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Abstract

Advancing the exploitation of alkali metal-magnesiates and alkali metal-manganates in a
variety of fundamental organic transformations, this thesis presents an extensive study, which
assesses synergistic behaviours in this systems and their ability to promote catalytic

transformations.

Using novel potassium magnesiates such as (PMDETA).K:Mg(CH2SiMes)s (1b), selective
magnesiation of aromatic and heterocyclic substrates has been accomplished under mild
reaction conditions, using an hydrocarbon solvent. These studies have revealed an important
alkali metal effect; thus when the K atom in 1b is replaced by Li or Na, the direct magnesiation

processes are inhibited.

The ability of sodium magnesiates to perform catalytic transformations has been disclosed,
finding that higher order sodium magnesiate (TMEDA)2Na;Mg(CH.SiMes)s (1d) catalyses
the cycloaddition of alkynes to azides with the corresponding formation of a wide range of 1,5-
disubstituted-1,2,3-triazoles. Structural elucidation of key organometallic intermediates along
with IH DOSY NMR studies has revealed sodium magnesiate [(THF)4Na;Mg{C=C(p-tolyl)}4]
(1)) is a reaction intermediate in these processes. Mechanistic insights have been gained by
Kinetic studies which revealed that the reaction rate is zero-order in alkyne and order one in
azide and catalyst, thus indicating the insertion/intramolecular nucleophilic attack is the rate

determining step of the reaction.

NaMg(CH.SiMez)s (1f) was found to perform the guanylation and hydrophosphination of
multiple amines/phosphines upon reactions with carbodiimides at ambient temperature and in
very short periods of time. Comprehensive stoichiometric and kinetic studies revealed this
reaction takes place via tris amido sodium magnesiate (1m) and mixed amido/guanidinate (10)
intermediates. Interestingly, a concerted transition state is proposed which agrees with the first

order observed in amine and carbodiimide.

Lithium manganate (THF)xL i2Mn(CH.SiMez)4 (1u) was found to be an excellent reagents for
the Mn/l exchange reaction of iodoaryls followed by homocoupling for the synthesis of a
variety of symmetric biaryl reagents. Interestingly the activity of 1u could be upgraded to
catalytic conditions, with the use of Mg(s) as reducing agent. Preliminary mechanistic studies

have revealed that Li plays a major role in this transformations.
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CHAPTER 1

Introduction



1.1 General Introduction

1.1.1 Mixed-metal organometallic reagents

Over the past decade the synthesis and exploitation of bimetallic reagents, which combine two
metals of markedly different polarities have truly revolutionised organometallic chemistry.1-4
Pioneered by Wanklyn more than 150 years ago with the synthesis of NaZnEts® these
bimetallic reagents exhibit unique synergic chemical profiles which cannot be replicated by
their homometallic components. Thus mixed-metal reagents have come to the fore as a new
family of versatile and effective organometallic reagents which can participate in several key
organic transformations such as metallations, metal-halogen exchange reactions and
nucleophilic additions, to name just a few. Important landmarks in this evolving area of
chemistry involve Knochel’s “turbo-Grignard” reagents, the Lochmann-Schlosser
“superbase”® as well as Mulvey’s contributions towards understanding the synergic effects

taking place in alkali-metal-mediated metallation reactions (Figure 1.1).4

- >TMP
TMP—\,  Na—

Turbo Grignard and Turbo-Hauser . Lochman-Schlosser superbases
bases !
| THF : R
THF\Mg/C > | Ll K
~ ! 6]
R e’ THE | R
I
RMgCI-LiCl i LIK-KOR
R=Alkyl, amine ' R=Alkyl
I
D g
Alkali metal ates TMP
| " Na Me Na
R | ! — ~
| R . TMP, \ / T~ TMP
Ay >M—R | Am‘“\R\M»‘ S | \ /
“R ! ~o— No | M— M
| |

Lower order bases Higher order bases

AN /
TMP
M= Mg, Mn; Am= Li, Na, K Template bases

R= Alkyl

Figure 1.1: Chem Draw representation of a selection of mixed metal reagents




1.1.2 Historical background

Despite Wanklyn’s early discovery, these systems received little attention until the twentieth
century. Almost a hundred years after Wanklyn’s discovery, Wittig described the bimetallic
species LiZnPhz and LiMgPhs, which were prepared by mixing the homometallic components
PhLi with ZnPh, and PhLi with MgPh, respectively.® Wittig introduced the term ‘ate’ to
distinguish these complexes from classical organomagnesium and organolithium complexes
and noted their special reactivities. Initial studies about the reactivity of these compounds with
a-p unsaturated ketones showed that LiMgPhs afforded the product of 1,4-addition, whereas
PhLi on its own yields mainly the 1,2-addition product (Scheme 1.1).67

Lt * LiMgPh,
_ 0 _
o) Ph ) . (0] Ph
PhLi LiMgPhs
/ —_—
Ph)\)\ph ~————— Ph Ph Ph)\)\Ph
1,2-addition 1,4-addition

Scheme 1.1: 1,2- and 1,4-addition products obtained from the reaction of a-p unsaturated ketones

with PhLi and LiMgPh; respectively

NMR studies carried out by L. M. Seitz and T. L. Brown of the reaction of methyllithium and
dimethylmagnesium in 1967 strongly supported the formation of lithium
trimethylmagnesiate.®® Finally, in 1978, X-ray crystallographic analysis by Thoennes and
Weiss unambiguously proved the formation of mixed metal organomagnesiates.1® LiMgPhs
was the first alkali-metal magnesiate compound to be described. An ‘ate’ compound can be
defined as a combination of one metal of lower polarity, for example magnesium or zinc, with
a more electropositive alkali metal (such as Li, Na or K), and containing an array of anionic
ligands (alkyl, amine, halide, etc). Ate complexes can commonly be classed as either tri- or
tetraorganometallates with the general formula M'M'"R3 and M'2M""R4 respectively where M!

represents the alkali metal, M is the divalent metal and R is the anionic ligand.

Weiss made a further step into the research of ate compounds by stabilising the
X-ray molecular structures of many important organo-alkali-metal-compounds from the early
1960s and beyond.2 One of the structures characterised by Weiss was [(TMEDA).Li2MgMe4]
(Figure 1.2). The monomeric structure of this magnesiate exhibits a tetrahedral coordination
around magnesium with the methyl groups forming unsymmetrical p, bridges between the

magnesium and the TMEDA-solvated lithium atoms.!



Mg

Figure 1.2: Molecular geometry of [(TMEDA).Li-MgMe4]. Hydrogen atoms omitted for clarity

While these mixed metal systems have been utilised in a myriad of organic transformations,
this introduction will focus on their applications in deprotonative metallation which are more

relevant to the original research reported in this thesis.

1.2 Deprotonative metallation in synthesis

1.2.1 Importance of metallation chemistry

Deprotonative metallation is one of the most powerful and widely used synthetic
methodologies. In general terms metallation involves the transformation of a relatively inert
carbon-hydrogen bond to a more polar, therefore highly reactive carbon-metal bond. Typically
highly reactive organometallic compounds such as organolithium compounds are employed.
However these reagents suffer from major drawbacks, such as the low functional group
tolerance, and limited selectivity which imposes the use of extremely low temperatures to
preclude side reactions. In order to overcome these drawbacks several alternative metallating
reagents have been developed, such as the Lochmann-Schlosser superbase reagents (described
in chapter 1.2.3) or the Turbo-Hauser bases (described in chapter 1.3.1) which have truly

revolutionised the landscape of metallation chemistry.
1.2.2 Organolithium reagents in metallation chemistry

Organolithium reagents are indispensable reagents in organic synthesis. An estimated 95% of
manufactured pharmaceuticals involve the use of this family of polar organometallic reagents
at some stage of their preparation.! Several key features of this family of organometallic
reagents have made them become commodity reagents in synthesis. Firstly, organolithium
compounds exhibit excellent solubility in hydrocarbon solvents, therefore they are

commercially available in hexane solution. In addition they are more stable in these solutions,
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so they can be prepared, stored and transported. Secondly, the high polarity of the C-Li bond
means they have high reactivity, thus these compounds can be employed in a variety of
applications. For example they can be employed as strong bases, nucleophiles or as reagents
for metal-halogen exchange reactions.!? Directed ortho-lithiation (DoM), the directed
metallation of an aromatic hydrogen located at the ortho-position of a functional group (FG)
(Scheme 1.2), has overtaken classical electrophilic aromatic substitution as the principal tool

for the regiospecific functionalisation of substituted aromatic molecules.

FG~-_|_|_——R FG

Scheme 1.2: Directed ortho-metallation process.

This approach was pioneered by Gilman'® and Wittig* who reported the ortho-lithiation of
anisole. It is known that BuL.i is stabilised in hydrocarbon solutions by forming an hexameric
complex.t®> As shown in Scheme 1.3, the ortho-lithiation of anisole proceeds through the
deaggregation of the BuLi hexamer to form a tetrameric BuLi anisole complex. The addition
of TMEDA displaces the anisole from the tetramer to give a BuLi-TMEDA dimer which is
able to deprotonate anisole at temperatures above 0 °C yielding the final ortho-lithiated anisole

product.

MexN_ NMe,
Li

\/\< >/\/ OMe

Li
/N Li
(BuLi)g TMEDA  Me;N  NMe, >0°C
—_— —_—
+ -BuH

Scheme 1.3: BuLi mediated ortho-deprotonation of anisole

Ortho-lithiations involve the deprotonation of a substituted aromatic ring by an organolithium
reagent such as BuLi or ‘BuLli, or a lithium amide reagent (such as lithium diisopropylamide,
LDA, or lithium 2,2,6,6-tetramethylpiperidide, LiTMP). Considering that benzene is 10 orders

of magnitude more acidic than butane, the removal of any aromatic proton by butyllithium is

4



thermodynamically favoured. Surprisingly, when benzene is added to a solution of "BuLi in
hexane only a negligible amount of deprotonation is observed after 3 hours at room
temperature.1617 This can be rationalised in terms of the structure of BuLi in solution in this
solvent, which is a hexamer that reacts slowly with benzene.’® By adding TMEDA this
hexameric aggregate can be broken up into a smaller oligomeric form [(TMEDA)BuLi]2> which
is now able to react efficiently at room temperature to form PhLi-TMEDA in almost
quantitative yields (Scheme 1.4).17

Li
"BuLi, TMEDA

25°C i

Scheme 1.4: Room temperature lithiation of benzene in the presence of TMEDA.

Functional groups play an important role in ortho-lithiations. Snieckus divided the typical
ortho-lithiation-directing groups into classes, according to the ease with which they allow the
aromatic molecule to be lithiated.'® The most powerful classes comprise carboxylic acids and
carbonate-derived functions containing both nitrogen and oxygen such as secondary and
tertiary amides,?® oxazolines,?! and carbamates.?® These functional groups contain highly
Lewis basic heteroatoms (for example a carbonyl group is amongst the strongest neutral Lewis
bases which contains oxygen atoms). In addition they are strongly electron-withdrawing groups
which reduce the aromaticity of the ring, thus increasing the acidity of the aromatic protons of
the ring (group 1 of Scheme 1.5).



decreasing ability in direct ortholithiation

\

Group 2

MOM
ethers
imines )O\ CF3
N~ OtBU @
© ethers X
benzylic

Group 3

Hal

O

halogens

tertiary

B
C u A _NR
)LNR2 o S (o \S 2

amides

tertiar;
O-carbamates sulfones Y

sulfonamides
tryfluoromethyl alkoxide

N-carbamates

//o,

NR, RyN

) n
L|O @
oxazolines
secondary
amides secondary anilines
sulfoxides sulfonamides remote amines
aminomethyl
T=-78°C T =-50 to -20 °C T=0t020°C

Lower temperatures needed to avoid formation of by product

Scheme 1.5: Classes of directing groups for direct ortho-lithiation

It should also be noted that these groups are also electrophilic, which can suffer attack from
the organolithium compound. A synthetic strategy is to use sterically hindered groups to
prevent this, which can consequently hinder their proton removal. Sulfones and sulphonamides
are powerful directors?? and do not undergo nucleophilic attack at sulphur, although they can
suffer from side reactions on the aromatic ring,%® and they have more limited synthetic
applications.?* Functional groups containing only oxygen or nitrogen (group 3 in Scheme 1.5)
are weak with regard to directing ability, due to their lower Lewis basicity and lower acidity of
the protons adjacent to the functional group. The most powerful compounds of group 3 are
those containing a nitrogen lone pair to coordinate to the organolithium, and also the oxygen
containing compounds with the oxygen attached to the ring, inductively acidifying nearby
protons. Group 2 in Scheme 1.5 contains oxazolines which are resistant to nucleophilic attack

and can be lithiated using "BuL.i.®

Despite their vast applications, organolithium reagents also have major drawbacks. As
previously mentioned, they can suffer from a lack of selectivity and poor functional group
tolerance towards direct ortho-metallation of organic substrates. By way of example, the
reaction of N,N-diethylbenzamide with "BuLi in THF at 0 °C gives 1-phenylpentan-1-one as
major product which results from the butyl addition to the electrophilic C=0 of the amide
(Scheme 1.6).2627 By employing the hindered, non-nucleophilic LiTMP base with the same

substrate it is possible to avoid attack at the C=0 group obtaining ortholithiation. However the
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ortholithiated product reacts immediately with another molecule of starting material to form 2-

benzoyl-N,N-diethylbenzamide as a by-product (Scheme 1.6).

O NEL NEt, O« _NEt,
NEt2 0
LB
uLi DLITMP o
THF, 0 °C “THF,0°C ETr

+ HNEt,

Scheme 1.6: Side reactions of BuLi and LiTMP in the reaction with N,N-diethylbenzamide.

The poor functional group tolerance of organolithium reagents imposes the use of low
temperatures to avoid side reactions. In addition organolithium compounds react with common
organic solvents such as THF.2829 In order to overcome these limitations, a large amount of

research effort has been dedicated to develop new metallating devices.
1.2.3 Lochmann-Schlosser superbase reagents

In the 1960s the independent simultaneous work carried out by Lochmann and Schlosser
introduced the “LIC-KOR” superbase (LIC denoting the alkyllithium and KOR denoting the
potassium alkoxide).3031 The base is formed by combining n-butyllithium and potassium tert-
butoxide. These two species form a mixed aggregate of greater reactivity than either reagent
alone. Studies on the addition reaction of BuL.i in the presence of NaO'Bu or KO!Bu have
shown that the reactivity of these compounds can be increased by a factor of more than 106
when compared to BuL.i.3? The exact nature of this base, in structural terms, remained uncertain
for many years, and the characterisation of the metallated products upon deprotonation with
this superbase has proved to be complicated.33-36 In 2014 Strohmann and collaborators unveiled
the structure of the intermediate derived from the metallation of benzene using "BuLi/'BuOK
in THF at -78 °C, being [(PhK)4(PhLi)(BuOLi)(THF)s(Ph)2] (Figure 1.3).%’


http://en.wikipedia.org/wiki/N-butyllithium
http://en.wikipedia.org/wiki/Potassium_tert-butoxide
http://en.wikipedia.org/wiki/Potassium_tert-butoxide
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Figure 1.3: Strohmann’s intermediate for the metallation of benzene using "BuLi/'BuOK. Free phenyl

groups omitted for clarity.

The composition of the intermediate contains each of the superbase’s components. Very
recently Klett et al unveiled the formation of alkane-soluble and room-temperature-stable
“LIC-KOR” superbases obtained upon reaction between neopentyllithium and potassium tert-
butoxide. Using 'H and 3C NMR spectroscopic studies authors were able to characterise
different mixtures of lithium/potassium and neopentyl/tert-butoxy aggregates of varying
compositions of the type [LixKyNp(OBu)x+y-;] depending on the ratio of
neopentyllithium:potassium tert-butoxide employed (Scheme 1.7).38

n LiNp + (4-n) LIO'Bu + 4 KO'Bu ———> n Li4K4Np,(O'Bu)g., T» n LisK3Np,(O'Bu),.,
KO'Bu

Scheme 1.7: Different mixtures of Li/K and Np/'BuO aggregates obtained.

In addition these compounds were also characterised by X-Ray studies which confirmed the

close interaction of lithium, potassium, alkyl, and alkoxy groups.

The increased basicity found by the presence of an alkoxide had been reported twenty years
previously by Morton et al. who applied the “alkoxide effect” to polymerisation reactions.
Morton observed an increase in reaction rate and higher yields of metallated product with the
addition of sodium isopropoxide, or potassium isopropoxide, to a suspension of the already
highly basic n-pentylsodium.3%40 Notably, Morton also reported that this combination of n-

pentylsodium with sodium isopropoxide could metallate ethene directly to form vinyl



sodium.*t The reactivity of LIC-KOR has been described as intermediate between n-
butyllithium and n-butylpotassium, however, unlike n-butylpotassium, LIC-KOR is stable in
THF at -75 °C.#2 These reagents can be used as a very successful deprotonating agent against
relatively non-acidic C-H bonds such as allylic,*344 vinylic,** benzylic*® and aromatic hydrogen
atoms.*¢ For example when stoichiometric amounts of "BuLi and 'BuOK react with benzene in
THF at -75 °C, the monometallation product is observed. The same reaction in hexane at

ambient temperature forms meta-and para-disubstituted products (Table 1.1).46

Table 1.1: Different regioselectivity observed for LIC-KOR deprotonation of benzene when using THF

or hexane solvents.

COH COH
N 1) BuLi, KO'Bu 1) BuLi, KO'Bu
| hexane, 25 °C THF, 25 °C
HOC—; ‘ + M
G 2) CO,, H30 2) CO,, H30
Conversion (%)

Time Mono Meta Para Time Conversion
(h) substitution di-substitution di-substitution (h) (%)
0.25 65 3 7 0.1 2
0.5 61 3 9 0.5 4

1 65 6 9 5 13
5 52 8 11 25 22

The regioselectivity of these superbase reagents tends to be directed by means of acidity
(superbases deprotonate the most acidic proton of the substrate); in addition, coordination
effects do not particularly influence these reagents. For example, with groups that direct mainly
by acidification, selective ortho-metallation occurs. Thus the use of BuLi/KO'Bu allows the
selective metallation of the weak ortho directing group category of substrates, fluorobenzene
and trifluorotoluene (Scheme 1.5 for further details), in good yields and in a selective manner
(Table 1.2): 4748



Table 1.2: Ortho-metallation of different fluoro-substituted aromatic substrates with the LIK-KOR

superbase.
R R R
Li/K + CO,H
BuLi, KO'Bu CO,, H30
—_— —_—
hexane, 3h
Entry R T (°C) Time (h) Yield (%)
1 F -75 3 98
2 CFs -75 3 94
3 CFs 25 2 52

In the case of the reaction of LIC-KOR with 1,3-bis(trifluoromethyl)benzene at (-75 °C)
metallation occurs exclusively at the C, position whereas employing ®BuLi a
mixture of the C4 and Cs metallated products is observed, and LiTMP yields exclusively the

product of C4 metallation (Scheme 1.8).46:4°

CFs CF
, CF CF
LITMP 3 ‘BuLi 3 ’
THF, -75 °C, 2h THP,-20°C
< > +
cr. €O Hy0 " CO,, Hs0"
3 CF,4 HO,C CF, CF3;
CO,H
42 % CO,H
co. h.ot | Buli KOBu ° 2
94 % 273 39 %

THF, -75 °C, 2h

CF,
CO,H

CFs4
78 %
Scheme 1.8: Different regioselectivities between LiTMP, 'BuLi and LIC-KOR towards deprotonation
of 1,3-bis(trifluoromethyl)benzene

3-(Trifluoromethyl)benzyl alcohol offers different choices of regioselectivity depending on the
metallating reagent employed for the reaction. Treatment of this substrate in THF with ‘BuL.i

and subsequent quenching with carbon dioxide generated a product with a carboxyl group
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(CO2H) in the Cs position. Using LIC-KOR under the same reaction conditions the carboxyl
group was inserted in the C» position. Contrastingly sec-BuLi/PMDETA affords the carboxyl

group in the C4 position (Scheme 1.9).47

CH,OH
2 . CH,0H | CH,OH
1)*BuLi/PMDETA 1) BuLi, -75 °C, 2h
-75 °C, 2h 7:3 (THF/Hexane) HO,C
7:3 (THF/Hexane) 2) COy, Hz0"

*  2)co,, H0" CF4 CF,

CO,H 12 %
25 % 1)SBuLi/KO'Bu
75 °C, 2h 2) CO,, H3O"

7:3 (THF/Hexane)

CH,OH
CO,H

47 % CF3

Scheme 1.9: Different regioselectivity in the deprotonation of 3-(trifluoromethyl) benzyl alcohol.

In the metallation of low acidity C-H bonds, the superbase is an excellent reagent, however its
regioselectivity can sometimes be a major drawback. For example in the metallation of one
equivalent of naphthalene using one equivalent of BuLi/KO™®Bu a mixture of monosubstituted

and di-substituted carboxylic acids are obtained after quenching with carbon dioxide

(Table 1.3).46

Table 1.3: Different regioselectivity in the deprotonation naphthalene.

1) BuLi, KO'Bu COH  Ho,C
solvent, T (°C), Time (h)
> + CO,H
2) CO,, HyO"
Reaction Mono substitution . o
. di-substitution
conditions (%) (Alpha:beta)
THF, 1h, -50 °C 23 (52:48) 3
Hexane, 24h, 25 °C 28 (45:55) 25

The LIC-KOR superbase is often too aggressive; therefore another limit of this reagent is the

low functional group tolerance.
11



Other versions of mixed lithium potassium metallating reagents can be found in the literature.
One of them is the amide version of the LIC-KOR mixed metal reagent, known as LINK bases
which consists of a combination of BUuLi/KO®BuU/TMP. LINK reagents can in some cases react
differently compared to LIC-KOR. Schlosser and collaborators have described direct
metallation reactions using this reagents.>® Recently O’ Shea et al have used LIC-KOR reagents
for the carbolithiation reactions. Carbolithiations are addition reactions of alkyl, vinyl and
aryllithiums to unactivated alkenes and alkynes.?! The difficulty in this procedure is controlling
regio- and stereoselectively of the process. O’Shea and collaborators have efficiently carried

out the C-H lithiation of cis-stilbenes employing a variety of different Li reagents (Table 1.4).52

Table 1.4: direct lithiation of cis-stilbenes employing a variety of different Li reagents

KILi KiLi D Ph
Ph ru,THE DS /T —
b Ph CD3OD
cond/t/ons
(2)

Entry DG RLi/additive T (°C) Yield (%)
1 H BuLi/KO'Bu -78 80
2 SiMe; BuLi/KO'Bu -78 80
3 OMe BuLi -25 71
4 OMOM LiTMP/ KOtBu -78 85

Particularly interesting is the reaction with the substrates having OMOM as directing group. In
fact to achieve the regioselective vinyl C-H metalation of 0-OMOM cis-stilbene mixed metal
amide system LiTMP/ KOtBu is needed. Differences in the reactivity of LIC-KOR and LINK
bases are highlighted by O’Shea et al in the metallation of this substrate (Scheme 1.10).53:54

oo o Mo SN0 "™ D
D X BuLi/KOtBu N LiTMP/KOtBu x-Fh
-
Ph  THF, -78 °C Ph  THF, -78°C

Scheme 1.10: Differences in the reactivity of LIC-KOR and LINK bases with 0-OMOM cis-stilbene

Using BuLi/KOtBu superbase the metallation occurs in the ortho position relative to the

OMOM group in the aromatic ring.%3
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1.2.4 Applications of magnesium reagents in deprotonative metallations:

Diorganomagnesium compounds can be prepared by manipulation of Schlenk equilibrium
present in Grignard reagents (RMgX, R=Alkyl, X=halogen) which in ethereal solvents coexists
in equilibrium with the relevant diorganomagnesium species (MgR2) and magnesium dihalide
(MgX2).% This equilibrium can be shifted towards the formation of the MgR2 species by adding
dioxane which forms an extremely insoluble complex with MgX2 (Scheme 1.11).

Et,O dioxane
2Mg + 2CIR — > 2RMgCI — MgR, + MgCl,- dioxane|

R = CH,SiMe; 60-72%

Scheme 1.11: Chem Draw representation of Schlenk equilibrium in Grignard reagents

Furthermore, magnesium bisamides, (R2N)2Mg, have recently attracted attention and are fast
becoming pop star reagents in organic synthesis.% In particular, their milder reactivity when
compared with lithium amides, and great functional tolerance have increased the number of
applications reported for these reagents.5’:58 Traditionally a typical process for the preparation
of organomagnesium compounds would involve initial lithiation of a substrate followed by a
transmetallation reaction with either a Grignard reagent or a metal halide.>® However by using
magnesium bases capable of promoting direct Mg-H exchange reactions, it is possible to grant
access to functionalised organomagnesium intermediates in a much more efficient manner,
minimising the risk of side reactions taking place. Eaton developed the use of Mg(TMP)>
(TMP=2,2,6,6-tetramethylpiperidide) as a selective deprotonating agent.®® The reaction of 4
equivalents of Mg(TMP). with one equivalent of methyl benzoate for 45 minutes in THF
solution at room temperature followed by quenching with carbon dioxide, acidification and
esterification gave dimethyl o-phthalate in 81 % isolated yield (Scheme 1.12). It is interesting
to note that BuLi cannot be employed to perform the same reaction as it would lead to side
product formation from the nucleophilic addition of butane to the ester group (CO2Me). The
lower reactivity of the magnesium base allows formation of ortho metallated product after
carboxylation and esterification, however high excess of magnesium base is needed for this

reaction to take place.
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CO,CHs CO,CH, CO,CHs

4 eq.
Mg(TMP), Mg(TMP) 4 co, CO,CHs
> _—
RT, 45 min 2. CH2N2

81 %

Scheme 1.12: Mg(TMP), mediated ortho-deprotonation of methyl benzoate followed by

carboxylation and esterification.®

Effective ortho-magnesiation reactions can be carried out using the bisamido base Mg(TMP).
in the presence of esters, which are normally more susceptible to nucleophilic attack using
conventional Li-based reagents.®! In addition, indoles may be deprotonated exclusively at the
2-position by Mg(iPr2N)2 at ambient temperature. Subsequent quenching with a variety of

electrophiles leads to 2-subsituted indoles in good to excellent yields (Table 1.5).62

Table 1.5: Deprotonation of different N-substituted indoles using magnesium amide bases.

