the hydroamination product is not always formed (Table 2.6, entries 5 to
14). In the case of the N-methylaniline (2e) the potassium compound 6 is the only
precatalyst that can afford the formation of the final product. After 8 hours of
reaction at 80 °C, a 73% yield of the amine 20 obtained, although the same yield can
be accomplished at room temperature after 24 hours (Table 2.6, entry 6).
Contrastingly, product 21, resulting from the reaction of N-benzylamine (2f) and
styrene (1b), is formed in 91% vyield in 15 minutes (Table 2.6, entry 7) suggesting the
formation of a more nucleophilic amide, which allows a faster addition reaction
compared to when N-methylaniline (2e) is employed. Dibenzylamine (2g) reaction
with styrene (1b) led to a 81% of product 22 in just 15 minutes at room
temperature, in contrast of the diphenylamine (2h) that prevents the formation of

the final product, even using the precatalyst 6 and forcing the reaction conditions.

Moving to the reaction of styrene (1b) with the primary amine benzylamine (2i) a
different behaviour of the alkali-metal precatalyst trend has been observed. In this
case, the lithium precatalyst (3) appears to be the most selective to the
hydroamination product 23 (81% after 8h at room temperature; Table 2.6, entry
11). The reaction of styrene (1b) and benzylamine (2i) also takes place at room
temperature to full conversion in 15 minutes when the sodium and potassium
precatalysts are used (Table 2.6, entries 12 and 13). However, the hydroamination
products are formed in much lower yields (51 and 11%) than when the lithium
precatalyst (3) is used (Table 2.6, entries 11, 12 and 13). Additionally, an 84% yield
of product 23 can be afforded after 15 minutes using the lithium precatalyst (3) and

heating the reaction at 80 °C (Table 2.6, entry 14).
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As evidenced in the results presented in Table 2.6, amines with aromatic
substituents such as N-methylaniline or N-benzylamine tend to display a lower
reactivity compared to those with alkyl substituents, which can be rationalised
considering the formation of a less nucleophilic metal amide due to the electron-

withdrawing character of the aromatic substituents.
2.2.3 Mechanistic Investigations

In order to get some insights on the mechanism of these reactions and the possible
constitution of the organometallic intermediates involved, we performed a series of

stoichiometric studies.

As mentioned in the introduction, alkaline and alkaline-earth metal catalysts are
thought to operate via activation of the amine to the formation of a catalytic active
amide.’® This amide needs to be nucleophilic enough to get inserted into the
unsaturated fragment and finally form the final hydroamination product through
protonolysis of the amine used. The active metal-amido catalyst is recycled closing

|[55]

the catalytic cycle (Scheme 2.6). DFT calculations with alkali-meta or alkaline

116,159]

earth metal' catalysts for intermolecular hydroamination reactions have been

reported suggesting the same catalytic cycle that we propose for our system.

61



Chapter 2. Group 1 Metal-Catalysed Intermolecular Hydroamination Reactions

©/\
Insertion

Rate-determining step

H N
5 mol% Na— a\
NaCH,SiMej a
(1 (In
SiMe,
Initiation

Protonolysis

H H
B
/

Scheme 2.6: Proposed catalytic cycle for hydroamination reactions with monometallic precatalysts.

As previously mentioned, another important aspect to consider is the ability of the
precatalyst to metallate the relevant amine in order to initiate the catalytic cycle.
The initiation step is dependent of the identity of the precatalyst and the acidity of
the resultant acid/basic pair, making the equilibrium irreversible towards the

formation of the metal amide, the active catalyst of the reaction (Scheme 2.7).
NaCH,SiMe; + —— > Na— + SiMey
Scheme 2.7: Initiation step for the formation of active species (l).

Additionally, the metal amide intermediate (I) needs to be strongly nucleophilic to

insert into the unsaturated moiety. Furthermore, some theoretical calculations
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have shown that this step requires large activation energy due to the unfavourable
interaction between the N lone pair and the m-system of the unsaturated
compound.[GS] This nucleophilic addition is going to determine the regioselectivity of
the reaction depending if this nucleophilic attack is Markovnikov or anti-
Markovnikov, which depends on the intermediate carbanion formed. In our studies
using aryl olephines, only anti-Markovnikov products are obtained, similarly to the
reported hydroamination products catalysed by LiN(SiMe3),/TMEDA catalyst, where
the Gibbs energies obtained for the anti-Markovnikov structures are more stable
compared to the Markovnikov ones due to the better stability of the benzylic anion
intermediate formed.'*>**! As a consequence of the nucleophilic addition, a highly
polarised four-membered ring intermediate (ll) is formed. Hill and co-workers have
proposed a transition state for the insertion of styrene based on the results
obtained in their kinetic studies, when using strontium catalyst (Scheme 2.8).[149] In
the transition state proposed, the negatively polarized benzylic carbon is stabilised
by additional piperidine molecules and the metal may be coordinated by a second

).[149] This suggestion can be related with the

or third amine (Scheme 2.8
intermediate described by Sadow in intramolecular hydroaminations with a
magnesium amidoalkene complex that only forms the product when a further

equivalent of substrate is added.!*””

\

— —Sr

Scheme 2.8: Proposed insertion transition state by Hill 19!
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Intermediate Il, which could be expected to be highly reactive and should form the
hydroamination product rapidly through protonation by the starting amine and
regenerating the active amide I. Computational studies, done by Hill or Tobisch
using group 2 metal catalysts also agree with the proposed catalytic mechanism,
which is viewed as “lanthanide-mimetic” due to the similarities between early main
group metals (group 1 and 2) and lanthanides.®**¥ The lack of d electrons makes
them operate via activation of the amine mechanism, rather than the activation of
the alkene that is common for transition-metals since their m-bonding is more

effective.[*%

In order to get some structural insights on the proposed amido species | which add
as nucleophiles across the C=C or C=C of the unsaturated substrates, the reaction of
the relevant alkyl precatalyst MCH,SiMes with 1 equivalent of piperidine using a
mixture of hexane/THF as solvent has been conducted (see Scheme 2.9).
Compounds [(THF){LiINCsH10}l4 (24) and [(THF){NaNCsH10},]- (25) were isolated as
colourless crystalline solids in 40 and 46% yields respectively. X-Ray crystallographic
studies confirmed the formation of the metal amides, which have been also
characterised by 'H and >C NMR spectroscopy as well as elemental analysis

experiments.
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MCH,SiMe; + . | A

—1i ~ LI\
(M = Li, Na, K) M=l 9

| o~ —‘+Nla+Né’

Na Na_ | ..
M =Na R

(25) - 46%

_________________

Scheme 2.9: Synthesis of lithium and sodium amide compounds.

Attempts to isolate potassium amides as crystalline solids using amines 2a-2i
resulted in the formation of highly insoluble solids, which could not be recrystallized
precluding X-ray crystallographic studies. Different solvent combinations were
probed as well as the addition of Lewis donors such as TMEDA and PMDETA.
However, in all cases amorphous solids were obtained. In this regard, a search in
the Cambridge Structural Database (CCDC) shows around 96 amides have been
structurally characterised, including a potassium-nitrogen ladder
[{KN3Ce¢H4}(HMPA)].. which contains HMPA (hexamethylphosphoric triamide),
strong donor which is also a very carcinogenic phosphoramide stabilising the

potassium cations (Figure 2.3).1*7®
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Figure 2.3: Molecular structure of [{KN3CgHs}(HMPA)]... All hydrogen atoms have been omitted for
clarity. a) View of a trinuclear section. b) View of the ladder in the extended structure.!*’®

X-Ray crystallographic studies established the molecular structure of 24 and 25,

252 of two attached (NLi), rings

which exhibits a typical ladder arrangemen
solvated by four molecules of THF for 24 (Figure 2.4) and a polymeric ladder

composed of infinite (NNa), rings laterally associated for 25 (Figure 2.5).
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Figure 2.4: Molecular structure of the lithium amide tetramer (24) with 50% probability displacement
ellipsoids. All hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and bond
angles (°): Li1-N1 2.092(5), Li1-N2 2.045(5), Li2-N1 2.052(5), Li2-N2 1.958(5), Li2-N3 2.028(5), Li3-N1
2.028(5), Li3-N3 2.042(5), Li3-N4 1.960(5), Li4-N3 2.095(6), Li4-N4 2.028(6), N1-Li1-N2 101.0(3), Li1-
N2-Li2 76.1(2), N2-Li2-N1 105.5(3), Li2-N1-Li1 73.1(2), N1-Li2-N3 105.6(3), Li2-N3-Li3 71.0(2), N3-Li3-
N1 106.0(3), Li3-N1-Li2 70.8(2), N3-Li4-N4 101.7(3), Li3-N3-Li4 71.9(2), N4-Li3-N3 106.1(3), Li4-N4-Li3
75.0(2).

Molecular structure of the lithium amide 24 is formed by three four-membered
rings that have a planar disposition, where the sum of the corresponding internal
angles is = 360° ([Li1IN2Li2N1] = 355.7°% [N1Li2N3Li3] = 353.4°% [Li3N3Li4N4] =
354.7°). The angles within the planar rings average at 104.3° at Li and 73.0° at N,
consistently with the reported angle values for similar Li-N containing
complexes.””” Bond dimensions of 24 are influenced by the solvation by the THF
molecules giving different metal coordination numbers (4 for Lil and Li4; 3 for Li2
and Li3). Both terminal lithium atoms Lil and Li4 exhibit a tetrahedral coordination
(angles around Li ranging from 94.4(2)° to 118.9(2)°). The four Li-N rungs show
similar distances (average 2.04(1) A), whereas, Li-N distances involving the terminal
Li atoms present slightly elongated distances (average 2.06(3) A) because of the

solvating molecules influence. The bond lengths of the outer edges of the ladder
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that are unaffected by the solvation of the THF (Li2-N3 and Li3-N1), also present
shorter Li-N distances (average 2.03(0) A) similarly to other Li amide structures

reported.!*’®

Contrastingly, X-Ray crystallographic studies for amide (25) propose a polymeric

ladder structure (Figure 2.6) made up of {(THF)[NaNCsH1o],} units (Figure 2.5).

Na2

N1

Figure 2.5: Asymmetric unit of compound 25 with 50% probability displacement ellipsoids. All
hydrogen atoms have been omitted for clarity.
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Figure 2.6: Polymeric structure of the polymeric sodium amide (25) with 50% probability
displacement ellipsoids. All hydrogen atoms have been omitted for clarity. Selected bond lengths (A)
and bond angles (°). *Values generated by symmetry: Nal-N1 2.470(3), Nal-N1* 2.520(3), Na1-N2
2.412(2), Na2-N1 2.411(2), Na2-N2 2.471(3), Na2-N2* 2.520(2), N1-Nal-N2 96.73(8), Nal-N2-Na2
68.33(7), N2-Na2-N1 96.77(8), Na2-N1-Nal 68.36(6), N1-Na1-N1 149.3(1), Na2-N2-Na2 142.8(1).

The centrosymmetric structure 25 displays a polymeric arrangement composed of
infinite (NNa), rings laterally associated adopting a double helical assembly (angles
between adjacent (NNa), rings is 60.0°). This is evident when observed from an axial

direction, existing as a hollow tubular assembly (Figure 2.7).
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Figure 2.7: Axial view of the helix molecular structure of compound 25 with 50% probability
displacement ellipsoids. All hydrogen atoms and cyclic groups have been omitted for clarity.

The amide compound presents a pseudolinear N-Na double chain ([N1INalN1] =
149.3(1)° and [Na2N2Na2] = 142.8(1)°) in which the THF ring groups are on the
exterior of the helix (Figure 2.7). This THF solvating molecule acts as a bridge
between the Nal and Na2 atoms giving rise to four-coordinated sodium atoms
exhibiting a tetrahedral coordination (angles around Na ranging from 87.37(7)° to
149.33(8)°). The four-membered ring of the asymmetric unit does not show a totally
planar disposition (sum of angles [NalN2Na2N1] = 330.2°) due to the solvating
effect of the solvent ligand which bridges two of the Na ring vertex in a diagonal
manner. Bond dimensions within the ladder framework are longer in comparison
with those found for the lithium amide structure (24) (average of [Na-N] 2.47(5) vs
[Li-N] 2.03(5) A). Furthermore, those Na-N rung bonds present a shorter distance
compared to those forming the edge (average 2.41(0) vs 2.50(3) A respectively).
Additionally, there are alternating long and short N-Na rungs because of the
bridging THF molecule in the former ones ([Na-N] = 2.47(0) vs [Na-N*] = 2.52(0) A)

according to other Na-N containing polymeric ladders reported.m]
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In order to have a better understanding on the constitution of amide compounds 24
and 25, 'H DOSY NMR studies were performed in ds-THF solutions. Diffusion-
ordered spectroscopy (DOSY) is the main technique to predict the arrangement of
the species in solution. This 2D technique combines the regular chemical shift data
obtained in one dimension and the separation of the species by particle size (by
their diffusion properties), provided in the second dimension.””®! This method has
been applied in different areas with the purpose of estimating molecular volumes,
calculating the aggregation degree of compounds, studying host-guest interactions,
recognizing hydrogen bonds and providing the presence and extent of ion

pairing.“gol

In our case, 'H DOSY NMR is applied for the estimation of molecular weights of our
amide compounds. Williard et al. pioneered a method to correlate the diffusion
coefficient values (D values) with the molecular weights (MW) of the species in
solution using internal calibration curves (ICC). Molecules possessing larger
volumes, which afford reduced D values, diffuse more slowly than smaller species.
Using this method, D is correlated with the molecular radii by the Stokes — Einstein
equation.[m] ((eq 1: D = kgT/(6mnr)); where D is the diffusion coefficient, kg is the
Boltzmann constant, T is the temperature in K, n is the viscosity of the solution and
r is the radius of the molecular sphere). Assuming spherical shapes of the species
and postulating that the volume of an aggregate is proportional to its formula
weight, there exist a linear correlation between the measured diffusion coefficients
and the formula weights of aggregates in solution: (eq 2: log D = a log FW + b).
Using MW of known molecules to establish a calibration curve, empirical unknown
MW can be interpolated providing a rapid determination of the values. However,
this ICC-method has some important drawbacks and estimates the MW with a
significant error of +30%. Recently, Stalke has reported a new methodology to

determine the molecular weight of small molecules in DOSY NMR by using external
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calibration curves (ECC) with normalized diffusion coefficients. This ECC-method
reduces the error of the predicted MW to a maximum of +9% and only one internal
reference is sufficient. Additionally, this method is independent of NMR-device
properties and temperatures or viscosity obtaining a more accurate determination

of MW in solution.!’/18%183!

For our study we applied the ECC-method, using 40 mM solution of amides 24 and
25 in dsg-THF and using tetramethylsilane (TMS) as internal standard. The 2D 'H

DOSY NMR spectrum obtained for compound 24 is presented in Figure 2.8.

- .92
- -9.1
TMS P89
(24) | - 8.8
' 57

|

|
| - 8.6
- -85
- 8.4
- 8.3

T T T T T T T T T T T

45 4.0 35 3.0 25 2.0 1.5 1.0 05 0.0 -05 ppm

Figure 2.8: 'H pOSY experiment in dg-THF of a mixture of compound 24 (40 mM) and the internal
standard TMS.

This experiment revealed the diffusion coefficient obtained with a value of D =
1.043-10"° m?*/s when the lithium amide compound is dissolved in dg-THF. The
errors of possible aggregation states of the lithium amide 24 are presented in Table

2.7 considering the estimated formula weight 355 g/mol obtained for 24.
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Table 2.7: Possible lithium amide (24) species in solution and the corresponding errors for

MW,s=355 g/mol.

monomer trimer tetramer
1 THF
L) \Li,oO
—Li |
MW (g/mol) 345.35
Error (%) -3

2 THF Q)

Gl D
L ~.-%

L

417.46

15

@/o@

/
~
Li~,
/|IJ\ 'I OQ

489.57

28

MW (g/mol) 235.30
Error (%) -51
3 THF Q
CO—L:i—
O
MW (g/mol) 307.40
Error (%) -15
4 THF
MW (g/mol)
Error (%)

¢
| L \u—og
onu\ | i

O, ~''

©

652.76

46
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Table 2.7 suggests different lithium species including some of the corresponding
dimeric equilibriums with exchange of THF molecules. Regarding the error obtained
while comparing the estimated and the real molecular weight, 'H DOSY NMR
suggests different possible aggregation states. The retention of the solid state
molecular structure 24 in ds-THF solution is very improbable since the error
obtained from the 'H DOSY NMR studies is 46. Breaking the molecular structure into
halves, DOSY studies suggests -9 and -11% of error when the dimer is solvated with
two or three THF molecules, respectively, suggesting their possible existence in
solution. A trimer with one molecule of THF appears to have a very low error of -3%
and the smaller monomer aggregate with three molecules of THF corresponds to an
error of -15%. Additionally, equilibriums between dimers have also been calculated,
(Table 2.8) suggesting the possibility of equilibrium between dimers with two and

three molecules of THF when the lithium amide is in THF solution.

Table 2.8: Possible equilibriums of dimeric lithium amide (24) species in solution and the
corresponding errors for MW =355 g/mol.

Equilibrium between dimers MW (g/mol)  Error (%)
[[Li{N(CH_)s}]2(THF) + 2THF === [Li{N(CH)s}]o(THF)s 326.38 -9
[[L{N(CH_)s}]2(THF), + THF === [Li{N(CH,)s}]2(THF)s 362.435 2
[[LI{N(CH2)s}]2(THF), + 2THF === [Li{N(CH,)s}]o(THF)s 398.485 11
[[Li{N(CH_)s}]2(THF)s + THF === [Li{N(CH,)s}]2(THF), 434.54 18

Although the trisolvated lithium compound is not the typical for lithium amides in

1.8 In their kinetic

solution, a similar process has been observed by Collum et a
studies of the lithiation of 1,4-bis(trifluoromethyl)benzene with lithium
diisopropylamide in THF, an equilibrium of LDA disolvated and trisolvated dimers in

THF solution is proposed.
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Similarly, the DOSY NMR studies were carried out for the sodium amide 25, in a 40
mM ds-THF solution with TMS as internal standard. In the same manner to the
results obtained with the lithium amide 24, the *H DOSY NMR technique suggested

different possible aggregation states in dsg-THF solution (Figure 2.9).

M ﬁ M . log(m2/s)

F-9.4

F-9.3

F-9.2

F-9.1

‘ .
‘ h F -9.0

| ' F -8.9
| TMS

F -8.8

|
(25) . »

1
F -8.6
F -8.5
b -8.4

T T T T T T T T T T T

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 ppm

Figure 2.9: 'H DOSY experiment in dg-THF of a mixture of compound 25 (40 mM) and the internal
standard TMS.

The diffusion coefficient value obtained was D = 1.027-10” mz/s and the estimated
molecular weight 399 g/mol when the sodium amide compound is dissolved in ds-
THF. The errors of possible aggregation states of the sodium amide 25 are

presented in Table 2.9 as well as possible dimeric equilibriums with THF exchange.
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Table 2.9: Possible sodium amide (25) species in solution and the corresponding errors for

MW,=399 g/mol.

monomer dimer trimer tetramer
1 THF
C\O\Na— N \NH/OO
\ \ /Nla ,
T—Na ~
MW (g/mol) 286.37 393.50
Error (%) -39 1
2 THF
C\O\Na‘ <j(\) i~ /oO
\ \ka ,/Nld\ 'a
\D
MW (g/mol) 358.48 465.61
Error (%) -11 14
s (O QL a0
[6) N gm— o]
I \ O\Na/ \Nd/\o
MW (g/mol) 323.45 430.58 537.72
Error (%) -23 7 26
4 THF
l\Na/I\N/a—o
Ol
MW (g/mol) 716.96
Error (%) 44
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Similar possible arrangements of the active species of the lithium and sodium
amides were obtained in the 'H DOSY NMR studies. As is presented in Table 2.9, the
sodium polymer structure is broken up when dissolved in THF. Considering the error
obtained in 'H DOSY NMR for tetramers (44% for [Na{N(CH.)s}l4(THF)s) and
monomers (-23% for [Na{N(CH,)s}](THF)3) and considering the dimeric asymmetric
unit for 25 in the solid state, the presence of a tetramer or a monomer in solution
seems to be dismissed. However, when a trimer with a molecule of THF is proposed,
-1% of error is obtained, suggesting the possibility of [Na{N(CH;)s}]3(THF) species in
solution. As well, the dimeric aggregates with two and three molecules of THF seem
to be also possible, since the error obtained is -11 and 7% respectively. Similar to
24, equilibriums between dimers have also been suggested, (Table 2.10) proposing
the possibility of a similar equilibrium of the one previously obtained for the lithium
amide, considering an equilibrium of dimers with two and three molecules of THF

when the sodium amide is in THF solution.

Table 2.10: Possible equilibriums between sodium amide (25) species in solution and the
corresponding errors for MW.4=399 g/mol.

Equilibrium between dimers MW (g/mol)  Error (%)
[Na{N(CH,)s}]2(THF) + THF === [Na{N(CH,)s}]2(THF); 322.425 -22
[Na{N(CH,)s}2(THF) + 2THF === [Na{N(CH,)s}]2(THF)s 358.475 -9
[Na{N(CH,)s}]o(THF), + THF === [Na{N(CH,)s}]2(THF)3 394.53 2
[Na{N(CH,)s}]2(THF); + 2THF === [Na{N(CH,)s}]>(THF), 430.585 11
[Na{N(CH,)s}]2(THF)s + THF === [Na{N(CH,)s}]o(THF), 466.635 18

Although 'H DOSY NMR is not a conclusive technique, all these different aggregates

are possible in solution and DFT calculations will be performed in order to obtain
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more conclusive evidence of the energy values for these species to undergo to

nucleophilic addition when reacted with styrene.

The lack of solubility in ds-THF of all the potassium amides attempted (prepared by
reaction of KCH,SiMes; with one molar equivalent of the amine) precluded a similar
DOSY study for these derivatives. "H NMR studies were not possible to perform in
CsDs due to the low solubility of the amide compounds 24 and 25 suggesting a

higher degree of aggregation compared to a more polar solvent as ds-THF.

In order to get further mechanistic insights of the catalytic cycle, structural
characterisation of intermediate Il was also attempted. To do so, stoichiometric
amounts of amides 24 or 25 with and diphenylacetylene (1a) or styrene (1b) were
reacted. Unfortunately, no single crystals or solids were obtained. Monitoring these
addition reactions by NMR in a J. Young’s NMR tube in ds-THF resulted in intractable
mixtures. The reasons of these unsuccessful reactions could be attributed to three
different pathways of decomposition. It is known that alkali-metal compounds can
react with THF to give ring opening reaction of THF. Since in this case the reactions
are in a much higher concentration than in the catalytic conditions, this could
suggest a rapid decomposition of the species reacting with THF. Additionally, a
competing B-elimination reaction can also take place, regenerating the starting

materials (Scheme 2.10).

i

©/\
- > Y

Scheme 2.10: B-elimination reaction and re-generation of the starting materials.

A third potential decomposition pathway could be attributed to the formation of

polymers. As previously mentioned, anionic polymerisation reactions can also be
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activated by lithium and sodium amides when treated with styrene, which could
also be a potential product formed during the attempts to isolate intermediate
1,128 Highlighting the highly unstable nature of these intermediates, Strohmann
has reported the metallation of a phenethylamine derivative, which appears to
form the suggested intermediate Il of the hydroamination reactions studied

(Scheme 2.11).8¢!

BuLi, BuOK

NMe;  THE -78°C | .}
JE—S ——
- nBuH
- 1BuOLi

Scheme 2.11: Metallation of 2-phenylethyldimethylamine.

[186]

As illustrated in the synthesis of this intermediate, cryogenic reaction conditions are
needed (-78 °C) suggesting the difficulty to form intermediate Il from the addition

reaction.
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2.3 Conclusions

In this chapter, we have assessed s-block metal catalysed intermolecular
hydroamination processes of alkenes and alkynes using group 1 monosilyl

complexes [MCH,Si(Me)s] [M = Li, 3; Na, 4; and K, 5].

A systematic study using MCH,SiMe3 reagents has been performed using a wide
range of substituted vinylarenes and variety of amines such as piperidine or
morpholine, finding that the reactions occur at room temperature with short
timescales. Interestingly, comparative reactivity studies have uncovered a dramatic
alkali-metal effect that is dependent on the reaction system, using 5 mol% of the
alkali-metal precatalyst. The wuse of these alkali-metal alkyl compounds
[MCH,Si(Me)3] (M = Li, Na, K) in THF solutions afforded excellent yields in mild
conditions, which suggest that the nucleophilic addition of the reagent to the
unsaturated organic molecule is favoured over the decomposition of the active-

amide species (catalyst) in the ethereal THF solvent.

By combining X-ray crystallography with NMR studies (including *H DOSY NMR
experiments), new insights into the constitution of the possible organometallic

intermediates involved in the catalytic process have been gained.
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2.4 Experimental

2.4.1 Synthesis of Active Species

* Synthesis of [Li{(N(CsH10)) {THF)]4 (24)

O O To a solution of [Li(CH,SiMe3)] (1 mL of a 1 M solution of
\ | \L|/T [Li(CH,SiMe3)] in pentane) in hexane (10 mL), piperidine

THF/'-'\ |_|\ (0.1 mL, 1 mmol) was added and the white suspension
THF Q was stirred during one hour at room temperature. THF
was added (1 mL) and the yellowish solution was

transferred to the freezer (-15 °C). Colourless crystals were obtained after 24 hours,
which were isolated and placed into a glovebox (0.036 g, 40%). The THF molecules

were removed when the crystals were isolated in vacuo.

'H NMR (400.13 MHz, dg-THF, 298 K) & 2.99 (m, 4H, N(CH,CH,),CH,), 1.52 (m, 2H,
N(CH,CH,),CH>), 1.23 (m, 4H, N(CH,CH,),CH,).

C NMR (400.13 MHz, ds-THF, 298 K) & 56.9 (N(CH,CH,),CH,), 32.8
(N(CH2CH,),CH,), 28.9 (N(CH,CH,),CH,).

’Li NMR (155.5 MHz, ds-THF, 298 K) 8 2.51.

Elemental analysis: (CsH1oNLi) Calculated: C: 65.94 % H: 11.07 % N: 15.38 %. Found:
C:64.46 % H: 11.07 % N: 15.38 %.
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* Synthesis of [Na{N(CH)4CH;)}>(THF)]. (25)

O To a solution of [Na(CH,SiMes)] (0.22 g, 2 mmol) in hexane (10
""\ll\Na/'Tl\Na mL), piperidine (0.2 mL, 2 mmol) was added. The white
"'Na\lll/Na“ .- suspension was stirred during 1 hour at room temperature

N
U < > and THF (3 mL) was added. The yellowish solution was placed
to the fridge and after 24 hours colourless crystals were
obtained. The crystals were isolated and placed in a glovebox (0.098 g, 46%). The

THF molecules were removed when the crystals were isolated in vacuo.

'H NMR (400.13 MHz, dg-THF, 298 K) & 3.07 [m, 4H, N(CH,CH,),CH,], 1.51 [m, 2H,
N(CH,CH,),CH,], 1.24 [m, 4H, N(CH,CH,),CH,].

C NMR (400.13 MHz, ds-THF, 298 K) & 57.3 [N(CH,CH,),CH,], 32.8
[N(CH,CH3),CH,], 28.7 [N(CH,CH;),CH,].

Elemental analysis: (CsHioNNa) Calculated: C: 56.06 % H: 9.41 % N: 11.07 %. Found:
C:55.97 % H:9.53 % N: 13.97 %.

2.4.2 General Experimental Procedure for Catalytic Hydroamination

Reactions at NMR Tube Scale

Catalytic reactions were performed in a J. Young’s NMR tube at NMR scale following
the standard procedure. In a glovebox, the NMR tube was filled with 0.5 mmol of
amine, 0.5 mmol of alkene or alkyne, 10 mol% of ferrocene (0.0095 g, 0.05 mmol)
as internal standard and 0.609 g of solvent. The initial ratio of starting materials was
calculated by integration in *H NMR relative to the ferrocene. The precatalyst (0.025
mmol) was introduced and the reactions times were measured from this point in

regular intervals of time until full conversion by 'H NMR spectrum (some reactions
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were heated in a pre-heated oil bath). All the yields were calculated by integration

of the products relative to the ferrocene in the *H NMR spectrum.
* Synthesis of 1-(1,2-diphenylvinyl)piperidine (6)

'H NMR (400.13 MHz, dg-THF, 298 K) & 7.36-7.16 [m, 5H, H.], 6.95-6.70 [m, 5H,
Hal, 5.62 [s, 1H, C=CH], 2.90-2.82 [m, 4H, N(CH,CH,),CH,], 1.64-1.49 [m, 6H,
N(CH,CH,),CH].

*C NMR (400.13 MHz, dg-THF, 298 K) § 153.0 [C=C-N], 140.4 [C,], 139.3 [C,], 131.2
[CH], 129.2 [CH], 129.1 [CH], 128.7 [CH], 128.3 [CH], 124.7 [CH], 107.0 [C=CH], 51.2
[N(CH,CH,),CH,], 27.2 [N(CH,CH,),CH,], 25.4 [N(CH,CH,),CH,].

* Synthesis of 1-(1,2-diphenylvinyl)pyrrolidine (7)

'H NMR (400.13 MHz, dg-THF, 298 K) 6 7.34-7.21 [m, 5H, H,], 6.89-6.59 [m, 5H,
H.], 535 [s, 1H, C=CH], 3.07-2.95 [m, 4H, N(CH,CH,),], 1.88-1.76 [m, 4H,
N(CH,CH,)].

>C NMR (400.13 MHz, ds-THF, 298 K) § 148.7 [C=C-N], 140.4 [C,], 139.2 [C,], 130.3
[CH], 129.1 [CH], 128.1 [CH], 127.9 [CH], 123.2 [CH], 100.7 (C=CH), 49.1
[N(CH,CH>),], 25.6 [N(CH,CH,),CH,].

* Synthesis of 1-(1,2-diphenylvinyl)morpholine (8)

'H NMR (400.13 MHz, dg-THF, 298 K) & 7.37-7.21 [m, 5H, H.], 6.99-6.71 [m, 5H,
Ha], 5.63 [s, 1H, C=CH], 3.71-3.59 [m, 4H, N(CH,CH,),0], 2.89-2.77 [m, 4H,
N(CH,CH,),0].

>C NMR (400.13 MHz, dg-THF, 298 K) § 151.9 [C=C-N], 139.7 [C,], 138.2 [C,], 132.3
[C4], 131.2 [CH], 129.2 [CH], 128.8 [CH], 128.2 [CH], 124.7 [CH], 107.0 [C=CH], 50.5
[N(CH,CH,),0], 47.7 [N(CH,CH,),0].
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* Synthesis of 1-(1,2-diphenylvinyl)dibutylamine (9)

'H NMR (400.13 MHz, ds-THF, 298 K) § 7.31-7.16 [m, 5H, H,], 6.89-6.80 [m, 2H,
Ha], 6.78-6.69 [m, 1H, Hy ], 6.66-6.57 [m, 2H, H, ], 5.51 [s, 1H, C=CH], 3.03-2.94 [t,
4H, N(CH,CH,CH,CHs),], 1.58-1.46 [m, 4H, N(CH,CH,CH,CHs),], 1.30-1.18 [m, 4H,
N(CH,CH,CH>CHjs),], 0.91-0.8 [t, 4H, N(CH,CH,CH,CH3)3].

13C NMR (400.13 MHz, ds-THF, 298 K) & 149.7 [C=C-N], 140.1 [C,], 138.9 [C,], 131.0
[CH], 128.7 [Car], 128.4 [Carl, 128.2 [Carl, 127.7 [Car), 123.7 [Carl, 105.8 [C=CH], 49.8
[N(CH2CH2CH,CHs),], 29.5 [N(CH,CH,CH,CHs)al, 21.0 [N(CH,CHoCH,CHs)yl, 13.9
[N(CH,CH,CH,CHs)-].

2.4.3 General Procedure for Catalytic Hydroamination Reactions of

Styrene Derivatives

To an oven dried Schlenk 5 mol% of [Na(CH,SiCH3)] (0.014 g, 0.13 mmol), the
styrene derivative (2.5 mmol), the corresponding amine (2.63 mmol) and THF (3.13
mL) were added and stirred at room temperature during one hour. The final
products were exposed to air and diluted with diethyl ether (20 mL). An oil was
obtained after evaporating to dryness and was purified by chromatographic column

(silica gel, hexane : ethyl acetate =4 : 1).

* Synthesis of 1-phenethylpiperidine (10)™*°!

H 5 mol%
©/\ N NaCH28|M63 l\O
+ >
Q THF, RT, 1h O/\/

88% of isolated yield (0.4181 g) was obtained for compound 10.

84



Chapter 2. Group 1 Metal-Catalysed Intermolecular Hydroamination Reactions

'H NMR (400.13 MHz, CDCl5, 298 K) § 7.35-7.39 [m, 2H, Ha], 7.28-7.31 [m, 3H, Ha,
2.90-2.94 [m, 2H, PhCH,CH,N], 2.64-2.68 [m, 2H, PhCH,CH,N], 2.57 [bs, 4H,
N(CH,CH,),CH,], 1.74 [m, 4H, N(CH,CH,),CH,], 1.53-1.60 [m, 2H, N(CH,CH,),CH].

3C NMR (400.13 MHz, CDCls, 298 K) & 140.4 [C,], 128.4 [CH], 128 [CH], 125.8 [CH],
61.1 [PhCH,CH,N], 54.5 [N(CH,CH,),CH,], 33.4 [PhCH,CH,N], 25.8 [N(CH,CH,),CH,],
24.19 [N(CH,CH,),CH,].

* Synthesis of 1-(4-methylphenethyl)piperidine (11) %
H 5 mol%
AN N NaCHQSiMe:g N
+ >
Me THF, RT, 1h
Me

70 % of isolated yield (0.3534 g) was obtained for compound 11.

'H NMR (400.13 MHz, CDCl;, 298 K) & 7.08 [s, 4H, H.], 2.73-2.80 [m, 2H,
PhCH,CH,N], 2.49-2.57 [m, 2H, PhCH,CH,N], 2.45 [br, 4H, N(CH,CH,),CH,], 2.30 s,
3H, CH;], 1.58-1.66 [m, 4H, N(CH,CH,),CH,], 1.42-1.50 [m, 2H, N(CH,CH,),CH,].

3C NMR (400.13 MHz, CDCl5, 298 K) & 137.5 [C,], 135.2 [C,], 129.0 [CH], 128.5 [CH],
61.6 [PhCH,CH,N], 54.6 [N(CH,CH,),CH,], 33.2 [PhCH,CH,N], 25.9 [N(CH,CH,),CH,],
24.4 [N(CH,CH;),CH,], 20.9 [CHs].

* Synthesis of 1-(4-methoxyphenethyl)piperidine (12)

5 mol%
/@/\ H NaCH,SiMes I\O
+ >
MeO O THF, RT, 1h /©/\/
MeO

84 % of isolated yield (0.4618 g) was obtained for compound 12.
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'H NMR (400.13 MHz, CDCls, 298 K) & 7.03-7.11 [m, 2H, Ha,], 6.74-6.79 [m, 2H, Ha/],
3.68 [s, 3H, CHs), 2.67-2.74 [m, 2H, PhCH,CH;N], 2.43-2.51 [m, 2H, PhCH,CH,N],
2.33-2.41 [br, 4H, N(CHCH,)2CH,], 1.52-1.61 [m, 4H, N(CH,CH>),CH,], 1.36-1.45 [m,
4H, N(CH,CH,),CH:).

13C NMR (400.13 MHz, CDCls, 298 K) & 157.7 [C,], 132.4 [C,], 129.4 [CH], 113.6 [CH],
61.4 [PhCH,CH,N], 54.9 [CHs], 54.4 [N(CH,CH,),CH,], 32.5 [PhCH,CH,N], 25.8
[N(CH,CH,),CH,], 24.3 [N(CH,CH,),CH,].

* Synthesis of 1-(4-chlorophenethyl)piperidine (13) %!

5 mol%
/O/\ § LiCH,SiMes O
+ >
Cl O THF, RT, 1h /©N
Cl

85 % of isolated yield (0.4736 g) was obtained for compound 13.

'H NMR (400.13 MHz, CDCls, 298 K) 6 7.16-7.12 [d, 2H, J = 8.8 Hz, H,], 7.05-7.00 [d,
2H, J = 8.4 Hz, H,], 2.72-2.63 [m, 2H, PhCH>CH,N], 2.46-2.40 [m, 2H, PhCH,CH;N],

2.36 [br, 4H, N(CH,CH,),CH,], 1.59-1.48 [m, 4H, N(CH,CH,),CH,], 1.42-1.33 [m, 2H,
N(CH,CH,),CH].

*C NMR (400.13 MHz, CDCls, 298 K) & 139.0 [C,], 131.5 [C,], 129.9 [C./], 128.3 [Ca],
61.0 [PhCH,CH;N], 54.3 [N(CH,CH,),CH,], 32.8 [PhCH,CH;,N], 25.9 [N(CH,CH,),CH,],
24.2 [N(CH,CH,),CH>).

86



Chapter 2. Group 1 Metal-Catalysed Intermolecular Hydroamination Reactions

* Synthesis of 1-(2-phenylpropyl)piperidine (14)™*°!

5 mol%
H NaCH,SiMes ,\O
O e O
dg-THF, RT, 1h P

The reaction was performed in a J. Young’s NMR tube adding 5 mol% of

[Na(CH,SiCH3)] (0.014 g, 0.13 mmol), the styrene derivative (2.5 mmol), the
corresponding amine (2.63 mmol) and in ds-THF (0.609 g). 88 % of isolated yield
(0.4512 g) was obtained for compound 14.

'H NMR (400.13 MHz, CDCls, 298 K) & 7.23-7.30 [m, 2H, Ha,], 7.16-7.23 [m, 3H, Ha/l,
2.94 [sext., 1H, J = 32 Hz, PhCH], 2.35-2.49 [m, 4H, N(CH,CH,),CH,], 2.22-2.35 [br,
2H, PhCH(CH3)CH:N], 2.33-2.41 [br, 4H, N(CH.CH,),CH,], 1.47-1.63 [m, 4H,
N(CH,CH,),CH,], 1.34-1.46 [m, 2H, N(CH,CH,),CH,], 1.28 [d, 3H, J = 12 Hz, CH].

3C NMR (400.13 MHz, CDCls, 298 K) & 146.6 [C,], 128.3 [CH], 127.2 [CH], 126.0 [CH],
67.2 [PhCH(CH3)CH,N], 55.0 [N(CH,CH,),CH,], 37.6 [PhCH], 26.2 [N(CH,CH,),CH,],
24.6 [N(CH,CH5),CH,], 20.0 [CHs].

* Synthesis of 1-(1-phenylpropan-2-yl)piperidine (15) **°!