R R R
N/ 2 eq. N/ . N/
Mg amide Electrophile
/ THF, RT g T Yo
R Mg amide Electrophile E Yield (%)
SO:Ph Mg(NPry), PhCHO CH(OH)Ph 93
SO.Ph Mg(NPry), I, [ 85
SO,Ph MgBr(NPr,) PhCHO CH(OH)Ph 83
SO.Ph MgBr(NPr,) I [ 60
CO7'Bu Mg(NiPry), PhCHO CH(OH)Ph 0
COZBu Mg(NPr,), I, [ 52
Me Mg(N'Pr2), I, | 0
H Mg(NPr2), CO,-CH:N; CO;Me 58

Interestingly Mg(TMP): is stable in THF solutions even when heating to reflux over several
hours. As an example, 1,4-bis(N,N-diisopropylcarboxamido)-cubane can be metallated using
excess of Mg(TMP): in refluxing THF, which after carboxylation and esterification yields the

corresponding di-ester cubane (Scheme 1.13).60
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H3CO,C

CON(Pr), 1)9eq. Mg(TMP), CON(Pr),
refluxing THF, 3h
('PI’)zNOC 2) CO, (iPr)ZNOC
3) CH2N, 85% CO,CH,4

Scheme 1.13: Mg(TMP), mediated magnesiation of 1,4-bis(N,N-diisopropylcarboxamido)-cubane in
refluxing THF.

This feature allows its use at higher temperatures than organolithium reagents which
decompose very rapidly under these conditions. Notwithstanding, the main limitation of these
compounds is their reduced metallating power when compared to organolithium bases. For
example Mg(TMP). cannot deprotonate substrates such as benzene or anisole. In addition when
this base successfully carries out the deprotonation reaction, a high excess of base is required

which clearly reflects the lower efficiency as a metallating reagent of Mg(TMP)o.

1.3 Kinetic activation of magnesium reagents: magnesiate formation

1.3.1 Turbo-Hauser bases:

In 1994 Knochel and co-workers reported that the addition of stoichiometric amounts of LiCl
to Grignard reagents could greatly enhance the reactivity of the latter. Thus, compounds like
iPrMgCI-LiCl can be effectively used to promote direct Mg-X exchange reactions (X = Br, I)
of a wide range of organic substrates.53 These bimetallic combinations are known in the

literature as turbo-Grignard reagents and recently they have become commercially available.5

The analogue version of this reagent, but employing Hauser base TMPMgCI combined with
LiCl (turbo-Hauser base), has also been developed by the same research group.6566
(TMP)MgCI-LiCI shows high Kinetic activity and extremely good solubility making it soluble
in THF (Scheme 1.14).
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Scheme 1.14: synthesis of the turbo-Hauser reagent (TMP)MgCI-LiCl

This Turbo-Hauser base can promote a variety of metal-hydrogen exchange reactions of
challenging substrates showing a high degree of regiospecificity.5-6% As an example,
isoquinoline can be magnesiated in the C; position after 2 hours at ambient temperature giving

an excellent yield (92%) after iodine quenching (Scheme 1.15).66

Xy 1.1eq (TMP)MgCELCI A I, X
> _
N THF, 25 C, 2h N N

MgCI- LiCl 92% |

Scheme 1.15: Magnesiation followed by iodine quench of Isoquinoline using the Turbo-Hauser
(TMP)MgCI-LiCl.

Additionally, (TMP)MgCI'LiCl has been found to be an extremely effective regioselective
base. For example, different organic 5 membered heterocyclic compounds can be magnesiated
with excellent yields and high regioselectivity (Table 1.6).56.69

Table 1.6: Magnesiation followed by iodine quench of different 5-membered ring heterocyclic
substrates using the turbo-Hauser base (TMP)MgCI-LiClI.

X 1.1 eq (TMP)MgCI-LiCI X £ X
[ /> — E />7MgCI’L|CI — E />7R
Y Y Y

Entry X Y E R Temp (°C)  Time (h)  Yield (%)
1 0] CH DMF CHO 25 24 81
2 S CH DMF CHO 25 24 90
3 S N PhCHO = CH(OH)Ph 0 0.1 94

The bimetallic constitution of (TMP)MgCI-LiCl has been demonstrated by Mulvey et al who

have managed to structurally define this compound using X-ray crystallography (Figure 1.4).64
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Figure 1.4: Molecular structure of the “turbo-Hauser Grignard” [(THF),Li(4-Cl):Mg(THF)(TMP)]

As shown in Figure 1.4, the molecular structure of turbo-Hauser base (TMP)MgCI-LiCl is a
molecular halide contacted ion-pair magnesiate, rather than a salt-like motif. The sterically
hindered TMP, which is the active base, binds solely to magnesium and not to lithium.
Magnesium is tetra-coordinated and a potentially labile THF molecule is bonded to it, geminal
to the active TMP ligand. By losing this THF a new vacant coordination site will be potentially

available for the substrate to coordinate with the base prior to the metallation.

1.3.2 Alkali-metal magnesiates

Alkali-metal magnesiates have emerged as a synthetic alternative to traditional single metal
reagents to promote regioselective direct Mg-H exchange processes. For metallation chemistry
two main types of magnesiates have been employed, homoleptic alkyl or amido magnesiates
such as MoMgR4%72and MMgR372-74 and heteroleptic species such as MMg(TMP),R7576 and
(TMP)M(CI-LiCI (where M is an alkali metal).5*

Recently Mongin has successfully employed lithium magnesiate chemistry in the
deprotonation of several heteroaryl molecules including pyridines,”” fluoroaromatics,’®
thiophenes,” furan,® benzoxazoles and oxazoles,8! with the resulting metallated intermediate
being trapped with a variety of electrophiles. In the magnesiation of furan Mongin used both
lithium tributylmagnesiate and dilithium tetrabutylmagnesiate under the same reaction

conditions obtaining a higher percentage yield when LioMgBus was employed (Scheme 1.16).
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| (0] 1) 1/3 eq. LiMgBus 0 1) 1/3 eq. LisMgBuy o

\w‘ T:;:]:I'I;TZh w THzF),:TI,?jh R w/l

3) H,0 3) H,0
75 % ) Fz e 90 %

Scheme 1.16: Comparison of the deprotonation of furan with a trialkyl and a tetraalky! lithium

magnesiate, followed by I, quenching.®

Mixing together an alkali metal such as lithium with a less polar metal, such as magnesium,
results in a mixed metal aggregate which exhibits higher reactivity when compared to MgBu
which is unable to perform the deprotonation of furan on its own. Interestingly this approach
exhibits polybasic behaviour, as when 1 equivalent of LiMgBus or Li2MgBus are employed for
the deprotonation of 3 equivalents of furan, high percentage yields of iodinated products can
be obtained after iodine quench of the magnesium intermediate (75% and 90% respectively).
This approach significantly reduces the amount of magnesiate base employed for the
deprotonation of the aromatic substrate. Mongin however has not studied the alkali metal effect
on the reactivity of these compounds, as the only compound used in these reactions was a
lithium magnesiate. The trialkyl- and tetraalkylmagnesiates have also been employed for ortho-

deprotonation of different arene substrates (Table 1.7).82
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Table 1.7: Reactivity of different lithium magnesiates in DoM.

DG 1) base (eq.),
2h, RT, THF
R 2) 15, 2h R
entry substrate R base (eq.) product yield(%)?
(0] I
1 :§< H LiMgBu3 O:§< 75
N Cl N 68
(0.4)
3 OMe 71
R R
O I O
4 J< H Li,MgBu, J< 82
5 N Cl 0.55 N 76
6 H oM (0:33) H 84
R ¢ R
(0] | O
7 H . 88
8 NJ(Ph Cl Li,MgBu, NJ(Ph 82
H (0.55) H
9 R OMe R 87
H I
NTI)< . N
10 O H Li,MgBu, 70b
R o (1) R 0
I
1 OMe H Li,MgBu, OMe 75b
12 R OMe (0.3) 91°
R

2 Yield of isolated products
b Reflux, 2h

Marsais and collaborators also carried out the deprotonation of pyridine carboxamides using

homoleptic alkyl, homoleptic amide and heteroleptic lithium magnesiates (Table 1.8).83
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Table 1.8: Reactivity of lithium magnesiates in DoM of N-methylnicotinamide.

0 D 0 Bu O
1) base (1eq.),
X NHMe  2h, RT, THF X NHMe | X NHMe
_ +
P~ pZ P
N 2) D,0 N N
deprot. add.
Yield (%)
Entry Base Deprotonation addition
1 LiMgBus - 100
2 LiMgBu, TMP - 48
3 LiMgBu(TMP); 82
4 LiMgBu(TMP)3 80
5 LiMg(TMP)3 61

One equivalent of base was reacted with 1 equivalent of N-methylnicotinamide at ambient
temperature for 2 hours in THF, and the intermediates were quenched with D2O. Depending
on the base employed two possible reaction pathways were observed. C4 deprotonation on one
hand, and C4 butyl addition on the other hand. The best results (when the desired reaction
pathway was metallation) were obtained using LiMgBu(TMP)2 where an 82% yield of ortho-

N-methylnicotinamide was obtained and no butyl addition was observed.

1.3.3 Alkali-metal-mediated-dimetallations: A template base approach to

deprotonation

One of the main challenges in metalation chemistry is the development of a new metalation
strategies allowing the synthesis of new chemical structures. Chemists for decades have been
particularly challenged by the difficulty that arises from promoting metal/hydrogen exchange
reactions in one position, leaving other positions untouched (regioselective metalations).
Regioselectivity is particularly important in substrates containing multiple C-H bonds. As
previously mentioned in chapter 1.2.2 the presence of specific functional groups can facilitate

metalation in the ortho position (direct-ortho metalation) but very limited applications have
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been described for other regioselective deprotonations. In 2005 Mulvey and collaborators
showed that mixing BuNa and Mg(TMP)> to form [Na(Bu)-(TMP)Mg(TMP)] and reacting it
with toluene in hexane it is possible to isolate an intermediate where toluene has been
dimetallated at its 2 and 5 positions (Figure 1.5).7

Figure 1.5: Monomeric structure of inverse-crown product [(TMP)sNas(2,5-Mg.CsH3sCHs)]

Macrocyclic compounds of this type are known as inverse crowns, due to their inverse
topological relationship to conventional crown ethers.84-8 Inverse crowns exhibit a positively
charged s-block metal based ring capturing O, C or H based anions at its core.8” These materials
are of great interest to synthetic chemists as they selectively (and often multiply) deprotonate

a range of organic substrates.8889

In 2008 Mulvey carried out the dimetalation of toluene using a mixture of BuNa, TMP(H) and
M(CH2SiMes)> (M=Mn, Mg) in a 4:6:2 stoichiometry in hexane solution, to one molar
equivalent of toluene (Scheme 1.17).%0 In this case the regioselectivity of the reaction changed
from 2,5 dimetalated toluene (product [(TMP)eNaa(2,5-Mg2CsH3CHz)] (Figure 1.5) to 3,5
dimetalated toluene in product [(TMP)sNas(3,5-M2CsH3CHz)] (Figure 1.6).%

P
4 BuNa
+ O AN
" " ™R 4 Ya—~1mp
6 TMP(H) T» [NagMy(TMP)(R),] N > Y ;T
\ 7
¥ M 1 \ M

4 BuH, 2 RH 2 RH ; NN
2 MR, TMP = >(Nj< TMP/\N" N —TMP
a a
R = CstiMe3 \ /
M = Mn, Mg TMP

Scheme 1.17: Dimetalation of toluene in position C3 and Cs, inverse-crown product
[(TMP)sNas(3,5-M2CsH3CHs)] (M=Mn, Mg)
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Figure 1.6: Monomeric structure of inverse-crown product [(TMP)sNas(3,5-Mg.CsHsCHs)]

Interestingly once more the CHs group which is the most acidic position of toluene is left
untouched. The trimethylsilymethyl ligand appears to be a key factor in switching the
regioselectivity from the 2,5-regioisomer (where only Bu and TMP ligands were used)
compared to the 3,5-regioisomer (which requires CH>SiMes and TMP ligands) together with
the synergic bimetallic sodium manganese or sodium magnesium bases employed.
Highlighting the marked alkali-metal effects in these reactions, when benzene or toluene are
treated with a 1:1:3 mixture of "BuK, Bu2Mg, and TMPH a novel 24-atom polymetallic host
ring [KeMgs(TMP)12(arene-ide)e] is formed hosting 6 molecules of the mono metallated arene
(this reaction procedure along with other potassium mediated magnesiation reactions will be
discussed in detail in chapter 2.2.1).88 In 2014 O’Hara has studied the co-complexation
reaction between KTMP and "BuMgTMP to form different potassium magnesiates such as
[KMg(TMP)2"Bu]e, [KMg(TMP)2"Bu]s and [KMg(TMP)2"Bu]es which could be employed as
efficient metallating reagents; This upon reaction with equimolar amounts of toluene or
benzene formed [KeMgs(TMP)12(CeHa(R))s] (R=H, CHz) respectively in a 44% and 93% yield
(See chapter 2.2.1).8% These metallating reagents are known as pre inverse crowns, as they
constitute the chemical templates formed prior to the formation of inverse crowns. These
findings provided strong evidence for a base template approach mechanism in this
transformations. In 2014 O’Hara, Mulvey et al expanded the template base metalation
approach to a variety of different substrates using a sodium magnesiate
“INasMg2(TMP)s("Bu)2]”.%% In this procedure double deprotonations occur at the ortho-meta
positions for aromatic substrates such as anisole, (methoxymethyl)benzene,
tertbutoxybenzene, (trifluoromethyl)benzene, N,N-diisopropylbenzamide, 4,4-dimethyl-2-
phenyl-4,5 dihydrooxazole and phenyl-N,N-diethyl-O-carbamate. This outstanding
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methodology could also be expanded to a double deprotonation at the meta-meta positions
(with ortho positions left untouched) for substrates such as N,N-diisopropylaniline, N,N-
dimethylaniline and tert-butylbenzene in a counterintuitive way to that obtained in direct ortho
metalations (Scheme 1.18 and Figure 1.7).

DG DG DG

M I
"[NazMg,(TMP)g(CH,SiMes)o]" Mol I, excess

———————————————ee

[Mg]

ortho-meta deprotonations meta-meta deprotonations

!
OMe CH,OMe O'Bu CF, !
I I | I\©\ : NMe, N'Pr
| | | |
8% (S 2% 67% i | I |
CONPr ! ! | % g, 66%

[ . N O N O ' E /@\
. : .

72% L L : I I

E ' : 67%

| 33% L 36% | i

__________________________

Scheme 1.18: dimetalations of different substrates in the ortho-meta and meta-meta positions using

the template approach.

Figure 1.7: Monomeric structure of inverse-crown product [(TMP)sNas(3,5-Mg.CsHsNMe;)]
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1.4 Applications of group 2 complexes in catalysis:
1.4.1 Introduction

Chemical processes are crucial in our society for a variety of different reasons. In the sixteenth
century Alchemists wanted to convert metals to gold, and they also wanted to find a chemical
mixture that would enable people to live longer and cure all diseases. Those were the challenges
faced by society at the time. Nowadays we face similar challenges. World population has
increased drastically with time (during the 20th century alone, the population in the world has
grown from 1.65 billion to 6 billion). Ideally we would like to sustain a society where
everybody has access to health care. Therefore resources are key and chemists need to find
green and efficient methods in order to meet the global demand. From a chemistry prospective,
it would be ideal to move from stoichiometric reactions to catalytic ones for reasons that will

be discussed later.92

Catalysis is a process which allows the transformation of one or more chemical feedstocks to
desired products. These processes generally require small amounts of catalysts, the active
species that carry out the transformation. Catalysts act by reducing the activation energy for a
reaction to take place. Many of the most useful catalysts incorporate precious metals such as
ruthenium, rhodium, palladium, and platinum. Furthermore some of these metals are highly
toxic, which is particularly problematic when they are employed in the synthesis of biologically
active compounds. Therefore there is a need for the development of cheap and low toxic
catalysts which can carry out low energy chemical transformation with minimum cost in terms

of energy and environmental impact.®

1.4.2 Group 2 organometallic components in catalysts:

Group 2 containing organometallic reagents have been widely employed in stoichiometric
applications such as dihydrocoupling reactions for Si-N, Si-S, Si-O, and B-N bond synthesis,®*
and metal\hydrogen exchange,®®%2 to name a few, however their usage as catalysts has only
recently started to gain the deserved attention. Heavier group 2 metals as catalysts have as a
main limitation the lack of stability in solution. This makes them inactive or non-selective in
catalytic transformations. Recently some developments have been described regarding the
preparation of stable heavier group 2 complexes which can act as catalysts.%>9%7

Organomagnesium complexes are more stable than their heavier analogues.
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Organomagnesium compounds have more covalent M-C bonds, due to the ionic radii and
electronegativity of magnesium compared to other group 2 elements.®® As previously
mentioned in chapter 1.2.4 stable organomagnesium compounds can be prepared using the
Schlenk equilibrium that can be quite easily controlled by the choice of ligands and
conditions.® For the heavier alkaline earth metals, the Schlenk equilibrium poses a significant
synthetic challenge that can be somewhat overcome by kinetic stabilisation with suitable
ligands (bulky ligands that hinder the redistribution process).?

Organomagnesium complexes were employed for the first time in catalysis more than 50 years
ago to carry out polymerisations, Diels-Alder and Aldol reactions. Most of this initial
applications were limited to the ability of Mg?* to act as a Lewis acid.98100101 |n the last two
decades there has been an increased interest for the development of catalytic applications where
the Mg complexes are involved in deprotonation and addition processes. For example,
S-diketiminate magnesium complexes have been employed to catalyse hydroboration and
hydrosililation of pyridines (Table 1.9).102.103

Table 1.9: p-diketiminate magnesium catalysed hydroboration of pyridines

nBIu
A M A
r\Nz gsN/ r H H
A
I\//I 10 mol% HQR @R
e 2570°C,3-21h N N N
Z - N B\
N 0 0" Yo o” o
H—B
0]
1,2-adduct 1,4-adduct
Entry Substrate 1,2-:1,4-adduct Conditions Yield (%)
X
1 | 37:63 17h70°C 92 (59)
N
AN
2 | 0:100 4d70°C 51
N~ “CH,
N CHj
3 | _ 48:52 3.5h70°C 91 (62)
N
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4 | X 81:19 23h70°C 91 (68)
N
Ph
5 | N 100:0 8h70°C 95
=z
N

®NMR Yield and isolated yield shown in parenthesis

However this protocol has as principal limitation the formation of mixtures between the 1,2-

and 1,4-adducts (entries 1, 3 and 4), while formation of one stereoisomer exclusively is

restricted to cases where C; position is blocked (for the corresponding formation of the 1,4-

adduct, entry 2) and where the C4 position is blocked (for the synthesis of 1,2-adduct, entry 5).

Furthermore organomagnesium complexes are key catalysts involved in C-H bond activation

reactions such as alkyne-carbodiimide coupling reactions.194105 | ong reaction times and the

high temperatures required for the reaction to take place (80°C) are the main drawbacks of this

methodology, in addition to the low yields obtained in some cases (Table 1.10).

Table 1.10: Mg-catalysed alkyne-carbodiimide coupling reactions

Cy
\\\\THF
Mes—< R'
( / ‘ NSIMe3)2 \
R————H | N
C (1 mol%)
+ Y > R—== {
R—N=C=N—FR' T(°C), 24h, THF NH
7
R
Entry R R’ Temp (°C) Yield?
2 Ph iPr 80 72
3 Ph ‘Bu 80 7
4 Ph Ar 80 0
5 SiMes iPr 80 63
6 ‘Bu iPr 80 12

aYields from H NMR integrals using THF as internal standard (average of two runs);

bAr = 2,6-diisopropylphenyl.

The heavier group 2 organocatalysts have been employed in multiple bond

heterofunctionalisations and cross coupling reactions.1% Alkene and alkyne hydroamination
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and hydrophosphination reactions have been developed to allow the synthesis of a wide variety
of acyclic and heterocyclic molecules. In 2005 Hill and co-workers reported the first example
of a well-defined molecular catalysis mediated by a group 2 centre. Here a S-diketiminate
calcium complex was employed as a catalyst to carry out the intramolecular hydroamination

of aminoalkenes (Scheme 1.17).%

N. _N
Ar” Ca SAr H
Ph_ Ph , Z N
\)i/\ (MezSi),N'  THF (10 mol%) L}_,
H2N >
S CeDg, 0.25 h, 25 °C PhPS
6De: 0-20h, PR 99%

Scheme 1.19: Ca-catalysed intramolecular hydroamination of aminoalkenes

Further research showed that other group 2 bisamide type of complexes could also be employed

in the same reaction procedure (Figure 1.8)107.108

had

N N
Dipp/ \M_/ \Dipp
E

(Me3Si),N  (THF),

[M(N{SiMe3}5)o(THF),]
[M(N{SiMe3}5).l-

M= Ca, Sr, Ba

M= Ca(n=0, 1), Sr(n=1)

Figure 1.8: Efficient group 2 pre catalysts for the intramolecular hydroamination of aminoalkenes

Although it has been shown that S-diketiminate magnesium complexes can also catalyse this
reaction, they are significantly less efficient requiring longer reaction times (2 hours) whereas
Ca-catalysed protocol requires only 15 minutes.198.109 Hydroamination reactions could also be
extended to the more energetically demanding intermolecular hydroaminations of styrene using
primary or secondary amines with bisamide and bisalkyl group 2 pre catalysts (Scheme
1.20).108,110
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oy — | [M(N{SiMe3},),], or
cat (5 mol’) = | [M(CH{SiMes})a(THF ),
M= Ca, Sr

P N+ NHR; i

CgDg, RT to 60 °C

Scheme 1.20: Group 2-catalysed Intermolecular hydroaminations of styrene using primary or

secondary amines

Interestingly when the same reaction was carried out using the barium and magnesium pre
catalysts, several days were necessary despite the use of a potentially more reactive magnesium
alkyl pre-catalyst. Magnesium pre catalysts are generally less efficient than the heavier
analogues. The general trend as activity of the ML pre catalysts in Group 2 organometallic
reagents is the following (Mg<«Ca<Sr<Ba), independent of the ligand employed. Thus, the
catalytic activity of these compounds increases with the size of the metal.!1!

Related to this is Hill’s hydroaminations of isocyanates using Ca, Sr and Ba complexes.
Although the substrate scope is limited, these studies greatly contribute towards understanding

how these reactions work (Scheme 1.21).112

Ar Ce) Ar 0
Z
RoN THF Ad )k
Ph,NH + Ad—N=C=0 > N NPh,
CsDe, 2h, RT H .
R= SiMejs, 89%
R= Ph, 93%
. O
[M{N(SiMe3)-}-]>
Ph,NH + Ar—N=C=0 > Are )k
CeDg, 3h, 60 °C N~ NPh,
[ Bl H

Ar = 2,6-di-iso-propylphenyl |
r Fiso-propylphenyl 4 M= Ca, St, Ba (99%)
Ad = 1-adamantyl '

Scheme 1.21: Group 2 catalysed hydroaminations of isocyanates

Strictly related is Hill’s work on group 2 catalysed hydroacetylenation of carbodiimides using
homoleptic alkaline earth hexamethyldisilazides [M{N(SiMes).}2(THF)2] (M = Mg; Ca; Sr)
(Scheme 1.22).113
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N'Pr
[M{N(SIMG3)2}2(THF)2] 5 mol%

Ph—== + PIN=C=N'Pr > -
CeDg, 24h, RT G NH'Pr
Ph
M Yield (%)
Mg 61
Sr 66
Ba 79

Scheme 1.22: Group 2 catalysed hydroacetylenation of carbodiimides
Once again, the Mg precatalyst is less active then the Sr and Ba analogues.

Furthermore the use of heavier alkaline earth hydride derivatives as pre-catalysts and
intermediates in multiple bond hydrogenation, hydrosilylation and hydroboration was also
described along with the emergence of these and related reagents in a variety of
dehydrocoupling processes that allow the catalytic construction of Si-C, Si-N and B-N
bonds.1% Similarly to what is observed for stoichiometric applications, where activation of
magnesium by forming alkali-metal magnesiates leads to enhanced metallating and
nucleophilic power compared with single-metal systems (see chapter 1.3) it has been
demonstrated in our own group that sodium magnesiates such as NaMgCH.SiMez can be
employed as pre catalysts for the hydroamination reactions of isocyanates under very mild
reaction conditions. Thus activation of magnesium can also be achieved for catalytic purposes
(Scheme 1.23).114

NaMgCH,SiMe3 (2 mol %)

0
PhoNH  +  Ad—N=C=0 > Ad_ )k
CeDs, RT, 15 min N

NPh,
90%

Scheme 1.23: Example of NaMgCH:SiMes catalysed hydroamination of isocyanates.