5 mol%
A AN H NaCHQSiMes O
| + > N + Polymers
7 dg-THF, RT, 1h
The reaction was performed in a J. Young’s NMR tube adding 5 mol% of
[Na(CH,SiCH3)] (0.014 g, 0.13 mmol), the styrene derivative (2.5 mmol), the

corresponding amine (2.63 mmol) and in dg-THF (0.609 g). 38 % of isolated yield

(0.1932 g) was obtained for compound 15 and some polymerisation was observed.
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'H NMR (400.13 MHz, CDCls, 298 K) & 7.24-7.36 [m, 2H, Ha,], 7.18-7.36 [m, 3H, Ha/l,
3.02-3.1 [dd, 1H, J = 4 Hz, J = 12 Hz, PhCH,CH,], 2.78-2.89 [sext., 1H, J = 4 Hz,
PhCH,CH], 2.54-2.66 [m, 4H, N(CH;CH,),CH,], 2.38-2.47 [m, 1H, PhCH,CH,], 1.60-
1.70 [m, 4H, N(CH2CH>),CH,], 1.46-1.56 [m, 2H, N(CH,CH,),CH,], 0.98 [d, 3H, J = 8,
CH;).

3C NMR (400.13 MHz, CDCls, 298 K) & 141.4 [C,], 129.3 [CH], 128.2 [CH], 125.7 [CH],
62.2 [PhCH,CH(CH3)N], 49.8 [N(CH,CH,),CH,], 39.3 [PhCH,CH(CHs)N], 26.7
[N(CH,CH,)>CH,], 25.1 [N(CH,CH,),CH,], 14.3 [CHs].

149
)[ 1

* Synthesis of 1-(3-methylbut-2-enyl)piperidine (16a

5 mol%
NaCstiMe3

H C‘
= -
dg-THF, RT, 1h

The reaction was performed in a J. Young’s NMR tube adding 5 mol% of

[Na(CH,SiCH3)] (0.014 g, 0.13 mmol), the styrene derivative (2.5 mmol), the
corresponding amine (2.63 mmol) and in dg-THF (0.609 g). 51 % of isolated yield
(0.195 g) was obtained for compound 16a.

'H NMR (400.13 MHz, CDCl;, 298 K) & 5.23 [m, 1H, NCH,CH=C(CHs)a), 2.78-2.89
[sext., 1H, J = 4 Hz, N(CH,CH>),CH,], 2.24-2.40 [m, 4H, N(CH2CH,)2CH,], 1.67 [m, 3H,
NCH,CH=C(CHs)s], 1.58 [s, 4H, NCH,CH=C(CHs)s], 1.49-1.56 [m, 4H,
N(CH,CH;),CH,], 1.33-1.43 [m, 2H, N(CH,CH,),CHs].

3C NMR (400.13 MHz, CDCl;, 298 K) & 134.5 [NCH,CH=C(CHs)s,], 121.59
[NCH,CH=C(CH3)ab], 56.8 [NCH,CH=C(CH3)a], 54.8 [N(CH,CH,),CH,], 26.4
[N(CH,CH,),CH,], 24.6 [N(CH2CH,),CH,], 18.0 [NCH,CH=C(CH3)ap].
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* Synthesis of 1-phenethylpirrolidine (17)"**’!

5 mol%
H NaCH,SiMes O
N
O e
dg-THF, RT, 1h

The reaction was performed in a J. Young’s NMR tube adding 5 mol% of

[Na(CH,SiCH3)] (0.014 g, 0.13 mmol), the styrene derivative (2.5 mmol), the
corresponding amine (2.63 mmol) and in ds-THF (0.609 g). 88 % of isolated yield
(0.3889 g) was obtained for compound 17.

'H NMR (400.13 MHz, CDCls, 298 K) § 7.34-7.40 [m, 2H, Ha], 7.27-7.33 [m, 3H, Ha,
2.94 [m, 2H, PhCH,CH,N], 2.80 [m, 2H, PhCH,CH,N], 2.63-2.71 [m, 4H, N(CH,CH,),],
1.86-1.95 [m, 4H, N(CH,CH,),].

3C NMR (400.13 MHz, CDCls, 298 K) & 140.4 [C,], 128.4 [CH], 128.2 [CH], 125.8 [CH],
58.2 [PhCH,CH,N], 54.0 [N(CH,CH,)], 35.8 [PhCH,CH,N], 23.4 [N(CH,CH,),].

* Synthesis of 4-phenethylmorpholine (18)™*°!

5 mol%
H . (o
(jr\\ N NaCH SiMe,
0 THF, RT, 1h ©/\/

80 % of isolated yield (0.3835 g) was obtained for compound 18.

'H NMR (400.13 MHz, CDCls, 298 K) & 7.35-7.39 [m, 2H, H.], 7.28-7.3 [m, 3H, H.],
3.79 [t, 4H, J = 4 Hz, OCH,], 2.88 [dd, 2H, J = 4 Hz, J = 8 Hz, PhCH,CH,N], 2.65 [dd,
2H, ) = 4 Hz, J = 8 Hz, PhCH,CH,N], 2.54 [s, 4H, N(CH,CH,),0].

3C NMR (400.13 MHz, CDCls, 298 K) & 139.6 [C,], 128.0 [CH], 127.7 [CH], 125.4 [CH],
66.2 [OCH,], 60.2 [PhCH,CH,N], 53.1 [N(CH,CH,),0], 32.7 [PhCH,CH,N].
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* Synthesis of N,N-dibutyl-benzeneethanamine (19)"**”

5 mol%
N NaCH SiMe, NBu,
+  nBUNH —————>
THF, RT, 1h
74 % of isolated yield (0.4330 g) was obtained for compound 19.

'H NMR (400.13 MHz, CDCls, 298 K) & 7.34-7.40 [m, 2H, Ha,], 7.27-7.32 [m, 3H, Ha/l,
2.83-2.89 [m, 2H, N(CH,CH,CH,CHs),], 2.78-2.83 [m, 2H, N(CH;CH,CH,CH),], 2.60
[m, 4, PhCH,CH.N], 156 [m, 4H, N(CH,CH,CH,CHs)l, 1.45 [m, 4H,
N(CH,CH,CHCH3),], 1.05 [m, 6H, N(CH,CH,CH,CHs),).

3C NMR (400.13 MHz, CDCls, 298 K) & 140.9 [C,], 128.7 [CH], 128.2 [CH], 125.6 [CH],
56.5 [PhCH,CH,N], 53.7 [N(CH,CH,CH,CHs),], 33.8 [PhCH,CH,N], 29.2
[N(CH,CH,CH,CHs)], 20.8 [N(CH2CH,CH,CHs),], 14.2 [N(CH,CH,CH,CHs),].

* Synthesis of N-methyl-N-phenylethylaniline (20)[65]
5 mol_% Me
AN N(H)Me KCH,SiMe3 lll
O
THF, RT, 24h

To an oven dried Schlenk 5 mol% of [K(CH,SiCHs3)] (0.015 g, 0.13 mmol), the styrene

derivative (2.5 mmol), the corresponding amine (2.63 mmol) and THF (3.13 mL)
were added and stirred under reflux during 24 hours. 69 % of isolated yield (0.3661

g) was obtained for compound 20 after purification.

'H NMR (400.13 MHz, CDCls, 298 K) 8 7.18-7.46 [m, 7H, H,], 6.75-6.93 [m, 7H, Ha,],
3.63 [m, 2H, PhCH,CH;N], 2.94 [s, 3H, CH3], 2.89-2.93 [m, 2H, PhCH,CH;N].
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13C NMR (400.13 MHz, CDCls, 298 K) & 148.6 [C,], 139.7 [C,], 129.4 [CH], 128.9 [CH],
128.6 [CH], 126.3 [CH], 116.4 [CH], 112.4 [CH], 54.6 [PhCH,CH,N], 38.3 [CH3], 33.0
[PhCH,CH,N].

* Synthesis of N-benzyl-N-methyl-2-phenylethanamine (21) ©*°!

5 mol% Me
+ ’ o “
THF, RT, 1h ©/\

84 % of isolated yield (0.4761 g) was obtained for compound 21.

'H NMR (400.13 MHz, CDCl;, 298 K) § 7.46-7.60 [m, 7H, Ha], 7.39-7.46 [m, 2H, Ha,
3.80 [s, 2H, NCH,Ph], 3.04-3.14 [m, 2H, PhCH,CH,N], 2.87-2.97 [m, 2H, PhCH,CH.N],
2.52 [s, 3H, CHs].

13C NMR (400.13 MHz, CDCl5, 298 K) & 140.5 [C,], 139.1 [C,], 128.9 [CH], 128.7 [CH],
128.3 [CH], 128.2 [CH], 126.9 [CH], 125.9 [CH], 62.3 [NCH,Ph], 59.2 [PhCH,CH,N],
42.2 [CHs], 34.0 [PhCH,CH,N].

* Synthesis of N,N-dibenzyl-2-phenylethanamine (22)*°

5 mol%
NaCH,SiMe
NN NH S N</©
| + >
G 2
2 dgTHF,RT, 1h ©/\/

The reaction was performed in a J. Young’s NMR tube adding 5 mol% of
[Na(CH,SiCH3)] (0.014 g, 0.13 mmol), the styrene derivative (2.5 mmol), the
corresponding amine (2.63 mmol) and in ds-THF (0.609 g). 72 % of isolated yield

(0.54 g) was obtained for compound 22. 28 % of the byproduct was also purified.
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'H NMR (400.13 MHz, CDCls, 298 K) § 7.15-7.44 [m, 13H, H.], 7.06-7.14 [m, 2H,
Hal, 3.66 [s, 4H, {Ph-CH,},N], 2.78-2.86 [m, 2H, PhCH,CH,N], 2.71-2.78 [m, 2H,
PhCH,CH,N].

13C NMR (400.13 MHz, CDCls, 298 K) & 140.7 [C,], 139.7 [C,], 128.9 [CH], 128.7 [CH],
128.2 [CH], 126.8 [CH], 125.7 [CH], 58.3 [PhCH,N], 54.9 [PhCH,CH,N], 33.5
[PhCH,CH,N].

* Synthesis of N-benzyl-2-phenylethanamine (23)*

5 mol%
oo 0
+ >
7 dg-THF, 80 °C, 2h

The reaction was performed in a J. Young’s NMR tube adding 5 mol% of

[Li(CH,SiCH3)] (0.011 g, 0.13 mmol), the styrene derivative (2.5 mmol), the
corresponding amine (2.63 mmol) and in ds-THF (0.609 g). The mixture was heated
at 80 °C during 2 hours. 65 % of isolated yield (0.3442 g) was obtained for

compound 23.

'H NMR (400.13 MHz, CDCls, 298 K) § 7.20-7.39 [m, 10H, H.,], 3.83 [s, 2H, NCH,Ph],
2.89-2.96 [m, 2H, PhCH,CH;N], 2.81-2.89 [m, 2H, PhCH,CH,N], 1.53 [s, 1H, NH].

3C NMR (400.13 MHz, CDCl5, 298 K) & 140.3 [C,], 139.9 [C,], 128.6 [CH], 128.3 [CH],
128.2 [CH], 127.9 [CH], 126.7 [CH], 126.0 [CH], 53.8 [NCH,Ph], 50.3 [PhCH,CH,N],
36.4 [PhCH,CH,N].
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Chapter 3 Hydroamination Reactions Using

Alkali-Metal Magnesiate Precatalysts

3.1 Introduction

3.1.1 Hetero-Bimetallic Main Compounds in Catalysis

Bimetallic catalysis represents an alternative to the more conventional single-metal
catalytic transformations in order to modify some reaction parameters, such as the
selectivity or even the activity.[lss'lsg] Key to the success of this mixed-metal
catalysts is the proximity of those metals that allows them to work synergically,
where normally one metal acts as a Lewis acid and the other one is part of an ate

complex with the capability of behaving as a Lewis base.

Bimetallic catalysts have been known to date, combining different types of metals
such as alkali-metals, lanthanides or transition metals.!*®*” Recent reports have been
focusing on systems containing main group metals to promote catalytic reactions.
For example, Westerhausen has demonstrated the synergic effect of bimetallic s-
block metal catalysts. Potassium calciates such as [K,Ca(NPhy);] or
[K,Ca{(N(H)Dipp}s] can efficiently catalyse hydroamination reactions of
diphenylbutadiyne with a variety of anilines.317134 Exemplifying the cooperative

effect of the ate compound as a catalyst, no reaction product is observed when
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adding diphenylamine to 1,4-diphenylbutadiyne in presence of Ca(NPh;), or KNPh,.
However, when the bimetallic calciate compound K,Ca(NPh,), is used as a catalyst

the hydroamination products are formed in a >90% NMR vyield (Z isomer 40.4%,

isolated yield) (Scheme 3.1).[3%

4 mol% Ph Ph
KoCa(NPh,),
> \\ Ph 4 \\ NPh,
THF, refl., 6h — _

H  NPh; H  Ph

Ph—==—==—Ph + HNPh,

E/Z-mixture > 90%

Scheme 3.1: Hydroamination reaction of 1,4-diphenylbutadiyne and diphenylamine using
[K,Ca(NPh,),] catalyst.[m]

3.1.1.1 Magnesiates in catalysis

As previously mentioned in the introduction, alkali-metal magnesiates have already
shown their properties as metallating agents and their enhanced nucleophilic
power in a multitude of stoichiometric applications, surpassing in many occasions
the performances of conventional single-metal reagents.[48’7°] Opening new ground
towards expanding the synthetic applications for mixed-metal reagents, our group
has demonstrated that triorgano sodium magnesiate [NaMg(CHZSiMeg)g]mg] has
excellent catalytic capabilities to promote hydroamination/cyclotrimerization
processes of isocyanates (Scheme 3.2).2 These studies constitute the first

example of magnesiate-mediated catalysed reactions.
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2 mol%
NaMg(CH,SiMe3); )OI\
8 examples
RN=C=0 +  ArNH » R B .
2 CeD, RT, 10 min :j NAr, yields: 90 - 99%
R = aliphatic
5 mol% e
THF)NaMg(NAr,)5(THF
| [(THF)NaMg(NAr,)5(THF)] .~ R\NJ\N,R 4 examples
THF, RT, 15 min )\ /g yields: 70 - 83%
R = aromatic O ’?l O

Scheme 3.2: Sodium magnesiate-mediated hydroamination and trimerization reactions of
isocyanates.mg]

Stoichiometric studies have hinted that these reactions occur via similar
mechanisms to those previously proposed in lanthanide chemistry for the
hydroamination  of isocyanates.[lgo] Thus, the homoalkyl magnesiate
[NaMg(CH,SiMe3)s] firstly deprotonates the amine to form an active tris(amido)
species, which in turn undergoes nucleophilic addition to the unsaturated
electrophile RNCO (Scheme 3.3). This nucleophilic addition can be favoured by
coordination of RNCO to the Lewis acidic sodium centre, to form a
tris(ureido)species which can then undergo protonolysis regenerating the

nucleophilic amide magnesiate and liberating the hydroamination product.
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NAI’Z
R
[
Insertion
NaMg\ R'N=C=0
RN=C=0 W 0ls
RN=C=0 R 0O
| rti
nse IOV/_\ y R\NJ\N/R
Insertion
3 Ar,NH 0 Ring closure )\ /g
| g b
NaMg(CH,SiMe3)3 NaMg(NAra)s N NAr isocygnurate
R 3 Be
q)
3 SiMe, NaMg(NAr5)5
Initiation
ArzNH Insertion -
o Protonolysis
R<
N “NHAr,

I
urea (3 eq)

Scheme 3.3: Proposed catalytic cycle for sodium-magnesiate-mediated hydroamination and
trimerization of isocyanates. [129)

Building on the catalytic applications of alkali-metal magnesiates, sodium
magnesiate [NaMg(CH,SiMes)3] has also been reported by our group as an efficient

catalyst for the guanylation and hydrophosphination of amines (Scheme 3.4).[1301

2 mol% N/R4
NaMg(CH,SiMe3)3 | 15 examples
a) R'RH + RSN=C=NR* > RLN)\N/RS yields: 52 - 98%
dg-THF \ |
R2 H
2 mol% N,R4
NaMg(CH,SiMe3)5 3 examples
b) PPhoH + R3N=C=NR4 » Phy )'x _R®  yields: 80 - 95%
dgTHF,RT, 1 h B N
Ph H

Scheme 3.4: Sodium magnesiate mediated-catalyzed a) guanylation and b) hydrophosphination of
K [130]
amines.
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Stoichiometric and kinetic experiments provided mechanistic insights for these

transformations and a catalytic cycle was suggested that is presented in Scheme

3.5.
R3N=C=NR*
Insertion
3
3R'R2H R
N i\ |
THF > .
NaMg(CH,SiMe3)3 A—T[Na(THF)X[Mg(NFFRZ)s] (R‘R2N)2Mg /..* ----N\RZ [Na(THF)X]"'
‘N
A\
4
-3 SiMe, R
Initiation
N R'R2H
|
1 3
F{\NJ\N’R Protonolysis
I I
R2 H

Scheme 3.5: Proposed catalytic cycle for sodium-magnesiate-mediated-catalyzed guanylation of

. [130]
amines.

An initial deprotonation of the ate compound forms a nucleophilic tris(amido)
magnesiate that undergoes to insertion of the carbodiimide giving a sodium
magnesiate guanidinate compound. By protonolysis of this second intermediate the
guanidine product is obtained and the active sodium tris(amido) magnesiate is

regenerated, which is the actual catalyst of the reaction.

Furthermore, these studies have shown that the catalytic activity of the mixed-
metal complexes is better than its homometallic components. For example, the
guanidination of 2,6-dimethylaniline with N, N’-diisopropylcarbodiimide is presented

in Table 3.1 using different precatalysts.mo]
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Table 3.1: Comparison of the different precatalytic species in the guanidination reaction of 2,6-

dimethylaniline with N,N’-diisopropylcarbodiimide in dg-THF at RT.20
NH 2 mol% j‘\Hin
2 NaMg(CH,SiMe )
9(CH2SiMeg); PrHNT SN

+ i —C=N/i
PIN=C=NPr dg-THF, RT time

Entry Precatalyst Time (h) Yield (%)™
1 [NaCH,SiMes] 0.25 72
2 [NaCH,SiMes] 1 84
3 [Mg(CH,SiMe3),] 0.25 44
4 [Mg(CH,SiMe3),] 16 99
5 [NaMg(CH,SiMe3)s] 0.25 99

Clyields determined by '"H NMR using ferrocene as an internal standard.

As exemplified in Table 3.1 the sodium magnesiate complex [NaMg(CH,SiMe3)s]
provides better catalytic activity than that of the monometallic components
[NaCH,SiMes] and [Mg(CH,SiMes),]. After 15 minutes of reaction the yield obtained
for the guanidine product using [NaMg(CH,SiMe3)s3] precatalyst is 99%, whereas for
[NaCH,SiMes] and [Mg(CH,SiMe3s),] is 72 and 44% respectively (Table 3.1 entry 5 vs

entries 1 and 3).

The mechanistic studies on these transformations have shown that the key for the
success of the catalytic process is the formation of a bifunctional catalyst which
combines a Lewis acid (the Na cation) to which the unsaturated substrate can
coordinate, being activated towards the nucleophilic attack of the magnesiate anion

(Figure 3.1).
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_ Lewis acid
Lewis base activates
enhanced RNCO

Nu power

cooperative catalysis
bifunctional system
(Lewis Acid / Lewis base)

Figure 3.1: Bifunctional catalyst.

With the aim of expanding the scope of s-block cooperative catalysis in this chapter
we report our findings assessing the ability of magnesiate compounds to promote
intermolecular hydroamination reactions of alkenes and alkynes. A wide range of
unsaturated substrates and primary and secondary amines have been studied in
order to expand the scope of the catalytic approach, which allowed us to compare
with the homometallic system described in Chapter 2. Additionally, structural and
mechanistic studies have also been carried out to shed some light on the putative

active species.
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3.2 Results and Discussion

3.2.1 Optimisation of the Reaction Conditions

3.2.1.1 Studies using Lower-Order Magnesiate Precatalysts

Similar to the monometallic systems described in Chapter 2, we first studied the
reaction of diphenylacetylene (1a) and piperidine (2a) in different solvents and a 5
mol% NaMg(CH,SiMes); (27) of precatalyst. The sodium magnesiate 27 was
prepared by co-complexation of its homometallic components.[m] To investigate
the role of the solvent, three different solvents with different coordinating abilities
were employed (CDCl;, C¢Dg and dg-THF in a 0.08 M concentration). All the reactions
were performed in a J. Young’s NMR tube using 10 mol% of NaMg(CH,SiMes)s (27)

as precatalyst and heated at 80 °C during 15 hours.

Table 3.2: Hydroamination reaction of 1a and 2a in different solvents at 80 °C during 15 hours, using
10 mol% of precatalyst 27.

10 mol% Ph Ph
[NaMg(CH,SiMeg)s] (27) >=<
Ph—=—Ph + > H + Ph
solvent, 80 °C, 15 h >=<
H  Ph
(1a) (2a) (6a) - E (6b) - Z
Entry Solvent Yield (%)™ E:z™]
1 CDCl5 0 -
2 C5D6 42 90:10
3 ds-THF 100 63:37

Cl yields determined by '"H NMR using ferrocene as an internal standard. ) Determined by '"H NMR

spectroscopy
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As Table 3.2 shows, there exist a strong dependence of the solvent in the
hydroamination reaction of the diphenylacetylene (1a) and the piperidine (2a).
Using chlorinated solvent CDCls, no conversion is observed at 15 hours of reaction.
Contrastingly, employing CsDs or dg-THF compounds 6a and 6b are formed although
the yield of the hydroamination process also showed a strong dependence with the
solvent. Using CgDg, only 42% conversion is obtained after 15 hours whereas with
the more coordinating ethereal solvent dg-THF full conversion is observed. The
solvent also affects the chemoselectivity of the process. Thus, in C¢Dg after 15 hours
a 90:10 ratio of E:Z products is obtained whereas for dg-THF, under these

conditions, the ratio is 63:37.

Analogous solvent effect has been observed when 27 acts as catalyst for
guanylation reactions. " Similarly, greater conversion of the guanidine product has
been obtained when employing the more polar etheral solvent ds-THF in
comparison with C¢Dg. Additionally, similar solvent dependence in intermolecular
hydroamination reactions was also noticed by Hill in their studies using alkaline-
earth metals as precatalysts.[“g] In their work shown at Table 3.3, they report the
study of the same reaction with the use of a 5 mol% of the strontium precatalyst

[SF{CH(SIM63)2}2(TH F)z]
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Table 3.3: Hydroamination reaction of 1a and 2a in different solvents at 60 °C during 2 hours, using 5
mol% of precatalyst [Sr{CH(SiMes),},(THF),] reported by Hill. 19!

5 mol% Ph Ph
[SHCH(SiMe 3)o}o(THF) ] =
Ph—==—Ph + > H + Ph
solvent, 60 °C, 2 h >=<
H Ph
(1a) (2a) (6a) - E (6b) - Z
Entry Solvent Yield (%) E:Z

1 ds-THF 100 91:9

2 CeDsg 41 60:40

3 hexane 44 60:40

As a second step of the optimisation of the reaction conditions, different catalyst

loads were tested in ds-THF (Table 3.4).

Table 3.4: Hydroamination reaction of 1a and 2a in ds-THF at 80 °C during 15 hours and using
different amounts of 27 as precatalyst.

mol% Ph Ph
[NaMg(CH,SiMeg)s] (27) =
Ph—==—Ph + > H + Ph
dg-THF, 80 °C, 15 h =

H Ph
(1a) (2a) (6a) - E (6b) - Z

Entry mol % (27) Yield (%)™ E:Zz™®!

1 2 97 66:34

2 5 90 60:40

3 10 100 63:37

Cl yields determined by '"H NMR using ferrocene as an internal standard. ) Determined by '"H NMR

spectroscopy
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As presented in Table 3.4, the catalyst load can be reduced up to 2 mol% without
significantly affecting the conversion or the selectivity of the reaction. However, in
order to compare with the monometallic precatalysts [MCH,Si(Me)s] [M = Li, 3; Na,

4; and K, 5], 5mol% of magnesiated precatalyst was used.

The effect of the alkali metal as a component of the bimetallic precatalyst (5 mol%)
was also examined for the reaction of diphenylacetylene (1a) and the piperidine
(2a). Comparing the results obtained of the [MMg(CH,SiMes)s] (M = Li (26), Na (27)

112491 longer

and K (28)) with the bimetallic strontium precatalyst used by M. Hil
times were required with the lithium, sodium or potassium lower order

magnesiates (Table 3.5).

Table 3.5: Comparison of the different yields obtained in the hydroamination reaction of 1a and 2a in
ds-THF at 80 °C.

Ph Ph

5 mol% precatalyst >=<
Ph—==—Ph + > H + Ph
dg-THF, 80 °C, time =
H  Ph
(1a) (2a) (6a) - E (6b) - Z
Entry precatalyst Time (h) Yield (%)™ E:z™!
1 [Sr{CH(SiMe3),}2(THF)] 2 100 91:9
2 LiMg(CH,SiMes)s (26) 18 49 86:14
3 NaMg(CH,SiMes)s (27) 18 98 70:30
4 KMg(CH,SiMes)s (28) 18 59 84:16

€l yields determined by '"H NMR using ferrocene as an internal standard. ) Determined by 'H NMR

spectroscopy

Full conversion was obtained by the low order sodium magnesiate precatalyst (27)

when the reaction takes place at 80 °C in dg-THF after 18 hours of heating (Table
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3.5, entry 3). However, with Hill's strontium precatalyst, the reaction requires 2
hours to afford 100% yield in good selectivity.[“g] As observed Table 3.5, precatalyst
27 has higher activity compared to the lithium and potassium congeners. Similar to

[116] an alkali-metal effect

Chapter 2 and the previous studies with group 2 catalysts
has been observed, however in this case the reactivity is not proportional to the
radius of the alkali-metal. Additionally, the selectivity towards the E product
remains superior than Z when using 26, 27 and 28. However, a better selectivity is
observed when using 26 (E:Z; 86:14) and 28 (E:Z; 84:16) compared to 27 (E:Z; 70:30)

(Table 3.5, entries 2, 3 and 4).
3.2.1.2 Studies using higher-order magnesiate precatalysts

Encouraged by the initial results using homoleptic triorganomagnesiates 26, 27 and
28 we next studied the ability of the higher order derivatives
[(TMEDA),Li,Mg(CH,SiMes)a]™*" (29) [(TMEDA),Na,Mg(CH,SiMes)s]™**”! (30) and
[(PMDETA),K,Mg(CH,SiMes)a]™” (31). Previous studies assessing the reactivity of

these compounds have shown that they can be significantly more activated within

[48] 6]

the context of deprotonative metallation”™™" and Mg-halogen exchange[12 reactions

than their lower-order derivatives.
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The same hydroamination reaction of 1a and 2a was explored using the high order

magnesiates as precatalysts.

Table 3.6: Comparison of different alkali-metal magnesiate precatalysts in the intermolecular
hydroamination reaction of diphenylacetylene (1a) and piperidine (2a) in dg-THF at RT.

5 mol%
[(L)oMoMg(CHLSiMes) 4] Ph Ph

(29, 30 and 31) >=<

Ph—=—Ph + > H + Ph

dg-THF, RT, 3h >=<
H  Ph
(1a) (2a) (6a) - E (6b) - Z
Entry precatalyst Yield (%)% E:z™)
1 [(TMEDA),Li,Mg(CH,SiMes).] (29) 0 -
2 [(TMEDA),Na,Mg (CH,SiMes)a] (30) 28 29:71
3 [(PMDETA),K;Mg(CH,SiMe3s)4] (31) 100 93.7

[ Yields determined by '"H NMR using ferrocene as an internal standard. ® Determined by H

NMR spectroscopy.

As shown in Table 3.6, there exist a dramatic alkali-metal effect with
[(TMEDA),Li,Mg(CH,SiMes),] (29) being the slowest precatalyst, which in 3 hours of
reaction can not achieve any conversion (Table 3.6, entry 1). Contrastingly, when
the reaction is performed with the potassium magnesiate precatalyst
[(PMDETA),K;Mg(CH,SiMes)4] (31) 100% yield and excellent selectivity (E:Z; 93:7) is
obtained. A similar trend in the alkali-metal effect regarding the reactivity and
selectivity was found for the monometallic alkali-metal precatalysts explained in
Chapter 2. This tendency is related again to the different aggregation state of the
active species in solution that are formed at the first step of the reaction. The fact
that these reactions can take place at room temperature, in contrast to the lower

order magnesiates, is because they have an enhanced nucleophilic character.
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The corresponding monometallic components of 31 were also tested as precatalysts
for the hydroamination reaction of diphenylacetylene (1a) and piperidine (2a)

(Table 3.7).

Table 3.7: Comparison of different precatalysts in the intermolecular hydroamination reaction of
diphenylacetylene (1a) and piperidine (2a) in dg-THF at RT.

Ph Ph

5 mol% precatalyst >=<
Ph—=—Ph + > H + Ph

dg-THF, RT, time =
H Ph
(1a) (2a) (6a) - E (6b) - Z
Entry Precatalyst Time  Yield (%)™ E:z1®!
1 [(PMDETA),K;Mg(CH,SiMes),] (31) 3 100 93.7
2 KCH,SiMe3s (5) 0.25 100 92:8

3 Mg(CH,SiMes); 24 o -

[(PMDETA),K ;Mg(CH,SiMes),4] (31)
4 24 ol
+ 10 mol% 18-crown-6

Cl vields determined by 'H NMR using ferrocene as an internal standard. ) betermined by '"H NMR

spectroscopy. [c] 0% yield after heating at 80 °C for 24 hours.

When the single-metal Mg(CH,SiMes), complex was used as a precatalyst no
conversion was observed even heating the reaction at 80 °C during 24 hours (Table
3.7, entry 3). The same behaviour was found when using 5 mol% of
[(PMDETA),K,;Mg(CH,SiMes)4] (31) and adding 10 mol% of 18-crown-6, which is
known to have a high affinity towards the potassium cations (Table 3.7, entry 4).[126]
The fact that no conversion is observed when adding the crown ether, which can

block the potassium coordination sites, suggests that the potassium atom has a key

role and enables the coordination to the unsaturated molecule (Lewis acid
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activation) and facilitates the nucleophilic addition bringing it into close proximity to
the anionic amido magnesiate. Contrastingly, in the guanylation reactions catalysed
by [NaMg(CH,SiMe3);] (27) the effect of the crown ether 15-crown-5 only shows a
slight decrease on the reactivity, suggesting a secondary role of the alkali-metal in

this processes.*%

As demonstrated in Chapter 2, the alkali metal monometallic potassium precatalyst
KCH,SiMes (5) displays a higher reactivity than the bimetallic complex
[(PMDETA),K;Mg(CH,SiMes)4] (31) (Table 3.7, entry 1 vs entry 2). Full conversion
and excellent selectivity is achieved after 15 minutes when precatalyst 5 is used,
whereas 3 hours are needed for 31. These results differ from those obtained
previously in the group for magnesiates in catalysis as reported in the introduction.
In those reports, [NaMg(CH,SiMes)s] has a higher catalytic capability than its
monometallic components Na(CH,SiMesz) or Mg(CH,SiMes), in order to promote

hydroamination/cyclotrimerization of isocya nates™

or towards the guanylation of
amines (Table 3.1).[1301 However, in this system, the higher polarity of the K-N bonds
in addition of the large size of the potasium atom, facilitates the m-coordination of

the alkyne and activates it towards addition of the amido species.
3.2.2 Substrate Scope

Initial results of the reaction scope using different amines have been obtained. A
variety of aliphatic and aromatic amines has been reacted with diphenylacetylene
(1a) using potassium complex 31 as precatalyst (5 mol% of precatalyst in ds-THF at

room temperature) (Table 3.8).
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Table 3.8: Intermolecular hydroamination of diphenylacetylene (1a) and a range of secondary
amines (2a-2c, 2g-2h) catalyzed by potassium precatalyst (31) in dg-THF at room temperature.

5 mol%
PMDETA)K,Vg(CH,SiM
[( )2 (%1)( 2SiMe3)4] oh - o
Ph—=—Ph + = + =
dg-THF, RT, time H H Ph
(1a) (22;22,f) (6a-8a) - E (6b-8b) - Z
Entry Amine t (h) Product Yield (%)™ E:Zz1®!
1 ¢ NH (2a) 3 6 100 93.7
2 CNH (2b) 2 7 100 94:6
3 O  NH (2¢) 24 8 80 92:8
__/ '
4 Bz,NH (2g) 24 - o -
5 Ph,NH (2h) 24 - old -

[ vields determined by '"H NMR using ferrocene as an internal standard. ) Determined by '"H NMR

integration of spectra. 0% yield after heating at 80 °C for 24 hours.

Table 3.8 illustrates the results obtained when diphenylacetylene (1a) is reacted
with a variety of amines. Similar to the monometallic precatalysts studied in
Chapter 2, the reactivity of the cyclic amines piperidine (2a), pyrrolidine (2b) and
morpholine (2c) (Table 3.8, entries 1 - 3) is superior to the aromatic dibenzylamine
(2g) and diphenylamine (2h) (Table 3.8, entries 1 - 3), which do not form the
hydroamination product. As observed in Chapter 2 and previous reports by Hill
using the strontium precatalyst [Sr{CH(SiMes),},(THF),] the formation of the E

isomer remains prefered over Z.
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In order to obtain full conversion towards the hydroamination products 6 and 7,
when reacting diphenylacetylene (1a) with the six and five membered ring amines
piperidine (2a) and pyrrolidine (2b), 3 and 2 hours at room temperature are
required using precatalyst 31 (Table 3.8, entries 1 and 2). In comparison to the
analogous reaction using precatalyst 5 [KCH,SiMes] longer times are required. A
much slower hydroamination reaction is observed when reacting diphenylacetylene
(1a) with morpholine (2c), which requires 24 hours at room temperature to afford
8a and 8b (92:8) in 80% vyield. As discussed in Chapter 2, these reactions are
reported using transition metal catalysts such as nickel or gold, where long periods

of time and high temperatures are required.""*”***

The hydroamination reactions of diphenylacetylene (1a) with the bulky amines
dibenzylamine (2g) and diphenylamine (2h) are not observed, even when the
reaction is heated at 80 °C during 24 hours (Table 3.8, entries 4 and 5). However,
NMR monitoring of the reaction indicates the formation of a KMg-amide, which
suggests that this new complex is not nucleophilic enough to undergo to
nucleophilic addition and initiate the catalytic cycle. These results are similar to the

ones found when using precatalyst 5 [KCH,SiMes], where no reaction is observed.

Initial findings of the reactivity of styrene and the cyclic amines namely piperidine
(2a), pirrolidine (2b) and morpholine (2c) have also been explored. The results
obtained are displayed in Table 3.9, when using 5 mol% of 31 in ds-THF at room

temperature.
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Table 3.9: Intermolecular hydroamination of styrene (1b) with different amines (2a-2c) in ds-THF at
room temperature.

5 mol%
[(PMDETA)sz (CH28|M93)4]

x (31)
+ >
dg-THF, RT, time

(1b) (2a-2c) (10, 17-18)
Entry Amine t (h) Product Yield (%)™
1 { NH (2a) 0.25 10 100
2 CNH (2b) 0.25 17 100
3 0  NH (2¢) 0.25 18 100
:

@ yields determined by '"H NMR using ferrocene as an internal standard.

The hydroamination reactions between styrene (1b) and the six and five memered
ring amines (2a — 2c) afford the anti-Markovnikov products 10, 17 and 18 instantly
(15 minutes) at room temperature and using 5 mol% of 31 in ds-THF (Table 3.9,
entries 1 - 3). This high catalytic activity is similar to the one obtained when using
the sodium and potassium precatalysts 4 [NaCH,SiMes] and 5 [KCH,SiMe;s],
obtaining full conversion towards compounds 10, 17 and 18 using the same reaction
conditions as in Table 3.9. In contrast, other reports have shown that high
temperatures and long periods of times are required for these reactions. For
example, LiN(SiMes), (5 mol%) with the presence of TMEDA (5 mol%) in C¢Dg at 120
- 150 °C, can afford compounds 10, 17 and 18 after 1 — 3 hours in 61-82 % yields.[65]
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Group 2 catalysts such as [Sr{CH(SiMe3),},(THF),] achieve the hydroamination
product 10 in 70% yield after 10 minutes at room temperature by using 5 mol% of
the strontium precatalyst.[“g] Further work on the reaction scope needs to be
performed in order to assess if a different reactivity is obtained compared to the

monometallic precatalysts studied in Chapter 2.
3.2.3 Study of the Catalytic Cycle

Analogous to Chapter 2 a series of stoichiometric studies have been performed in

order to understand the constitution of the possible intermediates.

Previous studies on heavier alkali-earth metal chemistry by Hill assessing the ability
of [Sr{CH(SiME3)2}2(THF)2][149] to catalyse intermolecular hydroamination of alkenes
and alkynes have revealed that they operate in a similar manner as early transition
metal compounds.“gz] Combining these results and those of Chapter 2, a similar

catalytic cycle for the bimetallic magnesiate catalysts is suggested (Scheme 3.6).
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Ph = Ph
“Na
Alkali-metal
activation
( )oMg—
Ph—=——PFh

Insertion
H Na

NaMg(CHZSiMeS)S# ( )2'\/'9\—\
) (1) (RoN) Mo
-3 SiMe, \K‘\Ph

Ph ™
Initiation () Na

H

>_< Protonolysis
Ph

Ph
|
H

Scheme 3.6: Proposed catalytic cycle for intermolecular hydroamination reactions via metal amide
species catalysed by alkali-metal magnesiate catalysts.

Similar to Chapter 2, this process involves the deprotonation of the relevant amine,
generating a nucleophilic amide intermediate (intermediate | in Scheme 3.6), where
the alkali-metal m-engages with the C-C triple bond of the unsaturated organic
molecule (intermediate Il in Scheme 3.6), facilitating the insertion and generating
intermediate Ill. Protonolysis of the addition product by the excess of amine can
regenerate the nucleophilic active metal amide intermediate | and liberate the

relevant hydroamination product.

In order to shed some light on the possible intermediates involved in these catalytic
porcesses, the stoichiometric reactions of magnesiates [MMg(CH,SiMe3);] (M = Na,
K) and [(donor),M,Mg(CH,SiMes)s] (M = Na, K) were investigated with several
amines. To prepare the homoleptic amido-alkali metal magnesiates, the relevant tri-

and tetraorgano- derivatives were prepared by mixing the monometallic
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compounds MCH,SiMez and Mg(CH,SiMes), in a 1:1 or 2:1 ratio respectively using
hexane as a solvent. This approach allowed the isolation of compounds
[(THF)2{NaMg(NCsH10)3}]> (32), [(THF)3{KMg(NCsH10)3}]> (33),
[(TMEDA),{Na;Mg(NCsH10)4}] (34) and [PMDETA),{K;Mg(NCsH10)s}] (35), as

crystalline solids all in relatively good yields.
3.23.1 Synthesis of homoleptic alkali-metal amide magnesiates

The amide active species were synthesized and characterized. The low order sodium
and potassium amido-magnesiates (32 and 33, respectively) were characterized in
the solid state by X-Ray crystallography and by NMR spectroscopic studies
(including *H DOSY NMR) in ds-THF solutions.

Compounds 32 and 33 are the likely active catalyst species of the hydroamination
reactions described. These compounds were obtained as colourless crystals by
reaction of the precursors MCH,SiMe; (M = Na or K), Mg(CH,SiMes3), and the
corresponding amine piperidine, in 42 and 43% vyield (Scheme 3.7). The X-Ray
crystallographic studies confirmed the existence of the corresponding amides,

which have also been characterized by *H and *C NMR spectroscopy.
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o A
o g (g g e

MCH,SiMes + Mg(CHoSiMeg), + 3

(M =Na, K)
(32) - 42%
THF, J /J,, /J, JTHF
> THF— K/ “KCTHF
N N g T
(33)-43%
o -

Scheme 3.7: Synthesis of lower order sodium and potassium magnesiate amides 32 and 33.

Lower order alkali-metal magnesiates 32 and 33 share the same structural motif in
the solid state (Figure 3.2 and Figure 3.3), displaying a dimeric contacted ion-pair
structure where the metals adopt a MMgMgM pseudo linear arrangement forming
three fused four-membered rings orthogonal to each other. No precedent amide
structures with the MMgMgM arrangement were found in the CCDC database,
although a similar amido lithium zincate supported by the TMEDA donor

[{(TMEDA)LiZn(NMe,)s}.], reported by our group, follows the same architecture.**®!
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Figure 3.2: Molecular structure of 32 with 50% probability displacement ellipsoids. All hydrogen
atoms have been omitted for clarity. Selected bond lengths (A) and bond angles (°): Nal-N5
2.4719(16), Na1-N6 2.4445(17), Na1-01 2.3480(17), Na1-02 2.3625(15), Na2-N3 2.4635(17), Na2-N4
2.4607(16), Na2-03 2.3519(15), Na2-04 2.3429(16), Mg1-N1 2.1403(15), Mg1-N2 2.1224(15), Mgl-
N3 2.0661(15), Mgl-N4 2.0773(16), Mg2-N1 2.1202(15), Mg2-N2 2.1352(15), Mg2-N5 2.0774(16),
Mg2-N6 2.0733(15), 01-Na1l-02 81.62(6), O1-Nal-N6 129.76(6), 02-Nal-N6 122.56(6), O1-Nal-N5
117.61(6), 02-Nal-N5 130.77(6), N6-Na1l-N5 81.29(5), 04-Na2-03 84.46(6), 04-Na2-N4 117.11(6),
03-Na2-N4 128.70(6), 04-Na2-N3 132.81(6), 03-Na2-N3 119.46(6), N4-Na2-N3 80.82(5), N3-Mg1-N4
100.79(6), N3-Mgl-N2 117.72(6), N4-Mgl-N2 116.28(6), N3-Mgl-N1 116.20(6), N4-Mgl-N1
115.76(6), N2-Mg1-N1 91.19(6), N6-Mg2-N5 100.99(6), N6-Mg2-N1 117.33(6), N5-Mg2-N1 117.67(6),
N6-Mg2-N2 114.82(6), N5-Mg2-N2 115.65(6), N1-Mg2-N2 91.39(6).

Compound 32 displays a dimeric contacted ion-pair structure where the metals
adopt a pseudolinear [NaMgMgNa] arrangement (Na2---Mg1--Mg2, 158.48(3)° and
Mg1l---Mg2---Nal, 161.77(3)°). The Mg centres bind to four piperidine groups
(average Mg-N internal, 2.13(1) A and Mg-N external, 2.07(1) A), whereas each
sodium atom is attached to two amido groups (average Na-N, 2.46(1) A) and two
solvating molecules of THF. Both Na and Mg atoms exhibit a tetrahedral
coordination (angles at Nal and Na2 ranging from 80.82(5)° to 132.81(6)°; angles at
Mgl and Mg2 ranging from 91.19(6)° to 117.72(6)°). The Mg atoms bind to two
bridging amido groups to form a [MgNMgN] planar four-membered ring (sum of

angles, 359.92°), which is orthogonal to two adjacent [NaNMgN] rings (sum of
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angles, 347.88° and 349.88°). This core motif of three fused four-membered rings,

comprising MMgMgM arrangement has been previously reported."***%*

As obtained in other bimetallic complexes, Mg-N bonds (Mg-N distances ranging
from 2.0661(15) to 2.1403(15) A, average Mg-N 2.10(3) A) anchor the structure
forming relatively short o bonds, whereas Na is affixed to the {MgN(CsH1o)s}
structure forming elongated ancillary bonds (mean Na-N, 2.46(1) A). This concept of
anchoring/ancillary bonding has been previously described for bimetallic
compounds.[lsz’lgsl Distances between Mg-N are slightly shorter than the analogous
distances Mg-N(CsHyo) of other reported structures (there are 14 entries in the
CCDC database containing Mg-N(CsH1o) distances ranging from 2.183(2)!*"! to
2.349(2)[198] A). Bimetallic sodium magnesiate amides also show similar Mg-N bond
distances, where instead of piperidine, the similar TMP(H) amine is used. In this
case the Mg-N(TMP) distance of [(TMEDA)Na(u-Bu)(u-TMP)Mg(TMP)] complex is
2.0791(17) A%

Using the same methodology, employing KCH,SiMes instead of the Na alkyl, allowed
the isolation of [(THF)3{KMg(NCsH10)3}]> 33 in a 43% isolated yield.
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Figure 3.3: Molecular structure of 33 with 50% probability displacement ellipsoids. All hydrogen
atoms have been omitted for clarity.

X-Ray crystallographic studies established the molecular structure of 33 comprising
a dimeric structure following the same three fused four-membered rings framework
in a MMgMgM arrangement, as the sodium analogue. Unfortunately, the resolution
of the crystal was not good enough to compare bond lengths and angles for
structure 33, although similar Mg-N bond length values and shorter K-N distances

compared to structure 32 would be expected.

Similar to the previous monometallic alkali-metal amides, 'H DOSY NMR studies
were carried out for the Na amide 32, in a 0.028 M dg-THF solution. In all this
Chapter the 'H DOSY NMR experiments were first calculated using internal
calibration curves (ICC) method with the standards 1,2,3,4-tetraphenylnaphthalene
(TPhN), phenylnaphthalene (PhN) and tetramethylsilane (TMS). However, since the
concentration of the DOSY experiments are between the range allowed (15 to 50
mmol/L) for the more accurate DOSY-NMR using external calibration curves (ECC)

[200]

reported by Stalke, the 'H DOSY NMR experiments were recalculated using the
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ECC approach and considering the TMS values as internal reference. The spectrum
obtained for the 'H DOSY NMR of the amide 32 in ds-THF solution is displayed in

Figure 3.4

M log(m2/s)

F-9.4

(32) F-9.3

Y,

E-9.1

E-9.0

- -8.9

- -8.8

- -8.7

- -8.6

- -8.5

T -8.4
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 ppm

Figure 3.4: 'H DOSY experiment in dg-THF of a mixture of compound 32 and the internal standard
TMS.

The diffusion coefficient value obtained was D = 6.226-10*° mz/s when the sodium
magnesiate amide 32 is dissolved in dg-THF. Table 3.10 displays different possible
aggregation states of 32 and the corresponding errors when the estimated formula

weight is 694 g/mol obtained from the DOSY experiment.
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Table 3.10: Possible sodium amide (32) species in dg-THF solution and the corresponding molecular

weights (MW) and errors. (D(32) = 6.22E-10 m®/s, Drus = 1.932E-9 m*/s, MWqe: = 694 g/mol)

monomer dimer
1 THF
CO—N‘3<> - Na > < Na—o<:|
MW (g/mol) 371.83 671.55
Error (%) -46 -3
2 THF
G0 DIKC
MW (g/mol) 443.93 742.66
Error (%) -36 7
3 THF
<]J:N8< N { CO-Na< N N S \Na<c£>
CS s b SN NS @
MW (g/mol) 516.04 814.76
Error (%) -26 18
4 THF
@\Na/ N N S \Na/oo
6/ NN\ SN\ S \OQ
MW (g/mol) 887.87
Error (%) 28
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Table 3.10 suggests different possible aggregation states of the magnesiate
compound 32 considering the errors obtained for the estimated and real molecular
weights. Considering the retention of a dimeric structure equal to the solid state an
error of 28% is obtained. However varying the number of THF molecules, -3% of
error is obtained when suggesting a dimer with one molecule of THF, and 7% for a
dimer with 2 molecules of THF. The addition of another molecule of THF (dimer with
3 THF) would also be discarded from the 'H DOSY NMR results, since the error is
18%. Desaggregation to monomeric species seems unlickely due to the high errors
obtained in the 'H DOSY NMR studies, ranging from -26 to -46, modifying the

number of THF molecules.

The error in the molecular weight of solvent separated species [Na(THF)i]"
[{Mg(NCsH10)3}]” has also been calculated. The molecular weight corresponding to
the [Na(THF)4]" is not possible to calculate by *H DOSY NMR since the THF is always
in equilibrium solvation/desolvation. However, the molecular weight for
[{Mg(NCsH10)3}]” deviate -60% (MW =276.76 g/mol). These results suggest that the
presence of a contact ion pair conformation solvated by THF is retained in dg-THF
solution. This approximation is in agreement with the cooperative behaviour of the
catalyst, where both metals play an important role. No addition occurs when crown
ether is used in the reaction. Presumably a crown ether could break this
conformation by blocking the alkali-metal sites, preventing the coordination of the
alkali-metal to the unsaturated molecule and therefore the insertion and the

formation of the product.

Considering the retention of a dimeric structure equal to the solid state and varying
the number of THF molecules, an error of -3% is obtained when suggesting a dimer

with one molecule of THF, and 7% for a dimer with 2 molecules of THF.
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In addition, equilibriums between dimers have also been considered, (Table 3.11)
suggesting the possibility of equilibrium between dimers with one and two

molecules of THF (2% error) when the sodium magnesiate amide is in THF solution.

Table 3.11: Possible equilibriums of dimeric amide (32) species in solution and the corresponding
errors for MW y.=694 g/mol.

MW Error

Equilibrium between dimers
(g/mol) (%)

[{NaMg(NC5H10)3}]2(THF)2 + THF =<~— [{NaMg(NC5H10)3}]2(TH F)3 779.71 12

Considering the results of the equilibriums between dimers displayed in Table 3.11,
an equilibrium of sodium amido-magnesiate disolvated and trisolvated dimers in

THF solution is suggested, since an error of 2% is obtained.

Similarly, 'H DOSY NMR studies were carried out for the potassium amido-
magnesiate analogue 33, in a 0.028 M ds-THF solution using TMS as standard. The

DOSY spectrum obtained is displayed in Figure 3.5.
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Figure 3.5: 'H DOSY experiment in dg-THF of a mixture of compound 33 and the internal standard
TMS.

The diffusion coefficient value obtained in the *H DOSY NMR experiment was D =
6.0975™"° m?/s for the potassium magnesiate 33. The different aggregation states in
ds-THF with the corresponding errors are presented in Table 3.12 when the

estimated formula weight is 734 g/mol obtained from the DOSY experiment.
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Table 3.12: Possible potassium amide (33) species in dg-THF solution and the corresponding
molecular weights (MW) and errors (D(33) = 6. 0975E-10 m?/s, Drus = 1.956E-9 m°/s, MW e, = 734

g/mol).
monomer dimer
1 THF
N SN SN SN
CO-K al NN /K_OO
MW (g/mol) 387.94 703.77
Error (%) -47 -4
2 THF O
o, "\ NSNS
UK\ s CO_K SN S /K_OO
MW (g/mol) 460.04 775.87
Error (%) -37 6
3 THF
</\C‘)‘|</ gl ‘:/\O—K/ Nt N \K/OO
@\/\b \/\/\/\D
MW (g/mol) 532.15 847.98
Error (%) -28 16
DO?K/ N N S \KP_OO
I/\of>\ /O S ONS @
MW (g/mol) 1064.30
Error (%) 45%

123



Chapter 3. Hydroamination reactions using alkali-metal magnesiate precatalysts

Comparing the error obtained and the estimated with the real molecular weight, ‘H
DOSY NMR suggests that when the potassium amide 33 is dissolved in a THF
solution a dimeric arrangement is retained in solution. The difference between the
estimated and the real molecular weights for the monomeric species have bigger
errors (-47 to -28%) than 9%, which is the maximum error predicted in the ECC-
method. Both dimers with one and two THF molecules, display errors between the
accepted range, -4 and 6%, which suggests the possibility of the existence of those

species when 33 is dissolved in dg-THF.

Similar as 32, the solvent separated species [K(THF)s]" [{Mg(NCsH10)3}]” have been
calculated for 33. The error obtained for the molecular weight of the anionic
counterpart [{Mg(NCsH1o)s}]” differs 62% (MW = 276.73 g/mol). Coincidently with
the results for 32, 'H DOSY NMR also suggests a contacted ion pair when potassium
amide 33 is dissolved in dg-THF, which would be in agreement with the cooperative

effect of the bimetallic catalyst.

Equilibriums of the potassium amide dimers have also been calculated, and the

errors obtained are displayed in Table 3.13.

Table 3.13: Possible equilibriums of dimeric amide (33) species in solution and the corresponding
errors for MW = 734 g/mol.

MW Error

Equilibrium between dimers
(8/mol) (%)

[{KMg(NCsH10)3}l2(THF) + THF <=— [{KMg(NCsH10)3}]2(THF), 739.82 1

[{KMg(NCsH10)3}2(THF), + 2THF = [{KMg(NCsH10)3}12(THF)s 847.98 16
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From the errors obtained in the dimeric equilibriums suggested in Table 3.13, an
equilibrium of monosolvated and disolvated potassium magnesiate dimers in THF

solution is suggested, since the error obtained is 1%.

The results obtained in the 'H DOSY NMR studies for 32 and 33, indicate that
contacted ion pair conformation is retained in solution, which can be indicative in

terms of synergic behaviour of the metals.

Following a similar procedure, the higher order alkali-metal magnesiates
[(TMEDA),{Na;Mg(NCsH10)4}] 34 and [PMDETA),{K;Mg(NCsH10)4}] 35 were prepared
as colourless crystals in 65 and 47% yields respectively (Scheme 3.8). The amides
were obtained by reaction of the precursors: 2 equivalents of M(CH,SiMes) [M = Na
or K] and one Mg(CH,SiMes), that were treated with four equivalents of the
corresponding amine piperidine and two of the donor (TMEDA or PMDETA) in
hexane/toluene. The X-Ray crystallographic studies confirmed their existence,
which have been characterised by 'H and *C NMR spectroscopy as well as
elemental analysis experiments. Unfortunately, no consistent results for the 'H

DOSY NMR studies were obtained for species 34 and 35 in ds-THF solution.
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\/
s o (ChLSM +2TMEDA ( /
2 MCH,SiM i
2SiMe; + Mg(CH,SiMe3), + 4 MNa / \ \
(M =Na, K) \ /\
¥ (34) - 65% \
+ 2 PMDETA (\N /J /J /NS
»—N—v0«FK Mg “KE—N—
M=K NN N
JA /|
(35) - 47%
@ -[ J

Scheme 3.8: Synthesis of higher order sodium and potassium magnesiate amides 34 and 35.

Both compounds 34 and 35 display the same core architecture (Figure 3.6 and
Figure 3.7). The amides present a monomeric contacted ion-pair structure with
M:---Mg---M arrangement where the central Mg atom coordinated to four anionic
amide groups whereas each of the outer M atoms bind to two amido groups and a
chelating TMEDA or PMDETA molecule. A search in the CCDC database revealed
other bimetallic amides with lithium manganate following the same motif,?* and
only two lithium higher order amido-magnesiates structures have been previously

reported. 2022
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Figure 3.6: Molecular structure of 34 with 50% probability displacement ellipsoids. All hydrogen
atoms have been omitted for clarity. Selected bond lengths (A) and bond angles (0): Nal-N1
2.438(3), Nal-N2 2.455(3), Nal-N5 2.599(3), Nal-N6 2.564(6), Mg1-N1 2.068(3), Mg1-N2 2.088(3),
Mg1-N3 2.081(3), Mg1-N4 2.055(3), Na2-N3 2.396(3), Na2-N4 2.439(3), Na2-N7 2.538(3), Na2-N8
2.497(3), N1-Nal-N2 81.83(9), N1-Nal-N6 124.32(14), N2-Nal-N6 127.98(13), N1-Nal-N5
126.47(10), N2-Nal-N5 132.17(11), N6-Nal-N5 71.55(13), N1-Mgl-N2 100.89(11), N3-Mgl-N2
105.07(11), N4-Mg1-N3 100.10(11), N4-Mg1-N1 128.67(12), N1-Mg1-N3 108.71(11), N4-Mgl-N2
111.55(11), N3-Na2-N4 81.93(10), N3-Na2-N8 126.86(10), N4-Na2-N8 137.83(11), N3-Na2-N7
128.07(11), N4-Na2-N7 116.70(10), N8-Na2-N7 72.45(10).

The mixed sodium/magnesium 34 presents a bent [Na-Mg-Na] arrangement
(Nal--Mg1---Na2, 134.23(5)°). Each amide group in 34 is equivalent, acting as a
bridge between Na and Mg atoms. Compound 34 can be envisaged as two four-
membered ring [Na-N-Mg-N] (sum of internal angles, 349.5° and 349.7°) fused by
their shared Mg vertex, which exhibits a tetrahedral coordination (angles around
Mg ranging from 100.1(1)° to 128.7(1)°). Both terminal Na atoms coordinated to the
chelate TMEDA ligand also present a tetrahedral coordination (angles around Nal

and Na2 ranging from 71.5(1)° to 137.8(1)°).

The Mg-N and Na-N bond distances have also been calculated and compared with

amide 32 (Table 3.14).
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Table 3.14: Comparison of the general features between compounds 32 and 34.

Compound Mg-N (A) Na-N (A)
32 2.10(3) 2.108(2)
34 2.07(1) 2.075(1)

Both Mg-N and Na-N distances in 34 are relatively shorter to those found for the
sodium lower order amido-magnesiate compound (Table 3.14). This structure also
shows anchoring/ancillary bonding trend where the Mg-N distances (ranging from
Mg1-N1 N4 2.055(3) to 2.088(3) A, mean Mg-N 2.07(1) A) are slightly shorter than
other Mg-N(CsH1o) reported in the literature (ranging from 2.183(2)[197] to
2.349(2)1%% A).

Compound [PMDETA),{K:Mg(NCsH10)4}] 35 was also prepared as colourless crystals
in 47% vyield, using the same methodology as the sodium higher order amido-

magnesiate, employing KCH,SiMej instead of the Na.
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Figure 3.7: Molecular structure of higher order potassium magnesiate amide (35) with 50%
probability displacement ellipsoids. All hydrogen atoms have been omitted for clarity.

X-Ray crystallographic studies established the molecular structure of 35 comprising
a similar design as amide 34. Compound 34 displays a contacted ion-pair structure
with K---Mg---K arrangement where the central Mg atom is coordinated to four
anionic amide groups whereas each of the outer K atoms bind to two amido groups
and a chelating PMDETA molecule. Unfortunately, extensive disorder in the solid
state structure prevents an accurate discussion of bonds and angles, however,
similar Mg-N bond length values and shorter K-N distances compared to structure

34 would be expected.

Initial experiments have been performed in order to gain structural insights of
intermediate Ill resulting from the insertion of diphenylacetylene in the Mg-N bond
of 32 — 35. Unfortunately, these attempts have been unsuccessful and no solid or
crystals of the intermediate were obtained when reacting the amides 32-35 with
diphenylacetylene (1a). The only product that has been obtained corresponds to

the final hydroamination product, illustrating the instability of these species.
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3.3 Conclusions

This chapter uncovers the catalytic applications of alkali-metal magnesiates for
challenging intermolecular hydroamination reactions using the homoleptic alkali-
metal magnesiates compounds [MMg(CH,SiMes)s] (M = Li (26), Na (27) and K (28))
and [(donor),M,;Mg(CH,SiMe3),] (M = Li (29), Na (30) and K (31)).

Harsher reaction conditions (80 °C and longer reaction times) were required in
some cases to overcome the kinetic barrier for the intermolecular hydroamination
reactions studied when using alkali-metal lower order magnesiate compounds
[MMg(CH,SiMe3)s] (M = Li, Na, K). Higher order magnesiates
[(donor),M,;Mg(CH,SiMes),4] (M = Li, Na, K) exhibited a significantly better catalytic
capability compared to their lower order congeners. Similarly as the monometallic
precatalysts used in Chapter 2, a noticeable alkali-metal effect is observed for the
higher order magnesiate precatalysts, however, this trend is not observed in the
lower order magnesiates. Initial studies show the smooth hydroamination of
styrene at room temperature in 15 minutes. This reactivity contrast sharply with
[Mg(CH,SiMes),], which can not deprotonate these reactions. Thus, by pairing
magnesium with an alkali-metal it is possible to install unique catalytic properties,
activating the magnesium towards intermolecular hydroamination processes,
showing similar efficiencies to those previously reported for heavier alkali-metal
catalysts with calcium or strontium. Initial reactivity studies suggest that the role of
the alkali-metal is to act as a potent Lewis acid, coordinating the unsaturated
organic molecule to facilitate the addition of an amide anion. Further work

expanding the reaction scope of these reactions needs to be performed.

Similarly to the monometallic congeners described in Chapter 2, X-ray

crystallography combined with *H DOSY NMR experiments have been carried out
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for the active alkali metal amido-magnesiates prepared. While a full kinetic study
would shed more light on the processes involved in these transformations, these
initial stoichiometric studies suggest similar mechanisms to those proposed for
calcium or strontium catalysis. Collectively, these findings greatly add to the
chemistry of cooperative bimetallics, expanding even more their synthetic

potential, as efficient catalysts to access amines via hydroamination processes.
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3.4 Experimental

3.4.1 Synthesis of Active Species

* Synthesis of [(THF)z{NaMg(NC5H10)3}]2 (32)

O O O [Na(CH,SiCH3)] (011 g 1 mmol),

THF., /N.,,% /N.,,, /N.,% THE [Mg(CH,SiCHs),] (0.22 g, 1 mmol) and hexane
N N .

THF' a\N/ \N/ \N/ a‘THF (10 mL) were added and stirred at room

O Q O temperature during one hour. Piperidine (0.3

mL, 1 mmol) was added and the white

suspension was stirred during one hour more at room temperature. THF (0.32 mL)
was added and the suspension was gently heated until a clear solution was
obtained and was placed to the freezer (-33 °C). After 24 hours the white solid was

filtered and placed in a glovebox (0.185 g, 42%).

'H NMR (400.13 MHz, C¢D¢, 298 K) 6 2.06-1.77 [br. m, 12H, N(CH,CH,),CH,], 1.74-
1.46 [br m, 18H, N(CH2CH2)2CH2 + N(CH2CH2)2CH2]

3¢ NMR {*H} (100.62 MHz, CsDg, 298 K) & 55.1 [CH, N(CH,CH,),CH,], 32.9 [CH,
N(CH,CH,),CH,], 28.2 [CH, N(CH,CH,),CH>].

Elemental analysis: Due to the air and moisture sensitivity of the sample, elemental

analysis experiments were unsuccessful.
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* Synthesis of [(THF)3{KMg(NCsH10)s}]> (33)

O O O To an oven dried Schlenk [K(CH,SiCH3)] (0.13 g,

THF, / / THF 1 mmol), [Mg(CH,SiCHs),] (0.22 g, 1 mmol) and

THF—K “Mg “KETHF _
THE. N D / / THF  hexane (10 mL) were added and stirred at

O [J O room temperature during one hour. Piperidine
(0.3 mL, 1 mmol) was added and the white suspension was stirred during one hour
more at room temperature. THF (3 mL) was added and the suspension was gently
heated until solution that was placed to the fridge overnight. Colourless crystals

were obtained. The crystals were isolated and placed in a glovebox (0.245 g, 43%).

'H NMR (400.13 MHz, C¢Ds, 298 K) & 3.47-3.19 [br. m, 12H, N(CH,CH,),CH,], 1.42-
1.55 [br. m, 6H, N(CH,CH5),CH>], 1.15-1.39 [br. m, 12H, N(CH,CH,),CH,].

3¢ NMR {*H} (100.62 MHz, CsDg, 298 K) & 55.5 [CH, N(CH,CH,),CH,], 32.0 [CH,
N(CH,CH,),CH,], 28.4 [CH, N(CH,CH,),CH>].

Elemental analysis: Due to the air and moisture sensitivity of the sample, elemental

analysis experiments were unsuccessful.

* Synthesis of [[TMEDA),Na,Mg(NCsH)4] (34)

O O To an oven dried Schlenk [Na(CH,SiCHs)] (0.22 g, 2

VW N N/ mmol), [Mg(CH,SiCHs),] (0.20 g 1 mmol) and

( /Na hexane (10 mL) were added and stirred at room
N N

N
N\
/ \ O Q /\  temperature during one hour. TMEDA (0.3 mL, 2
mmol) was added and the suspension was stirred
during one hour. Piperidine (0.4 mL, 4 mmol) was added and the white suspension

was stirred during one hour more at room temperature. The volume of the solution
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was halved by evaporation in vacuum and toluene (2 mL) was added. The
suspension was gently heated until solution that was placed in a hot water bath.
After 24 hours colourless crystals were obtained, isolated and placed in a glovebox

(0.415 g, 65%).

'H NMR (400.13 MHz, CsDs, 298 K) & 3.51 [m, 16H, N(CH,CH,),CH,], 2.05 [m, 32H,
N(CH,CH,),CH, + (CH;) TMEDA], 1.83 [s, 8H, (NCH,) TMEDA], 1.69 [m, 16H,
N(CH,CH,),CH,].

3¢ NMR {'H} (100.62 MHz, ds-THF, 298 K) & 57.3 [(CH,) TMEDA)], 55.6
[N(CH,CH,),CH>], 46.2 [(CHs) TMEDAY], 32.8 [N(CH,CH,),CH,], 28.7 [N(CH,CH,),CH].

Elemental analysis: (C3,H7,2MgNsgNa,) Calculated: C: 60.12 % H: 11.35 % N: 17.53 %.
Found: C:59.57 % H: 9.14 % N: 16.95 %.

* Synthesis of [([PMDETA),K,Mg(NCsH1o)4] (35)

O O To an oven dried Schlenk [K(CH,SiCHs)] (0.26 g,
l/ N

N °N; N; N 2 mmol), [Mg(CH,SiCHs),] (0.20 g, 1 mmol) and
Nk g %”'"K/——/N§—
</N/ \N/ Q\N/ N\) hexane (10 mL) were added and stirred at
I\ O /] room temperature during one hour. PMDETA

(04 mL 2 mmol) was added and the
suspension was stirred during one hour. Piperidine (0.4 mL, 4 mmol) was added and
a clear yellow solution was formed. After stirring for one hour at room temperature
the solution was placed in the fridge. After 24 hours big yellow crystals were

obtained, isolated and placed in a glovebox (0.3703 g, 47%).

'H NMR (400.13 MHz, CsDs, 298 K) & 3.46 [m, 16H, N(CH,CH,),CH,], 2.09 [s, 30H,
(CHs) PMDETA], 2.08 [m, 8H, N(CH,CH;),CH;], 2.02 [s, 16H, (NCH,) PMDETA], 1.78
[m, 16H, N(CH2CH2)2CH2]
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B¢ NMR {*H} (100.62 MHz, ds-THF, 298 K) § 57.5 [CH, PMDETA], 56.1
[N(CH,CH,),CH,], 55.8 [CH, PMDETA], 45.8 [(CH3), PMDETA], 43.2 [(CH3) PMDETA],
32.4 [N(CH,CH,),CH,], 29.0 [N(CH,CH,),CH,].

Elemental analysis: (C3sHgsMgN10K;) Calculated: C: 57.02 % H: 10.83 % N: 17.50 %.
Found: C:58.30 % H: 11.44 % N: 17.18 %.

3.4.2 General Experimental Procedure for Catalytic Hydroamination

Reactions at NMR Tube Scale

Catalytic reactions were performed in a J. Young’s NMR tube at NMR scale following
the standard procedure. In a glovebox, the NMR tube was filled with 0.6 mmol of
amine, 0.5 mmol of alkene or alkyne, 10 mol% of ferrocene (0.0095 g, 0.05 mmol)
as internal standard and 0.609 g of solvent. The initial ratio of starting materials was
calculated by integration in *H NMR relative to the ferrocene. The precatalyst (0.025
mmol) was introduced and the reactions times were measured from this point in
regular intervals of time until full conversion by 'H NMR spectrum (some reactions
were heated in a pre-heated oil bath). All the yields were calculated by integration

of the products relative to the ferrocene in the *H NMR spectrum.

The characterisation of the organic hydroamination products formed is analogous

to that reported in Chapter 2.
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Chapter4 Regioselective Magnesiation of

Heterocyclic Molecules

4.1 Introduction

Deprotonative metallation constitutes one of the most frequent and versatile
synthetic methodologies for the functionalization of organic molecules.**"!
Amongst the vast family of polar organometallic reagents, organolithiums are
usually the reagents of choice, due to their high reactivity which stems primarily
from the high polarity of their Li-C bonds.*** However, these reagents also suffer
from limited selectivity and poor functional group tolerance, which imposes in many
cases the use of extremely low temperatures (e.g. -78 °C) in order to avoid
competing side reactions.'®” For example, Scheme 4.1 shows an example of the

harsh reaction conditions needed to deprotonate pyrazine when using LiTMP such

as excess of base and -75 °C.

136



Chapter 4. Regioselective magnesiation of heterocyclic molecules

1) 4 LITMP,
N THEF, -75 °C, 6 min j/k
@
N/ 2) 3 PhCHO [ j)\ ﬁ)i

64% 16%

Scheme 4.1: Lithiation of diazine using Litmp. 2%

Moving to lithium’s diagonal partner in the periodic table, magnesium reagents can

[48,84,206]

offer better selectivities and mild reaction conditions. In particular,

magnesium amides containing the basic and sterically demanding group TMP

(2,2,6,6-tetramethylpiperidide) have proved to be effective regioselective bases

[82,207—209]

that can execute the metallation of a wide range of substrates. Moreover,

due to their more limited reactivity, an excess of base is normally employed to

ensure good yields, as shown in Scheme 4221021
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1) Mg(TMP), (4 equiv)

COMe RT, THF, 45 min CO.Me
| 2) CO,
F 3) CH5N,
81%
1) Mg(TMP), (7 equiv
CONEt, : rgeglux, 'I)'I2-|§:, 2qh ) CONEt,
b) - M602C
2) CO,
3) CH,N, COMe
CONEt, CONEt,
87%

Scheme 4.2: Examples of metallation using Mg(TMP), base in excess. a) Metallation and subsequent
qguench of methyl benzoate at room temperature.[gzl b) Dimetallation and subsequent quench of
N,N,N’,N’-tetraethylbenzene-1,4-dicarboxamide under reflux.

Notably, Knochel has pioneered the use of the LiCl-powered Turbo-Hauser base
TMPMgCI-LiCl, which allows the effective magnesiation of a myriad of functionalized
aromatic or heterocyclic molecules, with excellent yields and under milder reaction
conditions (0 °C - RT) (Scheme 4.3a).[7°'87’212] Furthermore, O’Hara and Mulvey have
recently shown that heterobimetallic reagents exhibit enhanced reactivities and
unique selectivities, which cannot be replicated by their homometallic components.
Remarkably, partnering Mg(TMP), with NaTMP and BuNa results in the mixed-metal
[NasMg,(TMP)enBu,] base, which can surprisingly accomplish meta-meta

deprotonation of aromatic substrates such as dimethylaniline (Scheme 4.3b).[124]
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1) TMPMgCI-LiCI (1.2 equiv)

CO.Et 0C, THF. 6 h CO,Et
a) > N CN
2) TsCN |
cl 0t025°C,1h Zc
76%
1) Na4Mg2(TMP)6nBU2
NMe. 110 °C, methylcyclohexane, 4 h CONEt,
b) :
2) 17
I I
71%

Scheme 4.3: Deprotonation reactions using mixed-metal bases. a) Metallation and subsequent
quench of ethyl 3-chlorobenzoate using Turbo-Hauser base TMPMgCI-LiCI.”O] b) Meta-meta
deprotonation of dimethylaniline.[124]

Heterocyclic and (hetero)aromatic molecules are prevalent in vast numbers of

2132181 Thys the synthetic

pharmaceutical and biologically active molecules.
manipulation of these subunits, via careful control of the metallation process, is of
critical importance. For example, metallation of mn-deficient aza-heterocyclic
substrates such as pyridines or diazines can be particularly problematic, in part due
to the inherent lack of stability of the putative metallated intermediates, 922"
rationalized in terms of the destabilizing electronic repulsion between the nitrogen
lone pairs and the negative charge of the carbanion in the adjacent position to the
nitrogen.[m] Importantly, such compounds also have a propensity to undergo
nucleophilic addition reactions rather than metallation when exposed to polar
organometallic reagents such as BuLi. A fact attributable to the electron-
withdrawing effect of the nitrogen atoms, leaving a low lying LUMO and

consequently a small HOMO/LUMO gap.[m] As a result, strict control of the
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reaction conditions (low temperatures and short reaction times) as well as the use
of bulky amide bases such as LITMP or LDA (lithium diisopropylamide) are required
in order to avoid unwanted addition reactions.”® Even under these conditions the
yields in metallation processes tend to be moderate.!?*! Contrastingly, using
TMPMgCI-LiCl as a base, Knochel has accomplished regioselective metallation of
quinoxaline at 0 °C, however the reaction has to be carried out in the presence of
ZnCl;, generating via salt metathesis, an organozinc intermediate in situ, which is

substantially more stable than its magnesium analogue (Scheme 4.4).[225]

1) (TMP),Mg-2LiCl (0.55 equiv)
ZnCl, (0.5 equiv)

N N\j 259C, THF, 2 h C[N\j/l
| >
G = N/

N 2)1, 0t025°C, 1 h

94%

Scheme 4.4: Metallation of quinoxaline by using (TMP)2Mg-2LiCl and ZnCl, at mild reaction
conditions.?*

Recently our group has become interested in developing a new generation of
monomeric magnesium bases containing the bulky B-diketiminate ligand
(PPPNacnac = Ar*NC(Me)CHC(Me)NAr*; Ar* = 2,6-'Pr,-CeHs3).®® These monomeric
magnesium metallating manifolds are specifically designed in order to promote
regioselective functionalization of sensitive molecules as well as trapping the
sensitive anions formed. One of these bifunctional bases is [DippNacnacMg(TMP)]
(36), which combines a basic (kinetically activated) TMP group and the sterically

demanding B-diketiminate ligand (Figure 4.1).
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b)

Steric \ Kinetically
stabilizer g activated base

N

e —————————

3

Figure 4.1: a) Molecular structure of 36 with 50% probability displacement ellipsoids. All hydrogen
atoms have been omitted for clarity. b) Representation of the bifunctional base 36.

Each component of the bimetallic compound 36 has a well-defined, but separate,
role producing a very reactive magnesium metallating base. The steric congection
around the magnesium atom assists the formation of a kinetically activated
monomeric base containing a terminal TMP group.[88] Additionally, the sterically
demanding B-diketiminate ligand behaves as a trap of the anion formed by the
deprotonation, which acting as a steric shield can confer an enhanced stability to

the sensitive metallated fragments allowing their manipulation.

The utility of these B-diketiminate ligands has also been effectively demonstrated in

a range of other applications such as stabilisers of Mg(l)-Mg(l) complexes.**!

{(°""Nacnac)Mg} complexes have also been used as successful catalysts***™*"! or

initiators for ring-opening polymerization reactions, among others.[?%®!

Preliminary studies revealed that the bifunctional magnesium amide base

[DippNacnacMg(TMP)] (36), containing the basic group TMP bonded terminally to
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magnesium, can regioselectively a-deprotonate benzothiazole and N-methyl

(1081 1 this regard the modus

benzimidazole at room temperature (Scheme 4.5).
operandi of 36 involves kinetic activation by cleavage of the Mg-N(tmp) terminal
bond which releases the active base and drives the Mg-H exchange process.[gsl The
B-diketiminate scaffold is observed to act as a steric stabilizer, protecting the new
polar (and therefore reactive) Mg-C bonds. This protocol contrasts with previous
studies using RMgCl or RLi reagents that require lower temperatures to avoid

decomposition of the generated organometallic intermediate.??”!
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Scheme 4.5: Deprotonation of benzoxazole, N-methyl benzimidazole and benzothiazole with base 36
at room temperature.

Stimulated by these initial findings, herein we expand the synthetic application of
36 by assessing its reactivity towards a range of relevant heterocyclic substrates

including pyrazine, a particularly challenging substrate to deprotonate with single
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metal reagents.[zzo’ZZZ]

Trapping and structurally defining key organometallic
intermediates has provided new insights into the way in which this magnesium base

reagent operates.
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4.2 Results and Discussion

The metalating ability of 36 (®""Nacnac= Ar*NC(Me)CHC(Me)NAr*; Ar* = 2,6-'Pr,-
CeH3z) was proved with a range of molecules such as heterocycles, triazoles and
pyridine derivatives. Reactions were mainly carried out at room temperature, in
THF, using equimolar amounts of 36 and the relevant organic substrate affording a
variety of magnesiate compounds (37 — 44, 47) in moderate to good crystalline
yields (from 40 to 68%). Monitoring these reactions by NMR demonstrated that in
many cases the reactions were quantitative. All the compounds were characterized
by multinuclear NMR spectroscopy, elemental analysis and in some cases, their

structures in the solid state were established by X-Ray crystallography.
4.2.1 Magnesiation of N/O-Heterocycles: Pyrazine and Benzofuran

We first looked at the deprotonation reactions between base 36 and the N/O-
heterocyclic substrates pyrazine and benzofuran, with the former being less
activated in terms of pK, (39.3 for pyrazine and 32.7 for benzofuran in DMSO).[ZZS]
As previously mentioned, heterocyclic substrates are key building blocks in many
pharmaceuticals and biologically active molecules. Interestingly, numerous natural
products and pharmaceuticals contain diazines in their skeleton,[m] for example
pyrazine can be found in the cancer chemopreventive compound OItipraz.[m]
Similarly, the benzofuran molecule can be found in natural products, molecular
electronic and functional polymers.mo] It is also considered a biologically relevant
heterocycle for being present in numerous of clinically approved drugs,ml] for
instance, it is one of the key scaffolds needed for the synthesis of morphine.[zm
Therefore, in order to form more complex molecules with this heterocyclic
molecules, deprotonotive metallation is one of the most common

methodologies.?*”
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Figure 4.2: Examples of drugs containing pyrazine or benzofuran. a) Oltipraz, cancer
chemopreventive. b) Trioxsalen, photosensitizer used to increase skin tolerance to sunlight and
enhance pigmentation.