In contrast with the Ca catalysed hydroamination of isocianates previously described (See
Scheme 1.21) where full conversion of the final urea is obtained in 2 hours, using
NaMgCH2SiMes under the same reaction conditions, the final urea is obtained quantitatively

in only 15 minutes. This contribution represents the first ever catalytic applications of alkali
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metal magnesiates in synthesis, thus it can be anticipated that it exists substantial scope for

development of this protocol.

1.4.3 Organomanganese complexes in C-C bond forming processes:

Manganese is a widely distributed transitional element in nature.115116 Manganese is in fact the
third most abundant transition metal in the Earth’s upper continental crust after iron and

titanium (Figure 1.9).117

-—
o
©
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Figure 1.9: Relative abundance of the chemical elements in Earth’s upper continental crust

In addition it is a biocompatible metal with a relatively low toxicity, which is particularly
interesting for pharmaceutical applications.1® Manganese most stable oxidation state is Mn(l1),
therefore the cation Mn2* competes frequently with Mg?* in biological systems.!® The
reactivity of organomanganese compounds can be compared to that of organomagnesium and
organozinc compounds. This is due to the similarities between these compounds. Thus, the
electronegativity of Mn has a value of 1.55 undimensional units, which is in between the
electronegativity of Mg (1.31) and Zn (1.65) according to Pauling scale. In addition the ionic
radius for Mg2* and Mn2* is very similar (0.8 A and 0.83 A respectively, in complexes where
the metal has coordination number 6).11° Differences include the available d-orbitals for
manganese which indeed influence its reactivity. Although organomanganese species have
been studied for more than half a century, recently there has been an increasing interest in the

application of organomanganese complexes in synthesis. This increased attention is due to the
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advantages they offer over conventional organolithiums, Grignards, organozincs and
organocuprate compounds. Organomanganese can be classified in four types of compounds,
organomanganese halides (RMnX), diorganomanganese (R2Mn), triorganomanganates,

([RsMn]), and tetraorganomanganates ([R4sMn]%).120

Organomanganese reagents can be quite often refered as “soft” Grignard reagents. However,
they can exhibit very different reactivity. In 2004 Cahiez developed the Mn/Cl exchange using
ortho-chloroarylketones and the reaction can be performed even at low temperature (Scheme
1.24).12

"Bu O Cl 0O "Bu O
n n
Ph . 2 eq. "BuMgCl Ph 2 eq "BuMnCl . Ph
o o
45% 10 mol% MnCl, THF, 0 °C, 1h 949
THF, 0 °C, 1h

Scheme 1.24: Cross coupling reaction between organomanganese reagents and ortho-

chloroarylketones

When the reaction is carried out using two equivalents of "BuMgCl and 10 mol% of MnCl; in
THF at 0 °C the yield of coupling product is only 45% as the Grignard reagent mainly reacts
with the ketone. When the reaction is carried out using two equivalents of "BuMnCI under the
same reaction conditions coupling product is obtained in an excellent 94% vyield. To the best
of my knowledge this was the first example of a direct coupling reaction between
organomanganese reagents and aryl halides to be described. The reaction works even when the
reactive ortho-chloroacetophenone is employed as a substrate with no evidence of addition

products to the carbonyl group.

Similarly to what observed in diorganomagnesium compounds, diorganomanganese
complexes on their own are generally too weakly basic to promote metal/hydrogen exchange
reactions of arenes.’0 Activation of these compounds by combination with an alkali metal in
heterobimetallic ate complexes increase their metallation power by several orders of
magnitude. Thus similarly to what previously described for alkali metal magnesiates (See
Scheme 1.17 as an example), manganate complexes can also carry out alkali metal mediated
manganation reactions (AMMMn). Mixing BuNa, TMP(H) and Mn(CH.SiMe3). in a 4:6:2
stoichiometry in hexane solution, and further reaction with one molar equivalent of toluene
(Scheme 1.25), gives formation of product [(TMP)sNas(3,5-Mn2CeHzCH3)] where toluene has
been dimanganated in the C3 and Cs position (Scheme 1.25, Figure 1.10).%
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4 BuNa
* OM‘* /Me\
Na Na —_
/ TMP

6 TMP(H) T> "[NagMn,(TMP)g(R),]" \‘ N Ly
\ !
+ Mn Mn
2 VIR, 4 BuH, 2RH P < >(Nj< 2RH

R = CH,SiMe;

Scheme 1.25: dimetalation of toluene in position C; and Cs, inverse-crown product
[(TMP)5N8.4(3,5-MH2C6H3C Hs)]

Figure 1.10: inverse-crown product [(TMP)sNas(3,5-Mn,CsH3zCHs)]

In 2007, Mulvey has shown that sodium manganate monoalkyl bisamido compound
[(TMEDA)Na(TMP)(R)Mn(TMP)] can be prepared by direct co-complexation between 2
equivalents of BuNa, 4 equivalents of TMP(H), 2 equivalents of MnR; in the presence of 2

equivalents of TMEDA (Scheme 1.26).122

TMP = >(Nj<

%%ﬂ

2 BuNa R = CH,SiMe;
R N
~Na Mn—N
4 TMP(H) 2 TMEDA 7
+ \ h{\
2 MnRy 4 BuH, 2 RH SiMes

2 [(TMEDA)Na(TMP)(R)Mn(TMP)]

Scheme 1.26: direct synthesis of [(TMEDA)Na(TMP)(R)Mn(TMP)]

Further studies on the reactivity of related sodium manganates in direct metallation processes

revealed these compounds can promote direct mono-metallation and di-metallation of benzene

according to the stoichiometry employed (Scheme 1.27).122
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a BuNa
TMP + —Na ha—
N ’ N 4 @ @ TMP v ! TMP
N~n{  Mn—TMP b TMP(H) AN b/
/ € 7 + < /Mn ] \ Mn
N c MnR H \
~ 2 ! \
\ 4 BuH, 2 RH + 2 RH TMP— Na— TP
) dTMEDA 7 U
| a=2b=4c=2d=2 | >(j< | a=4b=6c=2d=0 ! T™P
T™™P = S\
R = CH,SiMes

Scheme 1.27: Direct mono- and di-metallation of benzene using sodium manganates

Regarding the use of manganese in catalytic transformations a variety of Mn-catalysed
methodologies can be found in the literature. Direct C—H bond activation and cross coupling
reactions are amongst the most utilised processes for the generation of new C-C bonds. In 1999
Hartwig et al published the first catalytic C—H activation process based on an organometallic
manganese complex. The reaction consists of a borylation of benzene with PinB—BPin using
10 mol% of Cp’Mn(CO)z at RT in the presence of CO (2 atm) to give PhBPin and H-BPin in
76% and 23% vyield respectively (Scheme 1.28).123

BPin
[Cp(Mn(CO)3] (10 mol%)
PinB—BPin + > + H—BPin
hv, RT, CO (2 atm)

yTTTTTTT T \ 23%
o ' 76%

. AN

, BPin = B

' / '

' O '

.....................

Scheme 1.28: Mn-catalysed borylation of benzene

In 2007 Kuninobu, Takai et al reported the Mn-catalysed C—H activation of C(sp?)-H bonds in
substrates bearing a nitrogen donor directing group, in the presence of an aldehyde and a
tertiary silane.'?* Good to excellent yields of silyl ethers were obtained using imidazole or
imidazoline moiety as directing groups. Interestingly, whereas Mn2(CO)1o and (CO)sMnMe
exhibited the same efficiency as (CO)sMnBr, other pre-catalysts such as MnCl, or Mn(acac)s,

remained totally inactive (Scheme 1.29).124
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[(CO)sMnBr] (5 mol%) OSiEt,
+ RCHO + Et3SiH >
toluene, 115 °C, 24h R

2eq 2 eq

Scheme 1.29: Mn-catalysed C-H activation of benzene bearing an imidazole moiety as directing
group

In 1976 Cahiez, Normant and collaborators developed the first efficient application of
manganese catalysed cross-coupling reaction.'?> The authors reported the homo-coupling of

alkenyl lithium reagents, to give the corresponding conjugated dienes in high yield and
excellent E-selectivity (Scheme 1.30).

R2 R3 N ) ) R2 R3
\ / 1.2 eq. "BuLi, 1 mol% MnCl,-2LiCl - \ / "
/ \ o - /

R! | Et,O, -20 °C — RT R —

' Ry=H,Ry=H,R3=Bu70%
' Ry =Hept, R, =H, R; = H 88%
' Ry=Et,R,=Me, Ry=H 87%
' Ry=Bu,Ry=Et, R3=H91%
\ Ry=Et Ry=Bu, Ry =H 90%

| ST

Scheme 1.30: Cahiez and Normant approach as the first Mn-catalysed cross-coupling reaction
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1.5 Aims

The general aim of this PhD project is to assess the applications of some of the structurally
defined mixed-metal reagents in organic synthesis and catalysis. Alkali metal magnesiates have
been chosen for this study; their synergistic behavior together with the high availability and
extremely low toxicity are key features for the application of this compounds in organic

synthesis.

Aiming to expand the scope of direct Mg/H exchange reactions, Chapter 2 of this thesis
presents a systematic study on the application of novel potassium magnesiates previously
synthesised in our group for the deprotonation of challenging aromatic and heterocyclic

substrates.

Expanding the synthetic potential of these cooperative bimetallics in catalysis, Chapter 3
presents our findings on sodium-magnesiate catalysed reaction formation of 1,5-disubstituted
triazole molecules by cycloaddition reaction between alkynes and azides. These studies
combine the synthesis and structural elucidation of the novel bimetallic catalysts with a
comprehensive screening of the substrate scope of this method and insightful kinetic studies

that shed some light in the intriguing mechanisms involved in these transformations.

Chapter 4 assesses the ability of sodium magnesiates to catalyse the guanilation of amines with
carbodiimides. Studies on the possible mechanism of this ate-catalysed transformation

involved the synthesis and characterization of sodium magnesium amido intermediates.

Finally, chapter 5 will focus on the application of lithium manganate complexes to promote C-

| exchange and C-C bond forming processes.
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CHAPTER 2

Alkali-Metal Mediated Magnesiations of Aromatic and
N-heterocyclic Substrates Using Homoleptic Higher-Order

Potassium Magnesiates.
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Il.  Table of compounds
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2.1  Summary

Looking to expand the scope and applications of potassium magnesiates in organic synthesis,
this chapter of the PhD thesis presents a systematic study on the metallating ability of several
homoleptic alkyl potassium magnesiates with a wide range of aromatic and N-heterocyclic

substrates.

The bimetallic bases employed for this study are [{(KMg(CH2SiMes)s}«] (1a),
[(PMDETA)2K2Mg(CH:SiMes)4] (1b) and [(TMEDA).K2Mg(CH2SiMes)4] (1c), which can be
easily prepared by co-complexation reactions of their homometallic components. Using
aromatic ether anisole as a case study, show that while higher order magnesiates 1b and 1c can
efficiently deprotonate this organic molecule at room temperature in hexane, giving 2-
iodoanisole (3a) after iodine quenching whereas lower-order magnesiate 1a is inert towards
the metallation. The enhanced reactivity of 1b and 1c contrasts with the results obtained when
the same substrate 2a is confronted with Mg(CH.SiMes), or KCH>SiMes, which are sluggish
to react, affording only traces of 3a. A dramatic alkali-metal effect is observed, as closely
related lithium magnesiates [(TMEDA).Li.Mg(CH.SiMe3s)4] 1d fails to deprotonate anisole.
Furthermore, reactivity studies using variable amounts of the substrate have revealed the ability
of 1b to metallate up to 3 molecules of 2a disclosing its ability to exhibit polybasic behaviour.
Thus, extending this method to other substrates 1b can ortho-deprotonate 1,2-
dimethoxybenzene (2b), N,N-diisopropylbenzamide (2c), 1,3-difluorobenzene (2d) and
trifluorotoluene (2e) in yields ranging from 74% to 94%. When heterocyclic substrates were
employed, selective deprotonations of methoxy substituted pyridines could be accomplished in
good yields (58-75%). a-Metallation of 5-membered unsaturated heterocycles such as
thiophene (2i), benzothiophene (2j), benzofuran (2k), and methylbenzimidazole (21) can also
be accomplished in excellent yields (ranging from 81 to 92%) under very mild reaction
conditions. In the case of 1-methyl-1H-pyrazole (2n) and 1-methyl-1H-1,2,4-triazole (2p), the
deprotonation occurs exclusively at the Cs position, affording 5-iodo-1-methyl-1H-pyrazole
(3n) and 5-iodo-1-methyl-1H-1,2,4-triazole (3p) respectively in almost quantitative yields.
Carboxylation reactions of selected substrates have also been studied, by treating the relevant
aromatic molecule with 0.33 eq. of the potassium base 1b, followed by exposure of the relevant
aryl magnesiate intermediate to CO, gas and hydrolysis step, which led to the isolation of
several carboxylic acids, in good yields (52-95%) at room temperature without the need of

transition metal catalysts or long reaction times.
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2.2 Introduction
2.2.1 Alkali-Metal-Mediated-Magnesiations (AMMMg)

Studies by Mulvey et al. on the reactivity of alkali-metal magnesiates containing alkyl and
amido ligands have established the concept of AMMg, where Magnesium-H exchange
reactions are promoted by the synergistic effect of the two metals. For example using toluene
as a substrate, when reacted with heteroleptic magnesiate [(TMEDA)Na(Bu)(TMP)Mg(TMP)]
it is possible to promote the unprecedented meta-magnesiation of toluene (Scheme 2.1)
affording [(TMEDA)Na(CeH4CH3)(TMP)Mg(TMP)] in almost quantitative yield, whose
structure could be established by X-Ray crystallographic studies.! Interestingly although this
reaction is formally a magnesiation, Mg(TMP): fails to deprotonate toluene, whereas BuNa

induces the formation of benzylsodium leaving the aromatic hydrogen atoms intact.

CH3 CH2Na
) Mg(TMP), NaBu

no reaction -
T N \ TMP
:<N _MezN 5 <N/,,“ / N\
. - \ ' Na Mg——TMP
+ °N NMe, ! -BuH N( % 9
. (TMEDA)_____. ; Bu

TMP

N//,, \
a Mg_TMP S|Mea

NV
_SiMe;OTf

Scheme 2.1: Meta-metallation of toluene using the [(TMEDA)Na(Bu)(TMP)Mg(TMP)] base.

The intermediate was also quenched with SiMes;OTf (trimethylsilyl trifluoromethanesulfonate)
in order to obtain the final trimethyl meta-tolylsilane in a quantitative yield. Interestingly this
method can also be applied to N-heterocyclic molecules, such as indoles which are important
building blocks in pharmaceutical synthesis.22 Thus, the sodium-alky| tetraorgano-magnesiate
[(TMEDA),Na2MgBus] reacts with four equivalents of N-methyl-indole to afford
[(TMEDA)2Na2Mg(CoHsN)4] (Scheme 2.2).4
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Scheme 2.2: [(TMEDA);Na;MgBu,4] mediate magnesiation of N-methyl-indole.

This straightforward procedure contrasts with previous indirect approaches where lithiation of
the heterocycle was carried out at subambient temperature to avoid side reactions (-78 °C),
followed by metathesis with MgCl..> Development of alkali metal magnesiations involve
mainly the use of lithium and sodium analogues, potassium magnesiates have received
considerably less attention. Mulvey’s breakthrough in potassium mediated magnesiations of
arenes with the corresponding monometallation of benzene or toluene using a 1:1:3 mixture of
"BuK, Bu»Mg, and TMPH respectively to form a 24-atom polymetallic host ring
[KeMge(TMP)12(arene-ide)s] (Scheme 2.3, Figure 2.1).5

MgBu, + BuK + 3 TMP(H) \ » 1/6 [KgMge(TMP)4»(arene-ide)g]

.-
<
Y
I
Z‘ i

Scheme 2.3: Reaction formation of potassium magnesiate inverse crown
[KsMgs(TMP)12(arene-ide)s]®
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Figure 2.1: Inverse crown [KsMgs(TMP)12(CeHs)s]

This 24-atom polymetallic compound is an example of potassium magnesiate inverse crown.
Notwithstanding, these reactions suffer from drawbacks, for example, the arene has to be
employed in high excess and generally moderate yields are obtained. Recently in order to
overcome these limitations recent work carried out in our group has shown the possibility to
synthesise potassium magnesiates pre-inverse-crowns, and further react these compounds with
arenes such as benzene, toluene or naphthalene to promote Mg/H exchange reactions to form
the already mentioned [KsMgs(TMP)12(arene-ide)s] inverse crowns.” Pre-inverse crowns are
well defined unsolvated alkali metal magnesiates. O’Hara has studied the co-complexation
reaction between KTMP and "BuMgTMP which leads to the formation of different oligomers
depending on the solvent employed for the crystallisation. [KMg(TMP)2"Bu]c,
[KMg(TMP),"Bu]sand [KMg(TMP)."Bu]e can be obtained when the reaction between KTMP
and "BuMgTMP is allowed to crystallise respectively from deuterated cyclohexane and

methylcyclohexane at ambient temperature and cyclohexane at 8 °C (Scheme 2.4).7
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Mg—
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X = oo, cyc-4, cyc-6
Scheme 2.4: Synthesis of potassium magnesiates as pre-inverse crowns [KMg(TMP),"Bu]«,
[KMg(TMP),"Bu]+ and [KMg(TMP),"Bu]s

The reaction of the pre-inverse-crown [KMg(TMP)2"Bu].. with equimolar amounts of benzene
and toluene at ambient temperature formed inverse crown [KsMgs(TMP)12(CeHa(R))s] (R=H,
CHa) respectively in a 44% and 93% yield.” These findings provided strong evidence for a base
template approach mechanism in this transformations. This work has recently been extended
by O’Hara, Mulvey et al. in the template base metalation approach using sodium magnesiate
“INasMg2(TMP)s("Bu)2]” (See Chapter 1.3.3 for further detail).

Monomeric solvated potassium magnesiate compounds have also shown promise for Mg-H
exchange reactions as Mulvey and co-workers demonstrated using PMDETA solvated
potassium magnesiate [(PMDETA)K(TMP).Mg(CH2SiMe3z)] for the ortho-magnesiation

reaction of anisole (Scheme 2.5, Figure 2.2).

OMe
Me, H Me
TMP 2
/_N/// +\© (_N//, /TMP\
MeN K Mg—TMP > MeN K<, g
N ™MPH NS "OMe SiMes

................................

Scheme 2.5: [(PMDETA)K(TMP).Mg(CH:SiMe3)] ortho-magnesiation of anisole.
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Figure 2.2: Product for ortho-magnesiation of anisole using [(PMDETA)K(TMP),Mg(CH.SiMe3)] as
a base.

2.3 Results and discussion

2.3.1 Synthesis of starting material

This chapter builds on previous synthetic and structural work carried out in our research group
using homoleptic alkyl potassium magnesiates [{(KMg(CH2SiMes)s}w]  (1a),
[(PMDETA)2K2Mg(CH2SiMes)s] (1b) [(TMEDA)2K2Mg(CH2SiMes).] (1c¢). The synthesis of
these bimetallic complexes is preceded by the preparation of the homometallic counterparts
Mg(CH2SiMez)2 and MCH»>SiMes (M=alkali metal). Diorganomagnesium compounds can be
prepared by manipulation of Schlenk equilibrium present in Grignard reagents (RMgX, R =
CH>SiMe3, X = halogen) which in ethereal solvents coexists in equilibrium with the relevant
diorganomagnesium species (MgR2) and magnesium dihalide (MgXz). This equilibrium can be
shifted towards the formation of the MgR: species by adding dioxane which forms an

extremely insoluble complex with MgX> (Scheme 2.6).°

Et,0 dioxane
2Mg + 2CIR ——> 2RMgCl ———=—> MgR, + MgCl,-dioxane |

R = CH,SiMe; 60-72%

Scheme 2.6: Synthesis of Mg(CH2SiMes)2

MCHSiMez can be synthesised by a transmetallation reaction between the corresponding
heavier alkali metal tert-butoxide (namely sodium and potassium), and the alkyl lithium

derivative (Scheme 2.7).
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hexane
LR + MOBu —> MR + LiOBu
0°C
R = CstiMe3 72-90%
M=Na, K

Scheme 2.7: Synthesis of MCH,SiMe;

Both Mg and K analogues can be prepared with an array of alkyl substituents. Particularly
interesting are the compounds containing silyl-substituted methyl groups, such as CH2SiMes.
Lacking hydrogens at the beta positions these alkyl groups, coupled with their bulkiness and
electronic stabilisation,%'? have allowed the isolation and structural elucidation of several

organopotassium species (Figure 2.3).12-19

©2

Figure 2.3: Monomeric unit of the polymeric structure of PMDETA solvated KCH;SiMes;

Mixing together equimolar amounts of Mg(CH2SiMes). and KCH2SiMes results in a co-
complexation reaction to form the lower order magnesiate [{(KMg(CH.SiMe3)s}] (1a) which
in the solid state exhibits an intricate tridimensional network.?® tH-DOSY NMR studies have
shown that this supramolecular structure is not retained in de-benzene solution, suggesting the
presence of more simple monomeric units of [KMg(CH.SiMes)s(benzene)x] (X=1-2) solvated
by deuterated benzene.?! The addition of nitrogen Lewis donors such as PMDETA or TMEDA
favours a redistribution facilitating the formation of higher order tetraorganomagnesiates,
[(PMDETA)2K2Mg(CH2SiMes)s] (1b) and [(TMEDA).K>Mg(CH2SiMes)s] (1c) (Scheme
2.8).
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Scheme 2.8: Chem draw representation of lower and higher order potassium magnesiates.

<3

Considering the stoichiometries of 1b and 1c the maximum possible yield for these compounds

following this methodology is 50%. However these bases can be isolated in much greater

crystalline yields (typical yields 60-68%) when a more rational approach is employed by

reacting two molar equivalents of K(CH2SiMe3) with Mg(CH.SiMes). in the presence of two

equivalents of Lewis donors (Scheme 2.9, Figure 2.4).
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Scheme 2.9: Rational synthesis of potassium magnesiate bases 1b and 1c.
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Figure 2.4: Monomeric units of a) 1b and b) 1c
Both compounds display a central C4-coordinated Mg atom flanked by two donor-solvated K
cations. Interestingly, the different hapticities of the N-ligands impose remarkable differences
in their structural motifs. Thus, PMDETA ligated 1b displays a linear KMgK arrangement
[174.18(3)°] with each R group bridging Mg with a K centre (Figure 2.4 (a)). Contrastingly,
in TMEDA-solvate 1c, in order to attain coordinative saturation, each K needs to bind to three
monosilyl groups. Thus two of the four R groups in 1c bridge between the three metals through

their CH> heads, while the remaining ones connect Mg with only one K atom (Figure 2.4 (b)).
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2.3.2 Assessing metallating ability of alkyl potassium magnesiates 1a, 1b and 1c.

Our initial studies to test the metallating ability of these novel potassium magnesium reagents
focussed on the aromatic ether anisole (2a), a benchmark molecule in direct ortho-metallation
reactions (see Introduction chapter 1.2.2).22 There are a wide number of publications in the
literature describing the metallation of anisole employing different metal agents. Early in the
1939 and 1940 the independent work of Gilman and Wittig on direct ortho-metallation of 2a
proved to be an efficient method for the selective functionalization of this aromatic ether.
Wittig used PhL.i as a metallating agent?324 whereas Gilman studied the reactions using n-BulLi,
n-BuNa and PhNa.?®> The authors suggested that the regioselectivity of the reaction is due to
the acidifying effect of the OMe on the ortho-hydrogens.26 Further work carried out by Collum
et al on ortho-lithiation of anisole using a 1:1 mixture of n-BuLi/TMEDA in toluene as a
solvent at 0 °C gave quantitative yields of (2-methoxyphenyl)trimethylsilane after quenching
with  MesSICl. DFT calculations indicate that the reaction takes place via
[("BuLi)2(TMEDA)2(anisole)] intermediate.27-29

Knochel and co-workers have reported the use of (TMP)MgCI-LICIl for regioselective
deprotonation of a wide variety of arenes and heteroarenes.®® The reaction occurs at ambient
temperature and the metallated intermediate can be intercepted with electrophiles giving the

relevant ortho-substituted products in good yields (81-98%).

Closely related to our work, as mentioned above mixed alkyl amido
potassium magnesiate [(PMDETA)KMg(CH2SiMe3z)(TMP),] reacts with 2a to give
[(PMDETA)K(C7H70)Mg(CH.SiMes)(TMP)] resulting from the ortho-magnesiation of
anisole. This is unequivocally established by determining the structure of this intermediate by
x-ray crystallography (See introduction of this chapter section 2.2.1, Figure 2.2). The

metallating reagent acts as amido base with the concomitant elimination of TMP(H).

Building on this work we first decided to test the metallation ability of the tris(alkyl)
magnesiate l1a towards 2a in a 1:1 stoichiometry. The reaction was carried out in hexane at
ambient temperature. Aliquots of the reaction mixture were analysed at different periods of
time by gas chromatography (GC) with the purpose to study the reaction over time. These
experiments also allowed gathering very useful information with regards to the kinetics of the
deprotonative metallation process. Mixed metal reagent 1a was dissolved in hexane in an oven
dried Schlenk (Si1). Another Schlenk was filled with 1 equivalent of 2a and 3 drops of
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heptadecane (Sz) which was used as an internal standard to estimate the final conversion of the
reaction. Time zero (to) was given by analysis of one aliquot of (Sz) before the reaction started.
Then (S2) was added dropwise to (S1) with a needle allowing the reaction to start. Aliquots
were then quenched with iodine at different times and analysed by GC. The amount of 2a (1a)
and internal standard (Is) left would be obtained by integrations of the corresponding signals
in the GC. Taking into account that internal standard did not react, conversions are obtained by
comparison between the ratios Ia/ls at a time t, with the same ratio at the time over to (Table
2.1).