The smaller HOMO-LUMO gap coupled with the absence of directing groups in
pyrazine, makes its regioselective deprotonation particularly challenging due to its
tendency to undergo to nucleophilic addition.” As shown in Scheme 4.1,
cryogenic reaction conditions and short reaction times are required when LiTMP is
employed. Such reactions afford the relevant metallated product after electrophilic
interception, in yields ranging from 10 to 65%, along with small amounts (2 — 12%)
of dimetallated product.ms] However, bimetallic combinations allow these
reactions to be performed in milder reaction conditions, pairing Li with a softer
metal such as Zn or Ga with different ligands. For example, when a mixture of 0.5
equivalents of ZnCl,-TMEDA and 1.5 equivalents of LITMP is reacted with pyrazine at
room temperature during 2 hours, 2-iodopyrazine is obtained in 59% vyield after
electrophilic quench.m” Knochel has also reported that the deprotonation of
pyrazine using (TMP),Mg-2LiCl requires the presence of ZnCl, (0.5 equiv.) and can
be achieved in 30 min at room temperature, in a 60% yield of the quenched
compound.ms'm] In this reaction, ZnCl, plays a key role, forming a zinc
intermediate by transmetallation, which is much more stable than the

corresponding magnesiate analogue (Scheme 4.6).
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1) (TMP),Mg-2LiCI (0.55 equiv)

ZnCl, (0.5 equiv) OH
N 250°C, THF, 2h N
P - (J"
N 2) PhCHO, 25°C,1 h N
60%

Scheme 4.6: Metallation of pyrazine by using (TMP),Mg-2LiCl and ZnCl, at mild reaction
conditions.?*

Our group has recently isolated an intermediate resulting from the regioselective
2,5-dizincation of this substrate using the mixed lithium zincate base
[(THF)LiZn(TMP)tBuz].[m] Interestingly, using a single-metal organozinc reagent,
such as Zn'Bu,, no metallation occurs and instead it forms a coordination adduct.
Furthermore, the trans-metal-trapping reaction using LITMP and the bulky
trialkylgallium [Ga(CH,SiMes)s] proved to be effective towards the regioselective
deprotonation of pyrazine at room temperature after 30 minutes in hexane.!”*! In
this system, using 1:1:1 stoichiometry the 2-monogallated pyrazine is obtained in

guantitative yields, whereas a ratio of 2:2:1 affords the 2,5-disubstituted species in

a 55% yield (Scheme 4.7).

,L/ Rs \| 2LITMP + 2GaR3 N LITMP + GaRj \,L
N \ ~ / ' + PMDETA [ \j + PMDETA N/—_\N |__/ N
—N——Li—N N—Li N— EEEEE— —Li—N—
</N/ >\—// \N\) hexane, RT, 30min ~\?  hexane, RT, 30 min >\—// \N\)
/\Rj /] Ra /|
- 1
C2,C5-digallation R = CHZSiMes: C2-gallation

__________

Scheme 4.7: Deprotonation of pyrazine using LiITMP and a gallium alkyl trans-metal-trapping.[233]

The reaction between pyrazine and base 36 (1:1) in a THF solution at room

temperature was first examined, which formed a dark green solution. Removal of
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solvent in vacuo followed by slow cooling of hot toluene solution afforded a crop of
light brown crystals of [{(°""Nacnac)Mg(CsHsN.)}.] (37). A vield of 51% was isolated
and an analysis of the filtrate showed that the C2-metallation of pyrazine is
obtained quantitatively after 4 hours of reaction. The magnesiated compound 37
was characterized in the solid state (X-ray crystallography) and in solution (*H and

3C NMR spectroscopy).

Ar* ) *Ar
& [ AN
 \Vg—TMP =
o
B TTHE.RT, 4
‘Ar* "TMP(H) *Ar

(36)

Scheme 4.8: Reactivity of 36 with pyrazine.

Crystallographic studies showed that the selective magnesiation of pyrazine was
accomplished at room temperature, revealing the formation of a centrosymmetric
dimer composed of two moieties of the {(DippNacnac)Mg} fragment, connected by
two bridging asymmetric pyrazinyl rings (Figure 4.3). In compound 37, the pyrazinyl
anions are trapped by the {(*""Nacnac)Mg} fragments, where the B-diketiminate
ligand acts as a protective shelter towards the new Mg-C bonds. Additionally,
molecular structure of 37 displays a dimeric motif with a Mg-N dative interaction
between the a-nitrogen of the pyrazinyl anion and the Mg atom of the neighbour
unit. This dative interaction provides stabilization by minimising electronic repulsion
between the lone pair of the nitrogen atom and the negative charge of the new

carbanion formed.
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Figure 4.3: Molecular structure of 37 with 35% probability displacement ellipsoids. Carbon atoms of
{DippNacnac} framework are pictured as capped sticks with translucent space-filling van der Waals
surfaces for a probe of 1.5 A radius. All hydrogen atoms have been omitted for clarity. Selected bond
lengths (A) and bond angles (°): Mg1-N1 2.059(2), Mg1-N2 2.049(2), Mg1-N3 2.108(2), Mgl1-C33
2.175(3), N1-Mgl-N2 93.07(9), N1-Mgl-C33 122.38(9), N2-Mgl-C33 120.37(9), N3-Mgl-N1
103.33(9), N3-Mg1-N2 105.17(8), N3-Mg1-C33 109.86(9).

A six-memebered ring {MgCNMgCN} constitutes the core of the structure and both
Mg atoms exhibit a distorted tetrahedral geometry (angles around to Mg ranging
from 93.07(9)° to 122.38(9)°; mean: 108.56 °). Additionally, an approximate
orthogonal disposition of the three-fused rings (dihedral angle 89.15°) is also
present in 37. The Mg-N distances [Mg1-N1 (2.059(2) A) and Mg1-N2 (2.049(2) A)]
from the B-diketiminate ligand are shorter than the bond from the magnesium to
the metallated pyrazine nitrogen Mg1-N3 [2.108(2) A]. In agreement, similar Mg-N
distances are observed in related B-diketiminate-Mg compounds containing neutral

nitrogen donors such as pyridine or picoline [2.138(2) and 2.1282(13) A].123+2%
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Since bond lengths can only give a first hint to the electronic properties of a
molecule, Stalke has also reported charge density distribution experiments in order
to quantify the contribution of related Mg-N interactions in the bonding present in
[Mg{(pz*)3C}.] (pz*=3,5-dimethylpyrazolyl), where no charge transfer to the metal
was observed.?®! Additionally, the bond distances of the magnesiated pyrazine, N3-
€33 and C33-C30 [1.368(3) and 1.407(4) A], are slightly more elongated than the
corresponding values of free pyrazine [1.334 and 1.378 A].[m] This could suggest an
alternative description as a carbene dimer, similar to complementary studies by
Boche that described the related metallated thiazole compounds as [3-metallo-
thiazol-2-ylidenes] by comparative studies between these molecules and the
corresponding free thiazole.[?*® However, the N3-C33-C30 angle (114.83°) is smaller
than the analogous angle in pyrazine (122.4°) and the Mg1-C33 distance (2.175(3)
A) is slightly shorter than that observed in Mg-N-heterocyclic carbenes [rangin from

2.200(2) to 2.288(5) A].[106239-244]

Pyrazine was also reacted with the butyl base [(°"*"Nacnac)Mg(nBu)(THF)] proving
the different reactivity pattern as the one observed for conventional bases such as

BuLi or LiTMP (Figure 4.4).1"
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Figure 4.4: "H NMR spectrum of [(**Nacnac)Mg(Bu)(CsHaN,)] in CgDs.

In Figure 4.4, the 'H NMR spectrum revealed a broad singlet at 8.14 ppm that has
shifted to a lower field compared to free pyrazine (8.05 ppm) and suggests the
presence of four equivalent protons of the pyrazine molecule coordinated to the
magnesium centre. The broadening of the signals in the *H NMR and the fact that

there is only one signal for the pyrazine indicates a solvation/desolvation process.

The 2D 'H DOSY NMR experiment in CgDs with the presence of TMS
(tetramethylsilane) as internal standard helped to rationalise the species in solution

and is presented in Figure 4.5.
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Figure 4.5: "H DOSY NMR spectrum of [(**°Nacnac)Mg(Bu)(C4HaN,)] in CeDe.

This  experiment confirmed the formation of the donor adduct
[(°PPNacnac)Mg(Bu)(CsHaN>)] and the metallated compound 37 was not observed

(Table 4.1).

Table 4.1: Possible species formed in CsDg and the corresponding diffusion coefficient (D), molecular
weights (MW) and errors.

Compound D(m?s?) MWegc(gmol®) MW, (gmol™) Error (%)
pyrazine 1.373E-9 80 151 47
THF 1.701E-9 72 107 33
[(°™"Nacnac)Mg(Bu)(CsHsN,)]  5.7503E-10 579 615 6
[(®*PNacnac)Mg(Bu)(THF)]  5.7503E-10 571 615 7
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Table 4.1 shows a comparison of the possible species formed in C¢Dg. The diffusion
coefficient of pyrazine indicates an estimated molecular weight of 151 g mol™,
larger (47% error) than free pyrazine (80 g mol™). Similarly, the molecular weight
estimated for THF was 107 g mol™?, which is also larger (33% error) than free THF (72
g mol-1). However, the estimated molecular weight for both PB-diketiminate
complexes [(®"°’Nacnac)Mg(Bu)(CsHaN,)] and [(°"°Nacnac)Mg(Bu)(THF)] is 615 g
mol™ with an error of 6 and 7%, respectively. This result is consistent with the

formation of a pyrazine donor adduct undergoing rapid solvation/desolvation.

These studies illustrate the different reactivity pattern between the TMP and the Bu
bases, where 36 is kinetically more activated than [(**°Nacnac)Mg(Bu)(THF)]. This,
runs counter to the normal patter exhibited by conventional bases, where, for

example Buli, is a stronger base than Litmp.

'H and **c NMR spectroscopy was used to characterize 37 in deuterated benzene
solution at room temperature and 'H-">C HSQC and 'H COSY experiments were
conducted to facilitate the fully assignment of the spectra. ‘H NMR spectra of 37
showed three resonances at 9.29, 8.78 and 7,96 ppm, which are assigned to the
metallated pyrazine, being consistent with the lack of symmetry in this aromatic
ring (Figure 4.6). Those resonances clearly differ form the singlet at 8.05 ppm

corresponding to the four equivalent protons in free pyrazine.
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Figure 4.6: 'H NMR spectrum of 37 in C¢Ds.

The signal corresponding to the metallated carbon in 37 was not possible to identify
due to the low solubility of the compound. However, three distinct resonances at
158.0, 145.1 and 142.2 ppm in the *C NMR correspond to the magnesiated
pyrazine that differ from the signal at 145.3 for the four equivalent carbon atoms of

free pyrazine (Figure 4.7).
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Figure 4.7: BCNMR spectrum of 37 in C¢De.

Additionally, some resonances of the B-diketiminate ligand are used as a fingerprint
of the different compounds and help to identify the formation of new products. The
most informative signals in the 'H and **C NMR correspond to the singlet resulting
from the CH of the {®®Nacnac} ligand backbone and the septuplets in the ‘*H NMR
corresponding to the CH of the 'Pr groups of the Ar* substituents. In 37, the singlet
resulting from the CH of the {P*"Nacnac} ligand backbone has shifted from 4.86 in
36 to 4.88 ppm for 37 and two sets of new septuplets at 3.82 and 2.48 ppm
correspond to the CH signals of the 'Pr groups, differently from 36 (3.22 ppm). The
CH of the {®""Nacnac} ligand backbone in the 3¢ NMR spectrum has remained at

94.6 ppm.

We then moved to study the magnesiation reaction of benzofuran. Preparation of

benzofuran derivatives with substituents at the C2 position appears to be well
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documented, with reactions being performed by using lithium compounds at
cryogenic temperatures (-78 °C),[245] and by mixed-metal compounds such as alkali-

[126,246-248)

metal magnesiates, aluminates, cuprates or zincates. In particular,

magnesiation of benzofuran has been demonstrated at ambient temperatures using

[249]

lithium magnesiates, however no structural evidence of the magnesiated

benzofuran is provided.

Solid-state characterization of metallated benzofuran intermediates has only been
accomplished on a few occasions. Notably, iron N-heterocyclic carbenes such as
Cp*Fe{Kk’-(C,C)-L"™} ("™ = CH,CH(CHs)(3-isopropyl-4,5-dimethylimidazol-2-ylidene-
1-yl)) are shown to promote C-H bond activation at room temperature at the 2-
position of the benzofuran ring (Figure 4.8a).[2501 The crystal structure of the dimer
(2-lithiobenzofuran-TMEDA), (TMEDA = N,N,N’,N’-tetramethylethylenediamine) is
also known, and can be readily isolated from the reaction between benzofuran and
n-BulLi (1:1 ratio) in the presence of a chelating TMEDA ligand in diethyl ether at
room temperature (Figure 4.8b).[25” However, the structural characterisation of any

magnesiated intermediate has remained elusive.

a) b)
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[Cp*Fe(LPr)(CgHs0)] [(TMEDA)Li(CgHs0)]2

Figure 4.8: Examples of metallated benzofuran intermediates.

Moving to benzofuran heterocycle, we anticipated that its deprotonation at the C2

position would be possible due to the similarity, in terms of its pK; value (32.7),[228]
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with the previously deprotonated N-methyl benzimidazole (32.5)[106] by the same
magnesium base 36. Dissolving pure crystals of 36 in THF solution and adding an
equivalent amount of benzofuran at room temperature resulted in the formation of
[{(DippNacnac)Mg THF{CgHsO}] (38) crude white solid after stirring for two hours at
room temperature followed by removal of solvent in vacuo. Single colourless
crystals of 38 suitable for X-ray diffraction studies, were grown from a
hexane/toluene solution of 38 placed at -33 °C (Scheme 4.9). Quantitative
conversion after 5 hours at room temperature was observed by monitoring this
reaction by "H NMR spectroscopy and a 74% of isolated yield was obtained after 5

hours of reaction at room temperature.

/
/ \ &S
AN T V4
e _—
\ /Mg MP N\ (@)
N THF, RT, 5h At |/
‘At -TMP(H)

(36) (38)

Scheme 4.9: Reactivity of 36 with benzofuran.

Structural analysis of 38 revealed a monomeric structure containing benzofuran
magnesiated at C2, which importantly represents the first structural study of a
magnesiated benzofuran intermediate. Further inspection reveals that the Mg atom
exists in a distorted tetrahedral geometry (angles around Mg ranging from 93.60(6)°
to 137.77(6)°; mean 108.03°), where the {(*""Nacnac)Mg} fragment coordinates to
a terminal a-metallated molecule of benzofuran and is solvated by a molecule of

the THF (Figure 4.9).
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Figure 4.9: Molecular structure of 38 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for clarity. Selected bond lengths (A) and bond angles (°):
Mgl-N1 2.0573(15), Mgl-N2 2.0615(14), Mgl-O1 2.0282(12), Mgl-C35 2.1347(18), N1-Mgl-N2
93.60(6), N1-Mgl-C35 113.65(6), N2-Mgl-C35 137.77(6), O1-Mgl-N1 104.89(5), O1-Mgl-N2
103.26(5), 01-Mg1-C35 100.13(6).

In contrast to pyrazine or our previous dimers reported, resulting from the
metallation of N-methyl benzimidazole and benzothiazole with 36,'%! the crystal
structure of 38 displays a monomeric arrangement reminiscent of that found in the
ferrated benzofuran reported by Y. Ohki and K. Tatsumi (Figure 4.8a).[250] The Mg-C
bond distance in 38 compares well with those found in related aryl magnesium
complexes containing the {(DippNacnac)Mg} fragment such as
[{(°™PNacnac)Mg}{OEt,)(Ph)] ([2.139(3) A] vs [2.1347(18) A] in 38).”*” However,
reflecting the monomeric constitution of 38, the Mg-C distance is considerably
shorter than other Mg-C(sp?) bond distances in magnesiated intermediates such as
[{{(THF)3sNa, {TMEDA}Mg,}(2-C4H30)s}] [mean 2.18 A]'***! or [{(TMEDA);NagMgs-
(CH,SiMes)(2,5-C4H,0)3(2-C4H30)s5},] [mean 2.28 A],[ZS‘” where the furan anions act

as a bridging fragment in each case.
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'H and >C NMR spectroscopy also confirmed the formation of 38 and revealed that
its solvating THF molecule can be removed under vacuum during the isolation of the
crystals. The signal from the six CH aromatic protons corresponding to the Ar*
substituents appears at 7.13 in 'H NMR, which hampers the identification of the
missing doublet resonance corresponding to the proton in the C2 position of the
benzofuran that appears at the same chemical shift. However, in the 3¢ NMR
spectrum of 38, the metallated carbon (attached to Mg) has shifted to higher
frequency (192.8 ppm) with respect to the related chemical shift of C2 of the free
benzofuran (145.1 ppm). The diagnostic singlet resulting from the CH of the
{P"PNacnac} ligand backbone has shifted from 4.86 ppm in 36 to 4.90 ppm and a
new multiplet at 3.45 ppm appear for compound 38 corresponding to the four

protons of the ‘Pr groups.
4.2.2 Magnesiation of Triazoles

Extending our metallation protocol with base 36, we next turned our attention to
the study of N-heterocyclic substrates from the triazole family namely 1-methyl-
1,2,4-triazole and 1,5-diphenyl-1,2,3-triazole. 1-methyl-1,2,4-triazole is significantly
more activated in terms of pK, (34.0 at C3 and 28.5 at C5 for 1-methyl-1,2,4-

triazole) than benzofuran (32.7) or pyrazine (39.3), in DMSO. 228253

N
39.3 Q N,
[ j 327 340¢ N-Me
N 28.5

Figure 4.10: Experimental pK, values of pyrazine, benzofuran and 1-methyl-1,2,4-triazole in
DMSO.[ZZS’ZSS]

Triazole molecules and their benzo derivatives are attractive moieties in organic

synthesis, material chemistry and organometalIics.[7°'256_26°] Triazole scaffolds are
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[261] although

also typically known in medicinal chemistry to be part of antifungals,
they are also present in other drugs such as anticonvulsant agents, for example

(Figure 4.18).12¢%

a) b)

Estazolam Rilmazafone

Figure 4.11: Examples of anticonvulsant agents containing triazole scaffolds. a) Estazolam, drug for
sleep disorders. b) Rilmazafone, drug used to reduce anxiety.

Lithiation of five-membered heterocyclic triazoles is generally performed by nBulLi
or LITMP by strict control of the temperature (-78 to -20 °C), and the lithiated
intermediates formed can be quenched with a variety of eIectrophiIes.[ZGS_ZGS]
However, at room temperature these intermediates tend to undergo fragmentation

(Scheme 4.11).1266:267]
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Scheme 4.10: Fragmentation reaction of 1,4-diphenyl-1,2,3-triazoIe.[266'267]

This decomposition reaction has been reported since the 1970s where, for example,
1,4-diphenyl-1,2,3-triazole decomposes to N-phenylalkynamide lithium complex
while eliminating nitrogen.[ZGG] Interestingly, lithiation at low temperatures of 1-
methyl-1,2,4-triazole, 1,5-diphenyl-1,2,3-triazole has also been reported?®®?%
Studies using mixed-metal bases have shown that 1-methyl-1,2,4-triazole can be
metallated at room temperature. Thus, using potassium magnesiate
[(PMDETA),K;Mg(CH,SiMe3)4] (PMDETA = N,N,N’N""N"’-
pentamethyldiethylenetriamine) (2 equiv, 25 °C, 1 h), followed by addition of I,
forming the 5-iodo product in a 93% yieId.mG] Furthermore, the same triazole can
be zincated at the same position using lithium zincate [Li(TMP)Zn('Bu),] (2 equiv, 25

°C, 2 h), to give the same iodinated product in a 98% yield.*”"

Importantly, no structural or solution studies of the putative metallated
intermediates of this heterocyclic substrate have been previously reported and a
search in the CCDC database revealed that metallated examples of 1-methyl-1,2,4-
triazole and 1,5-diphenyl-1,2,3-triazole have never been structurally characterized
for s-block metals. The only structurally characterized examples of metallated
triazoles, at the carbon atom, are known for triazoles containing the nitrogen atoms

in consecutive positions. Moreover, most of the known complexes contain
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[271,272]

transition metals such as gold or palladium, which exist as precursors to N-

heterocyclic carbenes and are formed by cycloaddition between azides with

aIkynes.[271’273_276]

Triazoles 1-methyl-1,2,4-triazole and 1,5-diphenyl-1,2,3-triazole where reacted with
base 36 (1:1) in a THF solution at room temperature. Removal of solvent in vacuo
followed by slow cooling of hot toluene solution afforded a crop of colourless
crystals of [{(*"’Nacnac)Mg(CsHaNs)}] (39) in a 66% yield from 1-methyl-1,2,4-
triazole and [{(**°Nacnac)Mg(CisH1oN3)}] (40) in a 45% yield from 1,5-diphenyl-
1,2,3-triazole. Compounds 39 and 40 were characterized in the solid state (X-Ray

crystallography) and in solution (*H and **C NMR spectroscopy).

Me ,N\ .
(/N\N’Me _N/fr* N\=E A/r\N_
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A TR A t,\;;N‘M/é\r
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Ph N\N .
/Ar*\(— Ui Ar\
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Scheme 4.11: Reactivity of 36 with 1-methyl-1,2,4-triazole and 1,5-diphenyl-1,2,3-triazole.
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X-Ray crystallography confirmed the C5- and C4-metallation of 1-methyl-1,2,4-
triazole (Figure 4.12) and 1,5-diphenyl-1,2,3-triazole (Figure 4.13), respectively. The
molecular structures of 39 and 40 present a strong resemblance to 37 and the
previously reported metallated intermediates of benzothiazole and N-methyl
benzimidazole.™®® Compounds 39 and 40 share the same structural motif in the
solid state, displaying a centrosymmetric dimeric structure where the deprotonated
substrates act as asymmetric bridges between two {(B-diketiminate)Mg} fragments.
The structures are best described as three fused six-membered rings with a six-
membered {MgCNMgCN} internal ring connected to, via shared Mg atoms, two

outer {MgNCCCN} rings of the {(B-diketiminate)Mg} fragments.

Figure 4.12: Molecular structure of 39 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for clarity. Selected bond lengths (A) and bond angles (°):
Mg1-N1 2.064(1), Mg1-N2 2.077(1), Mg1-N6 2.075(1), Mg1-C31 2.195(1), N1-Mg1-N2 92.17(4), N1-
Mg1-C31 116.71(5), N2-Mg1-C31 109.86(5), N6-Mg1-N1 115.53(5), N6-Mg1-N2 118.44(5), N6-Mg1-
C31 104.43(5).

The Mg atoms of compound 39 (Figure 4.12) exhibits a distorted tetrahedral
geometry (angles around to Mg ranging from 92.17(4)° to 118.44(5)°; mean,
109.13°) and form a {MgCNMgCN} planar six-membered ring, which exhibits an
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approximately orthogonal disposition to two adjacent {MgNCCCN} rings (dihedral
angle 87.07°). The Mg-N distance values [Mgl-N1 (2.064(1) A) and Mgl-N2
(2.077(1) A)] from the B-diketiminate ligand in 39 lie in the same range as the
coordinative bond from the magnesium to the nitrogen of the triazole anion [Mg1-

N6 (2.075(1) A)].

The structure of 40, highly reminiscent of 39 shows that 1-methyl-1,2,4-triazole has
been metallated at the C-4 position (Figure 4.13), although some bond parameters

differ significantly.

Figure 4.13: Molecular structure of 40 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for clarity. Selected bond lengths (A) and bond angles (°):
Mgl-N1 2.0785(11), Mgl-N2 2.0882(11), Mgl-N5 2.1139(12), Mgl-C30 2.1838(13), N1-Mgl-N2
90.93(4), N1-Mgl-C30 115.19(5), N2-Mgl-C30 118.14(5), N1-Mgl-N5 120.47(5), N2-Mgl-N5
111.59(5), N5-Mg1-C30 101.51(5).
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In this case, the Mg-N distances [Mg1-N1 (2.0785(11) A) and Mg1-N2 (2.0882(11)
A)] from the B-diketiminate ligand in 40 are slightly shorter than that of the bond
from the magnesium to the nitrogen of the triazole anion Mg1-N5 (2.1139(12) A).
Additionally, the shorter Mg-C and longer Mg-N distance in 40 with respect to the
analogous distances in 39 suggest that a larger coefficient of the electron density is

localized on the carbon rather than the nitrogen atom.

A comparison of the general features of the dimeric compounds 37, 39 and 40
reveals that the Mg-N distance of compound 40 is longer than that in 37 and 39
(Table 4.2). However, in all the cases considerably shorter Mg-N length compared to
the one of the B-diketiminate-Mg compound reported by Hill, where pyridine is
coordinated as a neutral N-donor to Mg (2.174(3) A).[B‘” Furthermore, the longer
Mg-C distance is observed for 39 (2.195(1) A) and has a similar value to that
reported in the magnesiated benzothiazole (2.193(2) A).“OG] Additionally, the Mg-N
distances of the B-diketiminate ligand and that between the magnesium atoms

appear to be slightly elongated for compound 40 (Table 4.2).

Table 4.2: Comparison of the general features between compounds 37, 39 and 40.

Compound Mg-C(A)  Mg-N (A) Mg-Nacnac (A) Mg:--Mg (A)
37 2.175(3) 2.108(2) 2.059(2)/2.049(2) 3.827(1)
39 2.195(1) 2.075(1) 2.064(1)/2.077(1) 3.9811(6)
40 2.1838(13) 2.1139(12) 2.0785(11)/2.0882(11) 4.1025(7)

'H and *C NMR spectroscopy were used to characterize 39 and 40 in deuterated
benzene solution at room temperature. Additionally 'H-*C HSQC and COSY
experiments were conducted to facilitate assignment of the spectra. A comparison

of the 'H NMR spectra of 39 and 40 with those of the heterocyclic substrates
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reveals that the diagnostic resonances corresponding to the protons at the C5
position of free 1-methyl-1,2,4-triazole (7.94 ppm) and C4 position of free 1,5-
diphenyl-1,2,3-triazole (7.72 ppm) have disapeared. The singlet resulting from the
CH of the B-diketiminate ligand backbone resonates at 4.77 and 4.76 ppm for
compounds 39 and 40, respectively. Two sets of new septuplets corresponding to
the CH signals of the 'Pr groups of the Ar* substituents appeared in each case (3.63
and 2.76 ppm for 39; 3.78 and 3.04 ppm for 40;). In the *C NMR spectrum of 39 the
metallated carbon, attached to Mg, has shifted to higher frequency (184.9 ppm)
with respect to the related chemical shift of C5 of the 1-methyl-1,2,4-triazole (152.3
ppm). Whereas the metallated quaternary carbon in 40 was not observed due to
the limited solubility, which led to low intensity resonances in the *C NMR

spectrum.

4.2.3 Magnesiation of Related Organic Substrates: Benzotriazole and

Diphenylacetonitrile

In parallel with these studies we have also assessed the reactivity of 36 with other
related organic substrates, including benzotriazole and diphenylacetonitrile. In
these cases the NH and CH protons of benzotriazole and diphenylacetonitrile are

particularly acidic, with a pK, of 8.2 and 17.5 respectively.[277'278]

8.2

Figure 4.14: Experimental pK, values of benzotriazole and diphenylacetonitrile in DMSO. (277,278]

Between many applications, benzotriazole is known for its use as an effective

corrosion inhibitor for copper and its aIons.mG] Benzotriazole derivatives can be
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9] [277]

used as herbicides, insecticides?’® or in synthesis, and is also present in the

scaffold of some drugs, such as Vorozole.**”

Vorozole

Figure 4.15: Vorozole, inhibitor containing benzotriazole scaffold.!?*

Crystal structures of metallated benzotriazole appeared to be well documented

possibly due to the high acidity of the NH proton (pK, = 8.2%"")). Most of these

[281] g2 |[283]

structures contain transition metals such as copper, or nicke

gol

284 3re also known.

although structures with lanthanides such as dysprosium
Interestingly, a few examples of zincated complexes have also been reported
showing deprotonation at the N-H. For example, the pentanuclear metal complex
[Zns(CeH4N3)6(L)3(Ac)]-0.5MeOH-0.5H,0 (L = p-aminobenzoate; Ac = acetate), which

2851 and the zinc

was prepared in a 56% vyield after refluxing during 30 minutes
complexes [Zns(ps-OH)2(p2-OH)2(L)a(CeHaN3)2]w and [Zna(L)a(CsHaNs)a(bpy)2]e (L = 2-
phenyl-4-quinolinecarboxylic acid; bpy = 4,4’-bipyridine) that were hydrothermally
synthesised in a teflon-lined reactor heated to 160 °C for 72 hours, in 56% yield

(Figure 4.16).12%°!
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Figure 4.16: Molecular structure of [Zn4(L)4(CeHaN3)a(bpy),]e (L = 2-phenyl-4-quinolinecarboxylic acid)
with 50% probability displacement ellipsoids. All hydrogen atoms have been omitted for clarity. a)
View of the tetranuclear Zn(ll) metallamacrocycle. b) View of the extended structure

[Zn4(L)4(C5H4N3)4(bpy)2]w.[286]

Remarkably, an example of potassium amide ladder, which has previously been
mentioned in the discussion of potassium amides in Chapter 2, has also been
described (Figure 2.3). In order to perform such deprotonation the reaction mixture
was cooled down with liquid nitrogen and further slow heating until 70 °C in order
to crystalize the potassium compound [{KN3C6H4}(HMPA)]°°.[176] Furthermore, a
mixed-metal compound [HDMF][NaHg4(CsHsNs)gls] was also obtained at room
temperature in 75% yield using slow diffusion of an aqueous solution of NaOH,
solution of benzotriazole in DMF and aqueous solution of Hgl, during 4 days (Figure

4.17).2%
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Figure 4.17: Example of a metallated benzotriazole, [HDMF][NaHg4(C5H4N3)6I4].[285]

Base 36 was treated with benzotriazole (1:1) in THF for 4 hours at room
temperature. The solvent was removed and the yellow solid was dissolved in
toluene, which gave a yellow suspension. After a filtration, colourless crystals of

[{(°""Nacnac)Mg(CsHaN3)}.] (41) were obtained in 55% isolated yield.

N\
%* / * N *
Ar N Ar n AR

_N\ }'| _N\ s“\N_N"",, /N_
Mg—TMP ~ ————> Mg Mg
NG THERT.4h /" N\ 7/ 4
\ -TMP(H) \ IN—N /
Ar* Are *Ar

(36)
(41)

Scheme 4.12: Reactivity of 36 with benzotriazole.

X-Ray crystallography confirmed the N1-magnesiation of benzotriazole (Figure

4.18). 41 displays a centrosymmetric dimeric structure with two terminal {(B-
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diketiminate)Mg} fragments and two asymmetric benzotriazolyl ligands bridging via

their N1 and N2 atoms (N3 and N4 in Figure 4.18).

Figure 4.18: Molecular structure of 41 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for clarity. Selected bond lengths (A) and bond angles (°):
Mgl-N1 2.0262(12), Mgl-N2 2.0214(12), Mgl-N3 2.0678(13), Mgl-N4 2.0665(12), N1-Mgl-N3
110.26(5), N1-Mg1-N4 120.69(5), N2-Mg1-N1 95.21(5), N2-Mg1-N3 111.30(5), N2-Mg1-N4 118.55(5),
N4-Mg1-N3 101.12(5).

Similar to 39 and 40, the Mg atoms of metallated benzotriazole 41 also present a
distorted tetrahedral geometry (angles around Mg ranging from 95.21(5)° to
120.69(5)°; mean, 109°), which forms a {MgNNMgNN} planar six-membered ring
that exhibits an approximately orthogonal disposition to two adjacent {MgNCCCN}
rings (dihedral angle 88.72°). The Mg-N bonds from the N of the B-diketiminate
ligand [Mg1-N1 (2.0262(12) A) and Mg1-N2 (2.0262(12) A)] in compound 41 are
slightly shorter compared to compounds 37-40 (distances ranging from 2.049(2) A
to 2.0882(11) A; mean 2.067 A). Additionally, they are also slightly shorter than the
Mg-N bonds to the benzotriazolyl nitrogen atoms [Mg1-N3 (2.0678(13) A) and Mg1-
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N4 (2.0665(12) A)]. Furthermore, the Mg-N distances to N3 and N4 appear to have
similar length, which suggests that the negative charge of the benzotriazolyl
molecule is delocalised in the benzotriazolyl nitrogen atoms, as well as being much
shorter than the Mg-N distance of the neutral coordinated pyridine in
[PPPNacnacMg(NCsHs)(NCsHe)] [Mg-N (2.138(2) A)1.27 The Mg--Mg distance
[3.9754(6) A] is elongated compared to compound 37 [3.827(1) A] but slightly
shorter than that of 39 and 40 [3.9811(6) and 4.1025(7) A, respectively].

Within the benzotriazolyl ring, the N3-N4 bond resulted to be slightly elongated
than N4-N5 in 41 [N3-N4 (1.3530(16) A) and N4-N5 (1.3230(17) A)]. Additionally, the
N-N lengths in free benzotriazole appear to be slightly shorter [(1.345(2) A) and

(1.304(2) A), respectively for free benzotriazole]. (2871

In order to characterize compound 41 'H and *C NMR spectroscopy was performed
in deuterated pyridine at room temperature, since low solubility and very weak
signals were obtained in deuterated benzene or THF. Additionally *H-"*C HSQC and
COSY experiments were conducted to facilitate assignment of the spectra. The 'H
NMR reveals the disappearance of the CH aromatic protons of free benzotriazole
(8.05 and 7.43 ppm) and new multiplets corresponding to the benzotriazolyl anion
are displayed at 7.50 and 7.36 ppm. Additionally, the CH singlet backbone and CH
multiplet of the 'Pr groups of the B-diketiminate ligand in 41 resonate at 5.2 and
3.23 ppm, respectively. In the *C NMR spectrum of 41 the significant carbon of the

B-diketiminate ligand CH backbone has a chemical shift at 95.3 ppm.

Moving to a non-heterocyclic molecule, base 36 was expected to deprotonate
diphenylacetonitrile due to the high acidity of its CH proton (pK, = 17.5 in
DMSO).[m] Nitrile groups with the presence of an acidic a-proton can undergo

insertion or deprotonation under the appropriate reaction conditions.”?®® These
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metallated nitriles are relevant intermediates in synthetic chemistry since they are
well known as being excellent nucleophiles.[zggl
The deprotonated intermediates of diphenylacetonitrile have been previously

characterised by X-Ray crystallography using transition metals such as iridium® or

[291] [292]

titanium, as well as a ytterbium compound as a lanthanide example.
Interestingly, some recent reports have shown the importance of the metallation
with zirconium in order to form low-membered metallacycles of group 4, which are

interesting for their reactivity and stability.?*?%]

Moreover, metallation of
diphenylacetonitrile has also been achieved by alkali and alkaline-earth metal
compounds.[294_297] The lithiated ketenimine dimer [Ph,C=C=NLi(Et,0),], was
reported by Neumdller and was crystalized from the deprotonation reaction of
diphenylacetonitrile by nBuli in diethyl ether at -78 °C (Figure 4.19a).%°* Fedushkin
and Hill have also reported group 2 (magnesium and barium) diphenylketeniminate

complexes.[zgs_zgﬂ Thus, magnesium and barium complexes [Mg(°**BIAN)(THF)s],

[Mg("BIAN)(THF),] and  [Ba(®*"BIAN)(DME),s] (®""BIAN =  1,2-bis[(2,6-
diisopropylphenyl)imino]acenaphthene; PbBIAN = 1,2-bis[(2,5-di-tert-
butylphenyl)iminolacenaphthene;, DME = Dimethoxyethane) react with

diphenylacetonitrile to give the corresponding metallated ketenimine complexes at
room temperature or -15 °C.P9 Similar reports have disclosed the magnesiation of
diphenylacetonitrile by [Mg(°*"BIAN)(Me)] containing “*"BIAN radical anions at -70
°C and accompanied by the uncomitant elimination of methane (Figure 4.19b).
Similarly, in Hill's catalytic hydroboration of nitriles using [DippNacnacMg(Bu)] and
HBpin, [(°""NacnacMg),(H,BPin)(N=C=CPh,)(N=C-CHPh,)] was isolated instead, a
result of magnesiation of the diphenylacetonitrile substrate rather than the

expected hydroboration. ¢!
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Figure 4.19: Examples of deprotonated diphenylacetonitrile. a) Lithiated ketenimine dimer
[Ph,C=C=NLi(Et,0),], reported by Neumiiller.”*" b) [(**"BIAN)Mg(N=C=CPh,)(Et,0)] by Fedushkin.?*”

Initially we reacted diphenylacetonitrile and 36 in ds-THF in a J. Young’s NMR tube
and the 'H NMR was recorded. After 2 hours the *H NMR spectrum showed
complete consumption of diphenylacetonitrile indicating that metallation had
occurred. Next, we repeated this reaction on a larger scale in a Schlenk flask to
attempt to obtain suitable crystals for structural characterisation. Base 36 was
reacted with one equivalent of diphenylacetonitrile at room temperature in THF.
After stirring in THF for 3 hours the reaction solvent was removed and the residue
was redissolved in a mixture of toluene and hexane. Unfortunately, the weak
diffraction pattern of the crystals obtained for the deprotonation of
diphenylacetonitrile prevented the determination of its molecular structure by X-
Ray crystallography. However, the combination of different techniques including *H,
B¢, 'H DOSY NMR solution studies, IR spectroscopy and elemental analysis
experiments helped to characterize the constitution of 42, which is suggested in
Scheme 4.13 and was obtained in a 40% yield when reacted with the correct

stoichiometry (1:2).
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Scheme 4.13: Metallation reaction of diphenylacetonitrile towards de formation of compound 42.

NMR experiments were conducted at room temperature in deuterated benzene
and additional *H->C HSQC experiment facilitated the assignment of the spectra.
The 'H NMR analysis of 42 (Figure 4.20) reveals the indicative singlet corresponding
to the CH proton of free diphenylacetonitrile (4.42 ppm) has shifted to 4.18 ppm
suggesting the coordination of a diphenylacetonitrile molecule to the magnesium
center. Furthermore, the diagnostic resonances corresponding to the CH of the B-
diketiminate ligand backbone and the CH signal of the 'Pr groups in 42 have shifted
to 4.89 and 3.40 ppm respectively, confirming the formation of the new compound.
Additionally, several multiplets in the aromatic region appear to integrate as 26
protons, suggesting four phenyl groups and the six aromatic protons of the

{®®"Nacnac} ligand.
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Figure 4.20: '"H NMR spectrum of 42 in CgDg.

The *C NMR spectrum showed three resonances at 41.9 ppm corresponding to the
CPh; and at 53.4 and 153.1 ppm that can be assigned to the C=C=N carbons in the
metallated nitrile. Hilmersson and Fleming have observed similarities in the *C
NMR signals with lithiated and magnesiated nitriles.”*® The 3C NMR resonances of
the lithiated nitrile carbon vary modestly from 146.2 to 152.7 ppm depending on
the solvent, although some examples of equilibrating lithiated acetonitriles
resonate at 155.3 and 148.5 ppm.[298'299] In agreement with the '"H NMR obtained
for 42, two new signals resonate at 95.08 and 53.44 ppm, which correspond to the
CH of the B-diketiminate ligand backbone and the CH proton of diphenylacetonitrile

substrate that is coordinated to the magnesium, respectively.