Table 2.1: Estimated reaction conversion percentages of the reaction between 1a and 2a.

OMe OMe OMe
. 1) hexane, RT (Mol 2) |, in THF I
[KMg(CH,SiMe3)s]  + > =2
Ca7H36
1a
2a 3a
time (min) A Is NS Conv. (%)
tp=0 68.21 31.79 215 0

t1=15 66.73 33.27 2.01 6.5
t, =30 66.34 33.66 1.97 8.1
t3=60 65.83 34.17 1.93 10.2
t, =120 | 64.47 35.53 1.81 15.4

The conversions could then be estimated using mathematical equation 1:
(7)

. IS t
Conversion (t,) = |1 — n

to

Equation 2.1: Formula employed to obtain the final conversions of the ortho-metallation reactions.

Mixing compound 1a in hexane, resulted in a white suspension. After the addition of 2a the
suspension turned yellow. The suspensions stayed yellow even when allowing to stir over 20
hours (18% conversion after 20 hour reaction time). The method employed measured the
conversion in terms of consumption of 2a, the same result could be obtained when looking at
the values of the signals for the formation of 2-iodoanisole (3a), as this was the only product

formed in this reaction.
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We then looked at the reactivity of higher-order magnesiate 1b. Equimolar amounts of 2a and
in situ prepared compound 1b in hexane were mixed, affording a clear solution which after 5
minutes deposited a colourless oil. The reaction was quenched after 90 minutes with excess of
iodine. Product 3a was obtained selectively in a quantitative 99% conversion by GC. The
product was isolated as a colourless oil (isolated yield 92%) and characterised by 1H and 13C
NMR and GC-MS and elemental analysis (Scheme 2.10).3!

OMe OMe

1) hexane, RT

[(PMDETA),K,Mg(CH,SiMeg),]  + >
2ne A 2) 1, in THF

1b 2a 3a 92%

Scheme 2.10: Ortho-metallation of anisole using base 1bunder stoichiometric reaction conditions.

Considering the homoleptic alkyl constitution of 1b we then decided to assess the potential of
this bimetallic system to display polybasicity employing some of its remaining alkyl groups. It
should be noted that although it is not common, polybasic behaviour has been previously noted
in other bimetallic systems. Thus for example [Li2Mg(TMP)Bus] can react with 3 equivalents
of 1,3-difluorobenzene (2d), at -10 °C, for 2 hours followed by iodine quenching, allowing the
relevant 1,3-difluoro-2-iodobenzene product (3d) in good yield (73%).32

Therefore, to explore this possibility, potassium magnesiate 1b was reacted with variable
amounts of 2a. The same procedure as described for the studies of compound 1a was employed

to assess the conversion of 2a to 3a (Scheme 2.11).
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OMe OMe
1) hexane, RT, 90 min

C17H36 (3 drOpS)
[(PMDETA),K,Mg(CH,SiMes)s] + n S

2) I, in THF
1b 2a 3a

n Conversion (%)

1 99

2 98

3 88

4 74

8 40

Scheme 2.11: Reactivity study of potassium magnesiate 1b towards variable amounts of 2a.

As previously described when using equimolar amounts of 1b and 2a, full conversion is
observed. Similarly employing two and three molar excess of the substrate, led to the formation
of 3a in excellent yields (98 and 88% respectively). Slightly lower conversions (74%) are
obtained when using four equivalents of 2a. These findings evidence the ability of 1b to display
polybasicity, using at least three of its four potential basic arms. Thus, the co-complexation of
Mg(CH:SiMez). with two equivalents of K(CH2SiMe3) in the presence of a Lewis donor leads
to the formation of a new metallating reagent with three active basic sites, capable to effectively
promote regioselective direct magnesiation of 2a under mild reaction conditions. Since only
0.33 equivalents of 1b are required to quantitatively ortho-metallate one equivalent of 2a, this
bimetallic approach can be described as atom-efficient.33 The reaction of base 1b with three

equivalents of 2a was also monitored by GC over different periods of time (Figure 2.5).

Potassium mediated magnesiation of 2a using 1b

0]
o

4 86
80 82 8

(o}
o

61.5

Conversion (%)
N
o

N
o

o

0 20 40 60 80 100

Time (min)

Figure 2.5: GC monitored reaction of 1b with 3 equivalents of 2a.
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After only five minutes, 62% of 2a was efficiently ortho-metallated (Figure 2.5). The rest of
2a left in solution undergoes metallation more slowly to a maximum of 88% after 90 minutes.
In order to assess the effect that Lewis base present in the tetraorganomagnesiate can have in
its reactivity, we also carried out the reaction of 4 equivalents of 2a with one equivalent of the

TMEDA-solvate 1c (Scheme 2.12).
OMe OMe

1) hexane, RT, 1.5h
[(TMEDA),K,Mg(CH,SiMe3)s] + 4 >
2) 1,
Te 2a 3a (65 %)

Scheme 2.12: Reactivity of bimetallic compound 1c towards anisole metallation

Compound 1c successfully ortho-metallates 2a, obtaining 3a in good conversions (65%
conversion obtained by GC using internal standard). A comparison of this conversion with that
obtained using PMDET A-derivative 1b, shows that under the same conditions 1b is a slightly
better base (74% conversion, Scheme 2.11). The reactivity of these bimetallic systems was
compared to those exhibited by their homometallic counterparts K(CH2SiMes) and
Mg(CH2SiMez).. Thus following the same approach 2a was confronted with Mg(CH2SiMes):
in hexane, stir at ambient temperature for 2 hours followed by iodine quenching. An aliquot of

the reaction mixture was then analysed by GC (Scheme 2.13).
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OMe OMe
1) base (1 eq)

hexane, RT, 2h

\4

2) lp

2a 3a
base conversion (%)
Mg(CH,SiMes3), 3
Mg(CH,SiMe3),(PMDETA) 4
[KMg(CH5SiMe3)s] 15
K(CH,SiMe3) 20
K(CH,SiMe3)(PMDETA) 57

Scheme 2.13: Reactivity of Mg(CH,SiMes),, Mg(CH:SiMes)2(PMDETA), K(CH:SiMes),
K(CH:SiMe3)(PMDETA) and 1a towards 2a.

Since the addition of a Lewis donors can greatly increase the reactivity of single-metal
organometallic reagents3* the reaction of equimolar amounts of K(CH,SiMes) and PMDETA

with anisole at ambient temperature was also investigated (Figure 2.6).

metallating ability of different bases toward 2a

70

60

60 —e— KR(PMDETA)

~ 50 57
X
< KR
= 40
-3 MgR2
w
£ 30 g
>
S 20 20 KMgR3
O 15

10 ) —e— MgR2+PMDETA

0 —— —® 3

0 20 40 60 80 100 120 140

Time (min)

Figure 2.6: Comparison of reactivity between monometallic reagents K(CH.SiMes), Mg(CH.SiMes)-,
(PMDETA)K(CH:SiMej3) and the bimetallic base 1a towards metallation of one equivalent of 2a.

Mg(CH2SiMegz): fails to deprotonate anisole under these reaction conditions (Scheme 2.13),
the same happens with an equimolar mixture of Mg(CH2SiMez)> and PMDETA, which does
not greatly enhance the reactivity of this compound. The mixed metal compound la and

K(CH2SiMe3) exhibit poor reactivity, whereas when a 1:1 mixture of K(CH.SiMes3) and
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PMDETA is employed 57% conversions are observed after 2h (Figure 2.6), showing that the
addition of PMDETA truly activates K(CH2SiMe3) towards deprotonation of anisole. This can
be rationalised in terms of the Lewis-donor activation. This effect has been previously
described for the metallation of anisole using BuLi. On the addition of TMEDA the reaction
occurs quantitatively however in the absence of this Lewis base, BuLi forms a donor-complex
with anisole, and no metallation takes place.?’-2° Although the structure of K(CH2SiMe3) is not
known, it can be expected to be a high aggregate species (i.e. Li(CH2SiMe3) is a hexamer,
whereas Na(CH2SiMe3) forms a polymeric chain made up of {Na(CH.SiMe3s)}4 tetramers), as
by the addition of PMDETA this supramolecular structure can be broken down to form a

smaller polymeric aggregate that will be more reactive (Figure 2.7).
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Figure 2.7: Portion of the polymeric structure of PMDETA solvated KCH,SiMes.

It should be noted that although [(PMDETA)K(CH2SiMes)] can deprotonate 2a at ambient
temperature, the relevant potassium aryl organometallic intermediate appears to decompose in
solution overtime. Thus, while GC analysis of the reaction crude showed a 60% conversion
after 90 minutes of the addition time, when a new aliquot of the reaction mixture was analysed
after 16h the conversion to 3a decreased to 34%. This lack of stability contrasts with the results
found using the bimetallic combination [(PMDETA).K:Mg(CH.SiMe3)4] 1b as a base where
the relevant organometallic intermediate is stable in solution under argon atmosphere over
significantly longer periods of time, without observing any substantial difference in the
conversion rates between 3 hours and 72 hours, this can be rationalised by the formation of an
aryl magnesium species rather than a potassium aryl intermediate, which would be expected to
be more stable due to the more covalent (or less polar) character of the Mg-C bonds versus K-
C bonds.

In order to study the alkali-metal effect in these bimetallic reagents, the reactivity of
[(TMEDA)2Na:Mg(CH.SiMe3z)4] (1d) and [(TMEDA).Li2Mg(CH2SiMe3s)4] (1e) was studied.
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Compound 1e has been previously prepared and structurally defined in our group3® and exhibits
the same linear motif AM---Mg---AM as that described for compound 1b where magnesium is
bonded to four alkyl groups (Figure 2.8).

[(TMEDA),Na,Mg(CH,SiMe;),] (1d) | [(TMEDA),Li,Mg(CH,SiMe;),] (1e)

Figure 2.8: Monomeric units of a) 1d and b) 1e

Interestingly, using 1d and 1e under the same conditions previously described for the reactions

of 1b and 1c, no substantial metallation of anisole was detected (Scheme 2.14).

OMe

M=Li (1e) '
Donor = TMEDA

2) 1 3a 5%
OMe OMe
1) [[(DONOR),M,;Mg(CH,SiMe3)4] M=Na (1d)
hexane, RT, 2h Donor = TMEDA
2) lp
2a 3a 10%
OMe

M=K (1b)
Donor = PMDETA R |

2 eq/ 18-Crown-6
2) 1

3a 0%

Scheme 2.14: Reactivity of 1d and 1e towards metallation of 2a.

This lack of reactivity illustrates the important role of the alkali metal counterpart in these
magnesiate systems. Furthermore when the reaction of 1b with anisole is carried out in the
presence of two equivalents of 18-crown-6 which presumably captures the K cations, no
iodoanisole is observed after quenching with iodine. These findings suggest that these reactions

must operate via contacted-ion pair mixed-metal intermediates (CIP), being genuine examples
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of potassium-mediated magnesiations. The enhanced reactivity of 1b can be rationalised by the
synergic partnership between the metals. By forming a higher-order magnesiate, the low kinetic
basicity of the Mg—C bonds in MgR2 can be overcome, but the K cations also play a major role
in the process, coordinating to anisole, bringing its ortho-H in close proximity to the activated

magnesiate anion.

2.3.3 Magnesiation of substituted aromatic substrates

The results and substrates screened in this section are summarised in Table 2.2:

Table 2.2: Reaction conditions and yields for the deprotonation reaction of different substituted
aromatic substrates using 1b.

FG FG
1)1b
Hexane, T (°C), Time (h)
> E
2) E (I, or COy), 1h
Entry substrate Eq of 1b conditions Product (Yield %)?
OMe OMe

1 0.33 20°C E

2a 3a' (84%) E = CO,H

OMe OMe
20 °C
2 OMe 0.33 ! OMe
2h
2b 3b (70%)
O o 0]

3 i 0.33 0°c NiPr, | i

N'Pra : 15h ‘ N'Pr,

2c | 3c (52%) 3¢’ (12%)

O )
. 0°C .
4 N'Pry 1 N'Pr,
15h
2c | 3¢ (94%)
E

5 ] ] 0.33 0° F F b
. 0, =
od 15h 3d (64%)°E = |

3d' (52%) E = CO,H
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CF3
6 0.33

2e
CFj3

0°C
! ! 1.5h
2e ' e (85%)° | 3¢’ (5%)°

Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or
GC-analysis) unless otherwise stated. °Yield was determined by 1H-NMR analysis using ferrocene
as internal standard.

0°C

15h

(43%)° e' (4%)°

As previously mentioned, metallation of relatively inert C-H bonds is one of the most useful
synthetic methodologies. Benzene can be considered a challenging substrate towards
metallation reaction, primarily due to the high pKavalue of its hydrogen atoms (pKa = 44.7)
(Figure 2.9)% as well as the lack of activating directing groups. Previous work by Mulvey has
shown that sodium magnesiate reagents can promote two-fold metallation of benzene at its

sterically optimum positions 1 and 4.3738

The presence of substituents in the aromatic molecule can affect dramatically the acidity of the
aromatic protons of the ring due to electronic (resonance and inductive) effects. These

substituents can greatly influence the regioselectivity of the metallation process

(Figure 2.9).36
i
: F o
E Br pKa metallation
i 36.8 37.5 36.0 selectivity
i ( ) .
44.7 : O most activated
| position
: 43.7 43.4 43.0
© E CF, secgr}d most activated
1 28.7
i
i
[}
i
i

position

39.7 F F .
O least activated
position
-
41.8 39.9

Figure 2.9: Theoretical predicted pK,values of different substituted aromatic substrates .

Figure 2.9 depicts several aromatic molecules and the calculated pKa values for their

corresponding hydrogen atoms in DMSO solution. It is important to take into account that pKa
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values vary according to the solvent used for the reaction, thus these values will be used

principally for information purposes.

Based on the magnesiation efficiency of the bimetallic compound 1b towards anisole we also
decided to investigate the insertion reaction of CO> through different aryl and hetero-aryl
magnesiate intermediates. The reaction of three equivalents of anisole with one equivalent of
1b was quenched after 1.5 hours with an excess of CO> resulting from the evaporation of solid
CO- (dry ice) which was bubbled through the reaction mixture via cannula. The reaction gave
2-methoxybenzoic acid (3a’) after acid/basic extraction selectively in a good 84% isolated
yield (Scheme 2.15).39

OMe OMe

CO,H
1) Hexane, RT, 1.5h
[(PMDETA),K,Mg(CH,SiMes),] + 3

1b 2) CO, 1h, H;0 ™
2a

3
>

3a’ (84%)

Scheme 2.15: Magnesiation of 2a using 1b followed by insertion reaction of CO-,

The yield of the isolated pure product is similar compared to the pure 2-iodoanisole (3a)
obtained by iodination of the ortho-magnesiated intermediate under the same reaction
conditions (78% yield obtained of 3a). In the literature different ways have been described for
the preparation of compound (3a’). A deprotonation approach has been described by Screttas
regarding the use of organolithium reagents in methylcyclohexane/THF solutions at 0 °C for
20 hours (scheme 2.16).%°

OMe 4 BuLi OMe

MCH/THF(11:10)

0 — 20 °C, 20h COH

v

2a o . 3a'81%
E MCH= methylcyclohexane

Scheme 2.16: Screttas ortho-lithiation approach of 2a for the synthesis of 3a’.

Thrilled by our initial results on the reactivity studies of 1b with anisole (2a), we next explored
the reactivity of 1b towards metallation of 1,2-dimethoxybenzene (2b). This substrate has been
previously studied in direct ortho-metalation chemistry. For example M. Uchiyama et al
described the ortho-alumination of 2b at 0 °C for 4h using BusAl(TMP)Li and after iodine
quenching 1-iodo-2,3-dimethoxybenzene (3b) was isolated in good yields (74%).4° Despite the
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good outcome of this reaction procedure excess of the Li-aluminate complexe (2.2 eq) is
required for the reaction to take place. When we reacted 1b with 3 equivalents of 2b at ambient
temperature for 2 h followed by iodine quenching, 3b was isolated in a good yield (70%)
(Scheme 2.17).

OMe OMe

OMe | OMe
1) hexane, RT, 2h
[(PMDETA),KsMg(CH,SiMes)s] + 3 >

2) I, in THF

1b
2b 3b 70%

Scheme 2.17: Magnesiation of 2b using 1b.

We then moved to an aromatic substrate containing an electron withdrawing group (CONPry)
such as N,N-diisopropylbenzamide (2c). This aromatic substrate has been widely studied in
metallation reactions due to the strong ortho-directing effect of the N,N-diisopropylbenzamide
substituent.#* For example, in the case of lithiations, tertiary amides stabilise the intermediate
by interaction between the Lewis basic moiety (lone pair electrons of the nitrogen) with the
Lewis acidic lithium cation, favouring the deprotonation in the vicinal ortho-position to the
amide group. As a drawback these compounds suffer from addition to the amide, especially
when organolithium reagents are employed. Sub-ambient temperatures (-78 °C) are required
along with the use of hindered substituents such as the CONPr, group to hinder the addition to

the amide, thus favouring the ortho-metallation (Scheme 2.18) 4245

O% Bu T 1

. TRlon T ooven imew]
"_'"""'Q'"' 1) s-BuLi/TMEDA (1.1eq) D
) 1) BuLi,THF, 0 °C, 1.5h THF, -78°C, 1.5h
CH ( 2V 10 R 2P0
3
759 HNPr, 3¢ (90%)

Scheme 2.18: Reactivity of different organolithium complounds with substrates containing the
CON'Pr; group.

Work by Kondo, Uchiyama and Mulvey using mixed Li/Al,3140 Li/Zn*6 and Na/Zn*748 reagents
demonstrated that ortho-metallation of this sensitive substrate can be effectively carried out at
room temperature, without observing side reactions at the C=0 bond. Particularly interesting

is to compare these results with the selective benzylic activation of N,N-diisopropyl-4-
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methylbenzamide using LITMP/KOtBu as described by O’Shea, where no ortho-metallation

product was obtained (Scheme 2.19).4°

CON'Pr, CON'Pr,

1) LITMP/KOtBu
THF, -78 °C, 0.25h

>
»

2) D,O

(90%)
CHj3
D

Scheme 2.19: O’Shea benzylic activation of N,N-diisopropyl-4-methylbenzamide using
LiTMP/KOtBu

The reaction of 1b with one equivalent of 2c for 1.5 hours at ambient temperature followed by
electrophilic quenching with iodine was also studied. Under these reaction conditions a mixture
of 2-iodo-N,N-diisopropylbenzamide (3c) and other unknown by-products were formed. When
the reaction was carried out at 0°C, followed by treatment with iodine, compound 3c was
obtained in excellent isolated yield (94%) (Scheme 2.20).
CON'Pr, CON'Pr,
1) hexane, 0 °C, 1.5h

[(PMDETA),K,Mg(CH,SiMes),]  + >
2) 1y, 1h

1b
2c 3c (94%)

Scheme 2.20: Magnesiation of 2c using 1b.

Interestingly when the reaction was carried out using 1 equivalent of base 1b and 3 equivalents
of diisopropylbenzamide for 1.5 hours at 0 °C followed by electrophilic quenching with iodine
a mixture of two distinct products was formed which could be separated by column
chromatography. 'H and 13C NMR analysis revealed the 3-iodo-N,N-diisopropylbenzamide
(3c?) in 12% yield along with 3c as the major product 52% yield (Scheme 2.21).
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CON'Pr, CONPr, CONPr,

1) hexane, 0 °C, 1.5h
[(PMDETA),K,Mg(CH,SiMes)s] + 3 > +
2) 15, 1h
1b 2¢ e I
3c (52%) 3¢’ (12%)

Scheme 2.21: Magnesiation of 2c using 1b under sub-stoichiometric conditions.

This result is somehow surprising as the CON('Pr). group in substrate 2c is a very strong
ortho-directing group, and as far as we are aware, there are no examples in the literature of
meta-deprotonation of this substrate. Attempts to increase the yield of 3¢’ by controlling the
regioselectivity of the reaction were made by carrying out the reaction at lower temperatures
and also by changing the reaction times, however in all cases 3¢’ was observed as a minor

product.

Another interesting aromatic substrate we looked at was 1,3-difluorobenzene (2d). Fluorine is
the most electronegative of all the elements and it has one of the highest ionisation potentials,
which means that a fluorine substituent has a strong electron-withdrawing effect on chemical
bonds, making the C-F bond much more polar than the corresponding C-H bonds.>° As a result,
replacement of hydrogen with fluorine in C-H bonds of an organic molecule greatly polarises
the bond with variation on the steric properties of the compound which can lead to significantly

different physical properties and biological activity.>1-54

Potassium magnesiate 1b was employed for the metallation of 2d at 0 °C for 1.5 hours. lodine
quench gave 1,3-difluoro-2-iodobenzene (3d) selectively in a 64% *H NMR yield. Attempts to
isolate the product by column chromatography resulted in decomposition. The yield was
therefore obtained by *H NMR analysis of the crude with addition of 10 mol% of ferrocene as

internal standard after extraction of the final product (Scheme 2.22, Figure 2.10).
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F F F F
1) Hexane, 0 °C, 1.5h
[(PMDETA),K,Mg(CH,SiMe3),] + n >
2) |5, 1h
2d 3d

1b

n Yield of 3d (%)?

1 36°

2 64

Yield determined by integration of corresponding signals for the iodinated product in the '"H NMR
with the addition of 10 mol% of ferrocene as internal standard to the iodinated

product.’decomposition of product observed

Scheme 2.22: Magnesiation of 1,3-difluorobenzene using base 1b.

The reaction was also carried out with 1 equivalent of base 1b and 1 equivalent of 2d at 0 °C,
however after just 5 minutes of reaction a black precipitate was observed in solution. The iodine
quenching after 1.5 hours yielded 3d in a poor 36% yield (obtained by 'H NMR) confirming

the decomposition of the metallated intermediate 3d under these reaction conditions.
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Figure 2.10: *H NMR yield for the magnesiation of 2d using 1b.

Despite the moderate yield obtained no other by-products or starting material were observed in
the TH NMR spectrum. The fact that no starting material can be detected is due to the high
volatility of 2d (boiling point = 83.9 °C at atmospheric pressure) which can then be easily
removed under vacuum while removing solvents after extraction in the Schlenk line. When the

reaction was carried out between 1b and 3 equivalents of 2d at at 0 °C followed by electrophilic
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quenching with CO; (dry ice), which after acid/basic work up gave a moderate isolated 52%
yield of 2,6-difluorobenzoic acid (3d”) (Scheme 2.23). This result is similar when compared
to the yield obtained for the formation of 1,3-difluoro-2-iodobenzene (3d) (64% yield obtained
by 'H NMR) (Scheme 2.23).

CO,H
F F
1) Hexane, 0 °C, 1.5h F F
[(PMDETA),K,Mg(CH,SiMe3),] + 3 >
2) CO, 1h, H30*

1b

2d 3d' (52%)

Scheme 2.23: Magnesiation of 2d using 1b for the synthesis of 3d’

Carboxylic acid (3d”) has been previously synthetised using BuL.i, in a 1:2.2 mixture of hexane
and THF solution at -78 °C for 45 minutes (Scheme 2.24).5

CO,H

F F 1)BuLi, Hexane/THF
\©/ -78 °C, 45 min F F
+
2) CO,, H30

2d 3d' 90%

\ 4

Scheme 2.24: BuLi promoted deprotonation of 1,3-diflucrobenzene

Despite the high yield of 3d’, generally a more polar (and therefore nucleophilic) aryl lithium
intermediate imposes the use of very low temperature (-78 °C). Potassium magnesiate 1b was
also employed for the metallation of trifluorotoluene (2e) at 0 °C. This substrate is frequently
employed as a solvent in synthesis.® It is also a common fragment present in more complex
molecules with relevance in the preparation of pharmaceuticals and agrochemicals.5’
Considering the strong electron withdrawing effect of the CFs3, this group can be described as
ortho-directing group, however due to its relative large size,*8%° in some cases the
deprotonation of 2e can give mixtures of ortho, meta and para-substituted products.34 Thus for
example 2e when treated with BuL.i in ether at 35 °C followed by electrophilic quenching with
CO. affords a mixture of ortho- and meta-carboxylic acids in a combined 48% vyield and in a
ratio of 5:1, respectively, along with trace amounts of the para-isomer.® In contrast, using the
bimetallic “LIC-KOR” base BuLi-KO'Bu in THF solvent at —78°C,%1-64 Schlosser observed
regioselective ortho-deprotonation.®®

In our laboratory it has been recently shown that the direct zincation of 2e at ambient
temperature using the zincate [(TMEDA)NazZn(TMP)(‘Bu)] results in a mixture of ortho-,
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meta-, and para-zincated ring products in a respective ratio of 20:11:1.56 Also studies by
Uchiyama of the alumination of 2e through reaction with aluminate [LiAI(TMP)('Bu)s] at
0 °C revealed the meta-product to be the predominant regioisomer (20% isolated yield), along
with 10% ortho- and 10% para-metallation products.3! Showing the importance that the donor
solvent or Lewis bases added as additives play in the metallation of this substrate, recently a
synthetic study carried out in our group for the deprotonation of 2e by single-metal bases BuL.i
and BuNa revealed that the yield and regioselectivity of the metal-hydrogen exchange process

can be controlled by the Lewis donors present in the reaction media (Table 2.3).34

Table 2.3: Effect of varying the metal reagent and the donor solvent in the ratio of the lodo-
trifluorotoluene regioisomers.