'H DOSY NMR studies were also carried out in order to rationalise the constitution

of 42 in order to predict the arrangement of the species in solution using ECC
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technique reported by Stalke.[182183] The experiment was performed in 40 mM of a
CsDe solution using TMS as internal standard and the spectrum obtained is

presented in Figure 4.21.
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Figure 4.21: 'H DOSY NMR spectrum of 42 in CgDg.

The 'H DOSY NMR experiment indicates a molecular weight of 759 g mol™ for
compound 42 when D = 5.919E-10 m?/s and Drus = 2.089E-9 m?/s. The results of the

errors of the possible different species formed are presented in Table 4.3.
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Table 4.3: Possible species formed in CgDg with the molecular weights (MW) and errors. (D(42)=
5.919E-10 m’ s, Dyws = 2.089E-9 m” s, MW e = 759 g mol ™)

Compound MW _.ic (g mol™) Error (%)
(a) [(°"°Nacnac)Mg(N=C=CPh,)(N=C-C(H)Ph,)] 827.46 9
(b) [(°"°Nacnac)Mg(N=C=CPh,)] 634.21 -16
Equilibrium (a) and (b) 730.84 -4
Ph,CHC=N 193.25 -75

According to the results obtained in the *H NMR DOSY experiment and considering
the error limit in the range = +9%, [(°""Nacnac)Mg(N=C=CPh,)(N=C-C(H)Ph,)] or a
rapid solvatation/desolvatation equilibrium of the diphenylacetonitrile molecule
could be the possible species in C¢Dg solution. However, the solvated/desolvated
rapid equilibrium could potentially exist in solution since its error is significally lower

(4%).

The presence of the new band and 2100.7 cm™ in the IR confirmed the presence of
ketenimido ligand that is assigned between 2000 and 2200 cm™ for v(C=C=N)
stretching mode in organometallic ketenimine complexes.[29°’297] Another new band
at 2283.5 cm™ was observed, appearing slightly shifted to higher wave numbers
than that of diphenlyacetonitrile (2243.3 cm™) that is assigned to the v(C=N) of the

(N=C-CHPh,) moiety coordinated to the Mg in 42.
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Figure 4.22: IR spectrum of 42 in Nujol.

Considering the previous results examined, the constitution of 42 suggests the
presence of a diphenylketeniminate anion, generated by the deprotonation of the
nitrile by 36, forming a new Mg-N bond (similar to 41) and a second non-
diphenylacetonitrile molecule of substrate coordinated to the magnesium atom
completing its coordination sphere. Similarly to the compounds presented above,
42 is stabilised by the bulky anionic B-diketiminate ligand. Hill, has previously
reported a dinuclear magnesium complex with the presence of a
diphenylketeniminate anion and a molecule of diphenylacetonitrile, which are

supported by a bridging borate and B-diketiminate anionic Iigand.[m]
4.2.4 Magnesiation of Pyridine Derivatives

Building on these studies, we next attempted the deprotonation of a variety of

pyridine derivatives namely: 2-picoline, 2-(2,4-difluorophenyl)pyridine and 4-

methoxypyridine. Pyridines are important moieties in pharmaceuticals,mo]

[301]

agrochemicals and organic materials.>*? For example, the pyridine moiety

appears in the skeleton of nicotine and pyridoxine (vitamin Bs)[3°3] and 2-(2,4-
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difluorophenyl)pyridine is a molecule that finds several applications as a precursor

for organic light emitting diodes (OLEDs).[3°4]

a) b) o
H
H
| X |\{ HO | N OH
N NG
Nicotine Vitamine Bg

Figure 4.23: Examples of drugs containing pyridine.

Functionalisation of pyridines is an excellent tool to access to a wide variety of
building blocks, where the metallation reaction is of crucial importance. These
reactions can be performed by organometallic deprotonation, which is generally
guantitative in short timescales and offers the possibility to attach different
substituents and can be quenched by a variety of eIectrophiIes.BOS] Generally,
alkyllithium derivatives have been one of the reagents of choice, however very low
temperatures and a limitation of the scope is imposed due to the low compatibility
between mn-deficient heteroaromatics and the alkyllithium reagents that can
generate nucleophilic side reactions. In this regard, different alternatives such as

mixed-metal reagents have emerged.[303]

We first studied the magnesiation reaction of 2-picoline and 2-(2,4-
difluorophenyl)pyridine. While in compounds 37 - 40 the metallation occurs in a C
adjacent to one N atom of the heterocycle (a-magnesiation), whilst these studies on
C2 substituted pyridines revealed the formation of the regioselective lateral

metallation products (Scheme 4.14).
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Scheme 4.14: Lateral magnesiation of 2-substituted pyridines towards de formation of compounds
43 and 44.

Stoichiometric reaction of 36 with 2-picoline and 2-(2,4-difluorophenyl)pyridine, in
THF led to the isolation of colourless crystals of [{(DippNacnac)Mg(CsHGN)}z] (43) ina
67% yield and [(®""Nacnac)MgTHF(C11HsF2N)] (44) 68% crystalline yield, after
recrystallization from a hexane/THF solution for 43 and toluene/THF for 44.
Monitoring these reactions by 'H NMR in ds-THF demonstrated that formation of 43
and 44 occur quantitatively, without observing in solution other regioisomers.
Synchrotron X-Ray diffraction studies confirmed the lateral magnesiation of these
N-heterocylic substrates, deprotonating at the methyl group of 2-picoline and at the
C3 position of the fluoroaromatic ring of 2-(2,4-difluorophenyl)pyridine, for 43 and
44 respectively (Figure 4.24 and Figure 4.25). Additionally, NMR studies and

elemental analysis helped to characterize the new magnesiated compounds.

Once more, a dimeric structure is obtained for the magnesiation of 2-picoline,

reminiscent to those described above, where each of the newly formed 2-picolyl
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anions in 43 bridge the two terminal {(B-diketiminate)Mg} fragments via the
methylene carbon and nitrogen atoms using their CH, and N groups. The
magnesium atoms in the previous dimeric compounds 37, 39, 40 and 41 were
connected to each other via a three fused six-membered rings, however, in this case
an internal eight-membered ring {MgCCNMgCCN} in a boat-type arrangement, is
connected to the two terminal six-membered rings {MgNCCCN} of the B-
diketiminate ligands in 43. Furthermore in 43 both picolyl carbanion ligands point
upwards in a splayed open arrangement (dihedral angle between the two pyridine-
ring planes is 73.38°), rather than lying approximately in the plane of the central
ring, as in magnesiated pyrazine 37 or the metallated triazoles 39, 40 and 41.
Presumably, this alternative geometry is a consequence of the steric requirement
imposed by the bridging mode of the picolyl anion, which bonds to the two
magnesium ions with non-adjacent carbon and nitrogen atoms and also results in
the pronounced puckering of the central ring (Figure 4.24). A search of the CCDC for
the picolyl anion acting as a kC:xN ligand reveals only one entry, corresponding to a
palladium type dimer containing an 8-membered central ring resembling to that in

43 [3%]
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Figure 4.24: Molecular structure of 43 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for clarity. Selected bond lengths (A) and bond angles (°):
Mgl-N1 2.1021(16), Mgl-N2 2.1007(17), Mgl-N5 2.1208(17), Mgl-C70 2.2121(19), Mg2-N3
2.1013(17), Mg2-N4 2.0869(16), Mg2-N6 2.1321(18), Mg2-C64 2.2263(18), N1-Mg1-N2 92.44(6), N1-
Mg1-C70 122.28(7), N2-Mg1-C70 112.21(7), N1-Mg1-N5 105.00(6), N2-Mg1-N5 111.80(7), N5-Mg1-
C70 111.61(7), N3-Mg2-N4 90.56(6), N3-Mg2-C64 125.19(7), N3-Mg2-N6 103.42(6), N4-Mg2-C64
109.11(7), N4-Mg2-N6 120.86(7), N6-Mg2-C64 108.08(7).

A close inspection of the geometrical parameters of 43 revealed that the Mg atoms
present a distorted tetrahedral geometry (angles around Mgl ranging from
92.44(6)° to 122.28(7)°; mean: 108.83°; angles around Mg2 ranging from 90.56(6)°
to 125.19(7)°; mean: 108.93 °). The Mg-B-diketiminate N distances in 43 (Mgl-N
range 2.0869(16) - 2.1021(16) A) are slightly shorter than the bond from the
magnesium to the metallated picoline nitrogen (Mgl-N5 2.1208(17) and Mg2-N6
2.1321(18) A). These Mg-N values are also shorter to those found in the
coordination adducts [(*""Nacnac)Mg(Bu)(pyridine)] and [(>"°Nacnac)Mg(Bu)(2-
picoline)] (2.174(3) and 2.216(4) A) reported by Hill.**?**! Also, the N-C and C-C
picolyl anion distances in 43 have been studied to establish the preferred bonding

mode, since some structural and theoretical studies uncovering the diversity of
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feasible electronic situations in 2-picolyl anions have previously been reported.
These different bonding modes are the result of the delocalisation of the negative
charge into the ring from the carbanion (Scheme 4.15).[307] For example, 2-
picolyllithium complexes form dimeric structures where the anions act as aza-allyl

[308]

ligands having a simultaneously Li-C and Li-N interaction, whereas lithium

derivatives of aC-substituted picolines have shown both azaallyl and enamido

bonding modes.%931
A X A
L Jo =—lel =—lo
N~ “CH, N* “CH, N~ CH,
carbanion azaallyl enamide

Scheme 4.15: Resonance stabilisation of the negative charge in 2-picolyl anions.?’!

In 43, the N-C distances (N5-C63 1.383(2) and N6-C69 1.381(2) A) are elongated
compared to free 2-picoline (1.343 A) but relatively close to standard Nspz—Csp2
single bonds (1.40 A).[aogl Moreover, the bonds to the methylene group (C63-C64
1.452(3) and C69-C70 1.453(3) A) are slightly shorter than in 2-picoline (1.503(3) A)
but still close to a standard single bond (Csp*-Csp® 1.466 and Csp*=Csp” 1.335 A).BOS]
These bond parameters detail that in 43, the picolyl anions can be best described as
carbanionic ligands, although some degree of delocalisation of the negative charge

onto the N atom is also evident as indicated by the relatively short Mg-N bond

distances.

Distinctively, the magnesiation of 2-(2,4-difluorophenyl)pyridine affords the
monomeric compound 44 with a THF solvating molecule due to the remote location
of the pyridyl N precluding the formation of dimers. In this case, the magnesiation

takes place at the C3 atom in the fluorinated ring [i.e. C34 in Figure 4.25], which is
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consistent with metallation at the most acidic site of the molecule, leaving the
pyridine ring untouched (Figure 4.25). Previous reports have shown the same
regioselectivity when organolithium bases are used, which have to be employed at
low temperatures to avoid LiF elimination and benzyne formation.®'2313] 44
constitutes the first example where the metallated 2-(2,4-difluorophenyl)pyridine
intermediate has been isolated and structurally characterized. This reactivity

contrasts with those reported for transition metals such as Ir where 2-(2,4-

difluorophenyl)pyridine undergoes cyclometallation, removing the H at the C5

[314,315]

position of the fluorinated ring.

Figure 4.25: Molecular structure of 44 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for clarity. Selected bond lengths (A) and bond angles (°):
Mgl-N1 2.0548(12), Mgl-N2 2.0656(12), Mgl-C34 2.1499(14), Mgl-O1 2.0403(11), N1-Mgl-N2
94.10(5), N1-Mgl-C34 126.63(5), N2-Mgl-C34 126.47(5), N1-Mgl-O1 103.23(5), N2-Mgl-O1
102.56(5), 01-Mg1-C34 99.95(5).

The molecular structure of 44 displays a similar monomeric arrangement to that

obtained for magnesiated benzofuran 38. The Mg atom in 44 display a distorted
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tetrahedral geometry (angles around to Mgl ranging from 94.10(5)° to 126.63(5)°;
mean: 107.39°) and the Mg-C bond distance [Mg1-C34 2.1499(14) A] is slightly
elonganted compared to that in 38 [2.1347(18) A] and the related B-diketiminate
compound [{(°"PNacnac)Mg}(OEt,)(Ph)] ([2.139(3) A].**?!

Compounds 43 and 44 were characterized by 'H, >*C NMR spectroscopy (and *°F
NMR for 44) in deuterated benzene solution at room temperature. Further 'H-*C
HSQC, *H-"H COSY and *3C {*°F} (for 44) NMR experiments facilitated the assignment
of the metallated compound. Importantly, new multiplets corresponding to the
protons of the picolyl ring of 43 have emerged at 7.79, 6.43, 5.86 and 4.87 ppm and
the Mg-CH, protons are displayed at 1.63 and 1.28 ppm. Similarly, for compound 44
new aromatic multiplets corresponding to the fluoroaromatic ring resonate at 6.25
and 6.03 ppm and four new multiplets corresponding to the pyridine ring have
emerged at 8.92, 7.07, 6.74 and 6.58 ppm. Interestingly, the resonances of the
characteristic signals of the substrates are absent in the *H NMR spectrums of both
products: the methyl group in free 2-picoline (2.40 ppm), for 43; and the multiplet
at 6.53 ppm corresponding to the CH proton of the C3 position of the
fluorobenzene ring, for 44. The diagnostic CH singlet resulting from the pB-
diketiminate ligand backbone resonates at 4.82 and 4.98 ppm, respectively. As well,
four sets of broad multiplets corresponding to the CH signals of the 'Pr groups of the
Ar* substituents have appeared (3.60, 3.26, 3.22 and 2.55 ppm for compound 43;
and 3.58, 3.36, 2.96 and 2.79 ppm, for 44).

In the >C NMR spectrum, the magnesiated carbon Mg-CH, has shifted to higher
frequency (35.5 ppm) compared to the related chemical shift of the methyl group in
free 2-picoline (24.6 ppm) and new resonances of the magnesiated 2-picoline at
144.9, 135.5, 125.6, 122.0 and 110.8 ppm confirm the metallation of the substrate.

The signal corresponding to the magnesiated C of the 2-(2,4-difluorophenyl)pyridine
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fragment was not possible to assign in the >C NMR of 44, notwithstanding “*C{*°F}
NMR experiments helped to assign most of the rest of the signals of the molecule.
Additionally, the *>F NMR indicates the formation of the new metallated product
with resonances at -77.6 and -82.0 ppm compared to -109.56 and -112.61 ppm in

the substrate.

These findings show the potential of 36 to act as a regioselective base not only for
N-heterocyclic substrates but also for substituted benzene and related ring systems.
Initial reactivity studies of 44 with iodine and deuterated methanol demonstrated
that the new C—Mg bonds in these systems are accessible to electrophiles, affording
corresponding quenched products 2-(2,4-difluoro-3-iodophenyl)pyridine (45) and 2-
(2,4-difluoro-3-deuteriophenyl)pyridine (46) in yields of 65 and 72% respectively, as
a result of the incorporation of iodine or deuterium at the C3 position of the phenyl

ring in 2-(2,4-difluorophenyl)pyridine (Scheme 4.16).
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F =z
1) SN
Al F F 7
AN THF, RT, 5h | «
a) \ Mo—TMP > N
N\ 2) 15 (2 equiv.)
o THF, RT F
(36) (45) - 65%
F Z
CD30D (1.5 equiv.)
b) » D \N
THF, RT
F
(44) (46) - 73%

Scheme 4.16: Formation of the quenched products 45 and 46.

Moving away form C2-substituted pyridines we next investigated the reactions of
36 towards 4-methoxypyridine. Mongin and co-workers have calculated the pK, of
this molecule in THF, where the proton in the 3 position is more acidic compared to

that in position 2 (Figure 4.26).5%!

OMe
X 37.1

| N/ 44.5

Figure 4.26: Calculated pK, values of 4-methoxypyridine in THF.B®

This molecule can be deprotonated using lithium derivatives such as LDA in THF in
the presence of TMSCl at 0 °C, forming the 3-silylated derivative and the 3,5-
disilylated product in 61 and 16% yields (Scheme 4.17a).**® Additionally, other
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reports have shown that 4-methoxypyridine can convert to 70% yield of 3-iodo-4-

methoxypyridine using [(PMDETA),K,Mg(CH,SiMe3s)4] in hexane at 0 ocl12el (Scheme

4.17b) or by using [Li(TMP)Zn('Bu)] in THF at room temperature.[m]

OMe 1) LDA (1.2 equiv.) OMe OMe
THF, 0 °C, 1h
a) N . \~TMS _ TMS TS
| 2) TMSCI (2 equiv.) | |
NZ THF, RT, 20 min NZ NZ
61% 16%
OMe 1) [(PMDETAK,Mg(CH,SiMej),)] (0.33 equiv.) OMe
hexane, 0 °C, 2h |
D 2 ~
Z )2 Z
N N
70%

Scheme 4.17: Examples of deprotonation reactions of 4-methoxypyridine.

Interestingly, a search in the CCDC revealed only one metallated example of 4-

methoxypiridine at the C2 position by a ruthenium complex.[317]

The reaction between 36 and 4-methoxypyridine resulted to the formation of
dihydropyridine 47 in a 47% yield, where the dearomatization of the heterocycle

follows a C-C coupling between an additional molecule of substrate (Scheme 4.18).
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OMe
A " OMe
Ar* | Ar ( |
=N NZ DH =N Ny
\ M o
\ MomTMP ———————=\ I\ A
N THF, RT, 3h N
s -TMP(H) A
OMe
(36) (47)

Scheme 4.18: Formation of dihydropyridine compound 47.

Base 36 was reacted with 4-methoxypyridine (1:1) in THF over 3 hours at room
temperature, which gave a dark red colour solution. Removal of solvent in vacuo
followed by addition of a mixture of hexane and toluene afforded black crystals of
[{(°"PNacnac)Mg(C12H13N20,)},] (47) (Figure 4.27). An isolated yield of 47% was
obtained when the correct stoichiometry (1:2) was used. The magnesiated
compound 47 was characterized in the solid state (X-ray crystallography) and in
solution (*H and *C NMR spectroscopy). Monitoring the reaction by 'H NMR

indicates that the reaction is quantitative after 3 hours.
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Figure 4.27: Molecular structure of 45 with 50% probability displacement ellipsoids. All hydrogen
atoms except H35 and Pr groups have been omitted for clarity. Selected bond lengths (A) and bond
angles (°): Mg1-N1 2.047(2), Mg1-N2 2.040(2), Mg1-N3 2.129(2), Mg1-N4 2.021(2), C34-C35 1.563(4),
N1-Mg1-N2 93.58(9), N1-Mg1-N3 109.00(9), N1-Mg1-N4 124.12(9), N2-Mg1-N3 125.02(9), N2-Mg1-
N4 125.34(9), N3-Mg1-N4 81.88(9).

Molecular structure of 47 displays a monomeric arrangement, where the
{DippNacnacMg} fragment coordinates to a newly generated 2-dihydropyridine,
resulting from a coupling reaction, which binds as a chelate through its two nitrogen
atoms (N3 and N4 in Figure 4.27). The two molecules of 4-methoxypyridine have
been coupled through the carbon adjacent to the nitrogen forming a new C-C bond
with a value of 1.563(4) A, consistent with a standard single bond distance (Csp*-
Csp® 1.466 A).*°! The magnesium atom displays a distorted tetrahedral geometry
(angles around Mg1 ranging from 81.88(9) to 125.34(9)° mean: 108.45°) probably
imposed by the chelating nature of both N,-ligands present in 47. A close inspection
of the Mg-N distances in 47, shows that for the B-diketiminate ligand they lie in the
same range as the ones found for the other {®*"NacnacMg} compounds described
above [Mg1-N1 2.047(2) and Mgl-N2 2.040(2) A vs Mg-N range 2.0214(12) to
2.1021(16) A], whereas unsurprisingly the newly generated dihydropyridine Mg-N3
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is significantly longer [2.129(2) A] than Mg1-N4 [2.021(2) A], reflecting the different

nature.

Similar compounds of 1,2- and 1,4-dihydropyridide magnesium derivatives formed
from dearomatisation of pyridine, 4-picoline and quinoline by a hydride transfer
have been reported by Hill, and they have been isolated and characterised by X-Ray

diffraction studies (Scheme 4.19).[34%3

a)
7 \
\\N\ / \
Mg\ Mg\N » \
é \ /

Scheme 4.19: 1,2-dihydropyridine magnesium complexes reported by Hill [2342%°]

Interestingly, these 1,2-dihydropyridine derivatives have similar Mg-N bond
distances to those observed in 47 (Mgl-N3 2.129(2) vs 2.1289(19), 2.044(2),
2.1301(15) A for pyridine, 4-picoline and quinoline derivatives respectively) and
(Mg1-N4 2.021(2) vs 1.993(2), 1.993(3), 1.9926(16) A for pyridine, 4-picoline and

quinolone derivatives respectively).>423!

NMR studies also indicate the formation of the dihydropyridine compound 47. The
distinct singlet of the methoxy group in free 4-methoxypyridine has shifted from
3.12 ppm to two new singlets at 3.35 and 2.84 ppm. The singlet at 3.35 ppm also
overlaps with the resonance corresponding to the dihydropyridyl sp> proton. The
distinctive signals at 3.35, 4.97-4.96, 5.24-5.22 and 6.94-6.93 ppm for the
dihydropyridine ring protons demonstrate the loss of aromaticity of the ring,

whereas the protons for the aromatic ring are displayed at 7.79-7.78, 6.57-6.56 and
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6.26-6.23 ppm. The characteristic signals of the {"""Nacnac} ligand are displayed in
the 'H NMR at 4.93 ppm for the backbone and the broad multiplets at 3.62-3.47,
3.47-3.37, 3.30-3.08 ppm for the CH of the 'Pr groups illustrate the lack of symmetry
in the molecule. Similarly, the non-aromatic signals of the CH from the
dihydropyrdine ring are displayed in the *C NMR at 63.0, 72.9, 91.6 and 150.4 ppm

and the characteristic CH of the {"*"Nacnac} backbone at 94.9 ppm.

Suzuki has previously reported diruthenium complexes that can catalyse
dehydrogenative coupling of 4-substituted pyridines.[ml Structural studies of those
complexes are reported, however, no dehydrogenation is observed. Contrastingly,
Diaconescu has observed similar reactivity, to those of compound 47, when reacting
group 3 complexes supported by a ferrocene diamide ligand with heterocycles

(Scheme 4.20).B3187320)

[ In
) LM
N N 7
LMR ————> N™

-RH -
o-bond metathesis STTTTTTTTTTTTTTTTTTN \ _/_ TN
! \
! Si !
| \—R Heterocycle ! N\ i
J dearomatisation ! L.M-R Fe Vid Ph:
N AR ; 7 CTHF |
: @7—'\{8 :
| —Si |
' M=eg.Sc/Y / i
i L = anionic spectator i
\\_ R =alkyl or hydride A

_________________________

C-H tautomerisation €——— LM
2

Scheme 4.20: Synthesis of group 3 complexes containing bipyridine Iigands.mg_m]

In those studies, yttrium and scandium compounds can deprotonate and
dearomatise heterocyclic molecules, followed by a C-C coupling between the

relevant heterocycles forming a dihydropyridine coupled with the aromatic
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substrate. Related to this C-C bond forming process, our group has shown that
when 36 is reacted with 2 equivalents of benzothiazole forms a coupled product,
resulting from the nucleophilic addition of [(*"Nacnac)Mg(C;H4SN)], to another
molecule of benzothiazole (Scheme 4.21).[106] In this case the reaction takes place

with the concomitent ring-opening of the five-membered heterocyclic ring.

Ar ©:/>—H Ar < 7//\ C[ >—H A
_N/ N —N/\ ‘\=N¢, N>_ _NI S

*Ar\
\ S /N_
\ _Mg—TMP > \ Mg, Mg
N

N\
/ Mg A\
THF, RT N \N\( 4 THF, RT N\ \N¥H

L N
S -TMP(H) Ar Al o
o

Magnesiation C-C coupling and
ring-opening

Scheme 4.21: Reactivity of 36 with benzothiazole.*®

A similar mechanism could be in operation here towards the formation of 47, where
the metallation of one equivalent of the 4-methoxypyridine takes place, whereas
some of the unreacted substrate coordinates to the magnesium center. Facilitating
an intramolecular nucleophilic addition, furnishing dihydropyridine product 47

(Scheme 4.22).

OMe

OMe
. AN / Ar* OMe
pa 2 | { N
_N\ N N - \I\/I FEUARN
X [ g
\ /I\/Ig TMP \ \ , \N
= OMe ‘Ar*
«

P " /Ar*
= _N\'\/| &
N THF, RT N
s -TMP(H) N,
AN OMe

36
(36) magnesiation intramolecular
and coordination 1,2-addition

Scheme 4.22: Suggested mechanism for the formation of dihydropyridine compound 47.
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Presumably, the metallation reaction occurs after a first coordination of the 4-
methoxypyridine bringing to close proximity the hydrogen at the 2 position to the

TMP group and facilitating the deprotonation process.

Dihydropyridines have been known since 1882, when they were first isolated.!?*83%1~

324,325] [326]

3231 This class of molecules are used in synthesis,[ agrochemistry and a
broad range of medical applications.msl They became particularly interesting after
the discoveries of the isolation of the coenzyme nicotinamide adenine dinucleotide
(NADH), responsible for reduction in several biological processes, and the studies of
cardiovascular pharmaceutical molecules such as Nifedipine, a calcium channel
blocker used to treat hypertension.[321'322] Despite its significant value in terms of
applications, the isomeric kinetic 1,2-dihydropyridines have been less studied than
the thermodynamic 1,4-dihydropyridines due to their more challenging

preparation.mz]

Moreover, the reactivity of metallodihydropyridines, specially those of s-block
dihydropyridines, have hardly been explored and only few examples of molecular
structures of lithium 1,4-dihydropyridines are known. 327732 Interestingly, Mulvey
and Robertson have investigated the 1,2-nucleophilic addition of alkyllithiums to
pyridine by varying the stoichiometry. In this report, they have been able to
crystallise different lithio 1,2-dihydropyridines supported by different polydentate
donor ligands. Additionally, they have demonstrated that these 1,2-alkyl isomers
can react with any available pyridine in excess generating the thermodynamic lithio

1,4-dihydropyridine product and 2-alkylpyridine byproducts (Scheme 4.23).[3301
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Scheme 4.23: Formation of 1-lithio-1,2- and 1-lithio-1,4-dihydropyridines.

Furthermore, they have also expanded the scope of group 1 dihydropyridines

reporting the heavier alkali-metal sodium and potassium 1,2- and 1,4-

dihydropyridines (Scheme 4.24).23%

tBu

O m

|
/s
(\ \ / \ /§ NaOBu _ S Koy (\N\ u/ \
|
<N/ a hexane N” U hexane \/ \ /
AN N/ +PMDETA N \Bu /
() O
tBu$$

Scheme 4.24: Examples of synthesis of sodium and potassium dihydropyridines in the presence of
PMDETA.P*

Additionally, they have also demonstrated the potential applications of 1-lithium-2-
alkyl-1,2-dihydropyridine as alternative dehydrogenation catalyst for the

transformation of diamine boranes into cyclic 1,3,2-diazaborolidines.!”’ Group 2

dihydropyridines have also been characterised for magnesium[234’235’332’333] and

[334,335] [114]

compounds, which have been used in hydroboration and

hydrosilylation[335]

calcium

reactions.
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Hill has reported 1,2- and 1,4-dihydropyridide magnesium derivatives formed from
dearomatisation of pyridine, 4-picoline and quinoline by hydride transfer (Scheme

4.25).[234,235]

r* Ar*
/7

_60°C —N\ N=

|v| Bu — N -
\ v PhS|H3 ;: g\ N
\Ar* b
e Ol

thermodynamic

kinetic product product

Scheme 4.25: Formation of 1,2- and 1,4-dihydropyridide magnesium derivatives.2*%*"]

These complexes are prepared by mixing [P"’NacnacMg(Bu)] with the different
substituted pyridines or quinoline in the presence of PhSiH;. The mechanism to
obtain the 1,2-dihydropyridide derivatives is suggested to be through the formation
of an unobserved N-heterocycle-coordinated magnesium hydride and subsequent
hydride transfer via C2-position of the heterocycle. Furthermore, the
thermodynamic product 1,4-dihydropyridide derivative can be obtained when
heating the reaction over 2 days at 60 °C by a hydride transfer to the C4-

position. "]

Since 47 is related to the synthetically useful parent bypyridine it was wondered if it
could be a precursor of 4,4’-dimethoxy-2,2’bipyridine. Exposure to air resulted in
decolourisation of the purple dihydropyridine complex. The 'H NMR spectrum
revealed three new resonances corresponding to the aromatic protons of 4,4'-
dimethoxy-2,2’bipyridine. Also present in the spectrum are resonances indicative of
[PPPNacnacH]. Presumably Mg(OH), also forms as a reaction byproduct (Figure
4.28). Thus the magnesium amide base provides a facile entry into C'C coupled

bypyridine molecules.

195



Chapter 4. Regioselective magnesiation of heterocyclic molecules

. OMe

/Ar Z | /Ar* MeO sk

_N\I\/I N air =N — N=

\ N/ g\N H —> X \ + t 3 \ / \ / k o+ Mg(OH)2

L / N\H* N O

Ar \ Ar*
OMe

8.52
8.51
8.44
8.43

/
X
£
<

12.48
53
52
51
4.89
—3.21
—=2.99
1
1
1
1
1
1
1
1
1
1

-
)
-
)
oy
-
=)
©
©
~
)
o -
=Y
w -
~ -
-
o

pprr

317\
3.15/

_332=
o0
7.28—
10.76 ~
5.96 —
6.57
8.64
14.02
13.76
7.79,
14.05
7.20

Figure 4.28: '"H NMR spectrum of the 4,4’-dimethoxy-2,2’bipyridine formation in C¢Dg.

These results show that when compound 47 was hydrolysed and exposed to air,
forms the NH dihydropyridine that subsequently undergoes rearomatisation,
forming quantitatively the corresponding bipyridine as well as [©""NacnacH] and
Mg(OH),. Snaith demonstrated that 1-lithium-2-butyl-1,2-dihydropyridine can
hydrolise with moisture forming N-H dihydropyridine, which can oxidise when

exposed to air forming the rearomatised 2—buty|pyridine.[336]
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Similarly, preliminary results using pyridine and 4-picoline indicate similar reactivity
to 4-methoxypyridine, showing the formation of coupled-dihydropyridines after a

first deprotonation reaction.
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4.3 Conclusions

In this chapter, a systematic study of regioselective magnesiation reactions of a
range of heterocyclic molecules has been performed. In these studies the
organomagnesium base (36) has demonstrated its dual ability as an effective
metallating reagent, and being able to trap and stabilize sensitive anions. This
bifunctional base has been designed combining a basic kinetically activated TMP
group that can successfully perform the magnesiation reactions and a bulky B-

diketiminate anionic ligand, which can trap the sensitive anions formed.

Metallation of synthetically relevant heterocyclic molecules such as pyrazine,
benzofuran, a variety of triazoles and pyridine derivatives at room temperature in
THF has been achieved. Critical to this, the sterically bulky B-diketiminate ligand
protects the highly reactive new Mg-C bond allowing the stabilization of compounds
37 — 44, 47 that exist as either a monomers or as dimers. NMR studies confirm that
these species are stable in solution without showing any decomposition at room
temperature. Further, preliminarily electrophilic quenches of the magnesiated
compound 44 have been achieved forming compounds 45 and 46, illustrating the
potential use of this system to elaborate more diverse organic products. Finally,
formation of dihydropyridine 47 and further rearomatisation opens a new entry

point to the formation of bipyridine molecules.
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4.4 Experimental

4.4.1 Synthesis of Active Species

* Synthesis of [{(°"""Nacnac)Mg(CsH:N,)}.] (37)

—> To a solution of compound 36 (0.56 g, 1 mmol) in THF
& i (10 mL), pyrazine (0.08 g, 1 mmol) was added. An
:g immediate colour change from yellow to dark green
Q_Ag *Ar was noted, and the solution was stirred for 2 hours at

room temperature. The solvent was removed and 5 mL

of toluene was added. The resulting suspension was heated until obtain a solution
that was left to cool in a hot water bath. This yielded the title compound after 24
hours as a light brown crystalline solid that was isolated and placed in a glovebox. In
order to obtain a good yield of the compound, after 4 hours of reaction the solvent

was removed and 10 mL of hexane were added obtaining a dark brown suspension.

The resulting solid was isolated and placed in a glovebox (0.27 g, 51%).

'H NMR (400.13 MHz, CsDs, 298 K) 6 9.29-9.28 [d, 2H, J = 1.9 Hz, C4H;N,], 8.78-8.77
[dd, 2H, J = 1.6 Hz, J = 2.9 Hz, C4H3N;], 7.96-7.95 [d, 2H, J = 3.0 Hz, C4H3N,], 7.01 [br.
s, 8H, Ar* of "P"Nacnac], 6.86-6.84 [m, 4H, Ar* of ®"Nacnac], 4.88 [s, 2H, CH of
PPPNacnac], 3.88-3.80 [sept, 4H, J = 6.8 Hz, CH, 'Pr, Ar* of """ Nacnac], 2.56-2.44 [m,
4H, CH, 'Pr, Ar* of ®PNacnac], 1.62 [s, 12H, CH; of ®"Nacnac], 1.56-1.54 [d, 12H, J =
6.8 Hz, CHs, 'Pr, Ar* of ®PNacnac], 1.22-1.20 [d, 12H, J = 6.7 Hz, CHs, 'Pr, Ar* of
PPPNacnac], 0.97-0.96 [d, 12H, J = 6.8 Hz, CHs, 'Pr, Ar* of ®P"Nacnac],-0.55--0.58 [d,
12H, J = 6.8 Hz, CHs, 'Pr, Ar* of ®*"Nacnac].

*C NMR {*H} (100.61 MHz, C¢Ds, 298 K) & 169.5 [C,, CHC(Me) of ®®PNacnac], 158.0
[CH of C4H3N,), 145.8 [C,, 'Pr, Ar* of "PPNacnac], 145.1 [CH of C;H3N,), 142.9 [C,, Pr,
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Ar* of ®PPNacnac], 142.2 [CH of C4H3N,], 141.8 [C,, 'Pr, Ar* of "PPNacnac], 124.3 [CH,
Ar* of ®PPNacnac], 124.2 [CH, Ar* of ®™Nacnac], 123.4 [CH, Ar* of ®"Nacnac], 94.0
[CH of ®PPNacnac], 32.1 [CH, 'Pr, Ar* of ®™Nacnac], 32.0 [CH, 'Pr, Ar* of ®PNacnac],
30.0 [CH, 'Pr, Ar* of ®"Nacnac], 28.1 [CH, 'Pr, Ar* of ®Nacnac], 25.2 [CHs, 'Pr, Ar*
of ®PNacnac], 24.5 [CH; of ®P"Nacnac], 24.3 [CHs, 'Pr, Ar* of ®PPNacnac], 23.8 [CHs,
'Pr, Ar* of "PPNacnac], 23.5 [CHs, 'Pr, Ar* of ®™Nacnac], (C, of C-Mg was not

possible to assign).

Elemental analysis: (CeeHssMgoNsg) Calculated: C: 76.07 % H: 8.51 % N: 10.75 %.
Found: C:75.81 % H: 8.81 % N: 9.81 %.

* Synthesis of [{(°"""Nacnac)MgTHF{CsHs0}] (38)

Ar* Q To a solution of compound 36 (0.56 g, 1 mmol) in THF (10 mL),
O

/
_N\l\/lg" benzofuran (0.11 mL, 1 mmol) was added. The dark yellow
N
N ) Q solution was stirred for 2 hours at room temperature. The
Ar*

solvent was removed and a mixture of 3 mL of hexane and 4
mL of toluene were added. The suspension was warmed until
a solution was obtained, then placed at -33 °C. After 48 hours a crop of colourless
crystals were isolated and placed in a glovebox (0.329g, 59%). In order to improve
yield of the compound, after 5 hours of reaction the solvent was removed and 10
mL of hexane were added, the suspension was placed at -33 °C. The resulting solid

was isolated and placed in a glovebox (0.413g, 74%).

'H NMR (400.13 MHz, CsDg, 298 K) § 7.56-7.53 [br. d, 1H, CgHs0], 7.46-7.43 [br. d,
1H, CgHs0], 7.13 [s, 6H, Ar* of ""PNacnac], 7.11-7.02 [m, 2H, CsHsO], 6.64-6.63 [d,
1H, J = 4 Hz, CsHs0], 4.90 [s, 1H,CH], 3.45 [br. m, 4H, CH, 'Pr, Ar* of ®™Nacnac], 1.72
[s, 6H, CH5 of ®P"Nacnac], 1.22-1.20 [d, 12 H, J = 8 Hz, CHs, 'Pr, Ar* of ®®"Nacnac],
1.19-1.16 [br. m, 6H, CHs, 'Pr, Ar* of ®Nacnac], 1.13-1.05 [br. m, 6H, CHs, 'Pr, Ar*

of ®PPNacnac].
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*C NMR {'H} (100.62 MHz, C¢D¢, 298 K) & 192.8 [C,, Mg-C, of CgHs0], 168.9 [C,,
CHC(Me) of "®PNacnac], 159.9 [C, of CsHsO], 145.4 [CH, Ar* of ®"Nacnac], 130.6 [C,
of CgHs0], 125.5 [CH, Ar* of ®PPNacnac], 124.0 [CH, Ar* of ®"Nacnac], 121.2 [CH of
CgHs0], 120.9 [CH of CgHs0], 119.6 [CH of CgHs0], 119.1 [CH of CgHs0], 110.4 [CH of
CsHs0], 94.7 [CH of ®PPNacnac], 69.8 [C,, 'Pr, Ar* of """ Nacnac], 28.4 [CH, 'Pr, Ar* of
PPPNacnac], 25.2 [CH3, 'Pr, Ar* of ®PNacnac], 25.0 [CHs, 'Pr, Ar* of ®""Nacnac], 24.6
[CH3, ‘Pr, Ar* of ®PPNacnac], 24.1 [CHs, 'Pr, Ar* of ®PPNacnac].

Elemental analysis: (C37H46MgN,0) Calculated: C: 79.49 % H: 8.29 % N: 4.35 %.
Found: C:79.53 % H: 9.06 % N: 4.70 %.

« Synthesis of [{(°""Nacnac)Mg(CsHaNs)}.] (39)

To a solution of 36 (0.56g, 1mmol) in THF (10 mL), 1-
N— methyl-1,2,4-triazole (0.075 mL, 1Immol) was added.
\ /Mg‘y\ _(MQ\N /  The yellow solution was stirred for 2 hours at room
Ar L\_/ \'\’;IAr temperature and a solid precipitated. The solvent was
removed and 10 mL of toluene were added. The

suspension was dissolved by gentle warming and was left in the fridge. After 48
hours a crop of colorless crystals were isolated and placed in a glovebox. Single
crystals suitable for X-Ray analysis were obtained by heating the solution and
cooling it down in a hot water bath. In order to obtain a good vyield of the
compound, after 2 hours of reaction the solvent was removed and 10 mL of hexane
were added obtaining a suspension. The resulting solid was isolated and placed in a

glovebox (0.35 g, 66%).