CF; CF4
1) RM, donor, 24h
-78 °C—> RT X
> —
2) I,/THF P
2e

Iodinated products Yield(%)?

Entry metal alkyl donor ortho meta para total
1 BuLi none 0 0 0 0
2 BuLi THF 30 26 13 69
3 BuLi TMEDA 65 10 6 81
4 BuNa none 8 0 0 8
5 BuNa THF 43 0 0 43
6 BuNa TMEDA 72 0 0 72
7 BuNa PMDETA 80 1 1 82

#Yield determined by integration of corresponding signals for the iodinated product
in the "H NMR with the addition of 10 mol% of ferrocene as internal standard to the
iodinated product.

Building on these precedents we studied the magnesiation of 2e using mixed potassium-
magnesiate reagent 1b. Using 3 equivalents of the organic substrate 2e in hexane at 0 °C for
30 mins, followed by electrophilic quenching with iodine led to the formation of the ortho and
meta-substituted  products  1-iodo-2-(trifluoromethyl)benzene (3e) and  1-iodo-3-
(trifluoromethyl)benzene (3e”) respectively in a 8:1 ratio with a combined yield of 43%. It
should be noted that this yield was established by integration of the representative signals for
each compound in the aromatic region using 10 mol% of ferrocene as an internal standard. The

reaction was studied over different periods of time (Table 2.4).
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Table 2.4: Magnesiation of trifluorotoluene using base 1b.

CF3 CF3 CF,
|
1) Hexane, 0°C, time ©/ @\
[(PMDETA),K,Mg(CH,SiMes),] + N , .
2) I, 1h
1b |
2e 3e 3e’
Entry n Time (h) Ratio (3e:3e) Yield (%0)2
1 3 0.5 8:1 43
2 3 15 11:1 47
3 3 4 10:1 44
4 1 15 17:1 90

aYijeld determined by integration of corresponding signals for the iodinated product in the *H NMR
with the addition of 10 mol% of ferrocene as internal standard to the iodinated product.

Base 1b was allowed to react with trifluorotoluene for 0.5 hours, 1.5 and 4 hours respectively
before iodine was added to the reaction mixture. The reaction time does not affect the reactivity
of 1b towards deprotonation of 2e, as the yields (43%, 47% and 44% entries 1,2 and 3 Table
2.4) are similar in all cases. In addition there is also no increase in formation of product 3e’
with respect to 3e. Repeating this reaction using 1 equivalent of 2e rather than 3 gave an
improved yield of metallated product (90%) along with a greater control of the regioselectivity

(17:1 of ortho and meta-products respectively) (Figure 2.11).
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Figure 2.11: *H NMR yield for the magnesiation of 2d using 1b.

These results suggest that for this substrate 1b may not be effectively acting as a polybasic
reagent employing 3 of its 4 basic arms as we have previously seen for substrate 2a.
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2.4 Magnesiation studies on N-heterocyclic substrates.
2.4.1 Studies using methoxy substituted pyridines.

The results and substrates screened in this section are summarised in Table 2.5.

Table 2.5: Reaction conditions and yields for the deprotonation of different substituted pyridines
using 1b.

1)1b (x eq)
N Hexane 0 °C, 2h
MeO » MeO
N/ 2) I, 1h
Entry Substrate Eqg. of 1b Product (Yield %)?2
OMe OMe
1 | X 0.33 (j/
N 2 NZ 3 (70%)
MeO |
=z
2 | 033 MO~
\N 2g S I
N~ 39 (75%)
= 'NA
3 < 0.33 |
MeO” "N~ 2h MeO” "N~ 3h (58%)

2Yields refer to isolated yields of analytically pure products (>95% purity
determined by NMR or GC-analysis) unless otherwise stated.

We then decided to study the reactivity of 1b against a series of heterocyclic molecules. We
first focussed on substituted pyridines which are important building blocks in pharmaceutical
industry.®” The pyridine scaffold is present in over 7000 existing drugs, thus the methods for
their synthesis are of great interest.58 Deprotonative metallation is one of the most important
methodologies employed for their functionalisation. The acidity of hydrogens in benzene and
pyridine without substituent is very weak (pKa>40) 3 however the hydrogens in pyridine are
more activated than in benzene (in terms of pKa), nevertheless their acidity is still weak. The
high pKa value is related to the highly-conjugated p-orbitals in the ring, therefore, if more
nitrogen atoms are introduced into the ring, there is a decrease in aromaticity leading to more

acidic protons (Scheme 2.25).
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Scheme 2.25: Theoretical predicted acidities pK, of 6-membered aromatic heterocycles.
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Hydrogens in C4 position of a pyridine are 700 times more acidic than hydrogens in the C»
position. Selective direct lithiation of electron deficient heteroaromatics such as pyridines can
be difficult, as the competitive nucleophilic addition process to the C=N bond can take place

rather than the metallation reaction (Scheme 2.26).59

X BuLi, THF N
8 [ L

N N Bu

|
Li

Scheme 2.26: General reactivity observed in lithiation of pyridines.

A solution to this problem can be the use of ligands with donor groups to enhance the basicity
of the alkyllithium reagent. For example LIDMAE = Me>N(CH2).OL.i can be employed with
two molar equivalents of n-butyllithium (at —78°C) in hexane solution to successfully lithiate
pyridine in the 2-position, and further obtain the 2-substituted pyridines after electrophilic
quenching in yields from 25-80%.7° Sterically demanding lithium amides, such as LDA and

LiTMP can also be used to deprotonate pyridines in good yields. "

In the early 90’s different methods were reported for the deprotonation of methoxypyridines.’*
The lithiation of 4-methoxypyridine (2f) was optimised by Comins’2 and Quéguiner’3 using an
excess of PhLi as a metallating reagent at 0°C, which has a lower nucleophilicity than BuL.i

but it is still basic enough to favour the deprotonation process (Scheme 2.27).
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OMe OMe

1) 2.2 eq. PhLi, THF, E
X 0°C, 1h R N
= 2)E ~Z  (67-90 %)
N™ o 3) hydrolysis N
E = CH(OH)Ph, I,

CH(OH)(4-(OMe)Ph, Br
Scheme 2.27: Lithiation of 2f in the Cs position using PhLi. 727

The same approach can be used for the lithiation of 3,4-dimethoxypyridine using "BuL.i

although in this case lower temperatures (-70°C) need to be employed (Scheme 2.28).73

OMe OMe
1) 2.2 eq. BuLi, THF,
OMe OMe
AN -700r 0 °C, 1h AN
_ 2 E g _ (45-90 %)
N 3) hydrolysis N E
E =D, TMS, Me,

CHO, CH(OH)Ph,
CH(OH)Me, Br, |

Scheme 2.28: Lithiation of 3,4-dimethoxypyridine in the C, position using BuLi.”™

Lithiation of the C4 position was also achieved using the same conditions but having methoxy
groups in the C2 and C3 positions (Scheme 2.29).74

E
OMe  1)2.2eq. BuLi, THF, OMe
X 0°C, 1h X
| P ot > _ (60-99 %)
N* OMe 3) hydrolysis N™ OMe
E =D, Br,

CH(OH)Ph, OH
Scheme 2.29: Lithiation of 2,3-dimethoxypyridine in the C4 position using BuLi.™

Remarkably when these reactions were carried out using 1.2 equivalents of BuLi low
metallation yields were obtained (15%). The authors state that an excess of the organolithium
reagent is required as the first equivalent coordinates to both methoxy substituent and nitrogen
atom, whereas the second one carries out the Li-H exchange process. In order to expand the
reactivity of base 1b we decided to investigate its reactivity towards different
methoxypyridines such as 4-methoxypyridine (2f), 3-methoxypyridine (2g) and
2-methoxypyridine (2h) (Table 2.5). In pyridine itself, the relative acidities around the ring are
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700:72:1 (Ca4:C3:Co positions).” The metallation of 4-methoxypyridine (2f) at ambient
temperature gave small quantities of unknown by-product, however when the reaction was
carried out at 0 °C only ortho-metallation product was observed. This regioselectivity is
directed by the acidity of the pyridine hydrogens as well as the ortho-directing effect of the
OMe group. It should be noted that this regioselectivity has been previously described in the
literature for the metallation of 2f by mesityllithium at -23 °C followed by quenching with
MeSSMe.’®

In the case of 3-methoxypyridine (2g) the metallation occurs at the Ca position which is the
most acidic position, rather than C; position. The isolated yield obtained after separation by
column chromatography was 75% which is slightly higher when compared to the isolated
yields of 4-methoxypyridine (2f) (70%) and 2-methoxypyridine (2h) (58%). The methoxy
group in the Cs position favours the deprotonation in the C4 position, not only because Cs
contains the most acidic proton of the pyridine, but also because the methoxy group increases
its acidity with its ortho-directing effect. In the case of 4-methoxypyridine (2f) the most acidic
proton of the pyridine is blocked, so the metallation takes place in the Cz position. In the case
of 2-methoxypyridine (2h) the regioselectivity of the reaction is particularly interesting as the
metallation occurs exclusively in the Cz position, suggesting that the regioselectivity is driven
preferentially by the directing effect of the methoxy group. The metallation product 3h in this
case is obtained in a lower isolated yield (58%) compared to the other methoxypyridines
studied. In a related reaction Knochel et al have reported the selective acylation of 2-
methoxypyridine (25°C, 2h) at the Cz position using the LiCl-complexed aluminate base
[((BBu)NCH('Pr)(Bu)]sAl-3LiCl in 68% yield (Scheme 2.30).77

1) [(tBu)NCH(iPr)(tBu)]5Al-3LiCl

| XX THF, RT, 2h . Ph AN
_ 2) ZnCl,, CuCN-2LiClI _

MeO N -40 °C, 20 min MeO N
3) benzoyl chloride, 12h, RT 68%

Scheme 2.30: Knochel’s [(‘Bu)NCH(Pr)('Bu)]sAl-3LiCl mediated deprotonation of 2g.7”
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2.4.2 Magnesiation of aromatic five-membered ring heterocycles.
The results and substrates screened in this section are summarised in Table 2.6.
Table 2.6: Metallation of different 5-membered ring heterocycles using 1b.

1) 0.33 eq of 1b

” ~ N E
7 27\ Hexane, RT, 1.5h Ol
LI LI
SRy TX 2) E (I, or COy), 1h RPN
X=S, 0, NMe
Y=CH, N
Z=C, CH, N
e .
L 3@ 3l s~ ™ 87 "CO-H o~ |
e e i 3j (92%)? 3j' (90%)? 3k (81%)?
N
Qj\ Q‘)\ /FN | c N
N
CO,H Me Me
3k (95%)? 31 (82%)2 n (92%)2 p (93%)2

%Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or
GC-analysis) unless otherwise stated.”Yield determined by integration of corresponding signals for
the iodinated product in the "H NMR with the addition of 10 mol% of ferrocene as internal standard
to the iodinated product.

Substituted five-membered ring heterocycles such as thiophene (2i), benzothiophene (2j),
benzofuran (2k), 1-methylbenzimidazole (2I), benzothiazole (2m), 1-methyl-1H-pyrazole (2n)
and 1-methyl-1H-1,2 4-triazole (2p) are structural units present in many natural products and
pharmaceutical synthetic intermediates.”®7® Thus their functionalisation is particularly
important. Kondo and Sakamoto described the magnesiation of thiophenes and thiazoles using
the amido base Pr.NMgCI (Table 2.7).80
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Table 2.7: Kondo’s magnesiation of thiophene using 'Pr,NMgCI base.

\ES> 1) IPr,NMgCl, RT, THF  £102C S
Y )1, RT, THE UI

Et0,C

'Pr,NMgClI ime e

(mol eq.) Yield (%)
1.0 lh 21 (73)
1.0 24h 0 (90)
2.0 10 min 77
2.0 30 min 60
2.0 1h 52
2.0 24h 0

dvalues in parentheses are recovery yields of starting material

These studies showed that in order to get good conversions of thiophene (2i) into
2-iodothiophene (3i) an excess of the base reagent is required (2 equivalents). Furthermore the
relevant metallated intermediate appeared to decompose over longer period of times since the
yield of the reaction after 24 h is 0%. The monodeprotonation of 2i at ambient temperatures
can be also achieved selectively using (TMP)MgCI-LiCl as reported by Knochel and
collaborators.3° Furthermore when 1.1 equivalents of this base is employed C, metallation of
benzothiophene (2j) can be obtained at ambient temperatures for 24 hours.2° Despite these
efficient C> magnesiations longer reaction times are required to quantitatively metallate 2i and
2j using this approach. Recently Mongin also reported selective metallation of 2i using the
lower order lithium magnesiate (TMEDA)LiMgBusz, obtaining 2-iodothiophene (3i) in a 90%
yield. A proposed tris(thiophenyl) lithium magnesiate intermediate was proposed, although no

experimental evidence was provided for its formation (Scheme 2.31).8!
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(\ S; 1) 0.33 eq (TMEDA)MgLiBug, THF, RT, 2h @/I

2i 2) 12 L/ o

3) Hzo 3i 90%

i S
AW
>
™ m

_— 9 Li(TMEDA)

Scheme 2.31: Mongin’s magnesiation of 2i using (TMEDA)LiMgBu3 base.

In this case LiMgBuz displays polybasic behaviour since almost quantitative yield of 3i (90%)
is observed when using 0.33 equivalents of the bimetallic reagent. The reaction of the higher
order potassium magnesiate 1b and thiophene (pKa = 33.5 see Scheme 2.34) at ambient
temperatures followed by iodine quenching, it resulted in the formation of a mixture of two
products. 'H NMR analysis of the crude of the reaction mixture showed the formation of 3i and

2,5-diiodothiophene (3i’) (Table 2.8).
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Table 2.8: Thiophene magnesiation using 1b.

1) 0.33 eq. of 1b

S X hexane, Temp, 1.5h S X
: | /> > i | />—E
Soeo T~y 2) E (I or COy), 1h Sa T~y
X=S, NMe
Y=CH, N
Entry Substrate Temp (°C) Product (Yield %)@
1 Z 3 0 20 17 Ng 7 Ng”
S 3i (83)° 3i* (9)°
2 % 20 %\ 3j (92%)E = |
s” 2j s” 1 3j'(90%) E = CO,H
o~ 2k 0~ ~E 3K (95%) E = CO,H
s oy
4 e 20 SN
P2 I 31 (82)

Me

Me
N
: Oy ° ‘
S 2m

2Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or
GC-analysis) unless otherwise stated. ®Yield determined by integration of corresponding signals for
the iodinated product in the *H NMR with the addition of 10 mol% of ferrocene as internal standard
to the iodinated product.°Uknown mixture of products observed

The reaction was repeated under the same reaction conditions in order to obtain the yield of the
two products by IH NMR using ferrocene as an internal standard giving 83% and 9% yield of

2-iodothiophene (3i) and 2,5-diiodothiophene respectively (3i”) (Figure 2.12).
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Figure 2.12: 'H NMR yield for the magnesiation of 2i using 1b.

These results suggest that for this substrate all four alkyl groups on magnesium in 1b may be
active towards the deprotonation process. When the reaction of one equivalent of 1b with 4
equivalents of 2i followed by iodine quenching 73% yield of 3i along with 4% yield of 3i” were
obtained by H NMR. Interestingly when the Cs position is blocked as in the case of
benzothiophene (2j), 1b selectively metallates this substrate in the C, position obtaining the
iodinated product 3i almost quantitatively (92% yield) after iodine quenching (entry 1, Table
2.8). Recent work published in our group has shown the ability to metallate thiophene using
alkali metal ate complexes as deprotonative agents.82 Regarding O-related analogues of this
sulfur-containing heterocycle, it was reported that sodium magnesiate base
[(TMEDA)Na(TMP).Mg(CH2SiMes)] undergoes a remarkable reaction with furan at room
temperature to produce a spectacular octadecametallic complex
[(TMEDA)sNa12Mgs(CH2SiMe3)2(CsH30) 10(CsH30)%¢], which contains ten

a-monometallated and six a, a’-dideprotonated furan molecules.8?

In order to expand the scope of the potassium mediated magnesiation reactions we investigated
the reactivity of 1b towards the metallation of different heteroaromatic compounds. Mongin
demonstrated that benzofuran (2k) can be successfully metallated in the C position using
higher order lithium magnesiate compound Li2MgBus (1/3 equivalents) at ambient temperature
after electrophilic interception with I or benzaldehyde, the relevant C, substituted benzofuran

can be obtained in good yields (ranging from 85 to 89%).84 The reaction of one equivalent of
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1b with three equivalents of 2k gave 2-iodobenzofuran (3K) as a unique product after iodolysis
with a good 81% isolated yield (entry 3, Table 2.8). The reaction between 1b and substrates
2k and 2j was carried out followed by the heterogeneous reaction of CO2 which was bubbled
through the reaction mixture. Different carboxylic acids were obtained selectively after acidic
work up. The yields of the carboxylation reactions are similar to the yields obtained by iodine
quenching (92% for 3j, 90% for 3j’, and 81% for 3k and 95% for 3k’, entry 2 and 3, Table
2.8). Compounds 3j” and 3k’ have been previously prepared in a copper (1) catalysed reaction
of aryl-boronic esters, in DMF solution, at 90 °C for 10 hours (Table 2.9).8

Table 2.9: Copper (1) catalysed carboxylation of aryl-boronic esters.

1) CO, (Closed)

5 mol% Cul

/O 6 mol % bisoxazoline

— 3 eq CsF

Ar—B :>< > Ar—CO,H
(@) 2) DMF, 90 °C, 10 h
Entry Aryl group Yield (%)
OMe
1 72

Despite the high yields obtained, this procedure has some major drawbacks. On one hand, the
high temperatures and the long reaction times employed (90 °C and 10 hours respectively), on
the other hand, the preparation of the aryl-boronic esters in this methodology requires the use
of BuL.i at low temperature (-40 °C).

The reactions with other benzo-fused five membered-ring heterocycles such as 1-methyl-1H-
benzimidazole (21) and benzothiazole (2m) were also investigated. Surprisingly when one
equivalent of 1b reacts with three equivalents of 2m at ambient temperature a dramatic colour
change can be observed (from pale yellow to dark red) immediately after the reactions starts.
lodine quenching gave unknown mixture of products which were analysed by 'H NMR
spectroscopy (entry 5, Table 2.8). Related to this it has been previously reported in our group
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that the use of solvent-separated sodium magnesiate compound
[{Na(THF)s}*{(Ph2SiN(Ar2)Mg(Bu)(THF)}] (Ar= 2,6-Pr,-CsHs) which contains highly
bulky bis(amido) ligands, promotes activation of 3 equivalents of 2m at ambient temperature,
in a complicated cascade process which involves at least five distinct type of reactions such as
C> magnesiation, C-C coupling between two benzothiazoles, ring-opening, nucleophilic
addition and intramolecular deprotonation (Scheme 2.32).86

s N
Tr* {Na(THF)e}* \ w ST Na(TH),

/

S N J/
PSS e THE S THF THF—ig =} N
/ B Mg ’
PRTSNT Byt X C[/> " rt N NSRS
| N (x=1 or 3 eq) \__ NJHF
Ar* 2m S
;NS
(THF)sNa~~ @

Scheme 2.32: Cascade process described for the activation of 2q.%

This reaction takes place with a dramatic colour change, from light yellow to bright red. With
this approach two of the benzothiazole molecules couple to each other whereas the third
molecule suffers from C>-S bond cleavage. Although no enough experimental evidence was
gathered, a similar activation process could be taken in place here, which would explain the

apparent complex mixture of products observed.

The magnesiation of 2| was then investigated, which was successfully achieved in the C»
position using 0.33 equivalents of 1b, at ambient temperature for 1.5 hours. lodolysis of the
magnesium intermediate resulted in 82% isolated vyield of 2-iodo-1-methyl-1H-
benzo[d]imidazole (3I) (entry 4, Table 2.8).

Closely related as recently shown in our group the use of solvent-separated sodium magnesiates
compound [{Na(THF)s}*{(Ph2SiN(Ar2)Mg(Bu)(THF)}-] (Ar= 2,6-Pr,-C¢Hs) can promote
quantitative magnesiation of 21 as unequivocally established by X-ray characterisation of the
relevant magnesium intermediate (Scheme 2.33).87
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Scheme 2.33: Magnesiation of 21 using a solvent separated sodium magnesiates.®’

Building on these results, the reactivity of 1b towards the metallation of different nitrogen-

containing heteroaromatic 5-membered ring systems was next investigated. The reaction of one

equivalent of 1b with three equivalents of 1-methyl-1H-pyrazole (2n) at ambient temperature

was quenched after 1.5 hours with iodine to afford 5-iodo-1-methyl-1H-pyrazole (3n) in almost

quantitative isolated yield (92%) (Entry 1, Table 2.10). Similarly the reaction of one equivalent

of 1b and three equivalents of 1-methyl-1H-1,2,4-triazole (2p) under the same reaction

conditions gave 5-iodo-1-methyl-1H-1,2,4-triazole (3p) in almost quantitative isolated yield

(93%) (Table 2.10).
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Table 2.10: Magnesiation of 2n, 20, 2p, 29 using 1b.

7 1)1b (0.33 eq.) 7 '
””Qk 25°C, 1.5h ”/’3\<
X > X

Y . Y
S~ 2k ~
I\VI 1 X=CH, CCHj I\VI
® 1 Y=CCHs N ©
! Z=CH,N !
Entry Substrate Product (Yield %)?2
[\ /[‘\\
N N
1 N | N
|
Me 20 Me 3N (92)
g
2 Me—N-N No reaction®
Mé 20
N N
<~\\ /_\\N
3 -N | .
|
Me 2P Me 3P (93)
L
4 Me™ N\~ ~Me <
|
Me 29

aYields refer to isolated yields of analytically pure products (>95% purity
determined by NMR or GC-analysis) unless otherwise stated. °Full recovery of
starting material. °Decomposition of product observed

Interestingly the reaction of one equivalent of 1b with 3 equivalents of 2q at ambient
temperature for 1.5 hours resulted in the formation of a black solid after quenching with iodine.
IH NMR analysis of the crude suggested decomposition of the substrate due to the formation
of multiple unknown signals with no evidence of metallation at all. In both substrates 2n and
2p the metallation took place in the a-position (Cs position) of the nitrogen atom bonded to a
methyl group which can be considered “pyrrole” type, as its lone pair is involved in the m-
system of the heterocycle whereas the remaining N atoms are like that present in pyridine, with
their lone pair lying in the same plane as the aromatic ring and therefore been not involved in
the electronic delocalization of the heterocyclic substrate. The regioselectivity observed for
these reactions is consistent with the calculated pKa values for these substrates in DMSO
(Scheme 2.34).36
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Scheme 2.34: Theoretical predicted pK,of 2n, 2p and 2i.

Interestingly for 1,5-dimethyl-1H-pyrazole 20 where the Cs position is blocked by a methyl
group (entry 2, Table 2.10) no metallation is observed at all with full recovery of starting
material, showing that under these mild reaction conditions, 1b cannot remove the hydrogen
bonded to Cz which are significantly less activated in terms of pKa. Closely related to these
findings our group has recently reported the successful zincation of 2n and 2p and other N-
heterocyclic substrates at ambient temperature using the lithium zincate complex
(THF)Li(TMP)Zn('Bu), obtaining the iodinated products 3n and 3p after iodine quenching in
89% and 98% yields respectively.88 However it should be noted that in these reactions excess

of the amido/alkyl zincate (2 equivalents) were needed to quantitatively zincate 2n and 3p.

Within the context of magnesiation chemistry Knochel et al have reported the selective
metallation of a range of N-methyl substituted pyrazoles at ambient temperature using
(TMP)MgCI-LiCl and (TMP).Mg-2LiCl (Scheme 2.35).8°

Me Me Me

/ 1) (TMP)MgCI-LiCl (1.1 eq.)  PhS N/ 1) (TMP)MGCL-LICI (1.1 eq.) o /

N 25°C, 2h . N -15 °C, 10h ‘ N,
| Va 2) PhSO,SPh ] | Va 2) FCI,CCCIF - | N

2 2 2 /

2n 82 %
69 9

AR

Scheme 2.35: Knochel metallation of 2n using (TMP)MgCI-LiCI.#°

In this case, using a sequence of metallation/quenching steps the authors have managed to
functionalise all three H-positions present in 2n. This includes the hydrogen attached to Cs
which is the less activated in terms of pKa, of this molecule, although in this case the reaction
only works using the amido-rich base (TMP)2Mg-2LiCI (Scheme 2.36).8°
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N ’ S
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2) PhCOCI cloc 76 %°
Cl Cl

# transmetallation with 1.1 eq of CuCN 2LiCl

Scheme 2.36: (TMP)MgCI-LiCl and (TMP),Mg-2LiCl mediated metallation of N-methyl substituted

pyrazoles.%

It should be noted that in these substrates the presence of substituents at the C4 and C; positions

in the ring may greatly activate the C4-H, in comparison to parent unsubstituted 2n.
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2.5

Conclusions

The following conclusions can be made resulting from the work presented in this chapter.

1)

2)

3)

4)

Using anisole as a case study, the synergic effect of potassium and magnesium in the
higher order magnesiates 1b and 1c has been demonstrated. Thus, while both bimetallic
species can promote the efficient ortho-deprotonation of this aromatic ether, their
homometallic components KCH>SiMes and Mg(CH.SiMes), fail to do so, affording
only negligible amounts of 2-iodoanisole (3a). Demonstrating their enhanced
metallating power, the high reactivity of these compounds contrasts with the inertness
of triorganomagnesiates [{(KMg(CH2SiMez)s}«] (1a) which fails to deprotonate this
substrate.

Studies using variable amounts of anisole and mixed-metal base 1b show the ability of
the latter to exhibit polybasic behaviour employing three of its four potential basic arms.
A moderate donor effect has also been observed as both mixed metal compounds
[(PMDETA):K:Mg(CH2SiMes)s] (1b) and [(TMEDA):K:Mg(CH.SiMes)s] (1c)
promote the ortho-metallation of anisole (2a) to form (3a) in similar yields.

A marked alkali-metal effect has been observed. Further studies for the reactivity of
this novel mixed metal compounds towards the metallation of 2a showed that when
switching to the similar bimetallic compound [(TMEDA).Na:Mg(CH2SiMes)s] (1d)
and [(TMEDA).Li2Mg(CH2SiMez)4] (1e) suppress the magnesiation process. Despite
the close structural futures of 1b and 1d, replacing K for Li dramatically influences the
reactivity of these mixed-metal compounds.

These compounds are able to promote the efficient and selective magnesiation of a wide
range of aromatic and heteroaromatic substrates at room temperature under mild
reaction conditions as pleasingly observed for the metallation of different compounds
from 2a to 2p. Electrophilic interception of the metallated intermediates using I,
allowed the isolation of 3a-3p in good to excellent yields (ranging from 52-94%) These
results show the potential application of 1b in contrast with K-related compound LIC-
KOR where cryogenic conditions must strictly be employed. Thereby different
substrates have been metallated using 1b and then reacted with CO. to obtain different
carboxylic acids. This resulted to be a straightforward method for the synthesis of
different aryl substituted carboxylic acids with CO> as an attractive environmentally

friendly chemical feedstock.
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2.6 Experimental section

General Considerations. All reactions were performed under a protective argon atmosphere
using standard Schlenk techniques. Hexane, benzene and THF were dried by heating to reflux
over sodium benzophenone ketyl and distilled under nitrogen or they were passed through a
column of activated alumina (Innovative Tech.), degassed under nitrogen and stored over
molecular sieves in the glove-box prior to use. LICH,SiMe3 and organic substrates were
purchased from Sigma Aldrich chemicals and used as received. TMEDA and PMDETA were
purchased from Sigma Aldrich chemicals, distilled over CaH and stored in a Schlenk with
activated molecular sieves. NMR spectra were recorded on a Bruker DPX400 MHz
spectrometer, operating at 400.13 MHz for 1H, 100.62 MHz for 13C or on a Varian FT-400
spectrometer using standard VARIAN-FT software. Elemental analyses were carried out using

a Perkin Elmer 2400 elemental analyser.

2.6.1 Synthesis of inorganic compounds
2.6.1.1  Synthesis of KCH2Si(CHz3)3

To a suspension of KO'Bu (2.75g, 25 mmol) in hexane (50 mL) at 0 °C was added dropwise
LiCH2SiMe3 (26 mL of a 1M solution of LiCH2SiMez in hexane). The reaction was left stirring
overnight. The resultant off-white suspension was filtered, washed with hexane (3 x 20 mL)
and dried under vacuum to afford a white solid (typical yield 2.4-2.55g, 76-81%). 'H NMR
(400 MHz, CDCl3) & (ppm) =-2.21 (s, 2H, CH2), -0.15 (s, 9H, CHs). BC{*H} NMR (101 MHz,
CDCls) & (ppm) = 0.9 (CH_2), 7.2 (CHs)

2.6.1.2  Synthesis of Mg(CH2SiMe3)2

To an oven-dried 500 mL round bottom flask were added Mg turnings (4.00 g, 136 mmol) and
Et2O (110 mL). CICH2SiMes (19 mL, 136 mmol) was suspended in Et,O (60 mL) and added
drop wise. The resulting grey solution was refluxed for 1h. To the cooled suspension was added
1,4-dioxane (9 mL, 106 mmol) and the pale grey mixture stirred for 16 hours. The suspension
was then filtered through glass wool and washed with Et20 (2 x 40 mL) giving a pale straw
filtrate. Removal of the solvent in vacuo afforded a white solid which was purified by
sublimation at 170 °C to obtain pure Mg(CH.SiMes). as a white solid (typical yield 8 g, 58%).
'H NMR (400 MHz, THF) & (ppm) = -1.73 (s, 9H, CHz3) -0.07 (s, 2H, CH>)
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2.6.1.3  Synthesis of [{(KMg(CH2SiMe3)s}»] (1a)

— 'V'g\ Ve ] To a suspension of KCH>SiMes (0.12 g, 1
@ i, :;CHZ_S{EMQ mmol) in hexane (5 mL) Mg(CH,SiMes),
,,—:\*.( /IC\M’Q Me (0.20 g, 1 mmol) was added and the resulting
CH2"/ Mé/;?»i \ICH e suspension stirred for 1 hour and benzene (4
Me Me \lSi,; mL) was added. Gentle heating resulted in a

B K/ ______ Me Me o clear colourless solution. The Schlenk was

left in the freezer at -30 °C for 16h and a crop
of clear colourless crystals was isolated (0.18 g, 45%). mp: 66°C.'"H NMR (400 MHz, 298
K, ds-toluene) & -1.72 (6H, s, SiCH>), 0.28 (27H, s, Si(CHs)s), 7.13 (2H, CH, benzene). 1H
NMR (400 MHz, 298 K, CeéDs) & (ppm) -1.75 (6H, s, SiCH,), 0.34 (27H, s, Si(CHz)s3).
BC{H} NMR (101 MHz, 298 K, C¢Ds) & (ppm) 5.66 (Si(CHa)s), 0.97 (SiCH). 29Si{H}
NMR (79.475 MHz, 298K, Ce¢Dg) 6 -1.04 Elemental analysis (CHN): Due to the extreme

air-sensitivity of compound 1r satisfactory analyses could not be obtained.

2.6.1.4  Synthesis of [[PMDETA):K:Mg(CH2SiMes)s]  (1b)

SiMe,  SiMes To a suspension of KCH,SiMes (0.12 g, 1 mmol)
|, ] | \\/ in hexane (15 mL) Mg(CH.SiMes)2 (0.1 g, 0.5

<_N/ \CH2 CH2
/’ﬁ .\\\\ \ ) \ N . .
—N—K Mg K—NZ— mmol) was added and the suspension stirred for 1
Q__ > 7y N D

N\\ C|I'|2 C|I'|2 /l\ll hour. PMDETA (0.21mL, 1.0 mmol) was then
SiMe; SiMe; 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 (0.31 g, 78%). mp: 78°C. 1H NMR
(400 MHz, 298 K, C¢Ds) 6 -1.70 (8H, s, SiCH), 0.52 (36H, s, Si(CHs)s), 1.80-1.87 (16H, m,
NCH., PMDETA), 1.94 (6H, s, NCHs, PMDETA), 2.01 (24H, s, N(CHs);, PMDETA).
BBC{IH} NMR (101 MHz, 298 K, Ce¢Ds) & 1.11 (SiCHy), 6.19 (Si(CHs)s), 42.18 (CHs,
PMDETA), 45.47 ((CHs)2, PMDETA), 55.25 (CH,, PMDETA), 57.09 (CH,, PMDETA).
2Si{tH} NMR (79.475 MHz, 298K, CsDs) 5 —0.99 Elemental analysis (CHN): Due to the

extreme air-sensitivity of compound 1r satisfactory analyses could not be obtained.
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2.6.1.5  Synthesis of [[ TMEDA):K2Mg(CH2SiMez)s]  (1c)

MGSSi\ _SiMe; To a suspension of KCH>SiMes (0.24 g, 2 mmol) in

CHz __ /CH2 hexane (15 mL) Mg(CH2SiMe3)2(0.20 g, 1 mmol) was
)AE /Siheg added and the suspension stirred for 1 hour. TMEDA
~

K HQ/\K..,,,,”\II/ (0.30 mL, 2 mmol) was then added and the almost
CH;

\l\’l\\\\\"‘

N_> clear solution transferred to the freezer (-28 °C). After
| 16 hours a crop of peach crystals was isolated (0.41 g,
60%). mp: 63°C (decomposition observed at 82°C). 'H NMR (400 MHz, 298 K, CsDs)

/N\ MesSi

a=-1.74 and -1.70 (2H, overlapping s, SICH), 0.40 and 0.41 (9H, overlapping s, Si(CHa)3),
1.93 and 1.94 (8H, overlapping s, TMEDA). 3C{H} NMR (101 MHz, 298 K, C¢Ds) -0.03
(SiCHy), 1.67 (SiCHz), 5.64 (Si(CHz3)3), 45.53 (N(CHz3)2, TMEDA), 57.31 (NCH., TMEDA).
2Si{tH} NMR (79.5 MHz, 298K, CsDs) & —0.56[1 Elemental analysis (CHN): Due to the

extreme air-sensitivity of compound 1r satisfactory analyses could not be obtained.
2.6.1.6  Synthesis of [ TMEDA)2Na2Mg(CH2SiMes)4] (1d).

To a suspension of NaCH»SiMes (0.22 g, 2 mmol) in
ap Ha \N/ hexane (15 mL) Mg(CH2SiMes), (0.20 g, 1 mmol)

( . \Mg{’/ /Na\ j was added and the suspension stirred for 1 hour.
CHz  Chp /N\ TMEDA (0.30 mL, 2 mmol) was then added and

gentled heated to form a clear solution which was

SiMe3; SliMe3

SiMe;  SiMes

transferred to the freezer (-28 °C). After 16 hours a crop of clear, colourless crystals was
isolated (0.35 g, 54%). 'H NMR (400 MHz, 298 K, CsDe¢) 6 (ppm) = -1.78 (2H, s, SiCH>),
0.47 (9H, s, Si(CHa)3), 1.67 (2H, s, NCHz, TMEDA), 1.92 (6H, s, N(CHz)2, TMEDA).
BC{*H} NMR (101 MHz, 298 K, C¢Ds) 6 (ppm) = -3.14 (SiCH>), 5.63 (Si(CHs3)3), 45.80
(N(CHs)2, TMEDA), 56.76 (NCH,, TMEDA). Elemental analysis (CHN): Expected value,
C=51.62.43, H=11.76, N=8.60 found, C=51.12, H=11.54, N=8.93.

2 For 1c it is possible to distinguish between the two different types (1 and us) R ligands, as evidenced by the two distinct
set of resonances observed for the monosilyl groups in its *H and 3C NMMR spectra.
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2.6.1.7  Synthesis of [[TMEDA):Li2Mg(CH2SiMez)s]  (1le)

SiMe;  SiMes A solution of LiCH2SiMes (1 mL of a 1 M solution

\N{ \CH2\ _CH: \}\1/ in hexane, 1 mmol) was added to a suspension of
|_| M . - .

N/ \CH/ 9,/ H/LI\Nj Mg(CH2SiMez)2 (99mg, 0.5 mmol) in hexane (10

/ \ | 2 2 /\ ML) to afford an almost clear solution which was

|
SiMes  SiMes left stirring for 30 minutes. TMEDA (116 mg, 1

mmol) was then added giving a white precipitate. The solution was transferred to the freezer
and left at -30 °C for 16h to afford a higher amount of white precipitate, which was filtered
and transferred to the glove box. (0.15g 48%).'H NMR (400 MHz, 298 K, C¢Ds) 6 (ppm) =
-1.98 (8H, s, SiCHz2), 0.46 (36H, s, Si(CHzg)3), 1.65 (8H, s, NCHz, TMEDA), 2.02 (24H, s,
N(CHs)2, TMEDA). 33C{*H} NMR (101 MHz, 298 K, CsD¢) & (ppm) = -3.1 (SiCHy), 5.7
(Si(CHa)3), 46.3 (N(CHs)2, TMEDA), 57.0 (NCH2, TMEDA). The values are consistent with

previous data reported in the literature.3
2.6.2 Synthesis of iodoaryl derivatives

General synthesis for compounds 3a-3k

hexane, Time, T
[(PMDETA),K;sMg(Ar)3(CH,SiMe3)] + n Ar-H >  Ar-E

Ar=2a to 2p

Scheme 2.37: General synthesis for compounds 3a-3k

A dry Schlenk flask was charged with KCH2SiMes (126 mg, 1 mmol) and Mg(CH2SiMes).
(99 mg, 0.5 mmol). The mixture was suspended in hexane (10 mL) and the suspension stirred
for 1 h at 20 °C. PMDETA (173 mg, 1 mmol) was then added resulting in a clear solution with
yellow oil deposited at the bottom of the flask. The organic substrate (n equivalents) was then
introduced at temperature, T, and stirred for the given time (t) before 1> (5 eq) was added. After
stirring for 1 h the excess iodine was removed using sat. aqueous Na>S,Os solution. The phases
were separated and the organic phase was extracted three times with DCM. The combined

organic extracts were dried over MgSO4 and the solvent removed under reduced pressure.
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OMe
2-lodoanisole (3a) n=3, time=1h, T=20 °C

Manual column chromatographical purification (SiO., hexane/EtOAc = 9:1) afforded 2-
iodoanisole 3a as a colorless oil (274 mg, 78% yield).? TH NMR (400 MHz, CDCls) & (ppm)
= 3.88 (s, 3H), 6.70-6.74 (dt, J = 7.6 Hz, 1.2 Hz, 1H), 6.82-6.84 (dd, J = 8.0 Hz, 1.2 Hz, 1H),
7.29-7.33(ddd, J=8.8 Hz, 7.6 Hz, 1.6 Hz, 1H), 7.77-7.79 (dd, J = 8.0 Hz, 1.6 Hz, 1H); 13C{*H}
NMR (125 MHz, CDCls) & (ppm) = 56.5, 86.2, 111.2, 122.7, 129.7, 139.7, 158.2; MS (ElI, 70
eV): m/z (%) = 234 [M*] (100), 219 (22), 92 (43), 77 (31), 63 (31), 51 (23), 50 (20). The values

are consistent with previous data reported in the literature.%

OMe
I< t _OMe
1-iodo-2,3-dimethoxybenzene (3b) n=3, time=2h, T=20 °C

Column chromatographical purification using the combi flash (SiO2, hexane/EtOAc = 20:1)
afforded 1-iodo-2,3-dimethoxybenzene 3b as a pale yellow oil (278 mg, 70% yield). 'H NMR
(400 MHz, CDCls3) 6 (ppm) = 3.86 (s, 3H), 3.87 (s, 3H), 6.81 (t, J = 8.1 Hz, 1H), 6.99 (dd, J =
8.1 Hz, 1.5 Hz, 1H), 7..36 (dd, J = 8.1 Hz, 1.5 Hz, 1H); 13C{*H} NMR (100 MHz, CDCI3) &
(ppm) = 55.9, 60.3, 92.4, 112.7, 125.8, 130.4, 148.9, 152.8; MS (El, 70 eV): m/z (%) = 264
[MP + P] (100), 249 (32), 232 (2), 178 (16), 167 (5), 166 (26), 138 (69), 107 (5), 79 (2), 51 (1).

(20). The values are consistent with previous data reported in the literature.*°

0]
I

Manual column chromatographical purification (SiO2, hexane/EtOAc = 8:1) afforded 2-iodo-
N,N-diisopropylbenzamide (3c) as colourless crystals (156 mg, 94% Yield). tH NMR (500
MHz, CDCls) 6 (ppm) = 1.05 (d, 3H), 1.27 (d, 3H), 1.60 (m, 6H), 3.56 (m, 2H), 7.02 (dt, 4J=1.6
Hz, 3J=7.6 Hz 1H), 7.13 (dd, 4J=1.6 Hz, 3J=7.6 Hz, 1H), 7.34 (dt, 9J=1.2 Hz, 3J=7.2 Hz, 1H),
7.8 (dd, 4J=1 Hz, 3J=8 Hz, 1H); 3C{*H} NMR (125 MHz, CDCl3) & (ppm) = 21.0, 46.3, 51.5,

Synthesis of 2-iodo-N,N-diisopropylbenzamide (3c) n=1, time=1.5h, T=0 °C

b No significant changes in the isolated yield of 3a were observed when isolated crystals of the base 3 were
employed.

92



92.61, 126.2, 128.5, 129.8, 139.7, 144.6, 170.1; MS (EI, 70 eV): m/z (%) = 330 [M*] (27), 288
(18), 231 (100), 204 (45), 203 (11); Elemental analysis (%): Calculated for C13H18INO: C,
47.14; H, 5.48; N, 4.23. Found: C, 47.16; H, 5.36; N, 4.34.

0

I\@)LNiPrz
Synthesis of 3-iodo-N,N-diisopropylbenzamide (3c) n=3, time=1.5h, T=0

°C

Manual column chromatographical purification (SiO2, hexane/EtOAc = 8:1 to 4:1) afforded 3-
iodo-N,N-diisopropylbenzamide (3c’) as a yellow solid (62 mg, 12% yield). *H NMR (500
MHz, CDCls) 6 (ppm) = 1.25-1.45 (broad peak, 12H), 3.56 (broad peak, 2H), 7.11 (t, J=8 Hz,
1H), 7.25 (dt, J=1.2, 7.6 Hz, 1H), 7.65 (t, J=1.6 Hz, 1H), 7.69 (dt, J=1.2, 8 Hz, 1H). 13C{*H}
NMR (125 MHz, CDCls) & (ppm) = 20.9, 31.2, 94.6, 124.9, 130.5, 134.8, 137.9, 141.1, 169.3;
MS (EI, “70 eV”): m/z (%) = 331 [M*] (10), 330, (10), 288 (52), 231 (100), 203 (10), 76 (11);
Elemental analysis (%0): Calculated for C13HisINO: C, 47.14; H, 5.48; N, 4.23. Found: C,
46.17; H, 5.45; N, 4.00.

|
F- i F
Synthesis of 1,3-difluoro-2-iodobenzene (3d) n=3, time=1.5h, T=0 °C

[(PMDETA)2:K2MgR4] 1b was prepared in situ as described for the synthesis 3a. To a 0.5
mmols of 1b was added 1,3-difluorobenzene (126 mg, 1.5 mmol) and the resultant yellowish
solution allowed to stir at room temperature for 1.5 hours. The solution was then quenched
with excess of 1> (1,015 g, in 5 mL THF) and allowed to stir for 1 hour. Next a 10%-5% mixture
solution of Na>S;O3 and NH4CI respectively was added until bleaching and the product
extracted with DCM (3 x 1 mL). The combined organic extracts were dried over MgSO4 and
the solvent removed using the rotary evaporator to obtain a yellowish oil as a product. The
product was then dissolved in CH2Cl, and ferrocene was added to the solution (29.7 mg, 10
mol%). The yield obtained by integration of the corresponding signals for 3d by *H NMR was
64%. 'H NMR (400 MHz, CDCl3) 6 (ppm) = 6.88 (m, J= 6.4,2 Hz, 2H), 7.30 (m, J=6, 2 Hz,
1H). 3C{tH} NMR (125 MHz, CDCl3) & (ppm) = 71.4 (t, J=28.6), 111.5 (dd, J= 24.3, 3 Hz),
130.8 (t, J=9.3 Hz), 161.8-164.2 (dd, J=247, 5.3 Hz). 1°F NMR (376 MHz, CDCl3) 8 (ppm) =
-91.4
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Synthesis of 1-iodo-2-(trifluoromethyl)benzene (3e) and 1-iodo-3

(trifluoromethyl)benzene (3e’).

[(PMDETA)2K2MgR4] 1b was prepared in situ as described for the synthesis 3a. To 0.5 mmols
of 1b this solution was added (trifluoromethyl)benzene (73 mg, 0.5 mmol) leading to a
formation of an oil after 5 minutes. The Schlenk was wrapped with kitchen foil to avoid light
induced decomposition of the product. The resultant solution allowed to stir at 0 °C for 1.5
hours. The solution was then quenched with excess of 1> (1,015 g, in 5 mL THF) and allowed
to stir for 1 hour. Next a 10%-5% mixture solution of Na>S;O3 and NH4ClI respectively was
added until bleaching and the product extracted with DCM (3 x 1 mL). The combined organic
extracts were dried over MgSO4 and the solvent removed using the rotary evaporator to obtain
a mixture of products as a yellowish oil. The products were then dissolved in CH2Cl, and
ferrocene was added to the solution (29.7 mg, 10 mol%). The yield obtained by integration of

the corresponding signals for 3e and 3e’ *H NMR was 93% with 17:1 ratio of products 3e\3e’.

CF3

|
1-iodo-2-(trifluoromethyl)benzene (3e): ©/ n=1, time=1.5h, T=0 °C

1H NMR (400 MHz, CDCls) & (ppm) = 6.45 (t,J= 7 Hz, 1H), 6.71 (t, J=8 Hz, 1H), 7.20 (dd,
J=8 Hz, J= 1.5 Hz, 1H), 7.54 (d, J= 8 Hz, 1H).

CF;

i I n=1, time=1.5h, T=0 °C

IH NMR (400 MHz, CDCls) & (ppm) = 6.78 (t, J= 8 Hz, 1H), 7.00 (t, J=8 Hz, 1H), 7.24 (dd,
J=8 Hz, 1H), 7.76 (s, 1H).

1-iodo-3-(trifluoromethyl)benzene (3e’):

OMe

o

‘ /
Synthesis of 3-iodo-4-methoxypyridine (3f) N n=3, time=1.5h, T=0 °C

Column chromatographical purification by SiO. was carried out using the comby flash with
Hexane:DCM as eluent (60:40) to give 3e as a yellowish solid (247 mg, 70% yield).
'H NMR (400 MHz, CDCl3) & (ppm) = 3.97 (s, 3H), 6.70 (d, J=5.6 Hz, 1H),
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8.33 (d, J=5.6 Hz, 1H), 8.70 (s, 1H). 3C{*H} NMR (100 MHz, CsDs) & (ppm) = 56.4, 85.3,
107.3, 151.2, 158.1, 164.4. MS (EL “70 eV”): m/z (%) = 235 [M*] (100), 93 (21), 78 (83), 51
(84), 50 (48). Elemental analysis (%): Calculated for CeHsINO: C, 30.66; H, 2.57; N, 5.96.
Found: C, 30.39; H, 2.37; N, 6.40. Values consistent with previous data reported in the

literature.40

X OMe

P
Synthesis of 4-iodo-3-methoxypyridine (3g) N n=3, time=1.5h, T=0 °C

Column chromatographical purification by SiO, was carried out using the comby flash with
Hexane:AcOEt as eluent (1:1) to give 3f as a white solid (263 mg, 75% yield).
!H NMR (500 MHz, CDClz) & (ppm) = 3.96 (s, 3H), 7.70 (d, J=5 Hz 1H), 7.86 (d, J=5 Hz,
1H), 8.09 (s, 1H). 3C{*H} NMR (125 MHz, CDCls) & (ppm) = 57.1, 97.3, 133.3, 134.5, 143.4,
155.4. MS (EIL “70 eV”): m/z (%) = 235 [M*] (100), 93 (27), 78 (13). Elemental analysis
(%0): Calculated for CeHsINO: C, 30.66; H, 2.57; N, 5.96. Found: C, 31.01; H, 2.43; N, 5.81.

Values consistent with previous data reported in the literature.

!

P
Synthesis of 3-iodo-2-methoxypyridine (3h) N° OMe n=3, time=1.5h, T=0 °C

Column chromatographical purification by SiO, was carried out using the comby flash with
Hexane:DCM as eluent (20:80) to give 3g as a colourless oil (204 mg, 58% vyield). 1H NMR
(500 MHz, CDCl3) & (ppm) = 398 (s, 3 H), 6.62-6.65 (dd, J=7.5 Hz,
J=5Hz, 1 H), 8.01 (dd, J=7.5, 1.5 Hz, 1 H), 8.11 (dd, J=5, 1.5 Hz, 1 H). 3C{*H} NMR (125
Mhz, CDCl3) & (ppm) = 54.9, 80.1, 118.5, 146.8, 148.3, 162.2. MS (EI, “70 eV”): m/z (%) =
235 [M*] (23), 234 (72), 205 (32), 107 (18), 93 (31), 78 (42), 51 (26), 50 (48). Values consistent
with previous data reported in the literature.8

Synthesis of 2-iodothiophene (3i) and 2,5 diiodothiophene (31°).

[(PMDETA).K>Mg(CH2SiMes)s] 1b was prepared in situ as described for the synthesis 3a. To
0.5 mmols of 1b was added thiophene (126 mg, 1.5 mmol) and the resultant yellowish solution
allowed to stir at 0 °C for 1.5 hours. The solution was then quenched with excess of 1> (1,015
g, in 5 mL THF) and allowed to stir for 1 hour. Next a 10%-5% mixture solution of Na>S,O3
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and NH4Cl respectively was added until bleaching and the product extracted with DCM (3 x 1
mL). The combined organic extracts were dried over MgSQO4 and the solvent removed using
the rotary evaporator to obtain a mixture of both described products as a yellowish oil and
yellowish crystals. The product was then dissolved in CH.Cl, and ferrocene was added to the
solution (29.7 mg, 10 mol%). The yield obtained by integration of the corresponding signals
for 3i and 3i’ by *H NMR was 83% for 3i and 9% for 3i’.

S
. . : | :
2-iodothiophene (3i): U n=3, time=1.5h, T=0 °C

IH NMR (500 MHz, CDCls) § (ppm) = 6.73 (M, J=4 Hz, J=1.5 Hz, 1H), 7.17 (dd, J=3.5, 1 Hz,
1H), 7.28 (dd, J=5.5, 1 Hz, 1H).