'H NMR (400.13 MHz, CsDs, 298 K) 6 8.10 [s, 2H, N(Me)NCHNC], 7.09-7.02 [m, 4H,
Ar* of ®PPNacnac], 7.02-7.00 [dd, 4H, J = 1.6 Hz, J = 7.7 Hz, Ar* of ®"Nacnac], 6.91-
6.86 [dd, 4H, J = 1.6 Hz, J = 7.5 Hz, Ar* of ®®"Nacnac], 4.77 [s, 2H, CH of ®™Nacnac],
3.97 [s, 6H, N(CH3)NCHNC], 3.66-3.59 [sept, 4H, J = 6.8 Hz, CH, 'Pr, Ar* of
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PPPNacnac], 2.79-2.72 [sept, 4H, J = 6.8 Hz, CH, 'Pr, Ar* of ®"Nacnac], 1.54 [s, 12H,
CH; of PP Nacnac], 1.44-1.42 [d, 12H, J = 7.0 Hz, CHs, 'Pr, Ar* of ®™"Nacnac], 1.19-
1.17 [m, 12H, J = 6.7 Hz, CHs, 'Pr, Ar* of "*"Nacnac], 1.03-1.01 [d, 12H, J = 6.9 Hz,
CHs, 'Pr, Ar* of "®"Nacnac], - 0.36- -0.38 [d, 12H, J = 6.8 Hz, CHs;, 'Pr, Ar* of

PPPNacnac].

*C NMR {'H} (100.61 MHz, CsDs, 298 K) 6 184.9 [C,, C, of C-Mg, C3H4Ns], 168.9 [C,,
CHC(Me) of ®PNacnac], 150.2 [CH of C3HaNs], 145.5 [C, Ar* of ®*PNacnac], 142.7 [of
PPPNacnac], 141.7 [C, Ar* of PPPNacnac], 129.3 [C, Ar* of ®PPNacnac] 125.3 [CH, Ar*
of ®PPNacnac], 124.4 [CH, Ar* of ®PNacnac], 123.4 [CH, Ar* of ®®"Nacnac], 94.4 [CH
of ®™Nacnac], 38.8 [CH; of C3HiNs], 29.4 [CH, 'Pr, Ar* of "*Nacnac], 27.2 [CH, 'Pr,
Ar* of PPPNacnac], 25.0 [CHs, 'Pr, Ar* of ®PPNacnac], 24.4 [CHs, 'Pr, Ar* of
PPPNacnac], 24.2 [CH; of ®PPNacnac], 24.0 [CHs, Pr, Ar* of ®P"Nacnac], 22.4 [CHs, 'Pr,

Ar* of ®PPNacnac].

Elemental analysis: (CssHooMg2N1o) Calculated: C: 73.34 %, H: 8.66 %, N: 13.36 %.
Found: C: 73.59 %, H: 8.92 %, N: 13.68 %.

* Synthesis of [{(°"""Nacnac)Mg(C1sH10Ns)}2] (40)

||°h To a solution of 36 (0.28 g, 0.5 mmol) in THF (5 mL),
N
i?*\&)\l *An, 1,5-diphenyl-1,2,3-triazole (0.11 g, 0.5 mmol) was
[ SN — . .
_N\ N added. The yellow solution was stirred for 3 hours at
Mg. Mg
\ ./ O\ " "
N\ 5\1& /N room temperature where a precipitate appeared after
Arc *Ar
N\N Ph this time. The solvent was removed and 10 mL of
|
Ph

toluene were added. The resulting suspension was
heated to give a dark yellow solution and was left to cool in a hot water bath. After
48 hours a crop of colourless crystals were isolated and placed in a glovebox (0.15 g,

45%).
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'H NMR (400.13 MHz, C¢Dg, 298 K) 6 7.50-7.48 [br. d, 4H, J = 7.2 Hz, C14H10N3], 7.15-
6.95 [m, 28H, C14H10N3 + Ar* of "PNacnac], 4.76 [s, 2H, CH of ®"Nacnac], 3.83-3.72
[sept, 4H, J = 6.8 Hz, CH, 'Pr, Ar* of ®""Nacnac], 3.10-3.00 [sept, 4H, J = 6.8 Hz, CH,
'Pr, Ar* of ®PNacnac], 1.59 [s, 12H, CHs of ®"Nacnac], 1.25-1.23 [d, 12H, J = 6.8 Hz,
CHs, 'Pr, Ar* of ®PPNacnac], 1.19-1.17 [d, 12H, J = 6.7 Hz, CHs, 'Pr, Ar* of ®Nacnac],
1.00-0.98 [d, 12H, J = 6.8 Hz, CHs, 'Pr, Ar* of ®PNacnac], 0.12-0.10 [d, 12H, J = 6.8

Hz, CHs, 'Pr, Ar* of ®PPNacnac].

*C NMR {*H} (100.61 MHz, C¢Ds, 343 K) & 168.3 [C,, CHC(Me) of ®"PNacnac], 147.2
[Cq Ar], 147.0 [C,, Ar], 143.3 [C,, Ar], 143.0 [C, Ar], 138.7 [C,, Ar], 130.4 [CH,
C14H10N3], 129.0 [CH, Ar], 128.8 [CH, Ar], 127.4 [CH, Ar], 124.7 [CH, Ar], 124.4 [CH,
Ar], 123.6 [CH, Ar], 96.6 [CH of ®""Nacnac], 28.5 [CH, 'Pr, Ar* of ®"Nacnac], 27.6
[CH, 'Pr, Ar* of ""PNacnac], 25.2 [CHs, 'Pr, Ar* of """Nacnac], 25.1 [CH; of
PPPNacnac], 24.8 [CH3, 'Pr, Ar* of ®PNacnac], 24.7 [CHs, 'Pr, Ar* of ®PPNacnac], 24.5

[CH3, of ®PPNacnac], (C, of C-Mg was not possible to assign).

Elemental analysis: (CssH10Mg2N10) Calculated: C: 77.99 % H: 7.76 % N: 10.58 %.
Found: C:78.36 % H: 7.89 % N: 10.17 %.

* Synthesis of [{(°""Nacnac)Mg(CsHaNs)}.] (41)

To a solution of 36 (0.56 g, 1 mmol) in THF (5 mL),

Ar /!\l “Ar benzotriazole (0.120 g, 1 mmol) was added. The
—N/\ N_N N= yellow solution was stirred for 4 hours at room
\ N/Mg\N_N/Mg\N 7 temperature where a precipitate appeared after
Ar hil\@m/ this time. The solvent was removed and the yellow
solid was dissolved in toluene, which gave a yellow

suspension. After, a filtration was performed and colourless crystals of
[{(°PPNacnac)Mg(CeHaN3)}] (41) were obtained. In order to obtain a good yield of

the compound, after 4 hours of reaction the solvent was removed and 10 mL of

203



Chapter 4. Regioselective magnesiation of heterocyclic molecules

hexane were added obtaining a suspension. The resulting solid was isolated and

placed in a glovebox (0.31 g, 55%).

'H NMR (400.13 MHz, ds-pyr, 298 K) & 7.51-7.48 [br. m, 4H, CsH4Ns], 7.36-7.24 [br.
m, 16H, CgHaN3 + Ar* of ®PPNacnac], 5.20 [s, 2H, CH of ®™"Nacnac], 3.26-3.17 [m, 8H,
CH, 'Pr, Ar* of ®*PNacnac], 1.89 [s, 12H, CHs of ®"Nacnac], 1.17-1.15 [d, 24H, J = 6.8
Hz, CHs, 'Pr, Ar* of ®"PNacnac], 0.66-0.64 [d, 24H, J = 6.8 Hz, CHs;, 'Pr, Ar* of
PPPNacnac], 1.00-0.98 [d, 12H, J = 6.8 Hz, CHs, 'Pr, Ar* of ®P"Nacnac].

*C NMR {'H} (100.61 MHz, ds-pyr, 343 K) & 170.3 [C,, CHC(Me) of ®®"Nacnac],
145.8 [C,, Ar], 145.7 [C,, Ar], 143.3 [C,, Ar], 125.9 [CH, CsH4N3], 124.5 [CH, Ar], 123.5
[CH, Ar], 117.2 [CH, CeHsNs], 95.3 [CH of "*"Nacnac], 28.9 [CH, 'Pr, Ar* of
PPPNacnac], 24.6 [CH3 of "PNacnac], 24.5 [CHs, 'Pr, Ar* of ®"Nacnac]. (C, of C-Mg

was not possible to assign).

Elemental analysis: (C;oHooMg>N1o) Calculated: C: 75.06 % H: 8.10 % N: 12.50 %.
Found: C:73.65 % H:7.71 % N: 11.36 %.

* Synthesis of [{(°"""Nacnac)Mg(C1sH11N)(C14H1oN)}] (42)

Ph To a solution of 36 (0.28 g, 0.5 mmol) in THF (5 mL),

A _C-Ph L

1 -C H diphenylacetonitrile (0.197 g, 0.5 mmol) was added. The
_N\ N/

/
\ N/Mg\N\ yellow solution was stirred for 3 hours at room
\C\
‘Ar \?_Ph temperature and a bright yellow colour was obtained. The
Ph

solvent was removed and the residue was redissolved in a
mixture of 2 mL of toluene and 2 mL hexane. The resulting solid was isolated and

placed in a glovebox (0.16 g, 40%).

'H NMR (400.13 MHz, C¢Ds, 298 K) & 7.53-7.51 [d, 4H, J = 10 Hz, CosH21N,], 7.14-
7.09 [br. m, 11H, Ar* of ®PPNacnac + C,3H,1N,], 6.93-6.89 [br. m, 5H, C,5H,1N,], 6.87-
6.81 [br. m, 2H, CysH»1N,], 6.68-6.61 [br. m, 4H, CysH,1N,], 4.89 [s, 1H, CH of
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PPPNacnac], 4.18 [s, 1H, CH, N=C-C(H)Ph, of CasH,1N,], 3.40 [sept., 4H, J = 4.5 Hz, CH,
'Pr, Ar* of ®P"Nacnac], 1.68 [s, 6H, CH; of ®P"Nacnac], 1.20-1.18 [d, 12H, J = 8 Hz,
CHs, 'Pr, Ar* of ®PNacnac], 1.17-1.15 [d, 12H, J = 8 Hz, CHs, 'Pr, Ar* of ®""Nacnac].

C NMR {*H} (150.90 MHz, CsDs, 298 K) & 169.87 [C,, CHC(Me) of “®’Nacnac],
153.13 [Cq, N=C=CPh, of CygH1N,], 144.17 [C,], 143.11 [C,], 142.43 [C,], 133.22 [C,),
129.62 [CH of of CysH,1N;], 128.91 [CH of Ar* of DippNacnac], 125.84 [CH, Ar* of
PPPNacnac], 124.34 [CH, of CysHaiN,], 124.25 [CH, of CpsH2iN,], 119.74 [CH of
CgH21N,], 95.08 [CH of *PNacnac], 53.44 [C,, N=C=CPh, of C,sH,1N,], 41.94 [CH,
N=C-C(H)Ph, of C,sH21N,], 28.48 [CH, 'Pr, Ar* of "*Nacnac], 25.05 [CHs, 'Pr, Ar* of
PPPNacnac], 24.65 [CHs, 'Pr, Ar* of ®PPNacnac], 24.01 [CH; of ®PNacnac].

Elemental analysis: (Cs¢HeoMgN4) Calculated: C: 82.69 % H: 7.44 % N: 6.89 %. Found:
C:82.31 % H:7.62 % N: 6.82 %.

IR (Nujol, cm™) 2283.5 (v (C=N)), 2100.7 (v (C=C=N)).

« Synthesis of [{(""""Nacnac)Mg(CsHsN)}.] (43)

Ar* <\\3 _Ar To a solution of compound 36 (0.56 g, 1 mmol) in THF
—N NS N/ N=— ) )
N, 2 / ;
MGy e M1 /g (10 mL), 2-picoline (0.1 mL, 1 mmol) was added. The
N
Ar/

N
\

e yellow solution turned to strong orange colour and
;

was stirred for 2 hours at room temperature. The
solvent was removed and 2 mL of hexane and 4 mL of THF were added. The
resulting suspension was heated to solution and was placed at -33 °C. This yielded
the title compound after 24 hours as colourless crystals. In order to obtain a good
yield of the compound, after 2 hours of reaction the solvent was removed and 10
mL of hexane were added. The suspension was heated and placed at -15 °C. The

resulting solid was isolated after 2 days and placed in a glovebox (0.35 g, 67%).
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'H NMR (600.13 MHz, CsDs, 298 K) & 7.79-7.78 [d, 2H, J = 5.4 Hz, C¢HN], 7.28-7.17
[br. m, 2H, Ar* of ®PNacnac], 7.15-6.90 [br. m, 10H, Ar* of ®Nacnac], 6.45-6.40
[br. td, 2H, CeHeN], 5.88-5.84 [br. t, 2H, J = 6.2 Hz, CsHgN], 4.87-4.86 [br. d, 2H, J =
8.2 Hz, CeHgN], 4.82 [s, 2H, CH of "®"Nacnac], 3.60 [br. m, 2H, CH, 'Pr, Ar* of
PPPNacnac], 3.26 [br. m, 2H, CH, 'Pr, Ar* of ®"Nacnac], 3.22 [br. m, 2H, CH, 'Pr, Ar*
of ®™PNacnac], 2.55 [br. m, 2H, CH, 'Pr, Ar* of ®™Nacnac], 1.68 [br. s, 6H, CH; of
PPPNacnac], 1.63 [br. s, 2H, CH, of C¢HgN], 1.60 [br. s, 6H, CH; of ®P°Nacnac], 1.49
[br. m, 6H, CHs, 'Pr, Ar* of ®""Nacnac], 1.28 [br. s, 2H, CH, of C¢HgN], 1.26-1.09 [br.
m, 18H, CHs, 'Pr, Ar* of ®"Nacnac], 1.09-1.01 [br. m, 6H, CHs, 'Pr, Ar* of "*"Nacnac],
1.01-0.93 [br. m, 6H, CHs, 'Pr, Ar* of ®PPNacnac], 0.93-0.80 [br. m, 6H, CHs, Pr, Ar*
of ®PPNacnac], 0.23 [br. m, 6H, CHs, 'Pr, Ar* of ®PPNacnac].

*C NMR {*H} (150.90 MHz, C¢Dg, 298 K) & 176.8 [C,, CHC(Me) of ®"PNacnac], 144.9
[CH of CsHeN], 135.5 [CH of CsHgN], 125.6 [CH, Ar* of ®’Nacnac], 124.8 [CH, Ar* of
PPPNacnac], 124.5 [CH, Ar* of PPPNacnac], 124.3 [CH, Ar* of ®PPNacnac], 123.4 [CH,
Ar* of ®PPNacnac], 122.0 [CH of CsHgN], 110.8 [CH of CsHgN], 95.1 [CH of ®®PNacnac],
35.5 [Mg-CH, of CsHgN], 29.3 [CH, 'Pr, Ar* of P®"Nacnac], 28.7 [CH, 'Pr, Ar* of
PPPNacnac], 28.0 [CH, Pr, Ar* of ®®"Nacnac], 25.7 [CHs, “"Nacnac], 25.5 [CH3,
PPPNacnac], 25.4 [CH3;, P®PNacnac], 25.1 [CHs, "PNacnac], 24.9 [CHs, "PNacnac],
24.5[CHs, ®™Nacnac], 24.3 [CHs;, "*Nacnac], 23.8 [CHs, “""Nacnac], 23.5 [CH;,
PPPNacnac], 14.34 [CHs, Pr, Ar* of PPPNacnac].

Elemental analysis: (CeeHssMgyNg) Calculated: C: 78.71 % H: 8.87 % N: 7.87 %.
Found: C:77.39 % H: 8.52 % N: 7.35 %.
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* Synthesis of [(*""Nacnac)MgTHF(Cy;HcF2N)] (44)

= To a solution of 36 (0.56 g, 1 mmol) in THF (5 mL), 2-(2,4-
difluorophenyl)pyridine (0.2 g, Immol) was added. The dark
yellow solution was stirred for 5 hours at room temperature.
N O The solvent was removed and a 1 mL of THF was added. The

AL Q suspension was dissolved by heating and was placed at -30 °C.
After 48 hours a crop of colorless crystals were isolated, washed with hexane and
placed in a glovebox (0.43 g, 68%). Single crystals suitable for X-Ray analysis were

obtained by a mixture of 1 mL of hexane and 1 mL of toluene at -30 °C. The THF

molecule was removed when the crystals were isolated in vacuo.

'H NMR (400.13 MHz, CsDg, 298 K) & 8.96-8.88 [br. dd, 1H, J = 0.8 Hz, J = 5.4 Hz,
C11HsF2N], 7.36-7.32 [br. dd, 1H, J = 1.2 Hz, J = 8.1, Ar* of ®"Nacnac], 7.23-7.17 [br.
m, 1H, Ar* of ®Nacnac], 7.14-7.00 [m, 3H, Ar* of ®"Nacnac + 1H, C11HsF,N], 6.93-
6.86 [br. m, 1H, Ar* of ®™Nacnac], 6.75-6.73 [br.d, 1H, C11HsF2N], 6.62-6.54 [br. td,
1H, C11HeF2N], 6.28-6.20 [br. m, 1H, C11HsF2N], 6.06-6.00 [dd, 1H, J = 3.6 Hz, J = 8.0
Hz, C11HeF,N], 4.98 [s, 1H, CH of "*Nacnac], 3.65-3.50 [sept, 1H, J = 6.4 Hz, CH, 'Pr,
Ar* of PPPNacnac], 3.45-3.30 [sept, 1H, J = 6.7 Hz, CH, 'Pr, Ar* of """ Nacnac], 3.00-
2.90 [sept, 1H, J = 6.7 Hz, CH, 'Pr, Ar* of ®"Nacnac], 2.84-2.73 [sept, 1H, J = 6.4 Hz,
CH, 'Pr, Ar* of "Nacnac], 1.84 [s, 3H, CH; of ®""Nacnac], 1.81 [s, 3H, CHs of
PPPNacnac], 1.54-1.52 [d, 3 H, J = 6.8 Hz, CHs, 'Pr, Ar* of ®Nacnac], 1.31-1.30 [d,
3H, J = 6.8 Hz, CHs, 'Pr, Ar* of "®Nacnac], 1.25-1.24 [d, 3H, J = 6.8 Hz, CHs, 'Pr, Ar* of
PPPNacnac], 1.14-1.11 [br. m, 6H, CHs, Pr, Ar* of ®Nacnac], 0.82-0.80 [d, 3H, J =
6.8 Hz, CHs, 'Pr, Ar* of ®™Nacnac], 0.53-0.51 [d, 3H, J = 6.7 Hz, CHs, 'Pr, Ar* of
PPPNacnac], 0.22-0.21 [d, 3H, J = 6.7 Hz, CHs, 'Pr, Ar* of ®"PNacnac].

*C NMR {*H} (100.61 MHz, C¢Dg, 298 K) & 169.3 [C,, CHC(Me) of ®""Nacnac], 168.5
[Cq, CHC(Me) of ®*PNacnac], 158.9 [Cq, C11HeF2N], 148.9 [C11HgF,N], 146.7 [C,, Ar* of
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PPPNacnac], 143.1 [C,, Ar* of ®Nacnac], 142.9 [C,, Ar* of ""Nacnac], 142.5 [C,,
Ar* of ®PPNacnac], 141.7 [C,, Ar* of "*Nacnac], 137.8 [C1;HeF,N], 129.3 [C,], 128.6
[C11HeF2N], 125.3 [CH, Ar* of ®PNacnac], 124.2 [CH, Ar* of ®™"Nacnac], 123.9 [CH,
Ar* of ®PPNacnac], 123.4 [C11HeF2N], 123.1[CH, Ar* of "*PNacnac], 122.0 [C11HgF2N],
109.5-109.1 [CH, d, J = 38.8 Hz, C11HsF,N], 93.9 [CH of "P"Nacnac], 30.3 [CH, 'Pr, Ar*
of ®PPNacnac], 29.5 [CH, 'Pr, Ar* of ®PPNacnac], 28.3 [CH, 'Pr, Ar* of ®P"Nacnac], 28.1
[CH, 'Pr, Ar* of ®PNacnac], 25.3 [CHs, 'Pr, Ar* of """ Nacnac], 25.2 [CHsof " Nacnac],
24.8 [CHs, 'Pr, Ar* of ®™Nacnac], 24.7 [CHs, of PP Nacnac], 24.6 [CHs, 'Pr, Ar* of
PPPNacnac], 24.5 [CH3, 'Pr, Ar* of ®PNacnac], 24.0 [CHs, 'Pr, Ar* of ®PPNacnac], 23.8
[CHs, 'Pr, Ar* of ®PPNacnac], 23.5 [CHs, Pr, Ar* of ®P"Nacnac], 22.8 [CH3, 'Pr, Ar* of

PPPNacnac].

*C NMR {*°F} (100.61 MHz, CsDs, 298 K) § 171.6-171.27 [Cy, dd, J = 12.5 Hz, J = 43.6
Hz, C-F of Ci1HeF,N], 166.9-166.7 [C,, d, J = 11.5 Hz, C-F of Cy;HgFaN], 132.3 [Cq),
119.0-118.9 [Cq, d, J = 10 Hz, C11HeF2N], (C4 of C-Mg was not possible to assign).

F NMR (376.40 MHz, C¢Ds, 298 K) & -77.6 [s, C11HeF2N], -82.0 [s, C11HsFaN].

Elemental analysis: (C37H46MgN,0) Calculated: C: 76.00 % H: 7.49 % N: 6.65 %.
Found: C:76.22 % H: 7.75 % N: 6.51 %.

* Synthesis of [(°""Nacnac)Mg(C12H1:N,0,)] (47)

Ar* = OMe To a solution of 36 (0.28 g, 0.5 mmol) in THF (5 mL), 4-

=N_ Ny methoxypyridine (0.105 mL, 1 mmol) was added. The
Mgm\
\ N\/ N /H solution turned to dark red and was stirred for 3 hours at
Ar*
N\ oM room temperature. The solvent was removed and a
e

mixture of 2 mL of hexane and 2 mL of toluene was
added and was placed at -30 °C. After 48 hours a crop of black crystals were

isolated, washed with hexane and placed in a glovebox (0.154 g, 47%).
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'H NMR (400.13 MHz, C¢Ds, 298 K) 6 8.79-7.78 [d, 1H, J = 6.2 Hz, C15H13N,0,], 7.13-
7.00 [br. m, 6H, Ar* of ®"Nacnac], 6.94-6.93 [d, 1H, J = 6.1 Hz, C1,H13N,0,], 6.57-
6.56 [d, 1H, J = 2.5 Hz, C1,H13N;0,], 6.26-6.23 [dd, 1H, J = 6.2 Hz, J = 2.6 Hz,
C12H13N20,], 5.24-5.22 [dd, 1H, J = 6.3 Hz, J = 2.2 Hz, C1,H13N,0,], 4.97-4.96 [d, 1H, J
= 2.8 Hz, C1,H13N,0,], 4.93 [s, 1H, CH of ®™Nacnac], 3.62-3.47 [br. m, 1H, CH, 'Pr,
Ar* of ®PNacnac], 3.47-3.37 [br. m, 1H, CH, 'Pr, Ar* of ®"Nacnac], 3.35 [s, 3H, CH;
OMe of CiH13N,05], 3.35 [br m, 3H, CH; OMe of CiH13N,0;, + 1H, CH of
C12H13N20,], 3.30-3.08 [br. m, 2H, CH, 'Pr, Ar* of ®Nacnac], 2.84 [s, 3H, CH; OMe
of C12H13N,05], 1.73 [s, 6H, CHs of "*"Nacnac], 1.50-1.34 [br. d, 6 H, CHs, 'Pr, Ar* of
PPPNacnac], 1.31-1.30 [br. d, 12H, CHs, 'Pr, Ar* of ®""Nacnac], 0.83-0.72 [br. d,
3HCHs, 'Pr, Ar* of "*PNacnac], 0.67-0.53 [br. d, 3HCHSs, 'Pr, Ar* of ®®Nacnac].

*C NMR {'H} (100.61 MHz, C¢Dg, 298 K) & 172.3 [C,], 169.5 [C,], 168.1 [C,], 161.2
[C4], 150.4 [CH, CioH13N,0,], 147.1 [CH, C1oH13N,0,], 144.8 [C,), 142.8 [C,], 142.1
[Cql, 124.2 [CH, Ar* of "®PNacnac], 123.6 [C, Ar* of "*Nacnac], 110.7 [CH,
C12H13N20;], 106.5 [CH, C12H13N,05], 94.9 [CH of ®PPNacnac], 91.6 [CH, C12H13N203],
72.9 [CH, C12H13N;0,], 63.0 [CH, C12H13N,05], 54.8 [OCHs, C12H13N,04], 53.4 [OCH;,
C12H13N>0,], 29.2 [CH, 'Pr, Ar* of ®P"Nacnac], 29.0 [CH, 'Pr, Ar* of ®PNacnac], 28.2
[CH, 'Pr, Ar* of ®®Nacnac], 28.1 [CH, 'Pr, Ar* of ®™Nacnac], 25.4 [CHs, 'Pr, Ar* of
PPPNacnac], 24.5 [CHs, 'Pr, Ar* of PP"Nacnac], 24.4 [CH; of ®PNacnac], 24.1 [CH; of

PPPNacnac].

Elemental analysis: (C41Hs4MgN40,) Calculated: C: 74.70 % H: 8.26 % N: 8.50 %.
Found: C: 75.02 % H: 8.07 % N: 8.01 %.
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4.4.2 DOSY NMR Studies

 Reaction of [(**"Nacnac)Mg(Bu)(THF)] with pyrazine

_Ne\r* \\_/— In aJ. Young’s NMR tube, pyrazine (20 pL of a 1.78 M solution
\ : g\ of pyrazine in C¢Dg, 0.035 mmol) was added to a solution of
NAr* '}(/\ [(°PNacnac)Mg(Bu)(THF)] (0.020 g, 0.035 mmol) in C¢Dg (0.6
= mL). The solution changed colour to brown. 5 uL of TMS
(tetramethylsilane) were added in order to use as internal standard in the DOSY

experiment.m

'H NMR (400.13 MHz, C¢Dg, 298 K) & 8.14 [br s, 4H, C4HiN,], 7.16 [br s, 6H, Ar* of
PPPNacnac], 4.86 [br s, 1H, CH of PPNacnac], 3.18 [br s, 4H, CH, 'Pr, Ar* of
PPPNacnac], 2.01-0.66 [br m, 60H, CH; of ®"Nacnac and Bul], -0.29 [br s, 2H, Mg-CH,
of Bu].

4.4.3 Preliminary Electrophilic Quenching Studies

* Reaction of 2-(2,4-difluoro-3-iodophenyl)pyridine (45)

. / To a solution of 36 (0.56 g, 1 mmol) in THF (5 mL), 2-(2,4-
I N | difluorophenyl)pyridine (0.2 g, 1mmol) was added. The dark

yellow solution was stirred for 5 hours at room temperature. A

solution of iodine (0.51 g, 2 mmol) in THF (4 mL) was then added
and the yellow solution turned to a brown suspension that was stirred overnight at
room temperature. After this time the suspension was opened to air. Water (40 mL)
was added and the solution was extracted with diethylether (30 ml x 2). The ether
solution was washed with water (40 mL), sat. Na,S,03 aq (40 mL) and brine (40 mL).

The solution was then dried over Na,SQO,, and the filtrate was evaporated in vacuo.

Ferrocene (0.019 g) was added as an internal standard and the mixture was
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dissolved in CDCls. The *H NMR spectrum suggests the presence of a 65% of
compound 45 since the integration versus ferrocene revealed 35% of presence of 2-
(2,4-difluorophenyl)pyridine and the signals corresponding to the iodinated product

45 are overlapping with the 2-(2,4-difluorophenyl)pyridine signals.

'H NMR (400.13 MHz, CDCls, 298 K) § 8.74-8.73 [br. d, 1H, J = 4 Hz, C11HgF,IN], 8.14-
8.00 [m, 1H, Cy1HgF,IN], 7.80-7.69 [m, 2H, C11HgF2IN], 7.27-7.10 [m, 1H, Ci1HsF2IN],
7.06-6.98 [m, 1H, C11HgF2IN].

YE NMR (376.40 MHz, CDCl3, 298 K) 6 -90.8 [s, C11HgF2IN], -93.6 [s, C11HgF2IN].
* Synthesis of 2-(2,4-difluoro-3-deuteriophenyl)pyridine (46)

F = | To a solution of 44 (0. 63 g, 1 mmol) in THF (5 mL), ds-methanol
D SN (0.06 mL, 1.5 mmol) was added. The mixture turned to a beige
F suspension that was stirred overnight at room temperature. The
suspension was then filtered and washed with dichloromethane and the filtrate was
evaporated in vacuo. CHCl3; was then added to perform the deuterium NMR
experiments. After this, the solvent was removed, ferrocene (0.019 g) was added as

an internal standard and the mixture was dissolved in CDCls. The integration versus

ferrocene revealed a 72% of compound 46.

'H NMR (400.13 MHz, CDCl3, 298 K) & 8.61 [br. s, 1H, C11HsF,DN], 8.04-7.09 [br. m,
1H, C11HeF2DN], 7.70-7.54 [br. m, 2H, Ci;HgF,DN], 7.16-6.95 [m, 1H, Ci;HeF,DN],
6.96-6.87 [m, 1H, C11HgF,DN].

1SF NMR (376.40 MHz, CDCl3, 298 K) & -109.3 [C11HgF2DN], -112.8 [C11HsF2DN].
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Chapter 5 Deprotonation and C-F Activation of

Fluorinated Aromatic Molecules

5.1 Introduction

Fluorine is the most electronegative element in the periodic table, which makes the
C-F bond one of the strongest in organic chemistry (105.4 kcal mol'l).[337] The high

*®)_F*) hond highly polarised with

electronegativity of the F atom also makes the C
the electron density on the fluorine atom. Consequently, the C-F bond has a
significant electrostatic character, rather than electron sharing typical of the
covalent bond, which provides interesting properties such as electrostatic/dipole
interaction with its environment. Molecules with C-F bonds have a broad range of

applications in materials, pharmaceuticals, agrochemicals and fine chemicals.337-341

Particularly, fluorinated aromatic substrates are ubiquitous in many important
applications in pharmaceuticals and materials as part of more complex molecular
scaffolds.>473*! For example, Januvia is one of the medicines for diabetes that
contains a trifluoroaromatic core, as well as the insecticide Transfluthrin that

contains the substituted 1,2,4,5-tetrafluorobenzene in its skeleton (Figure 5.1).[346]
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a) b)
F
Me., Me F.
u
F
oy, O
cl N g F
0] F
Januvia Transfluthrin

Figure 5.1: Examples of applications of fluoroaromatic molecules. a) Januvia, oral medicine for
diabetes. b) Transfluthrin, pyrethroid insecticide.

In this context, C-H and C-F activation of fluoroarenes constitute two of the main
methods to access these complex architectures. These reactions display an
increasing interest for chemists due to the high inertness of C—F and C—H bonds,
which generally require the use of transition metal complexes in order to perform

these challenging transformations.**’>"

5.1.1 C-H metallation of fluoroaromatics

Deprotonotive metallation of fluoroaromatic compounds is a basic tool for
functionalization in order to form more complex scaffolds. The high
electronegativity of the fluorine atom and therefore the strong polarisation of the
C-F bond, leads to an increase in the acidity of the protons in ortho positions
relative to the fluorine. Figure 5.6 compares the predicted pK; values of a series of
fluoroaromatic molecules with benzene, exemplifying how the fluorine substituents

can tune the acidity of those substrates and therefore their reactivity.[zzgl
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F F F F F
©44.7 @36.8 @j&? /©i1 5 F 231 F 29.0
423 399N A~r ¢ E e E -
43.7 35.8 ; £

Figure 5.2: Theoretical prediction of acidities pK, of benzene derivatives.?®

The repetitive introduction of the same substituent in a molecule does not always
lead to an additive effect®Y and both kinetic and thermodynamic effects need to
be considered.?>? Schlosser has extensively studied the addition of substituent
effects and the deprotonation energies of different fluoroaromatics in the gas phase
when deprotonated with LDA and sec-butyllithium.®***3 These studies show a
linear relationship between the differential free activation energies AAG” and the
relative deprotonation energies AAG,® that increases with the number of fluorine

atoms in the molecule.

C-H activation reactions of fluoroaromatics are normally performed by transition

[348-350,354-356]  Lowever, these substrates can also be

metal compounds.
deprotonated by organolithium reagents at extremely low temperatures (-78 °C) in
order to avoid competing nucleophilic substitution reactions or formation of LiF

(Scheme 5.1).5357:3%81

cl cl N \O/ O
i 7 \ 7
nBuLi (j[ j
F F Et,0,-78°Cc F FourF

& . F

Scheme 5.1: Example of LiF elimination and further benzyne trapping, after first deprotonation with
. [358]
nBuli.
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For example, lithiation of 1,3-difluorobenzene by an equimolar amount of LDA at -
78 °C in THF during 30 minutes and subsequent trapping with acetone, leads to 2-
(2,6-difluorophenyl)propan-2-ol in a 56 % yield (Scheme 5.2a). In some cases
Grignard reagents have also been employed, where the deprotonation reaction
displays priority over the nucleophilic substitution, in THF at 0 °C.BB%9 por instance,
the deprotonation of pentafluorobenzene can be achieved with different Grignard
reagents such as ethylmagnesium bromide, methylmagnesium iodide or
isopropylmagnesium chloride, in THF at 0 °C. Moderate to good yields (25 - 85%)
were obtained after 5 hours of reaction and consecutive carbonation reaction

(Scheme 5.2b).[359]

N 1) LDA (1:1) F
H -78 °C, THF, 30 min C(OH)Me,
a) >
2) Me,CO
F F
56%
i 1)EtMgBr (1:1.1) F
F H 0°C, THF, 5 h F. COOH
b) o
F F 2) CO; F F
F F
85%

Scheme 5.2: Examples of metallation of fluoroaromatics using different bases. a) Metallation and

subsequent quench of 1,3-difluorobenzene with LDA.B*" b) Metallation and subsequent quench of
. [359]

pentafluorobenzene with EtMgBr.

Recent studies by Huang have also shown a new approach to access polyfluoroaryl
carbinols via addition to aldehydes using Grignard reagents at room
temperature.[346] These studies have shown that 1,2,4,5-tetrafluorobenzene can be
deprotonated by 'PrMgCl followed by addition of 2-naphthaldehyde (2.25:1.25:1),

which leads to the monoaddition product in a 93% yield at room temperature after
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12 hours (Scheme 5.3a).[346] Knochel has also reported the ferration of 1,3-
difluorobenzene by the mixed-metal base [(TMP),Fe:2MgCl,-4LiCl] (2:1.5), which
leads to the formation of the corresponding alkylated fluorobenzene in 77% vyield
after 10 hours at room temperature and further quench using l-iododecane

(Scheme 5.3b) .

b 1) PrMgCl (1:2) F OH
F. H RT, THF, 12 h F.
Ar
a) >
= 2) ArCHO £
F F
93%
. 1) [(TMP),Fe-2MgCly4LiCH] (2:1.5) .
RT, THF, 10 h
b) ¢ > C10H21
2) CyoHoql
F F

77%

Scheme 5.3: Examples of metallation of fluoroaromatics using different bases. a) Metallation and
subsequent quench of 1,2,4,5-tetrafluorobenzene with 'PngCI.mG] b) Metallation and subsequent
qguench of 1,3-difluorobenzene with a mixed-metal base.**"

Fluoroaromatics in C-F Activation

Cleavage of a C-F bond is an excellent approach to derivatisation of reactive
polyfluorinated building blocks and to design new fluorine-containing molecules. In
partially fluorinated aromatic molecules C-H and C-F activation are competitive
processes, where C-F bond is stronger than C-H (105.4 vs 98.8 Kcal mol™, for C-F and
C-H respectively).[337] Therefore, C-F bond funtionalization is a very challenging
process, which has particular interest to access new synthetically relevant
molecules. As well, this process is attractive for the transformation of C-F to C-8F

for the preparation of **F-labelled molecules used in medical imaging.BGl] Several
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methods exist to activate C-F bonds such as oxidative addition, hydrodefluorination,

nucleophilic substitution or defluorination via benzynes, among others (Scheme
5.4).[350,362]

a) Oxidative addition of low-valent metals ¢) Nucleophilic substitution
F €]
N
LnM NU /\‘ u
X [MLp] X X X
| 3R — [ Ir | R ——=> [ Ir
/ / % e Pz
b) Hydrodefluorination d) Defluorination via benzynes
N HML] A L - N MR Ny
| R R* | =R ——> | R + M-F
P Z F

Scheme 5.4: C-F bond activation pathways.

Interestingly, the use directing groups such as carbonyl, nitryl, pyridyl, etc.
facilitates the C-F bond activation of the fluorine atom in the ortho position in the

presence of competing C-H bonds.***7%

Typically, transition metals such as nickel, platinum, rhodium or palladium have

[345,362,365] although in the recent years,

been employed for C-F activation reactions,
main group reagents such as boron, aluminium, silicon or magnesium complexes
have also attracted particular interest.*”” To date, the most studied transformation
is C-F borylation, however catalysts with rhodium or nickel are also required in
these transformations.**%377373] Alternatively, reactions using low valent aluminium
(I),[374'375] silicon (II),[376'377] germanium (II)[378] and Mg(l)BGg] have recently

emerged.mo]
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Focusing on group 2 reagents, Hill has reported the C-F bond cleavage by solution

decomposition of a calcium B-diketiminate complex with a N,F-chelated binding

mode via an heteroleptic calcium fluoride intermediate (Scheme 5.5).[170]
- THF\ /THF Ar A" CgDg RT Ar* THF "
FiC Eud F\Ca/N AN 5days _N\Cl S, C )j»_.
NN N/ \F """ " CFy - [CaF THF), \ N \F/ /
Ar Art i HF *

Scheme 5.5: C-F bond cleavage from the decomposition of a calcium B-diketiminate complex.[m]

Notably, C-F cleavage reactions can also be achieved using Grignard reagents in

(368,379,380 |n 1964 Harper reported C-F activation

absence of metal catalysts.
reactions by Grignard reagents.Bsg] Hexafluorobenzene is reacted with different
Grignard reagents in THF at room temperature (except for PhMgBr that needs to be
refluxed). Moderate yields (17 — 62%) are obtained for monosubstituted products
and in some cases side products are also produced. In these studies it has been
demonstrated that the reactivity of the Grignard reagents decreases following the

order: allyl or benzyl > alkyl > aryl, and the use of alkyl substituents avoids the

formation of side products (Scheme 5.6).
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F Et Et
F F EtMgBr (2 equiv.) F F F. F
—> +
F = THF, RT, 23 h E E E -
& F Et
62% 2%
F Ph Ph
F. F PhMgBr (2.5 equiv.) F F F. F
—> +
F F THF, reflux, 11 h  F F F F
F F Ph
17% 3%

Scheme 5.6: C-F activation reactions by Grignard reagents.[359]

More recently in 2014, Li reported the ortho-alkylation and arylation of the C-F
bonds of polyfluoroaryl imines. These compounds are treated with variety of
Grignard reagents in excess at high temperatures (50 - 80 °C), obtaining high yields
of the quenched products (49 - 93%) (Scheme 5.7).5%® A suggested mechanism is
also reported where the imine substituent plays a key role in the reaction pathway,
anchoring the Grignard reagent and facilitating the nucleophilic aromatic

substitution (Scheme 5.7c).
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1) RMgBr (excess)

F. X, R 60 °C, THF, 24 h F\@CHO
N >
\CC 2) HCI (aq), 50 °C, 1h R

81%
' F R'
F. | N \N,R RMgX \@f%hr
[E— - H
.Mg—X
F F . . =M lg
Coordination ‘\/R

substitution

- :
Mg—X
Z R R ll:g

Deprotonation

l Nucleophilic aromatic

Scheme 5.7: Ortho-alkylation of fluoroaryl imine with Grignard reagents and suggested
mechanism.®!