BC{H} NMR (125 MHz, CDCls) § (ppm) = 73.3, 129.0, 131.6, 137.0,

S
N : : | | :
2,5-diiodothiophene (3i°): \E/)i n=3, time=1.5h, T=0 °C
'H NMR (500 MHz, CDCls) 6 (ppm) = 6.86 (s, 2H)

13C{IH} NMR (125 MHz, CDCls)  (ppm) = 76.5, 138.9.

S
|
Synthesis of 2-iodobenzo[b]thiophene (3j) Cl/% n=3, time=1.5h, T=20 °C

Column chromatographical purification using the combi flash (SiOz, hexane/EtOAc = 70:30)
afforded 3j as a pale yellow solid (359 mg, 92% Yield). tH NMR (500 MHz, CDCls) & (ppm)
= 7.30-7.32(m, 2H), 7.54 (s, 1H), 7.71-7.73 (m, 1H), 7.76-7.78 (m, 1H). 3C{*H} NMR (125
MHz, CDCls) 6 (ppm) = 78.7, 121.5, 122.5, 124.6, 124.7, 134.0, 141.0, 144.6 MS (EI, “70
eV”?): m/z (%) = 260 [M*] (100), 133 (50), 89 (97), 63 (20). Elemental analysis (%):
Calculated for CgHslS: C, 36.94; H, 1.94. Found: C, 37.58; H, 1.91.

o)
[
Synthesis of 2-lodobenzofuran (3k) @ n=3, time=1.5h, T=20 °C

96



Column chromatographical purification using the combi flash (SiO2, hexane/EtOAc = 70:30)
afforded 3k as a pale yellow oil (296 mg, 81% Yield). 'H NMR (400 MHz, CDCls) & (ppm) =
6.98 (s, 1H), 7.25-7.27 (m, 2H), 7.52-7.77 (m, 2H). 3C{*H} NMR (101 MHz, CDCls) & (ppm)
= 95.3, 110.0, 116.5, 118.9, 122.4, 123.5, 128.4, 132.5, 157.4. MS (EI, “70 ¢V”’): m/z (%) =
244 [M*] (65), 89 (100), 63 (30), 62 (23).

CH;
N
)—I

Synthesis of 2-iodo-1-methylbenzo[d]imidazole (3I) ©[N n=3, time=1.5h, T=20 °C
Column chromatographical purification using the combi flash (SiO2, hexane/EtOAc = 70:30)
afforded 3l as a colourless solid (318 mg, 82% Yield). tH NMR (500 MHz, CDCls3) 6 (ppm) =
3.76 (s, 3H), 7.21-7.26 (m, 2H), 7.31-7.33 (d, 3J=7.5 Hz 1H), 7.70-7.72 (d, 3J=7.5 Hz, 1H).
BBC{!H} NMR (125 MHz, CDCls) & (ppm) = 34, 104.5, 109.7, 119.5, 122.5, 123.4, 136.6,
145.8. MS (EI, “70 eV”): m/z (%) = 260 [M*] (100), 133 (50), 89 (97), 63 (20). Elemental

analysis (%): Calculated for CgH7IN2: C, 37.23; H, 2.73; N, 10.86. Found: C, 36.91; H, 2.64;
N, 10.81.

GHs
Ny
Synthesis of 5-lodo-1-methylpyrazole (3n) L n=3, time=1.5h, T=20 °C

Column chromatographical purification using the combi flash (SiO2, hexane first, EtOAc after)
afforded 3k as pale yellow crystals (287 mg, 92% yield). *H NMR (500 MHz, CsDs) 6 (ppm)
= 3.34 (s, 3H), 6.16 (d, J=1.5 Hz, 1H), 7.34 (d, J=2 Hz, 1H). BC{{H} NMR (125 MHz, C¢Ds)
d (ppm) =39.8,81.2, 116.1, 141.8. MS (EI, “70 eV”): m/z (%) = 208 [M*] (100), 181 (65), 54
(16), 52 (16). Elemental analysis (%): Calculated for C4HsIN2: C, 23.10; H, 2.42; N, 13.47.
Found: C, 24.35; H, 2.65; N, 12.98.
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Synthesis of 5-lodo-1-methyl-1,2,4-triazole (3p) N~ n=3, time=1.5h, T=20 °C

Column chromatographical purification using the combi flash (SiO2, hexane first, EtOAc after)
afforded 3p as yellowish crystals (290 mg, 93% yield). tH NMR (500 MHz, CDCls3) 6 (ppm)
= 3.86 (s, 3H), 7.83 (s, 1H). 3C{*H} NMR (125 MHz, CDCls) 6 (ppm) = 38.1, 100.5, 154.3.
MS (EI, “70 eV”): m/z (%) = 209 [M*] (100), 182 (7), 56 (10). Elemental analysis (%0):
Calculated for CsHalINs: C, 17.24; H, 1.93; N, 20.11 Found: C, 18.23; H, 1.88; N, 20.20.

2.6.3 Synthesis of aromatic and heterocyclic substituted carboxylic acids

OMe

©/COZH
2.6.3.1 Synthesis of 2-methoxybenzoic acid (3a’)

[(PMDETA)2K2Mg(CH:SiMes)4] 1b was prepared in situ by mixing together K(CH.SiMe3)
(126 mg, 1 mmol) and Mg(CH2SiMes). (99mg, 0.5 mmol) in hexane solution and living stirring
for 30 minutes. To the white suspension was added PMDETA (173 mg, 1 mmol) to afford a
clear solution with an oil deposited at the bottom of the schlenk. Anisole (162 mg, 1.5 mmol)
was then added to this solution and allowed to stir for 1.5 hours. Solid blocks of CO» were
added to a second oven dried Schlenk (flushed with argon 3 times), and the CO, was bubbled
through the first solution using a cannula for 1h. Instantly a white precipitate was observed.
Next a basic saturated solution of NaxCOz in water was added (2 mL) and the product was
dissolve in the water solution. The resultant water solution was washed with DCM (3 x 1 mL)
and then acidified adding a 2M solution of HCI dropwise until pH = 2 (a white precipitate was
observed). The final product was extracted from the water solution with diethyl ether (3 x 1
mL). The organic extract was dried over MgSO4 and the solvent removed using the rotary
evaporator to obtain 3a’ as a white solid (190 mg, 83% yield). tH NMR (400 MHz, DMSO) &
(ppm) = 3.80 (s, 3H), 6.97 (t, J= 7.5 Hz, 1H), 7.10 (d, J= 8 Hz, 1H), 7.49 (dt, J= 2 Hz, 7.5 Hz,
1H), 7.64 (dd, J=1.5 Hz, 7.5 Hz, 1H), 12.61 (broad s, 1H). B*C{*H} NMR (125 MHz, DMSO)
8 (ppm) = 56.2, 112.9, 120.5, 121.8, 131.1, 133.5, 158.5, 167.8. MSS (EI, “70 eV”"): m/z (%) =
151 [M*] (19), 135 (17), 123 (100), 105 (77), 79 (73), 77 (85), 63 (19). Elemental analysis
(%): Calculated for CgHgO3: C, 63.15; H, 5.30. Found: C, 62.84; H, 5.05.
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2.6.3.2  Synthesis of 2,6-difluorobenzoic acid (3d)

[(PMDETA)2K2Mg(CH:SiMes)4] 1b was prepared in situ by mixing together K(CH.SiMe3)
(126 mg, 1 mmol) and Mg(CH2SiMes). (99mg, 0.5 mmol) in hexane solution and living stirring
for 30 minutes. To the white suspension was added PMDETA (173 mg, 1 mmol) to afford a
clear solution with an oil deposited at the bottom of the schlenk. 1,3-Difluorobenzene (171 mg,
1.5 mmol) was then added to this solution and allowed to stir for 1.5 hours. Solid blocks of
CO2 were added to a second oven dried Schlenk (flushed with argon 3 times), and the CO, was
bubbled through the first solution using a cannula for 1h. Instantly a white precipitate is
observed. Next a basic saturated solution of Na>COs in water is added (2 mL) and the allowing
the product to dissolve in the water solution. The resultant water solution is washed with DCM
(3 x 1 mL) and then acidified adding a 2M solution of HCI dropwise until pH = 2. The final
product is extracted from the water solution with diethyl ether (3 x 1 mL). The organic extract
was dried over MgSQO4 and the solvent removed using the rotary evaporator to obtain 3d’ as a
white solid (123 mg, 52% yield). H NMR (400 MHz, DMSO) & (ppm) = 7.20 (t, J= 8 Hz,
2H), 7.58 (m, 4J= 2 Hz, 1H), 13.94 (broad s, 1H). 3C{tH} NMR (125 MHz, DMSO) § (ppm)
= 112.4 (dd, J= 5 Hz, 20 Hz), 133.0 (t, J= 10 Hz), 160.0 (dd, J=250, 7 Hz), 162.2.
F{1H} NMR (376 MHz, DMSO) & (ppm) = -112.4. MS (EI, “70 eV”): m/z (%) = 158 [M*]
(52), 141 (100), 113 (30), 63 (20). Elemental analysis (%): Calculated for C7H4F202: C,
53.18; H, 2.55. Found: C, 54.60; H, 2.15.

s
2.6.3.3  Synthesis of benzo[b]thiophene-2-carboxylic acid (3j°)

[(PMDETA)2K>Mg(CH2SiMes)s] 1b was prepared in situ by mixing together K(CH2SiMes)
(126 mg, 1 mmol) and Mg(CH.SiMes). (99mg, 0.5 mmol) in hexane solution and living stirring
for 30 minutes. To the white suspension was added PMDETA (173 mg, 1 mmol) to afford a
clear solution with an oil deposited at the bottom of the schlenk. Benzothiophene (201 mg, 1.5
mmol) was then added to this solution and allowed to stir for 1.5 hours. Solid blocks of CO>
were added to a second oven dried Schlenk (flushed with argon 3 times), and the CO, was
bubbled through the first solution using a cannula for 1h. Instantly a yellowish precipitate is

observed which is filtered with a Buchner funnel. The resultant filtrate was washed with DCM
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(3 x 1 mL) and then acidified adding a 2M solution of HCI dropwise until pH = 2. The final
product was extracted from the water solution with DCM (3 x 1 mL). The organic extract was
dried over MgSO4 and the solvent removed using the rotary evaporator to obtain 40 acid as a
yellowish solid (240 mg, 90% yield). *H NMR (400 MHz, DMSO) 6 (ppm) = 7.48 (m, 2H),
8.00 (m, 2H), 8.10 (s, 1H). 3C{*H} NMR (125 MHz, DMSO) & (ppm) = 122.9, 125.0, 125.7,
126.9, 130.1, 134.9, 138.7, 141.3, 163.5. MS* (EI, “70 ¢V”): m/z (%) = 192 [M*] (69), 161
(100), 133 (22), 89 (31).

* The GC MS sample was made dissolving the product in methanol due to the low solubility
of benzo[b]thiophene-2-carboxylic acid in chloroform. The mass obtained corresponds to
methyl benzo[b]thiophene-2-carboxylate the ester derivative of the carboxylic acid previously

formed.

o
_ o @COZH
2.6.3.4  Synthesis of benzofuran-2-carboxylic acid (3k’)

[(PMDETA):K2Mg(CH2SiMes)s] 1b was prepared in situ by mixing together K(CH2SiMes)
(126 mg, 1 mmol) and Mg(CH2SiMe3)2 (99mg, 0.5 mmol) in hexane solution and living stirring
for 30 minutes. To the white suspension was added PMDETA (173 mg, 1 mmol) to afford a
clear solution with an oil deposited at the bottom of the schlenk. Benzofuran (177 mg, 1.5
mmol) was then added to this solution and allowed to stir for 1.5 hours. Solid blocks of CO>
were added to a second oven dried Schlenk (flushed with argon 3 times), and the CO, was
bubbled through the first solution using a cannula for 1h. Instantly a yellowish precipitate is
observed. Next a basic saturated solution of Na.COz in water is added (2 mL) and the allowing
the product to dissolve in the water solution. The resultant water solution was washed with
DCM (3 x 1 mL) and then acidified adding a 2M solution of HCI dropwise until pH = 2. The
final product was extracted from the water solution with DCM (3 x 1 mL). The organic extract
was dried over MgSO4 and the solvent removed using the rotary evaporator to obtain 4n as a
white solid (231 mg, 95% yield). *H NMR (400 MHz, DMSO) & (ppm) = 7.33 (t, 1H), 7.48 (t,
1H), 7.66 (s, 1H), 7.68 (d, 1H), 7.78 (d, 1H), 13.6 (broad s, 1H). 13C{*H} NMR (125 MHz,
DMSO) & (ppm) = 112.0, 113.5, 123.1, 123.8, 126.9, 127.6, 146.2, 155.0, 160.1. MS (EI, “70
eV”): m/z (%) = 162 [M*] (100), 145 (43), 134 (27), 89 (39), 78 (19).
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CHAPTER 3

Sodium-magnesiate catalysed synthesis of
1,5-disubstituted-1,2,3-triazoles
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3.1 Summary

Unveiling new catalytic behaviour in cooperative bimetallic chemistry, this chapter reports the
synthesis of 1,5-disubstituted-1,2,3-triazoles via ligation of terminal alkynes and organic azides
using substoichiometric amounts (5-10 mol%) of the homoalkyl sodium magnesiates
[NaMg(CH.SiMes)s] (1f) and [(TMEDA)2Na:Mg(CH2SiMes)4] (1d). Combining reactivity,
spectroscopic, structural and kinetic studies new light has been shed on the possible mechanism
and constitution of the intermediates involved in these transformations. To access alkali-metal
effects of lithium and potassium analogues of 1fand 1d was also assessed. The influence that
donor solvents play in these transformations were also investigated. Studies show the
importance of sodium in these transformations which acts in a synergistic manner with Mg to

decrease the activation energy of these transformation.

Stoichiometric studies suggest sodium alkynyl magnesiates are intermediates in these
catalyses. Reactivity and kinetic studies imply this novel reaction procedure occurs via (tris)-
and (tetra)alkynyl intermediates that react with organic azides in insertion steps. The rate law
for the reaction of 1-ethynylcyclohexene (4g) and 1-azido-2-methoxybenzene (5c) catalysed
by 1d is order 0 in [alkyne], order 1 in [azide] and [catalyst] which is consistent with the rate-
determining azide insertion/intramolecular nucleophilic attack transition state. Being the first
examples of an ate catalysed synthesis of 1,5-disubstituted-1,2,3-triazoles this procedure opens

new ground on further applications in this area.
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3.2 Introduction

N-Heterocyclic [1,2,3]-triazoles are molecules of great synthetic relevance due to their
presence in many biologically active molecules,-3 materials* and natural products.> Amongst
the different synthetic approaches to access [1,2,3]-triazoles Cu-catalysed alkyne azide
cycloaddition reactions (CUAAC) constitute one of the most versatile and widely used methods,

allowing the synthesis of a great variety of 1,4-disubstituted triazoles in excellent yields and
substrate scope (Scheme 3.1).56

R2
[Cu] NN
R— + R2—Nj “N
solvent or neat \§<
R1

Scheme 3.1: General Cu-catalysed alkyne azide cycloaddition reaction with corresponding formation

of 1,4-disubstituted triazoles

Since the discovery of this catalytic procedure, there has been an increasing interest in the
synthesis of biological active triazoles which can be utilised as HIV inhibitors?’ as well as
glycosidase inhibitors® which prevent the digestion of carbohydrates for type 2 diabetic patients
and also as antifungal agents since they can mimic peptide bonds. For example when replacing
the peptidic bond “CONH” of a known natural product with antifungal activity by a triazole
moiety it leads to an increased antifungal activity of the novel cyclotetrapeptide triazole
analogue (Figure 3.1).°

HO

N———N
//

Cyclo-[Pro-Tyr-Pro-Val] molecule Cyclotetrapeptide triazole analogue

Figure 3.1: Example of 1,4-disubstituted triazole as an antifungal agent.
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Contrasting with this well-developed methodology, the methods to give 1,5-substituted isomers
have been significantly less well developed.1%-12 Therefore the applications of 1,5-disubstituted
triazoles are significantly less well known when compared to 1,4-disubstituted triazoles.
Finding new synthetic procedures to facilitate the formation of such important heterocycles
will ultimately increase their applications in different areas. Other transition metals have
succeeded in the formation of 1,5-disubstituted-1,2,3-triazoles with a wider reaction scope. In
2005 Fokin and collaborators developed a Ru-catalysed selective approach for the synthesis of
both 1,5- and 1,4-regioisomers according to the ligands employed around the Ru center (Table
3.1).13

Table 3.1: Ru-catalysed 1,5- and 1,4-triazole regioisomers according to the ligands employed around

the Ru center

N N
Ru /N SN /N7 SN
Ph——=  + Ph/\N3 L, Ph /" 4+ Ph \—f
4a 5a Ph Ph
1,5-triazole 1,4-triazole
Yield (%)? of Yield (%)2 of
Entry [Ru] ) i
1,5-triazole 1,4-triazole
1 Ru(OAc)2(PPhs)2 - 100
2 RuCl2(PPhs)s - 20
3 CpRuClI(PPhs)2 85 15
4 Cp*RuCIl(PPhs)2 100

[a] Yields determined by 'H NMR analysis

In this procedure the regioselectivity of the reaction can be tuned depending on the electronic
environment around the ruthenium center. In fact when a mixture of benzyl azide and
phenylacetylene (1:1.5 equiv, respectively) react in benzene at 80 °C for 4 hours in the presence
of 5 mol% of Ru(OAc)2(PPhs)., 1,4-disubstituted triazole products can be obtained in
quantitatively (Entry 1, Table 3.1). Other complexes such as RuCl2(PPhs)s were found to be
rather inactive, with only 20% yield for formation of 1,4-disubstituted-1,2,3-triazole (entry 2,
Table 3.1). However when the reaction was carried out using a CpRuCI(PPhsz)2 ruthenium

complex a mixture of 1,5 and 1,4 regioisomers were obtained (85% and 15% yields
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respectively, entry 3, Table 3.1). The regioselectivity of the reaction can be totally switched
toward the formation of the 1,5-disubstituted-1,2,3-triazole when using Cp*RuCI(PPhs). as a
catalyst. These results show that ruthenium complexes can effectively promote the synthesis
of both 1,4 and 1,5-triazoles, however this approach requires of relatively long reaction times
(2 to 12 hours) and high temperature (80 °C) for the reaction to get to completion. In addition
ruthenium is a rare transition metal, thus there is a need for the preparation of 1,5-disubstituted-

1,2,3-triazoles using cheap and abundant reagents.

Other known synthetic routes for their synthesis involve reactions of azides with polar
organometallic reagents such as sodium, lithium or magnesium acetylides.* Recently, Greaney
has shown that lower polarity organometallic reagents such as ZnEt, can also promote the
formation of a range of 1,5-disubstituted triazoles by in-situ formation of zinc acetylides which

can undergo [3+2] cycloaddition reactions with organic azides (Scheme 3.2).1°

1) 1.5eq 1) 1.5eq
Rz\ N ZnEt2 THEF, rt, R1 e H ZnEt2 THEF, rt, R2\ N
N~ \\N 18h, additive 18h, additive N~ \\N
- + -
~ ©) ~
R1J\( 2)E R2—N, 2) NH,CI R1J\(

E H
1,4,5-trisubstituted triazoles CoTTTTTTTTT T Me """"" \ 1,5-disubstituted triazoles
5 examples i additive: 0.1 eq \N/% E 21 examples

' '

Scheme 3.2: ZnEt, mediated azide-alkyne ligation to 1,5- and 1,4,5-substituted-1,2,3-triazoles

In many of these studies, the reactions require the use of stoichiometric amounts or an excess
of the polar organometallic reagents which can be particularly problematic if for example the
substrate contains other sensitive functional groups. Related to this work, in 2013 Zhou
employed a new approach using rare earth metals such as Nd, Sm, Gd and Yb amides as
catalysts in cycloaddition reactions of terminal alkyne to azides for the formation of 1,5

disubstituted triazoles (Scheme 3.3).

Sm[N(SiMe3),l5 (5 mol%)
"BuNH, (10 mol%) NN

Rl— + R%Z—N,

3

toluene, 50° C

Scheme 3.3: Lanthanide catalysed cycloaddition reactions to form 1,5-disubstituted-1,2,3-triazoles
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This approach shows a good substrate scope although long reaction times (up to 24 h at 50 °C)
and careful control of the temperature are required, in order to avoid decomposition of the
organometallic intermediates involved.’? In addition, Fokin reported a metal-free base-
catalysed approach, using a quaternary ammonium hydroxide (NMesOH) where the use of a
highly reactive polar organometallic reagent is not required. However this method is limited to
aryl acetylenes and aryl azides (Scheme 3.4).10

R2
% i NMe,OH aq (10 mol%) @\ _N
N N\
g N
DMSO, rt =

= Alkyl, OMe, F, Br, NO,, CN
R2 = Alkyl, OMe, Br, NO,, CO,R R

37-92% yields

Scheme 3.4: Fokin’s metal-free base-catalysed approach for the synthesis of 1,5-triazoles

These methodologies demonstrate the ability of s-block organometallic reagents to promote the
formation of 1,5-triazoles under stoichiometric conditions but so far there are no precedents in
using these systems under catalytic regimes. Chapter 2 of this PhD thesis has unveiled
primarily the ability of alkali metal magnesiates to promote direct Mg-H exchange reactions of
a wide range of substituted aromatic molecules with excellent levels of selectivity and a
remarkable functional group tolerance.® Furthermore, preliminary studies have revealed the
ability of NaMg(CH.SiMe)s (1f) to catalyse hydroamination/cyclotrimerisation processes of
isocyanates, providing the first glimpses of the untapped potential of cooperative bimetallic

reagents to effect catalytic transformations (Table 3.2).17
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Table 3.2: NaMg(CH.SiMe); (1f) catalysed hydroamination/cyclotrimerisation of isocyanates

1f (2 mol %)

ArobNH + RN—C——O

Entry AraNH
1 Ph.NH
2 Ph.NH
3 Ph.NH
4 p-Tol,NH
5 p-Tol,NH
6 p-Tol,NH
7 Ph(Me)NH
8 Ph(Me)NH

CeDg, RT, 15 min

Bu
Cy

Ad

Cy
Ad
Bu

Ad

Yield (%0)
97
98
90
99
98
92
99

99

Building on these initial studies, in this chapter we will discuss another catalytic application of

these bimetallic systems assessing their ability to promote cycloaddition reactions of terminal

alkynes to azide to yield 1,5-disubstituted 1,2,3-triazoles.
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3.3 Results and discussion: Synthesis of starting materials

3.3.1 Synthesis of bimetallic pre-catalysts

This chapter builds on previous synthetic and structural work carried out in our research group
using homoleptic alkyl sodium magnesiates [NaMg(CH2SiMes)3] (1f), and
[(TMEDA).Na:Mg(CH2SiMes)4] (1d)2. In addition to this, other bimetallic complexes such as
[KMg(CH2SiMes)s] (1a), [LIMg(CH2SiMes)s] (19), [(TMEDA):Li2Mg(CH2SiMes)4] (1e) and
[(PMDETA)2K2Mg(CH2SiMez)4] (1b) will be employed to assess the alkali metal effect of this
catalytic transformation. For the synthesis of the homometallic components MgR> and MR
(M=alkali metal) see Chapter 2.4 of this thesis. Homoleptic sodium magnesiate 1f can be
synthetised by simple co-complexation reaction between NaCH,SiMe3z and Mg(CH2SiMes)z in
a solvent mixture of hexane/toluene according to the literature procedure.® Similarly to the
previously described synthesis of 1b, sodium magnesiate [(TMEDA)2Na:Mg(CH2SiMe3)s]
(1d) can be prepared in crystalline form by mixing NaCH2SiMez and Mg(CH.SiMe3). in 2:1
ratio in the presence of the bidentate TMEDA Lewis base in hexane (typical yield 0.35 g, 54%)
(Scheme 3.5).

\ SiMej3 SIiMe3
/ \ /
CH
j , 2 TMEDA A N S
2 Na(CH,SiMes) + Mg(CH,SiMes), ( Na Mg N3 j
Hexane, RT N/ \CH;_/ éHz/ SN
N | /\
SiMe;  SiMes

@

Scheme 3.5: Synthesis and X-Ray structure of higher order sodium magnesiate 1d.

@ Compound [(TMEDA),Na;Mg(CH.SiMes3)4] (1d) was synthetised for the first time by Dr Sharon Baillie
during the development of her PhD project
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Compound (1d) exhibits a contacted ion pair structure with a central Cz-coordinated Mg atom
flanked by two TMEDA-solvated Na cations. This ”Weiss” motif type of structure futures four
potentially active Mg-C sites to promote deprotonation of alkyne followed by addition to azide
to form 1,2,3-triazoles.1?

3.3.2 Synthesis of organic azides

A variety of substituted aryl amines can be transformed into aryl azides 5b-5e by using tert-
butyl nitrite (TBN) and azidotrimethylsilane (TMS-Nz) under mild conditions according to the

literature procedure described below (Table 3.3):20

Table 3.3: Synthesis of substituted aryl azides according to literature procedure

'BUONO (1.5 eq)
Ar—NH, + TMS—Ns Ar—Ns
CH4CN, 0 °C to RT

Entry Ar-NH: Ar-N3 Yield(%)2
N3

1 © @ 74
5b

NH, N3

oo™ o,

N3

N3

87

4 90

F F
[a] Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR
or GC-analysis)

5¢c
5d
5e
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Following this methodology different azides were prepared in good to excellent yields such as
azidobenzene (5a, 74% yield, entry 1, Table 3.3), 1-azido-2-methoxybenzene (5c, 90% yield,
entry 2, Table 3.3), 2-azido-1,3-dimethylbenzene (5d, yield 87%, entry 3, Table 3.3) and 4-
azido-2-fluoro-1-methylbenzene (5e, yield 90%, entry 4, Table 3.3).The mechanism of this
reaction was not described by the corresponding authors, however it can be anticipated to be a

diazotisation type mechanism (Scheme 3.6).