Recent studies have also demonstrate that cross-coupling reactions involving C-F
bond cleavage can be performed with Grignard reagents in the absence of
transition-metal complexes.[369’381’382] Cao has reported a new transition-metal free
methodology for alkylation and arylation reactions of polyfluoroarenes via pyridine-
directed regioselective nucleophilic aromatic substitution.*8% High isolated vyields
(83 to 90%) of the otho-alkylation or phenylation were obtained by reacting
Grignard reagents such as BuMgCl, EtMgCl, PhMgBr and MeMgClI (2.5 equiv.) with a
variety of fluoropyridine derivatives in THF under reflux during 6-24 hours (Scheme
5.8a). Additionally, they suggest a possible reaction mechanism where the
coordination of the magnesium to the pyridine nitrogen plays a key role to the
nucleophilic aromatic substitution and formation of C-C bond. Furthermore, Li has

shown that alkyl and aryl Grignard reagents can react with perfluorinated arenes at
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room temperature (except for hexafluorobenzene where 60 °C is needed) in
moderate to good yields (57 to 99%) in THF during 24 hours (Scheme 5.8b).[382] In
these studies they found that an increase of the temperature reduces the selectivity

and the yields of the coupled products, since homocoupled Grignard byproducts are

=
“ BuMgCI (1:2.5)
A N >
( 70 °C, THF, 12 h (
ZF

obtained.

89%
R F R F
— PhMgBr (1:1.5) —
b) N F > N
\ 7 RT, THF, 24 h \ 7
F
85%

Scheme 5.8: a) Coupling reaction of 2-(2-fluorophenyl)pyridine with BuMgCl at 70 oc B8l b) Coupling
reaction of pentafluoropyridine with PhMgBr at room temperature.[m]

Remarkably, Crimmin has recently developed a new methodology using a B-
diketiminate Mg(l) complex.®®¥! In these studies the C-F bonds of a series of
fluoroarenes are added to the Mg(l)-Mg(l) bond of the [""NacnacMg], complex
generating the corresponding magnesium fluoride and aryl products. (Scheme 5.9)
These reactions can be executed at room temperature with a variety of
perfluorinated and partially fluorinated arenes, in different periods of time

depending on the fluoroarene reagent (15 min to 7 days).
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r*

N 1) [PiPPNacnacMg], (1.5:1) N \, A THF “Ar
F. F 25 °C, toluene, 15 min _N\ / b, /N_
/ s ",
a) + Mg Mg
. . 2) 35 °C, THF \ \F// “nd
F F Ar THF *Af
65%
v
E 1) [PiPPNacnaclVig], (1.5:1) N Art THF *Arl
F 25 °C, toluene, 5h F —N / \‘\\F»,,, / —
b)
F F 2) 35 °C, THF

S N
+ \ / \F// /
v Ar* THF *Af

71%

Scheme 5.9: C-F bond functionalization with [DippNacnacMg]z at room temperature.[383]

High NMR yields are obtained for these reactions (80 — 95%) and the isolation of the
aryl complexes derived as a byproduct of the [DippNacnacMgF] can be recrystallized
and isolated in a range of moderate yields (38 — 54%). Additionally, some of the
magnesium fluoroaryl complexes have been crystallographically characterised,

exhibiting a monomeric structure as shown in Figure 5.3.
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Figure 5.3: Molecular structure of magnesium fluoroaryl compound supported by {DippNacnac} ligand
with 50% probability displacement ellipsoids. All hydrogen atoms and 'Pr groups have been omitted
for clarity.[383]

Encouraged by the work previously reported by our group illustrating the different
behaviour of bases [P""NacnacMg(TMP)] (36) and [""°’NacnacMg(THF)Bu] (56),!*°®
in this chapter we expand the substrate scope to a range of fluorinated aromatic
molecules with a variety of fluorine substituents. For instance, the reactions of base
36 or 56 with benzoxazole led to deprotonation followed by ring opening in both
cases (Scheme 4.5 and Scheme 5.10). In contrast, the reactions of 36 and 56 with
the less acidic substrates benzothiazole and benzimidazole take place differently
(Scheme 4.5 vs Scheme 5.10). In both cases, the [Z""NacnacMg(TMP)] (36)
deprotonates the substrates in the C2 position forming dimeric structures (Scheme
4.5). The reaction of benzothiazole and [°""NacnacMg(THF)Bu] (56) results to a
cascade reaction where one equivalent of substrate is magnesiated by the base and
a second non-deprotonated substrate is coordinated and undergoes to ring opening
(Scheme 5.10). As well, when benzimidazole is treated with 56 the substrate

coordinates to the Mg atom acting as a nitrogen donor (Scheme 5.10). In this
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regard, the divergent behaviour of the bases can be justified by the enhanced
kinetic activation by cleavage of the Mg-N(tmp) terminal bond in 36 vs Mg-C(Bu)

bond of 56 (Scheme 4.5 vs Scheme 5.10).

/Ar*
N4 =N Bu
| P />_H \ \l\/| ( >_
N N “THE K =
Ar* *
THF, RT THF, RT A g
Ar (56) —N\M[ ______ N
N?THF Me \ SN \Q/H
S u N==
\ v Yo N | A N>_H Art
\Ar* /
Z N
THF, RT
Ar*
/
\ /Mg.,.%
N '\f
Ar g )\N

\
Me

Scheme 5.10: Reactivity of benzoxazole, N-methyl benzimidazole and benzothiazole with base 56 at

[106]
room temperature.

Building on these studies, this chapter assesses the ability of ["*"NacnacMg(TMP)]
(36) and [DippNacnacMg(THF)Bu] (56) to functionalise fluoroaromatic molecules via

C-F or C-H activation.

224



Chapter 5. Deprotonation and C-F Activation of Fluorinated Aromatic Molecules

5.2 Results and Discussion

5.2.1 Magnesiation of Fluorinated Aromatic Substrates

We studied the stoichiometric deprotonation reactions using [DippNacnacMg(TMP)]
(36), of five fluorinated aromatic compounds with varying number of fluorine
substituents in order to understand the behaviour of these compounds under the
effect of the magnesium base. As mentioned above, the deprotonation of these

fluoroaromatics have been previously reported by using bases such as

(346,359 360]

organolithiums,[357] Grignard reagents I'or bimetallic bases,! apart from the

348,349,354-3%] The metallation reaction of a

more usually used transition metals.|
family of fluorinated aromatic substrates with 36 (1:1) was first studied using NMR
spectroscopy. All of the reactions were monitored by NMR spectroscopy and the
yields were calculated using ferrocene as internal standard. A combination of *°F
and 'H NMR, in particular the CH signal from the B-diketiminate fragment, were
very diagnostic for the formation of the new compounds. Table 5.1 shows the
corresponding yields obtained after 1 hour of reaction at room temperature relative

to ferrocene.
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Table 5.1: Reactivity of base 36 with fluorobenzene derivatives (1:1) after 1 hour, in ds-THF at room
temperature.

\
/
’
\
’
-’

F I,' /Ar* \,,’ /Ar* \
36 (1:1) 5 =N ¥ =N i
N > M | (36) = Wo-TMP |§ M = S Mg |
| —F. dyTHE1h,RT || SF, ! N g N :
P F ] \ i N !
\ Ar* J ‘\\ Ar S
Entry n product Yield (%)®"]
F
1 0 | M o'
7
F
M
2 1 @: 7419 (66)
F(48)
F
M
3 2 /CE 781 (43)
F F (49)
F
F M
4 3 100 (66)
F
F (50)
F
F. M
s 4 100 (56)
F F
F (51)

 Yields determined by 'H NMR using ferrocene as an internal standard after 1h at RT. ™ Isolated
yields in parenthesis after 2h at RT. I No reaction after 24h heating at 80 °C. [ Full conversion after

2h at RT.
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Previously Schlosser has carried out interesting kinetic studies assessing the
reactivity of fluoroarenes towards sec-Buli, by analysing the relationship between
the free activation energies and the gas-phase deprotonation energies in order to
predict the relative rates of metallation,[2°1/353:384] According to these studies, we
expected fluorobenzene to be the most difficult substrate to deprotonate (pK,
values: 36.8, 42.3 and 43.7).[228] In agreement, we found that after heating
fluorobenzene and 36 for 24 hours at 80 °C, there is no reaction as evidenced by the
presence of both starting materials in the 'H and *°F NMR spectra. Notably, *°F NMR
monitoring of the reaction shows that the signal for fluorobenzene at -112.3 ppm
does not change over time. We next attempted the reactions with 1,3-
difluorobenzene and 1,3,5-trifluorobenzene. The reactions of 36 towards 1,3-
difluorobenzene and 1,3,5-trifluorobenzene were also monitored by 'H and F
NMR. Monomagnesiation of 1,3-difluorobenzene by 36 takes place at room
temperature in 2 hours. However, after 1 hour of reaction at room temperature
74% of yield relative to ferrocene internal standard is observed. During the course
of the reaction the diagnostic singlet of the B-diketiminate CH at 4.92 ppm begins to
decrease, while at the same time a new signal belonging to the metallated
compound 48 begins to emerge at 4.97 ppm. Two new sets of multiplets appeared,
ranging from 6.85 to 6.93 ppm and from 6.42 to 6.38 ppm with a relative 2:1 ratio,
which can be attributed to the meta and para protons of the CH aryl groups (Figure
5.4). Consistent with these 'H NMR studies, a new signal at -82.2 ppm in the 9
NMR confirmed the formation of the new product 48, at a significant different

chemical shift to that observed for free 1,3-difluorobenzene at 109.1 ppm.
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a)
Fi
M ;
b) Ar*
_N'\
* \ N/Mg—TMP % Fecp2
“Ar
c)
FeCp,
d)
*
1
—N FeC
k \ \Mg * pz
N‘/ Y

T T T T T T T T T T 1
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 ppm

e

—x*

Figure 5.4: a) '"H NMR spectrum of 1,3-difluorobenzene in dg-THF. b) 'H NMR spectrum of base 36 in
dg-THF. c) 'H NMR spectrum for the reaction of 36 (0.2 mmol) and 1 equivalent of CgH,F, (0.2 mmol)
at RT in dg-THF after 30 min, mixture of 36 and 48. d) 'H NMR spectrum for the reaction of 36 (0.2
mmol) and 1 equivalent of CgH4F, (0.2 mmol) at RT in dg-THF after 2 hours, formation of 48.

Similarly, 36 effectively metallates 1,3,5-trifluorobenzene, 1,2,4,5-
tetrafluorobenzene and pentafluorobenzene. The former in 2 hours at room
temperature affording complete conversion of the starting materials to the
magnesiated product 49. The latter two substrates were quantitatively
deprotonated in one hour at room temperature, affording the deprotonated
products 50 and 51. Metallation was confirmed by multinuclear NMR spectroscopy
in a similar way to 48. The most diagnostic singlet, the CH of the B-diketiminate
fragment appeared in the *H NMR (4.92 (49), 5.01 (50) and 5.02 ppm (51)). New

resonances were observed in the °F and *C NMR corresponding to the formation
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of the new magnesiated fluoroaromatic products. Table 5.2 shows a comparison of
the different chemical shifts in the F NMR resonances between the fluorinated
aromatic substrates and the magnesiated compounds 48-51. When introducing the
magnesium atom, the resonances corresponding to the fluorine atoms in the *°F
NMR are more deshielded. Additionally, for the metallated complexes 49-51,
multiple new resonances have emerged illustrating the unsymmetrical fluorine

atoms in the molecule.

Table 5.2: Comparison of F NMR in THF between the fluorinated substrates and the metallated
species 48-51.

& °F NMR (ds-THF)
F F
M
Entry n Fn Fn
& °F NMR & °F NMR
1 1 -109.1 -82.2
2 2 -106.7 -82.0/-116
3 3 -139.0 -113.5 / -140.0
4 4 -140.3 /-156.4 / -164.3 -112.8 /-160.3 / -163.6

In order to estimate the constitution of the magnesiated species of compounds (48
- 51) in solution, 'H DOSY NMR studies were performed. In this case, the
magnesiation reaction of 1,3,5-trifluorobenzene with 36 was studied using Stalke’s
DOSY methodology mentioned in Chapter 2.[200] Using this technique, the estimated
size (in terms of molecular weight) of the species formed in the metallation reaction

of 1,3,5-trifluorobenzene with 36 was obtained, corresponding to the solution
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constitution of 49. The experiment was carried out in 40 mM of a dg-THF solution

using tetramethylsilane (TMS) as internal standard (Figure 5.5).

i l J\_J‘L MM{ log(m2/s)

[(°PPNacnac)Mg(CgH,F;)]

- -8.8

TMP(H) - 87

- -8.6

T T T T T T T T T T T T T T T T T -8.5
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 -0.5 ppm

Figure 5.5: 'H DOSY NMR spectrum of the reaction of 49 in dg-THF and TMS as internal standard.

The findings estimate a molecular weight of 524 g mol™ with an error of 9% for the
anticipated monomeric compound where the magnesium atom is coordinated to
the B-diketiminate fragment and to the terminal trifluorobenzene ligand (Table 5.3).
A higher aggregation state, such as a dimeric unit as observed in some of the
structures from Chapter 4 (37, 39 — 41 and 43), would be inconsistent with the
obtained results, as the error value would increase to 118%. Similarly, a THF
solvated magnesium B-diketiminate complex would increase the error value to 23%.
A lower error of 16% would be obtained for an equilibrium of solvation/desolvation

of THF, however, the error of the predicted MW in ECC DOSY method has a
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maximum of +9% which would indicate that this equilibrium is not present in

solution.

Table 5.3: Possible species formed in dg-THF and the corresponding diffusion coefficient (D),
molecular weights (MW) and errors MW,.=524 g mol ™.

Compound D(m%*s?) MW (gmol®)  Error (%)
[("*"Nacnac)Mg(CeHFs)] (a) L3739 572 °
[(*P®Nacnac)Mg(CeHaFs)(THF)] (b) 5.7503E-10 644 23
[(°*PNacnac)Mg(CeH:F3)]2 (c) 5.7503E-10 1144 118
(a) === (b) 5.7503E-10 608 16

This experiment suggests that 49 in ds-THF solution exists as a monomer without

THF solvation (Table 5.3).

Structural insights on the molecular structure of these magnesiated intermediate
were gained by performing an X-Ray crystallographic study on 50. 36 was reacted
with one equivalent of 1,2,4,5-tetrafluorobenzene during 2 hours at room
temperature in THF. When reducing the solvent to 1 mL of THF, colourless crystals
formed corresponding to compound [(**"Nacnac)MgTHF(CsHF4)] (50) that was
isolated in a 75 % yield (Scheme 5.11).
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(36) (50)

Scheme 5.11: Reactivity of 36 with 1,2,4,5-tetrafluorobenzene.

The molecular structure of 50 confirmed the monometallation of 1,2,4,5-
tetrafluorobenzene. Elemental analysis is in good agreement with the solid-state
structure without THF molecule that is removed in vacuo. Additionally, the recorded
NMR data (*H, *C and *°F) is also in good agreement with those of the control

reactions in a J. Young’s NMR tube (Table 5.1).

Few examples of monometallation of 1,2,4,5-tetrafluorobenzene have been

[385] [386]

structurally reported, where transition metals such as ruthenium, rhodium,

4387 |(388] [389]

nicke or platinum are generally used in C-H activation processes. In

gol
these transition metal examples an excess of the fluorinated substrate is generally
required and in some cases the reaction takes place at high temperatures or under
irradiation. Additionally, rare examples of crystallographically characterized
magnesium fluoroaryl compounds have been reported in the literature, although
Crimmin has recently shown some {(>""Nacnac)Mg} fluoroaryl examples obtained

by C-F activation.®!

X-Ray characterisation of compound 50 revealed a monomeric structure where, the
{(DippNacnac)I\/Ig} fragment  coordinates to a terminal magnesiated

tetrafluorobenzene moiety and is solvated by a molecule of the THF, a similar motif
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to those described for compounds 39 and 44 in Chapter 4 for the metallation of
benzofuran and 2-(2,4-difluorophenyl)pyridine (Figure 5.6). Interestingly, the
monomeric arrangement of compound 44 is consistent with the results obtained in
the solution studies by 'H DOSY NMR (Table 5.3), although a THF molecule is
solvating in the solid state. Importantly, it represents the first magnesiated 1,2,4,5-

tetrafluorobenzene intermediate structurally characterised.

Figure 5.6: Molecular structure of 50 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for clarity. Selected bond lengths (A) and bond angles (°):
Mgl-N1 2.0326(16), Mgl-N2 2.0414(16), Mgl-C30 2.1705(19), Mgl-O1 2.0286(14), N1-Mg1l-N2
94.23(7), N1-Mgl-C30 116.68(7), N2-Mgl-C30 117.74(7), N1-Mgl-O1 114.95(6), N2-Mgl-O1
106.01(6), 01-Mg1-C30 106.75(7).

The Mg atom of compound 50 displays a distorted tetrahedral geometry (angles
around Mg ranging from 94.23(7)° to 117.74(7)°; mean 109.07°). The Mg1-C30
distance [2.1705(19) A] is between the range of the Mg-C distances of the similar
{(°*"Nacnac)Mg} fluoroaryl examples reported by Crimmin [Mg-C bond lengths
ranges from 2.1381(15) to 2.176(2) A].[383] A close inspection of the Mg-F distance of
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the ortho-fluorine atoms F1 and F4 indicates that F4 is slightly closer than F1 [Mg1-
F1 (3.3214 A) vs Mgl-F4 (3.2773 A)], however this distance is still too long to

suggest any type of long distance Mg:--F interaction.

Compounds [(*""Nacnac)Mg(CeHsF,)] (48), [(°’Nacnac)Mg(CeHoFs)] (49) and
[(DippNacnac)Mg(CSFs)] (51) were prepared and isolated as solids in 66, 43 and 63%
yields. The three compounds have been characterised by NMR and elemental
analysis techniques. (See experimental section for details) The NMR experiments
were performed in dg-THF and the spectrums recorded are in agreement with those
obtained during the control reactions in Table 5.1. Notably, the crystal structure of
compound [(DippNacnac)Mg(CGFs)(THF)] (51) has previously been reported by
Crimmin by reacting Mg(l) complex [(°""Nacnac)Mg], with hexafluorobenzene
(1:1.5) in toluene via C-F bond activation process (Scheme 5.9).[383] This structure of
[(DippNacnac)Mg(CSFs)(THF)] is displayed in Figure 5.3c and is is analogous to that
described for 50.

In order to test the stability of complexes 48-51, different temperature studies have
been performed. Interestingly, NMR has revealed no decomposition when a
solution of compound 49 in ds-THF was cooled down to -33 °C for 24 hours or
heated to 80 °C for 3 days. Furthermore, base 36, 1,3,5-trifluorobenzene and
durene or 1,3-diphenylisobenzofuran (1:1:1) were reacted in a J. Young’s NMR tube
in dg-THF. *H and °F NMR experiments indicated that the only reaction observed is
the metallation of 1,3,5-trifluorobenzene and the trapping reagents (durene or 1,3-
diphenylbenzofuran) remained intact even on heating the tube to 80 °C for 5 hours.
Remarkably, the B-diketiminate anionic ligand plays a key role towards the
stabilisation of the magnesiated fluoroderivatives complexes 48-51 protecting the
new anion formed and preventing the formation of any decomposition product

such as [P""NacnacMgF],.
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These results contrast with the recent work by Chen, who has reported the
metallation of fluoroarenes using a scandium imido intermediate (compound I in
Scheme 5.12) generated from the reaction between [LSc=NAr*(DMAP)] and 9-BBN
(DMAP = 4-dimethylaminopyridine; L = [MeC(NAr*)CHC(Me)(NCH,CH,NMe)] and 9-

BBN = 9-borabicyclononane).

The scandium intermediate is supported with a bulky anionic ligand and contains a
terminal imido group. When the scandium complex is reacted with a fluoroaromatic
molecule such as fluorobenzene, 1,4-difluorobenzene, 1,3,5-trifluorobenzene or
pentafluorobenzene, it undergoes fluoride elimination and benzyne formation

(Scheme 5.12).53%
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Scheme 5.12: C-H bond activation followed by fluoride elimination and benzyne trapping.mo]
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DFT calculations of the dehydrofluorination reaction of pentafluorobenzene
demonstrate that a first metallation reaction takes place followed by ortho C-F
abstraction, which is more energetically demanding. The fluoride elimination is
facilitated by the interaction between scandium and the fluorine that are in close
proximity when the metallation takes place. As well, the trapping of the benzyne
products were performed by adding durene, which undergoes a [2+2] cycloaddition

with the benyne species formed.

Exemplifying the synthetic utility of 48-51, their reactivity was assessed in Negishi
cross-coupling reactions with iodobenzene as an electrophilic coupling partner. The
magnesiated fluoroaromatic complexes 48-51 were prepared in situ using the
protocol outlined in Table 5.4, followed by transmetallation with ZnCl, (1 equiv.)

and coupling with Phl (slight excess) catalysed by Pd(PPhs), (5 mol%).

Table 5.4: Negishi cross-coupling reactions of 48-51 with iodobenzene.

F
F F 2) ZnCl, (1 equiv.)
1) 36 (1 equiv.) M THF, RT, 1 h _
LF, THF, RT, 2 h | Fn  3)Pd(PPhg), (5 mol%) |
F F Phl (1.25 or 2 equiv.) F
THF, reflux, 18 h n
(48-51) (52-55)
Entry n product Yield (%)
F
L OO w
F (52)@®
F
e e I
F (53)®
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R F

3 3 O O 64
F F (54)
R F

4 4 F O O 68
F F (55) [d]

€12 equiv. of IPh ©110 mol% Pd(PPhs),. te Starting from isolated sample of 48. @125 equiv. of IPh.

The different coupled complexes 52-55 have been purified and characterised by 'H,

3¢ and "’F NMR experiments in CDCl; and are consistent with those reported in the

literature.°"

5.2.2 C-F Activation of Fluoroarenes Using [®"’NacnacMg(THF)Bul]

Base

We next studied the reaction of [Z""NacnacMg(THF)Bu] (56) complex towards
fluoroarene complexes, looking first at the reaction with 2-(2,4-

difluorophenyl)pyridine, where different pathways can be predicted (Scheme 5.13).
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Scheme 5.13: Possible reactions pathways when reacting 56 with 2-(2,4-difluorophenyl)pyridine.

The reaction between 2-(2,4-difluorophenyl)pyridine and [©""NacnacMg(THF)Bu]
(56) (1:1) at room temperature, in THF does not lead to any product after 1 day and
the starting materials are recovered. Contrastingly, when refluxing this mixture, a
precipitate of colourless crystals is formed at the bottom of the Schlenk after 24
hours of reaction. Analysis of the crystalline solid by X-Ray and NMR experiments
determined the formation of ["*"NacnacMgF(THF)], (57). Additionally, the filtrate
solution was also analysed by NMR experiments indicating the formation of 2-(2-
butyl-4-fluorophenyl)pyridine (58). However, this reaction is not complete and the
presence of starting materials is observed. Further studies in order to optimise the
reaction conditions indicate that 92% of compound 58 is achieved in milder reaction
conditions (room temperature in 24 hours) when using toluene as a solvent

(Scheme 5.14).

Ar* E F | IAr THFFI
—N /Bu « _N\ Ty,
\ Mgz, + N~ ————— \ / +
N "THE Tol, RT, 24 h
‘Ar F Ar THF *Ar
(56) (58)

Scheme 5.14: Reactivity of 56 with 2-(2,4-difluorophenyl)pyridine.
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This solvent effect could be related to a competitive coordination to the magnesium
between the THF and the substrate, which whould not occur when using toluene as

a solvent.

Crystallographic studies and NMR spectroscopy confirmed the formation of
products 57 and 58. The crystalline solid was filtered and dissolved in C¢De. *°F NMR
displays the diagnostic signal at -187.8 ppm corresponding to [2*°NacnacMgF(THF)],
which differs drastically from the F' NMR resonances of the 2-(2,4-
difluorophenyl)pyridine substrate (-109.5 and -112.6) or the metallated product
[(°PPNacnac)MgTHF(Cy11HeF,N)] (44) (-77.6 and -82.0 ppm) (Figure 5.7).

a) . /
x>,
N
F
[ |
b)
Ar* THF *Ar
! / F N
—N\M |v| s
g g
\ r\‘l/ N \r'\l /
Ar* THF *Ar
c)
Bu & |
Y
N
F [PPPNacnacMgF],
T T T T T T T T T
-110 -120 -130 -140 -150 -160 -170 -180 <190 ppm

Figure 5.7: a) FE NMR spectrum of 2-(2,4-difluorophenyl)pyridine in CsDs. b) “F NMR spectrum of 57
in C¢Dg. ) “FNMR spectrum of 58 in C¢Ds (presence of an impurity of 57).
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In addition, the diagnostic signals of the CH of the {"*"Nacnac} ligand backbone and
the multiplets of the 'Pr groups have shifted to 4.83 and 3.01 ppm, compared to
4.80 and 3.30 ppm for base 56 in *H NMR. X-Ray crystallography also confirmed the

formation of 57, which agrees with the one reported by Roesky (Figure 5.8).[392]

Figure 5.8: Molecular structure of 57 with 50% probability displacement ellipsoids. All hydrogen
atoms and 'Pr groups have been omitted for cIarity.Bgz]

The filtrate of the reaction was also treated. Removal of solvent in vacuo followed
by addition of C¢Dg and 9.5 mg of ferrocene (internal standard) provided a yield of
92% for product 58, calculated by integration relative to the internal standard in the
'H NMR. Organic workup and column chromatography purification followed by ',
3¢ and F NMR experiments in CDCls, confirmed the formation of 2-(2-butyl-4-

fluorophenyl)pyridine (58) by comparison with published data.®!

As illustrated in Scheme 5.8, alkylation of a variety of polyfluoroarenes has been
previously achieved from the reaction of 2-(2,4-difluorophenyl)pyridine and

Grignard reagents such as BuMgCl (2.5 equivalents) in THF under reflux conditions
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(6 to 24 hours), where the ortho-position of the pyridine group plays a key role in
the suggested mechanism of the reaction and favours the nucleophilic aromatic
substitution to the fluorine in ortho position.Bg” A similar process could be in

operation for 58 (Scheme 5.15).

F N7 |
. / N\
—N/ THF N_
S F
\ /Mg “
N\ ‘Bu
Ar* Coordination
(56)
Nucleophilic
aromatic
substitution
Fluoride elimination
Ar THF and dimerisation
_N / ‘\\\F":, N=
\ \ / \
Ar* THF *Ar |
(57)

(58)

Scheme 5.15: Suggested mechanism for the formation of 58.

Alternatively, a radical pathway could also be in operation. In order to assess if the
reaction is inhibited when using the TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)
radical, base 56, 2-(2,4-difluorophenyl)pyridine and TEMPO were added in a J.
Young’s NMR tube in toluene. After 24 hours at room temperature colourless
crystals were formed at the bottom of the tube which were filtered and

characterised by NMR studies confirming the formation of [DippNacnacMgF(THF)]z

241



Chapter 5. Deprotonation and C-F Activation of Fluorinated Aromatic Molecules

(57). Additionally, the analysis of the filtrate by NMR also indicates the formation of
2-(2-butyl-4-fluorophenyl)pyridine (58). These results indicate that addition of
radical scavenger TEMPO does not affect the outcome of the reaction affording 57
and 58 in the same yields as describe above, which supports that this reaction does

not involve the formation of radical species.

Hill has shown that when [DippNacnacMg(Bu)] is reacted with the nitroxyl radical
TEMPO a new compound [DippNacnacMg(TEMPO)THF] is obtained, alongside octane
(Scheme 5.16).[393]

Ar TEMPO (1:1) A
—N_ e _N\I\/Ig THF
Mg—Bu ———— ,
\ N/ = - Bu-Bu \ N/ 'O %\
\ Mok \N
Ar* AI’

Scheme 5.16: Reaction of [**°NacnacMg(Bu)] with TEMPO radical.*

Interestingly, recent studies by Hill have shown that the butyl complex 56 reacts at
room temperature in toluene with TEMPO to form the tempoxide complex depicted
in Scheme 5.16 with the subsequent elimination of octane. The presence of this
tempoxide complex [®"°NacnacMg(TEMPO)THF] could not be detected by NMR
analysis of the crude product from the reaction of 56 with 2-(2,4-
difluorophenyl)pyridine in the presence of TEMPO, indicating that under the
conditions investigated 56 reacts preferentially with the aromatic substrate than

with the radical scavenger.

In order further probe the reactivity of the base 56 under different conditions, two
additional reactions were performed. To investigate a possible ligand exchange
reaction, base 56 was reacted with TMP(H) and 2-(2,4-difluorophenyl)pyridine in

equimolar amounts in a J. Young’s NMR tube in dg-THF (Scheme 5.17).
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F =
SN
/Ar* Ar* THF
—N Bu F —N
gl ¢ TMPH) ——————— + TMP(H
) T dgTHF, 80°C, 24h  \ \ / n
A Ar THF *Ar

(56)

Scheme 5.17: Formation of 57 and 58 in the presence of TMP(H).

'H and *°F NMR experiments indicate that no reaction occurred after 24 hours at
room temperature. Heating the J. Young’s NMR tube to 80 °C during 24 hours leads
to a precipitate of colourless crystals, which is attributed to the formation of
[°PPNacnacMgF(THF)], (57) as indicated by the resonance displayed at 188.9 ppm in
the "’F NMR spectrum and without detecting formation of the metallation product
44. This indicates that the butyl group does not exchange with the TMP ligand,
otherwise metallated product would have been observed. A second, competition
experiment was also performed between an equimolar mixture of base 36 and 56

with 2-(2,4-difluorophenyl)pyridine in a J. Young’s NMR tube in dsg-THF (Scheme

5.18).
F = |
NS
Ar* Ar* N Ar*
N, N, Bu N, Bu
- RN RN
§ Me=ve + vl - > YD LS
N N, “THF dgTHF, RT, 5h N, “THF
Ar* Ar* Ar*
(36) (56) (56)

Scheme 5.18: Formation of 44 when reacting 36 and 56 with 2-(2,4-difluorophenyl)pyridine in dg-THF
at room temperature.

NMR spectroscopy analysis indicate the preferential formation of the metallated

product [(DippNacnac)MgTHF(CllHGFzN)] (44) occurs at room temperature. The
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remaining resonances in the 'H NMR spectrum correspond to unreacted butyl base

56.

Preliminary studies with the more challenging hexafluorobenzene and magnesium
complexes 36 and 56 have been examined in a J. Young’s NMR tube.
Hexafluorobenzene was treated with base 36 (1:1) in ds-THF. Reaction control by
NMR (*H and *F) experiments confirmed that no reaction occurs even heating at 80
°C during 24 hours and the singlet at 164.6 ppm corresponding to
hexafluorobenzene remains intact. When hexafluorobenzene is reacted with butyl
complex 56, colourless crystals at the bottom of the tube were formed and a new
resonance at 188.9 ppm in the *>F NMR is displayed corresponding to the formation
of compound [DippNacnacMgF(THF)]z (57). In this case, no reaction occurs using ds-
Tol, even heating 80 °C during 24 hours. Further experiments need to be performed
in order to investigate the other products produced in this reaction and optimise

the reaction conditions.
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5.3 Conclusions

This chapter illustrated the different reactivities assessed by the monomeric bases
[PPNacnacMg(TMP)] (36) and [P’ NacnacMg(THF)Bu] (56) when reacted with a
variety of fluoroaromatic molecules. These studies clearly demonstrated that the
base 36 can regioselective deprotonate 1,3-difluorobenzene, 1,3,5-
trifluorobenzene, 1,2,4,5-tetrafluorobenzene and pentafluorobenzene
guantitatively at room temperature with no presence of side-products.
Furthermore, the sensitive fluoroaryl anions can be trapped and stabilised by the
sterically demanding pB-diketiminato ligand preventing any further benzyne
formation reaction via [P*’NacnacMgF] elimination, as well as being thermally
stable at elevated temperatures (80 °C). Therefore, the stabilization of the
magnesiated compounds 48 — 51 has been accomplished and X-Ray crystallography
studies confirmed that compound 50 exists as a monomer in the solid state and 'H
DOSY NMR studies suggest that the magnesiated species also exists as monomers in
solution. Preliminary reactivity studies have also illustrated that these compounds

can undergo to Negishi cross-coupling with iodobenzene.

When employing the kinetically more retarded butyl base 56 with 2-(2,4-
difluorophenyl)pyridine, nucleophilic aromatic substitution occurs affording
compounds [*P°NacnacMgF(THF)], (57) and 2-(2-butyl-4-fluorophenyl)pyridine (58).
This dramatic change of reactivity clearly contrasts with the deprotonation product

obtained by 36.
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5.4 Experimental

5.4.1 Synthesis of Active Species

* Synthesis of [(°"’Nacnac)Mg(CsHsF,)(THF)] (48)

«F To a solution of 36 (0.56 g, 1 mmol) in THF (5 mL), 1,3-
difluorobenzene (0.1 mL, 1 mmol) was added. The yellow
N 0O solution was stirred for 2 hours at room temperature. The

O solvent was concentrated to 1 mL and 2 mL of hexane were
added. The resulting yellow solution was stored at -15 °C. After 48 hours a white

solid precipitated, and was isolated and placed in a glovebox (0.417 g, 66%).

'H NMR (400.13 MHz, ds-THF, 298 K) § 7.06 [s, 6H, Ar* of ®*"Nacnac], 6.89 [q, 1H, J
= 7.6 Hz, CeHsF,), 6.42-6.38 [dd, 2H J = 3.6 Hz, J = 8.4 Hz, CsHsF,], 4.97 [s, 1H, CH of
PPPNacnac], 3.27 [m, 4H, CH, 'Pr, Ar* of ®PNacnac], 1.72 [s, 6H, CHs of """Nacnac],
1.33-1.27 [m, 4H, CH, 'Pr, Ar* of ®*Nacnac], 1.15-1.10 [d, 12 H, J = 4, CHs, 'Pr, Ar* of
PPPNacnac], 0.98-0.90 [d, 12H, J = 8 CHs, 'Pr, Ar* of ®""Nacnac].

3¢ NMR {'H} (100.62 MHz, ds-THF, 298 K) & 173.5-170.9 [dd, J = 230, J = 30,
CeHsF,], 168.9 [C,, CHC(Me) of ®PNacnac], 146.1 [C, Ar* of *Nacnac], 143.1 [C,
Ar* of ®"PNacnac], 128.7 [t, J = 8, CsH3F], 125.3 [CH, Ar* of ®PNacnac], 123.9 [CH,
Ar* of ®PNacnac], 108.9-108.5 [dd, J = 35, J = 4, CsH3F], 95.3 [CH of ®®"Nacnac],
49.9 [CH, 'Pr, Ar* of PP Nacnac], 28.4 [CH, Pr, Ar* of ®"Nacnac], 24.6 [CHs, 'Pr, Ar*
of ®PPNacnac], 24.5 [CH3, 'Pr, Ar* of ®P"Nacnac], 19.1 [CHs, 'Pr, Ar* of ®PPNacnac].

°F NMR {'H} (376.40 MHz, ds-THF, 298 K) & -82.2 [s, CcHsF>].

Elemental analysis: (C39Hs,F,MgN,O) Calculated: C: 74.69 % H: 8.36 % N: 4.47 %.
Found: C: 74.55 % H: 8.26 % N: 4.55 %.
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* Synthesis of [(°"’Nacnac)Mg(CsH,Fs)(THF)] (49)

. F To a solution of 36 (0.28 g, 0.5 mmol) in THF (5 mL), 1,3,5-
;i,\’?: Q/ trifluorobenzene (0.05 mL, 0.5 mmol) was added. The yellow
\ N/Mg\o F solution was stirred for 2 hours at room temperature. The

Art Q solvent was removed and 5 mL of hexane were added
obtaining a yellow solution that was stored at -70 °C. After 48
hours a white solid precipitated, and was isolated and placed in a glovebox (0.14 g,

43%).

'H NMR (400.13 MHz, ds-THF, 298 K) 6 7.07 [s, 6H, Ar* of " Nacnac] 6.22-6.19 [dd,
J = 9.8, J = 3.4 Hz, 2H, CgH,Fs3], 4.97 [s, 1H, CH of ®™"Nacnac], 3.62 [m, 4H, OCH,,
THF], 3.29-3.19 [sept, 4H, J = 6.8 Hz, CH, 'Pr, Ar* of ®™Nacnac], 1.77 [m, 4H, CH,,
THF], 1.72 [s, 6H, CH5 of > Nacnac], 1.15-1.13 [d, 12H, J = 6.8 Hz, CHs, 'Pr, Ar* of
PPPNacnac], 0.96-0.95 [d, 12H, J = 5.9 Hz, CHs, 'Pr, Ar* of "*PNacnac].

*C NMR {'H} (100.62 MHz, ds-THF, 298 K) 169.1 [C,, CHC(Me) of "°Nacnac], 146.0
[CH, Ar* of ®"PNacnac], 143.1 [CH, Ar* of ®P"Nacnac], 125.4 [CH, Ar* of ®®"Nacnac],
124.0 [CH, Ar* of ®™PNacnac], 95.3 [CH of ®®"Nacnac], 68.0 [OCH,, THF], 28.4 [CH,
'Pr, Ar* of PPPNacnac], 26.3 [CH,, THF], 24.6 [CHs, 'Pr, Ar* of ®"Nacnac], 24.4 [CH;,

'Pr, Ar* of DippNacnac] (Cq of C-Mg and CgH,F3 were not possible to assign).

F NMR {'H} (376.40 MHz, ds-THF, 298 K) & -82.0 [br, 2F, CeH,F3], -116 [s, 1F,
CeHoFs.

Elemental analysis: (C3sHi3sFsMgN,) Calculated: C: 72.61 % H: 7.97 % N: 4.34 %.
Found: C: 72.38 % H: 8.42 % N: 5.47 %.
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* Synthesis of [(°"’Nacnac)Mg(CsHF4)(THF)] (50)

F To a solution of 36 (0.28 g, 0.5 mmol) in THF (5 mL), 1,2,4,5-

_N/ir* F F tetrafluorobenzene (0.056 mL, 0.5 mmol) was added. The
\ /Mg'._‘ F yellow solution was stirred for 1 hour at room temperature.
‘Ar* Q The solvent was reduced to 1 mL of THF and the solution was

stored at -70 °C. After 48 hours a crop of colorless crystals
yielded the title compound as colourless crystals. In order to obtain a good yield of
the compound, after 1 hour of reaction the solvent was removed and 5 mL of
hexane were added. A white solid precipitated, and was isolated and placed in a

glovebox (0.22 g, 66%).

'H NMR (400.13 MHz, ds-THF, 298 K) § 7.10 [s, 6H, Ar* of ®"Nacnac] 6.78-6.70 [m,
1H, CHF4], 5.01 [s, 1H, CH of "*Nacnac], 3.62 [m, 4H, OCH,, THF], 3.28-2.18 [sept,
4H, J = 6.8 Hz, CH, 'Pr, Ar* of ®®"Nacnac], 1.77 [m, 4H, CH,, THF], 1.74 [s, 6H, CH; of
PPPNacnac], 1.15-1.14 [d, 12 H, J = 6.8 Hz, CHs, 'Pr, Ar* of ®""Nacnac], 0.96-0.94 [d,
12H, J = 6.4 Hz, CHs, 'Pr, Ar* of ®*"Nacnac].

*C NMR {'H} (100.62 MHz, ds-THF, 298 K) & 169.4 [C,, CHC(Me) of ®™’Nacnac],
145.9 [C, Ar*], 143.2 [C, Ar*], 125.6 [CH, Ar* of "®"Nacnac], 124.2 [CH, Ar* of
PPPNacnac], 104.0 [CsHF4], 95.5 [CH of ®PPNacnac], 28.4 [CH, 'Pr, Ar* of ®™PNacnac],
26.3 [CH3, 'Pr, Ar* of ®P"Nacnac], 24.2 [CH3, 'Pr, Ar* of "P"Nacnac], (C, of C-Mg was

not possible to assign).

F NMR {'H} (376.40 MHz, ds-THF, 298 K) § -113.5 [br, 2F, CgHF4], -140.0 [m, 2F,
CeHFal.

Elemental analysis: (C3sH4:FsMgN,) Calculated: C: 70.64 % H: 7.60 % N: 4.22 %.
Found: C:70.75 % H: 7.48 % N: 4.60 %.
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* Synthesis of [(°"’Nacnac)Mg(CeFs)(THF)] (51)

K - To a solution of 36 (0.28 g, 0.5 mmol) in THF (5 mL),
,,o‘r*F pentafluorobenzene (0.056 mL, 0.5 mmol) was added. The
_N\l\/lg F yellow solution was stirred for 1 hour at room temperature.
) '\\1/* bF The solvent was removed and 10 mL of hexane were added

A obtaining a yellow suspension that was stored at -30 °C.
After 48 hours a white solid precipitated, and was isolated and placed in a glovebox

(0.19 g, 56%).

'H NMR (400.13 MHz, ds-THF, 298 K) & 7.10 [s, 6H, Ar* of ®Nacnac], 5.02 [s, 1H,
CH of ®PNacnac], 3.61 [m, 4H, OCH,, THF], 3.25-3.15 [sept, 4H, J = 6.8 Hz, CH, 'Pr,
Ar* of ®PPNacnac], 1.77 [m, 4H, CH,, THF], 1.74 [s, 6H, CH; of "*Nacnac], 1.16-1.14
[d, 12H, J = 7.9 Hz, CHs, 'Pr, Ar* of ®"Nacnac], 0.97-0.95 [d, 12H, J = 7.1 Hz, CHs, Pr,

Ar* of ®PPNacnac].

C NMR {'H} (100.62 MHz, ds-THF, 298 K) & 169.6 [C,, CHC(Me) of ®™’Nacnac],
145.7 [CH, Ar* of PPPNacnac], 143.1 [CH, Ar* of ®PPNacnac], 125.7 [CH, Ar* of
PPPNacnac], 124.2 [CH, Ar* of ®P"Nacnac], 95.5 [CH of ""PNacnac], 68.1 [OCH,, THF],
28.5 [CH, 'Pr, Ar* of "PNacnac], 26.2 [CH,, THF], 24.7 [CHs, 'Pr, Ar* of ®™PNacnac],
24.5 [CH3, 'Pr, Ar* of ®™Nacnac], 24.2 [CHs, 'Pr, Ar* of "*Nacnac], (C, of C-Mg and

CsFs were not possible to assign).

F NMR {'H} (376.40 MHz, ds-THF, 298 K) & -112.8 [br, CsFs], -160.3 [s, CeH2Fs], -
163.6 [S, C6H2F3].

Elemental analysis: (C3sHs1FsMgN,) Calculated: C: 68.77 % H: 7.25 % N: 4.11 %.
Found: C: 68.86 % H: 7.27 % N: 4.26 %.
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5.4.2 General Experimental Procedure for Negishi Cross-Coupling

Reactions

To an oven dried Schlenk 36 (0.56 g, 1 mmol) and the fluoroaromatic derivative (1
mmol) were dissolved in THF (5 mL) during 2 hours at room temperature. ZnCl,
(0.14 g, 1 mmol) was then added and the solution was stirred at room temperature
during one hour. 5 mol% of Pd(PPhs), (0.058 g) and iodobenzene (1.25 or 2 mmol)
were added and the solution was refluxed during 18 hours. After this time the
solution was opened to air. NH4Cl was added and the solution was extracted with
ethyl acetate (30 mL x 2) and brine (20 mL x 3). The solution was then dried over
MgS0O,, and the filtrate was evaporated in vacuo. The compound was purified by

chromatographic column (silica gel, petroleum ether 40 — 60 °C).
* Synthesis of 2,6-difluorobiphenyl (52)!**"

= The reaction was performed starting from 48 (0.627 g, 1 mmol).

O Q 10 mol% of Pd(PPhs)s (0.1167 g) and iodobenzene (0.416 g, 2

mmol) were also employed. 64% isolated yield (0.122 g) was
F
obtained for compound 52.

'H NMR (400.13 MHz, CDCls, 298 K) & 7.53-7.41 [m, 5H, CeHs], 7.34-7.26 [m, 1H,
CHCH,CF of CgH3F,], 7.06-6.98 [m, 2H, CHCF of CgHsF,].

*C NMR {'H} (100.6 MHz, CDCls, 298 K)  161.6-159.0 [dd, J = 10.8 Hz, J = 249.9, C,,
CF of CeHsF,], 130.3 [CH], 129.0 [CH], 128.3 [CH], 127.3 [CH], 118.6 [C,, CCF of
CeHsF5], 111.6-111.9 [m, CH, CHCF of CgH3F,].

%F NMR {'H} (376.40 MHz, CDCls, 298 K) & -114.5 [s, 2F].
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* Synthesis of 2,4,6-trifluorobiphenyl (53)"*°"

In this reaction 2 equivalents of iodobenzene (0.416 g, 2

O O mmol) were employed. 62% isolated yield (0.129 g) was

obtained for compound 53.

'H NMR (400.13 MHz, CDCls, 298 K) & 7.51-7.39 [m, 5H, CsHs], 6.81-6.71 [m, 2H,
CeH2F3).

C NMR {*H} (100.6 MHz, CDCls, 298 K) & 161.7 [C,, CF of CgH,Fs], 130.4 [CH of
CsHs], 128.5 [CH of CgHs], 100.9-100.3 [m, CH of CgH,Fs]. The weak signal of the

sample prevented assignment of the rest of the carbon atoms.

>F NMR (376.40 MHz, CDCls, 298 K) & -109.0 [m, 2F, C¢H,F3], -101.3 [t, 1F, J = 6.5 Hz
CeH2F3).

* Synthesis of 2,3,5,6-tetrafluorobiphenyl (54)°°%

E F In this reaction 1.25 equivalents of iodobenzene (0.260 g, 1.25
O mmol) were employed. 64% isolated yield (0.145 g) was obtained

for compound 54.
F F

'H NMR (400.13 MHz, CDCl3, 298 K) § 7.56-7.41 [m, 5H, CeHs], 7.13-7.01 [m, 1H,
CeHFal.

3¢ NMR {*H} (100.6 MHz, CDCl3, 298 K) & 130.3 [CH of CgHs], 129.4 [CH of CgHs],
128.8 [CH of CgHs] 105.2-104.7 [m, CH of CgHF4]. The weak signal of the sample

prevented assignment of the rest of the carbon atoms.

1SF NMR (376.40 MHz, CDCls, 298 K) & -139.2 [m, 2F, CeHF4], -143.9 [m, 2F, CeHF4].
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* Synthesis of 2,3,4,5,6-pentafluorobiphenyl (55)°°%

In this reaction 1.25 equivalents of iodobenzene (0.260 g, 1.25

O O mmol) were employed. 68% isolated yield (0.166 g) was

obtained for compound 55.
'HNMR (400.13 MHz, CDCl3, 298 K) § 7.54-7.39 [m, 5H, C¢Hs].

3¢ NMR {*H} (100.6 MHz, CDCl3, 298 K) & 130.3 [CH of CgHs], 129.4 [CH of CgHs],
128.9 [CH of CgHs]. The weak signal of the sample prevented assignment of the rest

of the carbon atomes.

F NMR {*H} (376.40 MHz, CDCls, 298 K) & -143.2 [m, C¢Fs], -155.6 [m, CeFs], -162.2
[ml C6F5]'

5.4.3 C-F Activation 2-(2,4-difluorophenyl)pyridine

N/Ar* o iy /THF
=N /BU « —|
Ve ¥ N LR 24 \ \/ ¥
N UTHE ol, RT,
. F

THF *Ar

To a solution of 56 (0.28 g, 0.5 mmol) in toluene (5 mL), 2-(2,4-
difluorophenyl)pyridine (0.1 g, 0.5 mmol) was added. The yellow solution was
stirred for 24 hours at room temperature. The solvent was removed and 5 mL of
hexane were added obtaining a white solid precipitate 57, which was isolated and
placed in a glovebox. The solvent from the filtrate was removed and placed into the
glovebox. CsDg was then added as well as ferrocene (9.5 mg, 0.05 mmol). The 'y
NMR spectrum suggests the presence of a 92% of compound 58 from the
integration versus ferrocene. 1H, 3¢ and F NMR experiments are in agreement

with the literature. 381383
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* Synthesis of ["""NacnacMg(F)] (57)"°!

'H NMR (400.13 MHz, CsDg, 298K) 6 7.11-7.00 [br. m, 12H, Ar* of " Nacnac], 4.84 [s,
2H, CH of PPNacnac], 3.01 [m, 8H, CH, 'Pr, Ar* of ®PNacnac], 1.49 [s, 12H, CHs of
PPPNacnac], 1.11-1.09 [d, 24H, , J = 6.8 Hz, CHs, 'Pr, Ar* of P"Nacnac], 0.97-0.95 [d,

24H,, J = 7.6 Hz, CHs, 'Pr, Ar* of ®P"Nacnac].

F {*H} NMR (376.40 MHz, C¢Ds, 298K) & -188.1 [s, 2F].

* Synthesis of 2-(2-butyl-4-fluorophenyl)pyridine (58)>

'H NMR (400.13 MHz, CDCls, 298K) 6 8.67-8.66 [d, J = 5.1 Hz, 1H], 7.74-7.69 [td, J =
1.9 Hz, J = 7.6 Hz, 1H], 7.37-7.26 [m, 2H], 7.26-7.20 [m, 1H], 7.04-6.97 [m, 1H],
6.97-6.92 [m, 1H], 2.72-2.64 [m, 2H, CH; of Bu], 1.49-1.37 [m, 2H, CH, of Bu], 1.24-1.18
[m, 2H, CH, of Bu], 0.78 (t, J = 7.5 Hz, 3H, CH; of Bu].

F {*"H} NMR (376.40 MHz, C¢Ds, 298K) & -114.4 [s, 1F].

5.4.4 General Experimental Procedure for Metallation Reactions at

NMR Tube Scale

Metallation reactions were performed in a J. Young’s NMR tube at NMR scale
following the following procedure. In a glovebox, the NMR tube was filled with 0.2
mmol of base 36, 10 mol% of ferrocene (0.0035 g, 0.02 mmol) as internal standard
and 0.409 g of ds-THF. The initial ratio of base calculated by integration in *H NMR
relative to the ferrocene. 0.2 mmol of fluoroaromatic derivative, was introduced
and the reactions times were measured from this point in regular intervals of time
until full conversion by 'H NMR spectrum. All the yields were calculated by
integration of the products relative to the ferrocene in the *H NMR spectrum. The
NMR spectrums of the compounds correspond to the isolated species obtained for

compounds 48 to 51.
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5.4.5 DOSY NMR Studies

 Reaction of [(°"""Nacnac)MgTMP] with 1,3,5-trifluorobenzene

In a J. Young’s NMR tube, 1,3,5-trifluorobenzene (2.13 pL, 0.02 mmol) was added to
a solution of [(>""Nacnac)MgTMP] (0.0112 g, 0.02 mmol) in ds-THF (0.5 mL). 2.75 pL
of TMS (tetramethylsilane) were added in order to use as internal standard in the

DOSY experiment.m
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Chapter 6 Conclusions and Outlook

Advancing the understanding of cooperative effects in bimetallic complexes is one
of the main topics of research in our group. On the other hand, cooperative effects
of single metal systems due to special metal-ligand and ligand-ligand partnerships
have hardly been explored. This thesis fills this gap in the knowledge, by advancing
the applications of s-block organometallics in catalysis, as well as deprotonative
metallation and C-F bond activation processes. However, the priority of this thesis
has been the reactivity of s-block monometallic systems by cooperative effects in

different organic transformations.

Alkali-metal organometallics have been widely used in many stoichiometric
applications in synthetic chemistry, especially in deprotonation reactions; however,
they have hardly been explored in catalytic processes. This thesis assesses their
potential as valuable precatalysts for challenging intermolecular hydroamination
reaction. The preacatalysts used [MCH,SiMes] combine an alkali-metal cation (Li",
Na® or K*) with the trimethylsilylmethyl anionic ligand (CH,SiMes’), which appeared
to be excellent candidates to overcome the high kinetic barrier of this type of
reaction. These alkyl reagents have been able to achieve good yields and selectivity
using a wide range of amines with substituted vinylarenes and alkynes under
excellent reaction conditions (room temperature and short timescales).
Additionally, a dramatic alkali-metal effect has been observed. Gaining some more

information about these catalytic transformations, the stoichiometric reactions
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between the precatalysts and piperidine have been performed. Solid and solution
state characterisation of these species have been achieved isolating the potential

active catalysts in the catalytic cycle.

Moving to group 2 in the periodic table, the analogous magnesium complex
[Mg(CH,SiMe3),] was unable to catalyse the same hydroamination processes, even
when forcing the reaction conditions. However, the lower reactivity of magnesium
can be overcome due to the synergic behaviour, where the alkali-metal can
coordinate and activate the unsaturated organic molecule, facilitating the addition

of the amide group (Figure 6.1).

_ Lewis acid
Lewis base activates unsaturated
enhanced molecule

Nu power

cooperative catalysis
bifunctional system
(Lewis Acid / Lewis base)

Figure 6.1: Example of a bifunctional catalyst.

Higher temperatures (80 °C) and longer reaction times were required in some cases
compared to the monometallic alkali-metal catalysts and an alkali-metal effect has
also been observed, where the [(PMDETA),KMg(CH,SiMes),] acts as the best
catalyst for these reactions. Solid-state and solution studies have also been

performed using lower and higher order amido magnesiates.
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Moving into other synthetic applications, the investigation of new synthetic
processes using monometallic magnesium compounds has also been achieved.
Finding new applications of p-diketiminate magnesium complexes, the
regioselective magnesiation of a range of different heterocyclic and aromatic
complexes has been acomplished. A bifunctional B-diketiminate magnesium base
has been specifically designed, combining a basic (kinetically activated) TMP group
with the sterically demanding B-diketiminate anionic ligand, which acting as a clamp

can retain the sensitive anions formed (Figure 6.2).

Steric Kinetically
stabilizer d activated base

Figure 6.2: Bifunctional B-diketiminate magnesium base.

Additionally, these magnesiated anions have been used as synthetic platforms for

further C-C bond formation via Negishi cross-coupling reactions.

Comparative studies by changing the TMP group to a butyl have been investigated.
Thus, in the case of fluoroaromatic molecules a dramatic change of reactivity has
been observed, where [P"NacnacMg(THF)Bu] facilitates nucleophilic aromatic
substitution in contrast to the deprotonative metallation achieved by

[°PPNacnacMg(TMP)].

These investigations open a new door to expand the synthetic potential of s-block
organometallic reagents in catalytic and stoichiometric processes. Catalytic
applications of group 1 and 2 organometallic complexes, such as hydrogenation or

hydrosilation reactions, have emerged in the recent years, suggesting an
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environmentally benign and potential alternative to transition metal catalysts.
Additionally, the synergic parentship between alkali-metal and magnesium
complexes break new ground towards new catalytic applications of these ate

compounds in catalysis.

Furthermore, the synthetic potential of the B-diketiminate magnesium manifolds
can be expanded into new routes such as transition-metal free oxidative
homocoupling reactions. The enhanced stability of the magnesium intermediates,
generated by the protective shell of the sterically demanding {®""Nacnac} ligand,
brings in close proximity the carbanions in the dimeric complexes making them
good candidates for oxidative homocoupling reactions through TEMPO, for
example. Initial results for nucleophilic aromatic substitutions have been obtained
using [2""NacnacMg(THF)Bu] with 2-(2,4-difluorophenyl)pyridine, which could be

expanded to other fluoroaromatic derivatives.
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Chapter 7 Experimental

7.1 General Experimental Techniques

7.1.1 Schlenk Techniques

All the experiments were performed under protective argon inert atmosphere and
using standard Schlenk techniques. The Schlenk equipment provided a dry and inert
atmosphere, which was needed as most of the reactants and products formed were air
and moisture sensitive. This special equipment consists of a Schlenk line and Schlenk

tubes, where the reactions are carried out, and a filter is occasionally used (Figure 7.1).

Figure 7.1: Schlenk line used in order to perform the experiments.
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The line contained an inert gas/vacuum manifold, which had two separate
compartments; one connected to a vacuum pump and the other connected to a supply
of dry argon. All Schlenk glassware contained ground-glass joints, which were lightly
greased before being connected together. This was to seal the joints securely and also
prevent the glass from getting stuck together. To condense any volatile substances
from being detrimental to the reaction taking place and to protect the vacuum pump, a
liquid nitrogen cooled trap was attached to the end of the Schlenk line. A pressure

release bubbler is incorporated into the line to ensure there is no buildup of pressure.

The Schlenk line used had four connectors, which could be attached to the piece of
apparatus needed. Each connector had a two-way tap so that either vacuum or argon
could be applied where appropriate. Air was removed from the Schlenk by applying a
vacuum for fifteen minutes; the tap was then turned to allow argon in. This process was
repeated a further three times to ensure a dry and inert atmosphere in the Schlenk
tube. When solvents or reagents were to be added to the Schlenk tube a positive argon
flow would be applied to ensure no air entered. Solvents are transferred using a syringe

and needle, which has been flushed with argon twelve times.

7.1.2 Glovebox

The use of a glovebox has also been required. A standard glovebox was used when
products, which were air and moisture sensitive had to be weighed, stored and also

prepared for NMR experiments (Figure 7.2).
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Figure 7.2: Glovebox.

The glovebox is made of two main chambers. The larger chamber contains the large
glass window and gloves and is the area where the work is carried out. The chamber
is filled with dry argon. The smaller chamber is called the port; it contains an inner
and outer door. The purpose of the two doors is to allow items to be placed in the
large chamber without air entering. Items are placed in the port and a vacuum
supplied, the port is then filled with argon. This process is carried out a further two
times. The gas in the glovebox is constantly circulated over a scrubber, which

removes any air or moisture, which may be present in the system.

7.1.3 Solvent Purification

As most of the reagents and products are air and moisture sensitive all solvents were
dried and degassed before use. All of the solvents used during this project were distilled
over nitrogen, in the presence of sodium and benzophenone. When sodium is reacted

with benzophenone gives a ketyl radical which is blue in colour. This is very reactive
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with oxygen and water to give a colourless or yellow solution. Thus these substances

act as self-indicators for ensuring the removal of oxygen and water from the solvent.
7.1.4 Analytical Procedures

All NMR spectra were recorded on a Bruker AV3 or AV 400 MHz, or on a AV 600
MHz spectrometers, operating at 400.13 MHz for *H, 100.61 MHz for **C and 376.40
MHz for *°F. All *C NMR spectra were proton decoupled. The NMR assignments
were performed, in some cases, with the help 'H,3C-HSQC, COSY, DOSY and HMBC
experiments. 'H and C{*H} chemical shifts are expressed in parts per million (9,
ppm) and referenced to residual solvent peaks. Elemental analyses were performed

using a Perkin ElImer 2400 elemental analyser.

X-ray crystallography data were collected on Oxford Diffraction Gemini S or Xcalibur
E instruments with graphite-monochromated Mo Ka (A = 0.71073 A) or Cu Ko (A =
1.54180 A) radiation.®*¥ Data for compounds 43, 44 and 47 were measured at
Station 119 of the DIAMOND synchrotron radiation source using 0.6889 A radiation
and a Crystal Logics diffractometers with Rigaku Saturn 724+ CCD detector; data
collection and processing used Rigaku and Bruker software.?**3%! All structures
were solved and refined to convergence on F? for all independent reflections by the
full-matrix least squares method using SHELXL-2014/789%3%1  or by the

GaussNewton algorithm using OLEX2.5%!
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7.2 Synthesis of Starting Materials

* Synthesis of [Mg(CH,SiMe3),]

To a 500 mL three-neck round bottom flask were added Mg turnings (4.00 g, 165
mmol) and Et,0 (100 mL). CICH,SiMes; (19 mL, 165 mmol) was suspended in Et,0
(50 mL) and added drop wise. The resulting grey solution was refluxed for 1 hour.
To the cooled suspension was added 1,4-dioxane (10 mL, 88.11 mmol) and the pale
grey mixture stirred for 3 days. The suspension was then filtered through celite and
glass wool and washed with Et,0 (3 x 20 mL) giving a pale straw filtrate. Removal of
the solvent in vacuo afforded a white solid which was purified by sublimation at 175

°C to obtain pure Mg(CH,SiMes); (typical yield 8.5-9.5 g, 63-70%).
'HNMR (400.13 MHz, dg-THF, 298 K) 6 -1.77 [s, 2H, CH,], -0.11 [s, 9H, CHs].
* Synthesis of [NaCH,SiMe3s]

To a suspension of NaOtBu (2.88 g, 30 mmol) in hexane (15 mL) was added drop
wise LiCH,SiMes (30 mL of a 1 M solution of LiCH,SiMes in pentane). The reaction
was stirred overnight. The resultant peach suspension was filtered, washed with
hexane (3 x 20 mL) and dried under vacuum to afford a white solid (typical yield

2.53 g, 76%).
'H NMR (400.13 MHz, CsDs, 298 K) & -2.45 [s, 2H, CH,], 0.14 [s, 9H, CHs].
* Synthesis of [KCH,SiMes]

To a suspension of KOtBu (3.37 g, 30 mmol) in hexane (15 mL) was added drop wise
LiCH,SiMe; (30 mL of a 1 M solution of LiCH,SiMes in pentane). The reaction was
stirred overnight. The resultant suspension was filtered, washed with hexane (3 x 20

mL) and dried under vacuum to afford a white solid (typical yield 2.99 g, 79%).
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'H NMR (400.13 MHz, CsDs, 298 K) & -2.20 [s, 2H, CH,], -0.20 [s, 9H, CHs].
* Synthesis of [LiMg(CH,SiMes);] (26)!**"

To a solution of [Li(CH,SiCH3)] (1 mL of a 1 M solution in hexane, 1 mmol) in hexane
(10 mL) [Mg(CH,SiCHs),] (0.22 g, 1 mmol) was added and the resulting suspension
was stirred for 1 hour affording a clear solution. THF (0.08 mL, 1 mmol) was then
added and the clear solution was transferred to the freezer (-28 °C). Clear,
colourless crystals formed after 1 day, which were isolated and placed into the

glovebox. (0.04 g, 11%).
'H NMR (400.13 MHz, CsD, 298 K) 6 -1.36 [s, 6H, SiCH,], 0.25 [s, 27H, Si(CHs)s].
’Li NMR (155.5 MHz, CsDs, 298 K) 6 0.38.

* Synthesis of [NaMg(CH,SiMes)s] (27)™**®

[Na(CH,SiCHs)] (0.11 g, 1 mmol), [Mg(CH,SiCHs),] (0.22 g, 1 mmol) and hexane (10
mL) were added and stirred at room temperature during one hour. After this time
the solvent was removed. A mixture of hexane (5 mL) and toluene (5 mL) were then
introduced and it was heated until solution. The resulting colourless solution was
placed in the fridge. After 24 hours the white solid was filtered and placed in a

glovebox. (0.19 g, 61%).
'H NMR (400.13 MHz, C¢D¢, 298 K) 6 -1.71 [s, 6H, SiCH,], 0.28 [s, 27H, Si(CHs)s].
* Synthesis of [KMg(CH,SiMes);] (28)!**°

In a Schlenk, a suspension of [K(CH,SiCHs)] (0.13 g, 1 mmol) and [Mg(CH,SiCHs),]
(0.22 g, 1 mmol) in hexane (10 mL) was stirred for 1 hour at room temperature. 2

mL of toluene were then introduced and the mixture was gently heated. The
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resulting colourless solution was allowed to cool slowly to room temperature

affording a crop of colourless crystals of was isolated (0.16 g, 49%).
'H NMR (400.13 MHz, CsDs, 298 K) 5 -1.68 [s, 6H, SiCH,], 0.35 [s, 27H, s, Si(CHs)s].
* Synthesis of [(TMEDA),Li,Mg(CH,SiMes),] (29)"*°"

To a solution of [Li(CH,SiCHs)] (2 mL of a 1 M solution in hexane, 2 mmol) in hexane
(10 mL), [Mg(CH,SiCHs),] (0.22 g, 1 mmol) was added and the resulting suspension
was stirred for 1 hour affording an almost clear solution. TMEDA (0.3 mL, 2 mmol)
was then added giving a clear solution which was transferred to the freezer (-28 °C).
After 1 day colourless crystals were formed, which were isolated and placed to the

glovebox (0.28 g, 46%).

'H NMR (400.13 MHz, C¢D¢, 298 K) & -1.99 [s, 2H, SiCH,], 0.46 [s, 9H, Si(CHs)3], 1.65
[s, 2H, NCH,, TMEDAY], 2.02 [s, 6H, N(CHs),, TMEDAY.

’Li NMR (155.5 MHz, CsDg, 298 K) & 0.82.
* Synthesis of [[TMEDA),Na,Mg(CH,SiMe3s),] (30)

To a suspension of [Na(CH,SiCHs3)] (0.22 g, 2 mmol) in hexane (10 ml)
[Mg(CH,SiCHs),] (0.22 g, 1 mmol) was added and the suspension stirred for 1 hour.
TMEDA (0.30 mL, 2 mmol) was then added and the almost clear solution transferred
to the freezer (-28 °C). After 1 day a crop of clear, colourless crystals was isolated

(0.35 g, 54%).

'H NMR (400.13 MHz, C¢D¢, 298 K) & -1.78 [s, 2H, SiCH,], 0.47 [s, 9H, Si(CHs)3], 1.67
[s, 2H, NCH,, TMEDA], 1.92 [s, 6H, N(CHs),, TMEDAY.
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* Synthesis of [[PMDETA),K,Mg(CH,SiMes)4] (31)™%®

To a suspension of [K(CH,SiCH3)] (0.12 g, 1 mmol) in hexane (10 ml)
[Mg(CH,SiCHs),] (0.22 g, 1 mmol) was added and the suspension stirred for 1 hour.
PMDETA (0.10 mL, 0.5 mmol) was then added giving a clear solution with a yellow
oil deposited at the bottom of the Schlenk. The Schlenk was transferred to the
freezer (-28 °C) overnight. A crop of clear, colourless crystals was isolated (0.20 g,

50%).

'H NMR (400.13 MHz, C¢D, 298 K) & -1.56 [s, 8H, SiCH], 0.47 [s, 36H, Si(CHs)s], 1.72
- 1.76 [m, 16H, NCH,, PMDETA], 1.83 [s, 6H, NCHs, PMDETA], 1.91 [s, 24H, N(CHs),,
PMDETA].

* Synthesis of [*""NacnacH]®°"!

To a solution of 2,4-pentanedione (4.52 mL, 44.4 mmol) and 2,6-diisopropylaniline
(19.57 mL, 107 mmol) in ethanol (200 mL), 12 M of HCl (5 mL) was added. The
mixture was refluxed for 3 days. The solvent was removed to leave a pink solid
residue, which was refluxed with hexane (300 mL) for 1 hour. The solid was filtered
and placed in a 1 L flask where it was threated with 200 mL of a saturated aqueous
Na,COs solution and 300 mL of CH,Cl,. The slurry was stirred until the solid
dissolved. The organic layer was separated, dried with MgSO, and filtered. The
solvent was removed and the product was washed with cold (0 °C) methanol

obtaining a white solid (14.5 g, 78%).

'H (400.13 MHz, CDCls, 298 K): 6 12.12 [s, 1H, NH of ®P"NacnacH], 7.14 [s, 6H, Ar*
3.3250f PP Nacnac], 4.89 [s, 1H, CH of ®™"Nacnac], 3.19-3.08 [sept, 4H, J = 7.2 Hz,
CH, 'Pr, Ar* of ®""Nacnac], 1.73 [s, 6H, CH; of ®"Nacnac], 1.24-1.22 [d, 12H, J = 6.9
Hz, CHs, 'Pr, Ar* of ®"PNacnac], 1.15-1.13 [d, 12H, J = 6.9 Hz, CHs, 'Pr, Ar* of

PPPNacnac].
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*  Synthesis of ["""NacnacMg(TMP)] (36)"°°!

Mg(TMP), was prepared in situ by refluxing over 1 hour a mixture of nBu,Mg (4mL
of 1M solution in hexane, 4 mmol) and TMP(H) (1.36 mL, 8 mmol) in hexane
(10 mL). ®PNacnacH (1.66 g, 4 mmol) was then added and the resulting yellow
solution was heated to reflux for 1 hour. Overnight storage of the solution in the
freezer (- 30 °C) provided a batch of colourless crystals of (DippNacnac)I\/Ig(TMP)
(1.35g, 58 %).

'H NMR (400.13 MHz, C¢Dg, 298K ) § 7.13 [s, 6H, Ar* of ®PNacnac], 4.86 [s, 1H, CH
of ®PPNacnac], 3.28-3.18 [sept, 4H, J = 7.8 Hz, CH, 'Pr, Ar* of ®*Nacnac], 1.69 [s, 6H,
CH; of ®™Nacnac], 1.66 [m, 2H, CH,, y-TMP], 1.40-1.38 [d, 12H, J = 6.8 Hz CHs, 'Pr,
Ar* of ®PNacnac], 1.20 [m, 2H, CH,, B-TMP], 1.18-1.17 [d, 12H, J = 6.7 Hz, CHs, 'Pr,
Ar* of ®PNacnac], 0.95 [s, 12H, CHs, TMP].

* Synthesis of [*""NacnacMg(THF)Bu] (56)"%!

A Schlenk tube was charged with THF (10 mL) and nBu,Mg (4 mL of a 1M solution of
Bu2Mg in hexane, 4 mmol) followed by the addition of 1.66 g of ®*NacnacH (4 mmol)
and the resulting pale yellow solution was stirred for 1 hour at room temperature. The
solution was concentrated in vacuo and left to stand at -30 °C in the freezer. After 24

hours, a crop of colorless crystals was obtained (1.23 g, 54%).

'H NMR (400.13 MHz, CsD¢, 298K ) § 7.17 [s, 6H, Ar* of "*"Nacnac], 4.80 [s, 1H, CH of
PPPNacnac], 3.57 [m, 4H, OCH,, THF], 3.30 [m, 4H, CH, 'Pr, Ar* of ®*PNacnac], 1.66 [s,
6H, CHs of ®™PNacnac], 1.47 [m, 2H, CH,, Bul, 1.36 [m, 2H, CH,, Bu], 1.30 [m, 4H, CHz,
THF], 1.30 [d, 12H, CHs, Pr, Ar* of °"Nacnac], 1.23 [d, 12H, CHs;, 'Pr, Ar* of

PPPNacnac], 0.92 [t, 3H, CHs, Bu], -0.35 [m, 2H, Mg-CH,, Bu].
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7.3 Crystallographic Data

24 25
Empirical formula C36H75LisN4O4 Ci4H3N;Na,0
Mol. Mass 652.73 286.36
Crystal system Monoclinic Hexagonal
Space group P 2:/n P6;
a/ A 17.4465(11) 10.2293(2)
b/ A 11.9724(5) 10.2293(2)
c/ A 20.7681(13) 26.6996(6)
o] 90 90
B 111.632(7) 90
" 90 120
v/ A? 4032.4(4) 2419.51(11)
z 4 6
A A 0.71073 0.71073
pmm™ 1.075 1.179
20max ° 51.988 60.346
Measured reflections 15231 24738
Unique reflections 7907 4466
Rint 0.0444 0.0358
Observed rflns [I>2s(1)] 4941 3972
GooF 1.024 1.034
R [on F, obs rflns only] 0.0743 0.0349
WR [on F, all data] 0.2345 0.0802
Largest diff. Peak/hole. e/,&'3 0.423/-0.239 0.226/-0.192

268



Chapter 7. Experimental

32 33
Empirical formula Cs4H108Mg,NgNa,0g Cs4H10sMgyN6K, 06
Mol. Mass 1032.06 1064.30
Crystal system Triclinic Monoclinic
Space group P-1 P2./n
a/ A 11.6474(5) 9.6967(15)
b/ A 11.7398(7) 16.663(3))
c/ A 23.4025(8) 19.296(3)
a 100.805(4) 90
B 94.008(3) 93.162(14)
v 106.319(4) 90
v/ A? 2991.0(2) 3113.1(8)
z 2 12
AA 1.5418 0.71073
pmm™ 1.146 0.930
20max ° 146.58 57.888
Measured reflections 43397 13216
Unique reflections 11830 7038
Rint 0.0316 0.0761
Observed rflns [I>2s(1)] 9231 2362
GooF 1.02 0.965
R [on F, obs rflns only] 0.1576 0.1037
WR [on F, all data] 0.1752 0.3118
Largest diff. Peak/hole. e/,&'3 0.486/-0.363 0.9639/-0.3915
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34 35
Empirical formula C3,H7,Mg;NgNa, C3gHgeK,Mg N1
Mol. Mass 639.26 785.67
Crystal system Monoclinic Orthorhombic
Space group P 24/n 28.5536(5)
a/ A 10.4760(14) 16.6156(3)
b/ A 19.224(2) 20.3352(3)
c/ A 19.864(2) 19.296(3)
a 90 90
B 93.733(10) 90
y 90 90
v/ A® 3991.9(8) 9647.7(3)
z 4 8
A/A 0.71073 1.5418
wmm™ 1.064 1.082
20max ° 52 146
Measured reflections 19600 42734
Unique reflections 7810 9557
Rint 0.0781 0.0344
Observed rflns [1>2s(1)] 4183 7899
GooF 1.012 1.023
R [on F, obs rflns only] 0.0711 0.0652
WR [on F, all data] 0.2205 0.1851
Largest diff. Peak/hole. e/A‘3 0.613/-0.381 0.864/-0.624
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39

40
Empirical formula C3,HasMgyNs Co3H110M82N10
Mol. Mass 524.04 1416.52
Crystal system Monoclinic Monoclinic
Space group P2:/n P2:/n
a/ A 11.5906(4) 15.3537(5)
b/ A 15.2013(6) 14.2772(5)
c/ A 17.8446(7) 19.1707(8)
o] 90.00 90.00
B 98.976(4) 104.615(4)
Y 90.00 90.00
v/ A3 3105.6(2) 4066.4(3)
z 4 2
AA 1.54180 0.71073
pmm™ 0.693 0.082
20max ° 145.86 58.7
Measured reflections 21057 25760
Unique reflections 6086 10388
Rint 0.0226 0.0280
Observed rflns [I>2s(1)] 5378 7675
GooF 1.040 1.026
R [on F, obs rflns only] 0.0419 0.0453
WR [on F, all data] 0.1150 0.1183
Largest diff. Peak/hole. e/,&'3 0.269/-0.204 0.276/-0.238
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41 43
Empirical formula C70HgoMg,N 1,04 C4H10:Mg;Ng04
Mol. Mass 1212.27 1140.23
Crystal system Monoclinic Triclinic
Space group P2:/n P-1
a/ A 13.0738(4) 12.3525(7)
b/ A 14.2398(5) 12.4080(8)
c/ A 19.0456(6) 22.7369(14)
a 90 101.488(3)
B 92.872(3) 92.550(3)
Y 90 93.804(3)
v/ A? 3541.2(2) 3401.6(4)
z 2 2
AA 0.71073 0.6889
pmm™ 1.137 0.079
20max ° 57.998 51.0
Measured reflections 18999 42336
Unique reflections 9058 13767
Rint 0.0249 0.0635
Observed rflns [I>2s(1)] 6862 9222
GooF 1.019 1.066
R [on F, obs rflns only] 0.0497 0.0561
WR [on F, all data] 0.1297 0.1595
Largest diff. Peak/hole. e/,&'3 0.617/-0.371 0.432/-0.388
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44 47
Empirical formula Cy4HssF,Mgy N3O, C41Hs54MgyN,O,
Mol. Mass 704.22 705.26
Crystal system Triclinic Triclinic
Space group P-1 P-1
a/ A 9.2553(9) 8.5700(6)
b/ A 12.7671(13) 11.6230(8)
c/ A 16.8484(16) 21.8670(15)
a 84.318(2) 104.360(3)
B 82.946(2) 92.391(3)
y 86.524(2) 99.597(3)
v/ A® 1963.7(3) 2072.7(3)
z 2 2
A/A 0.6889 0.6889
wmm™ 0.086 1.130
20max ° 51.2 50.916
Measured reflections 16112 39658
Unique reflections 8089 39658
Rint 0.0442 0.0655
Observed rflns [1>2s(1)] 6867 28963
GooF 1.119 1.077
R [on F, obs rflns only] 0.0477 0.0608
WR [on F, all data] 0.1275 0.1770
Largest diff. Peak/hole. e/A‘3 0.370/0.390 0.409/-0.340
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50
Empirical formula C3gHs50F4sMgN,0
Mol. Mass 663.14
Crystal system Monoclinic
Space group P 24/n
a/ A 12.4430(4)
b/ A 16.6363(6)
c/ A 18.2241(6)
o 90
B 97.499(3)
Y 90
v/ A® 3740.2(2)
z 4
A/A 1.54184
wmm™ 1.1776
20max ° 146.34
Measured reflections 15184
Unique reflections 7339
Rint 0.0246
Observed rflns [1>2s(1)] 6085
GooF 1.0423
R [on F, obs rflns only] 0.0539
WR [on F, all data] 0.1603

Largest diff. Peak/hole. e/A‘a

0.4161/-0.2267
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