N>
'BUONO (1.5 eq) + TMS—Nj
Ar—NH, Ar—N, / Ar—Ns
CH4CN, RT CH5CN, 0 °C to RT

Scheme 3.6: Synthesis of organic azides from aryl amines.

In fact tert-butyl nitrite is an efficient NO source, which can react with the amine to generate a
diazonium compound which then undergoes aromatic substitution type reaction with TMS-N3
to generate the corresponding aryl azide.?! This reaction is thermodynamically favoured as
nitrogen gas is a produced (N2 gas evolution can be observed after addition of TMS-N3 in
solution). An interesting feature of organic azides is that these compounds can react with both

electrophiles and nucleophiles (Figure 3.2).22

.. + - -+ - +
R—Nj3; = R—N=—/N—N ==> R—N—/N—/N ==> R—N—N=—=N —==> R—N—N=N
1 2 3
+
_N
_ N _
iy N/ Nu
E v
R

Figure 3.2: Different mesomeric structures for organic azides and their general reactivity with
electrophiles (E*) and nucleophiles (Nu-).

The regioselectivity of their reactions with electrophiles and nucleophiles can be explained
looking at the last mesomeric structure in Figure 3.2 where N(1) is negatively charged and
N(3) is positively charged. Thus, nucleophiles attack on N(3) whereas electrophiles are

attacked by N(1).22
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3.4  Assessing catalytic ability of homoleptic alkyl sodium magnesiates 1f,
1d.

Studies begun on using sodium-magnesiate NaMg(CH2SiMe)s (1f) in a 10 mol% for the
reaction of phenylacetylene (4a) and benzyl azide (5a) under different reaction conditions.
Monitoring the reaction by *H NMR spectroscopy showed that in CsDs at 80 °C, full conversion
to 1-benzyl-5-phenyl-1H-1,2,3-triazole (6a) was observed after 10 hours (entry 1, Table 3.4).
Contrastingly disclosing a remarkable solvent effect using more polar and coordinating ds-THF

the quantitative formation of (6a) is observed after just 2h at 65 °C (entry 2, Table 3.4).

Table 3.4: Solvent effect in the catalytic synthesis of (6a).

NaMg(CH,SiMes)s N
0, [N
Ph—— + Ph/\N3 (10 mol%) Ph/\N —_N
4a 52 solvent, 65 °C, Time PH 6a
Entry Solvent Time (h) Yield(%)?
1 CeDs 10 o9
2 ds-THF 2 99

[a] Yields obtained via spectroscopic *H NMR integration of signals for the triazole product 6a
with addition of ferrocene (10 mol %) as internal standard. Reaction carried out using 0.5 mL of

solvent, 0.6 mmol of 4a and 0.5 mmol of 5a. [b] Reaction carried out at 80 °C

Studies in chapter 2 have shown that higher order (or tetraorgano) magnesiates M2MgR4
(M=alkali metal, R=anionic group) can exhibit greatly enhanced performances in
deprotonative metalation processes over their lower order (or tetraorgano) analogues
MMgR3.162324 To compare the catalytic ability of (1f) in the synthesis of (6a) with that of a
higher order magnesiate we prepared [(TMEDA)2Na:Mg(CH.SiMes),] (1d) by co-
complexation of a 2:1 mixture of the sodium and magnesium alkyls in the presence of two
equivalents of the Lewis base TMEDA (TMEDA= N,N,N' N'-tetramethylethylenediamine) as
described in Scheme 3.5. Compound (1d) was characterised by *H and 13C NMR spectroscopy
in CsDs solutions and its solid state structure was established by X-ray crystallographic studies

(see experimental section for further details). Using the newly synthesised higher order
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magnesiate (1b) in ds-THF in a 10 mol% the formation of (6a) takes place in just 15 minutes
(yield > 99%, entry 5, Table 3.5).
Table 3.5: Comparison of the catalytic ability of different monometallic and bimetallic catalysts

Cat (10 mol%)

SINS

Ph—— + prT N, o N ;N
4a 5a dg-THF, 65 °C, Time PH 6a
Entry Catalyst (mol%b) Time (h) Vield of
6a (%)?2
1 - 48 traces®
2 [NaMg(CH,SiMes)s] (1) (10 mol%) 2 99
3 [NaCH.SiMes] (10 mol%) 24 traces
4 [Mg(CH:SiMes)2] (10 mol%) 2 99
5 [(TMEDA);Na,Mg(CH.SiMes)] (1d) (10 mol%) 0.25 99
6 [(TMEDA);Na,Mg(CH,SiMes).] (1d) (5 mol%) 0.75 99
7 [(TMEDA),Na,Mg(CH,SiMes)a] (1d) (2 mol%) 2 48
8 [(TMEDA),Li,Mg(CH,SiMes)s] (1e) (5 mol%) 0.75 99
9 [(PMDETA).K,Mg(CH,SiMes)a] (1b) (5 mol%) 2-24° 64

[a] Yields obtained via spectroscopic H NMR integration of signals for the triazole product 6a with addition
of ferrocene (10 mol%) as internal standard. Reaction carried out using 0.5 mL of solvent, 0.6 mmol of 4a
(2.2M in THF) and 0.5 mmol of 5a (1M in THF).[b] 1:1 formation of 1,5 and 1,4-disubstituted-1,2,3-triazole
regioisomers could be observed by 'H NMR spectroscopic analysis. [c] maximum yield of 64% observed after
2h, increasing reaction time to 24h does not improve the yield to any extent.

Furthermore the catalyst loading can be reduced to 5 mol% without affecting the conversion
of the overall process although longer reaction times (45 min) are required to observe full
conversion (entry 6, Table 3.5,). Interestingly when the reaction of alkyne (4a) and azide (5a)
was carried out in the absence of sodium magnesiates (1f-1d) after 48 h at 65 °C only traces of
triazole 6a could be detected (conversion < 6% by *H NMR analysis) however with poor
selectivity as 1:1 mixture of 1,4 and 1,5-regioisomers was obtained (Entry 1, Table 3.5). This
result is consistent with the high kinetic barrier and lack of selectivity of the process in the
absence of a catalyst.2> To compare the catalytic activity of mixed-metal (1f-1d) with those of
their homometallic components, the reaction of (4a) and (5a) was also repeated using 10 mol%
of NaCH,SiMe; and Mg(CH.SiMes)2 as a pre-catalyst (entry 3-4, Table 3.5). While the alkali
metal alkyl showed traces amount of triazole 6a even when increasing the reaction time to 24
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hours (conversion < 8% of 6a by H NMR) in the case of the Mg reagent compound (6a) can
be obtained almost quantitatively although the reaction requires longer reaction times (2 h vs
15 min for 1d). The effect of the alkali-metal in the higher order magnesiate was also assessed
(entries 8 and 9, Table 3.5). Interestingly while Li derivative [ TMEDA)2Li2Mg(CH.SiMes),]
(1e) shows similar behaviour to that described for 1d the heavier alkali-metal
[(PMDETA).K>Mg(CH.SiMes).] (1b) appears to be less effective affording 6a in a 64% yield
after 2h at 65 °C and the yield did not improve after 24 h. In addition when the reaction is
carried out using 5 mol% of 1d and 10 mol% of 15-crown-5 which presumably captures the
Na atoms the reaction is completely inhibited. This shows the crucial role that the alkali metal

has in this methodology.

In order to study the substrate scope of this ate-mediated catalytic process, different 1,5-
disubstituted-1,2,3-triazoles (6a-s) were synthesised from reactions of aromatic and aliphatic
alkynes (4a-h) with different aromatic and aliphatic substituted azides (5a-d) (Table 3.6).

Table 3.6: Substrate scope when the reaction was carried out at 65 °C using pre-catalyst 1d

(TMEDA),Na,Mg(CH,SiMes);

R2
5 mol % \N/N\
R-= + R?—N, N
THF, 65 °C, Time P
4a-h 5a-f R
6a-s?
Entry Alkyne Azide Time? Product, Yield (%)P
/N\
N P N N
1 Ph——= 3 2h \—/
Ph/_ PH
4a 5a 6a, 79%
/N\
N pr” NN
— 3
2 <:> T Ph/_ 2h .
4b 5a 6b, 71%
/N\
pr” NN
N= Ph 6c, 93%°
4c 5a \ /
N
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N

Ph Ph~g” N °N

19 Ph— \S/\N3 3h 5_/
4a 5¢ P 6s, 73%

[a] Reaction carried out using 1.2 mmol of corresponding alkyne and 1 mmol of corresponding azide [b]
Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-analysis)
[c] Reaction was carried out using 0.6 mmols of 4c and 0.5 mmols of 5c [d] Reaction carried out using 1.2
mmols of alkyne 4d and 2 mmols of corresponding azide (5b or 5c)

This methodology allowed the formation of 1,5-disubstituted-1,2,3-triazoles (6a-s, Table 3.6)
in good to excellent yields (ranging from 71-99%) at 65 °C for short reaction times (0.5 to 3 h)
which contrasts with other related methods, such as those using rare-earth metal catalysis which
require harsher reaction conditions (24 h at 50 °C).12 Good yields were obtained when using
benzyl azide (5a) which furnished triazoles 6a, 6b and 6¢ in good to excellent yields (79%,
71% and 93% yield respectively) upon reaction with corresponding alkynes (entries 1, 2 and
3, Table 3.6). Shorter reaction times were observed for aromatic azides which efficiently react
with both aromatic and aliphatic alkynes (entry 4-9, Table 3.6). For example when using
phenyl azide (5b) with ethynylbenzene (4a), 1-ethynyl-4-methylbenzene (4b) and 1,4-
diethynylbenzene (4c) good to excellent yields of triazoles 6d (96% yield), 6e (86% yield) and
6f (83% yield) were obtained in only 30 minutes (entries 4,5 and 6, Table 3.6). We were
pleased to find that azide 5b and aliphatic alkyne 1-hexyne (4e) gave triazole (6g) in 71% yield
(entry 7, Table 3.6) in 30 minutes. Heteroaromatic alkynes such as 3-ethynylpyridine (4d), 3-
ethynylthiophene (4f) worked very well and triazoles (6h) and (6i) were both obtained in 92%
and 94% yields respectively (entries 8 and 9, Table 3.6).

The same methodology was repeated using aromatic substituted azides bearing electron
donating groups. For example when 1-azido-2-methoxybenzene (5c¢) was used with alkynes
(4a, 4d, 1-ethynylcyclohexene (4g) and 4c) yielding triazoles (6j, 6k, 61, 6m) in 99%, 81%,
89% and 99% yields respectively (entries 10, 11, 12 and 13, Table 3.6) in short periods of time
(0.5to 1h). Other electron-rich and sterically more demanding aromatic substituted azides were
tested such as 2-azido-1,3-dimethylbenzene (5d), with both aromatic and aliphatic alkynes (4a,
4b, 4e, 49) and ethynylcyclohexane (4h) to form triazoles (6n, 60, 6p, 69, 6r) in 92%, 93%,
76%, 87% and 89% yields respectively (entries 14, 15, 16, 17 and 18, Table 3.6). Particularly
interesting was the use of (azidomethyl)(phenyl)sulfane (5e) as a substrate which upon reaction
with alkyne (4a) formed the final corresponding triazole (6s) in good yield (73% yield, entry
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19, Table 3.6) and 3 hours reaction time. This contrasts with most of the Cu-catalysed
methodologies in which molecules containing free donor atoms (such as the thioether group)
are known to deactivate the active Cu-catalyst, although few exceptions to this problems have
recently been developed.?6:27

To further investigate the substrate scope of this approach we next looked at aromatic
substituted azides containing electron withdrawing groups in particular azides containing
fluorine groups (Table 3.7). As previously mentioned in Chapter 2, replacement of hydrogen
with fluorine in C-H bonds of an organic molecule can lead to significantly different physical
properties and biological activity.28-31 Triazole molecules containing fluorine atoms have also
emerged as new protagonists in biological chemistry. For example Rufinamide is used as
antiepileptic drugs which contains two fluorine atoms on a 1,4-disubstituted triazole molecule
(Figure 3.3).

Figure 3.3: 1-(2,6-difluorobenzyl)-1H-1,2,3-triazole-4-carboxamide, also known as Rufinamide.

Table 3.7: Substrate scope using 1d with fluoro substituted aromatic substrates

(TMEDA),Na,Mg(CH,SiMes); g2

o, N /N
R= + R2—N, 5 mol % N™N
THF, 65 °C, Time R1J%/
4a, 4b 5f, 5g 6t-v
Entry Alkyne Azide Time? Product (Yield %)b

FsC
N’N\‘N
1 Ph—: F3C@N3 1 h )_ /

4a
of P 6t 98%

Fgc@
N
N" SN

4b 5f 6u, 97%
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o F —
3 @7 Vs th
6v, 83%

[a] Reaction carried out using 1.2 mmol of corresponding alkyne and 1 mmol of corresponding azide [b]
Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-analysis)

Reactions of alkynes 4a and 4b with 1-azido-4-(trifluoromethyl)benzene (5f) for 1 hour at 65
°C gave formation of triazoles 6t and 6u in excellent yields (98% and 97% respectively, entries
1 and 2, Table 3.7). In addition to this, the reaction of 4-azido-2-fluoro-1-methylbenzene (5g)
with alkyne 4b was also carried out under the same reaction conditions and triazole 6v was
obtained in good yield (83%, entry 3, Table 3.7).

Furthermore the synthesis of di-triazole molecules containing two different disubstituted
triazole derivatives was also studied. Thus, the reaction of 1,4-diethynylbenzene (4c) with one
equivalent of azide 5d allowed formation of triazole 6w in 82% yield along with 12% yield of

ditriazole 6x (Scheme 3.7).

fl NN
N — \ 1l
3 (TMEDA)zNazMg(CstIMe3)3 N
| X + \@/ 5 m0| % _ + 6W, 82%
= 5d THF, 65 °C, 1.5 h N

N\
:: : \ /,N
6x, 12%

N

Scheme 3.7: 1d catalysed reaction formation of 6w and 6x

Further reaction of triazole alkynyl substrate 6w with azide 5g in 1 hour at 65 °C afforded
asymmetric ditriazole 6y in 94% yield (considering the two reactions the overall yield for the

synthesis of 6y was 77%) (Scheme 3.8).
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N
N3 (TMEDA),Na,Mg(CH,SiMes)s N |
\ .
’H N _ 5 mol % N
N~N

F THF, 65°C, 1 h N

6y, 94% (overall 77%)

Scheme 3.8: 1d catalysed reaction formation of asymmetric ditriazole 6y

The reaction was then repeated in a single-step procedure, using one equivalent of 1,4-
diethynylbenzene (4c) with one equivalent of azide 5d at 65 °C for 1.5 hours followed by
insertion of one equivalent of azide 5g for 1 hour at 65 °C to obtain ditriazole 6y in 58% yield
(Scheme 3.9).

N3

K

1) 1d (5mol%) \©/ | \©/5d

\
THF, 65 °C, 1.5 h, ~ 5d AN THF, 65°C,1.5h
| =

1d (5mol%) \ s

2) 4c 6w, 82% N
. N 65°C,1h I
59 N3
1d (5mol%)
. THF, 65 °C, 1 h
59

P

6y, 58%

single-step two-step
reaction reaction

F 6y, 94%
(overall 77%)

Scheme 3.9: Single and two step reaction procedures for the synthesis of unsymmetrical di-triazole 6y

This approach allows the synthesis of di-triazole molecules and it enables the formation of
unsymmetrical triazoles. This can be particularly interesting for the synthesis of biologically
active triazole molecules. Thus generation of two different triazoles on the same molecule can
lead to a combination of properties from each of the triazoles molecules. In all cases the
reaction was regiospecific towards the 1,5-disubstituted regioisomer, no formation of 1,4-
triazole regioisomer was observed. The 1,5 selectivity for the formation of the triazoles was

confirmed by X-ray diffraction studies of triazoles (Figure 3.4).
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Figure 3.4: Molecular structures of organic triazoles 6i, 6w and unsymmetrical di-triazole 6y with

displacement ellipsoids at the 50% of probability.

These reactions were also expanded to aliphatic dialkynes such as octa-1,7-diyne (4i), thus
reaction of 1d with 4i and 2-azido-1,3-dimethylbenzene (5d) in THF at 65°C gave formation
of triazole 1-(2,6-dimethylphenyl)-5-(hex-5-yn-1-yl)-1H-1,2,3-triazole (6z) in good yield
(78%) along with formation of ditriazole 6z’ (Scheme 3.10).

f Ns _

(TMEDA),Na,Mg(CH,SiMes)s
\©/ 5 mol %
+ > N~ + ' AEo
5d THF, 65 °C, 1 h N 6z', 15%
4i \_N

Gz, 78% N\\ /N
N

Scheme 3.10: 1d catalysed reaction formation of 6z and 6z’

Furthermore we were pleased to find that some combinations of substrates were found to react

at room temperature depending on the nature of the alkyne and azide employed (Table 3.8):
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Table 3.8: Substrate scope using 1d at ambient temperature.

(TM EDA)ZNazMg(CH28|Me3)3

R2
5 mol % NN
R= + RN, > J\>N
THF, 20 °C, Time ’ NS
4a, 4c-e, 49 5a-d R
6a, 6d, 6f-g,
6i, 6k, 6m-n,
6p
Entry Alkyne Azide Time? Product (Yield %)b
N
N P’ N N
1 Ph—— 3 24 h \—/
Pﬁr_ Ph
4a 5a 6a, traces
N
Ph—— Ph—Ns Ph~N""oN
2 4 5b >h -
a
PI" " 6d. 90%
Ph,
3 /PN sh A
5b N—N
b 6f, 83%°
Ph
‘N-N
/\/\ Ph—N; N~
4e 5b
6g, 69%
5 2 —— Ph—Nj 4h
N 4c 5b
N3
/ \ — MeO h
° N= 4c > -
5¢c T\ 6k, 99%
\  ~
N
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OMe

N3 @ N
o MeO N~ SN
7 — 5h _
4q 5¢ 6m, 87%
N3
Ph—— N,
8 4h N"°N
4a ):—/
5d Ph
6n, 95%
N3
N.
9 /\/\ \©/ 4 h ( /!\l
4e 5d N
6p, 77%

[a] Reaction carried out using 1.2 mmol of corresponding alkyne and 1 mmol of corresponding azide [b]
Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-
analysis) [c] Reaction carried out using 1.2 mmols of alkyne 4d and 2 mmols of azide 5b

The reactions of alkyne 4a and azide 5a were carried out at room temperature but only traces
of triazole 6a were detected even after long periods of times (conversion < 8% by 'H NMR
analysis, entry 1, Table 3.8). The reaction of different aromatic azides with both aromatic and
aliphatic alkynes was then studied. For example the reaction of azide 5b with alkynes 4a, 4c,
4d and 4e gave formation of final corresponding triazoles 6d (90%), 6f (83%), 6g (69%), 6i
(86%) in good to excellent yields at ambient temperature and periods of time ranging from 4-
8 hours (entries 2, 3, 4 and 5, Table 3.8). In addition to this we carried out the reaction between
azide 5c with alkynes 4c and 4g to generate triazoles 6k and 6m in excellent yields (99% and
87% vyields respectively, entries 6 and 7, Table 3.8). Furthermore when 1d was confronted
with azide 5d and alkynes 4a and 4e at room temperature triazoles 6n and 6p were obtain in

good to excellent yields (95% and 77% yields respectively, entries 8 and 9, Table 3.8).

It should be noted this magnesiate catalysed approach works well with aliphatic alkynes such
as (4e) and (4h) even when the reaction is carried out at room temperature, which is in sharp
contrast with Fokin’s work using (NMesOH) as a catalyst (vide supra) which is limited to

aromatic alkynes.10
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Finally the relevant bimetallic compound 1d fails to catalyse the triazole formation reaction
when more sterically demanding alkynes such as ethynyltrimethylsilane (4k) or azides such as
azidotrimethylsilane (5i) are used as substrates. Thus, no triazoles formation was observed
from the reactions between alkyne 4k and azide 5b (entry 1, Table 3.9) as well as using TMS-
substituted azide 5i with alkyne 4a where full recovery of starting materials was obtained after
16h reaction at 65 °C (entry 2, Table 3.9), showing that these procedure appear to be extremely
dependent of the steric bulk in both azide and alkyne components. Attempts to synthetise
triazoles using a different sterically demanding azide such as 1-azidoadamantane (5h) upon
reaction with alkyne 4a led to formation of 6ah in very modest yield with longer reaction times
(16 h) (18%, 65 °C, entry 3, Table 3.9).

Table 3.9: Substrate scope using sterically demanding substrates

(TMEDA)ZNazMg(CstlMe3)3 R2
N

. ) 5 mol % N/N\\
R'—= + R“—Nj3 /‘\/N
THF, 65 °C, Time =~
4 5 R' 6
Entry Alkyne Azide Time? Product (Yield %)
N
Ph\-Noy
1 MesSi—— Ph—N; 16 =/
4k 5b ™S traces?
TMS < -Ns
Ph——= TMS—N; N" N
2 16 P_
4a 5i Ph

NE <@
N
3 Ph ﬁ@ 16 N~ SN
4a 5h >_

Ph 6ah, 18%

[a] Reaction carried out using 1.2 mmol of corresponding alkyne and 1 mmol of corresponding azide [b]
Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-
analysis)

In order to compare the reactivity of higher order sodium magnesiate 1d with lower order
sodium magnesiate 1f we studied the substrate scope using 10 mol% of 1f as a catalyst with a
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variety of alkynes and azides for the synthesis of some of the already prepared 1,5-disubstituted
triazoles (Table 3.10).

Table 3.10: Substrate scope using 1f as a catalyst

NaMg(CH,SiMes); (1f)

2
. ) 10 mol % R\N/N\\
V= R apw
4 THF, T, Time P
R 6
Entry Alkyne Azide Conditions? Product (yield)®
/N\
N p” N N
1 Ph——= 3 65°C,2h V—/
F’h/_ Ph
4a 5a 6a, 77%
N
N pr’ NN
—< >—: VAR . —
2 “© Ph 5 65°C,3 h 6b. 68%
/N\
Ph-N"on
3 Ph—— Ph—N3 65°C,1h —
4a 5b P 6d. 95%
NG
Ph— Ph—Nj; Ph~N" N
4 20°C, 12 h )ﬂ
4a 5b Ph
6d. 82%
Ph\N/N‘\N
— Ph—N °
> 4©7 s 65°C,3h 6e, 84%
4b 5b
Ph
6 =—_—= S 6s°c6h >—<{\l\hl
~ 4d 5b ’ N\N\ N
Ph 6f, 72%°
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F3C
N
O ~

7 Ph—— 65°C,3 h \—/
4a 5t Ph 6t 76%
Ph—p-No
MesSi—= Ph—Nj NN
8 65°C, 12 h =/
m 5b T™S

not observed

N3 4 ( N,
9 Ph——=—= @ 65°C,12 h N} o N
4a 5h PH

not observed

[a] Reaction carried out using 1.2 mmol of corresponding alkyne and 1 mmol of corresponding azide [b]
Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-
analysis) [c] Reaction carried out using 1.2 mmols of alkyne 4d and 2 mmols of corresponding azide 5b

Thus, using 10 mol% of 1f to catalyse the reaction between alkyne 4a with azide 5a at 65 °C
in 2 hours allowed the formation of triazole 6a in 77% yield (entry 1, Table 3.10). This result
is very similar to the one obtained using higher order magnesiate 1d (79% yield of 6a obtained
using 1d under the same reaction conditions, see Table 3.6 for comparison). However in the
case of lower order 1f higher amounts of catalyst loading had to be employed (10 mol% of 1f
compared to 5 mol% with 1d). Reaction between alkyne 4b and azide 5a led to formation of
triazole 6b in 68% yield after 3 hours reaction time at 65 °C (entry 2, Table 3.10). A similar
yield was obtained using 1d as a pre-catalyst (71% yield of 6b, see Table 3.6 for comparison)
although the reaction was carried out using lower catalyst loading (5 mol% of 1d) and 2 hour
reaction time. Catalytic activity of 1f was then tested using the more reactive azide 5b upon
reaction with alkynes 4a, 4b and 4d which afforded triazoles 6d (in 1h), 6e (3h), and 6f (6h) in
95% 84% and 72% vyield respectively (entry 3,5 and 6 respectively, Table 3.10). For
comparison (details in Table 3.6), pre-catalyst 1d gave formation of triazoles 6d (96% yield in
0.5h), 6e (85% yield in 0.5h), and 6f (83% in 1h). In addition to that, reaction of alkyne 4a and
azide 5b could also be carried out at room temperature to yield triazole 6d in 82% yield

although longer reaction time was required (12 hours) (entry 4, Table 3.10) when compared to
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the result obtained using 1d (90% yield of 6d after 5h at RT, see entry 2, Table 3.8 for further
details). Furthermore reaction of alkyne 4a with azide 5f allowed formation of triazole 6t in
76% vyield after 3 hours (entry 7, Table 3.10). For comparison when using 5 mol% of 1d the
same reaction afforded triazoles 6t in higher yield (98% yield after 1 hour, see entry 1, Table
3.7 for further details). No triazole formation was observed from the reactions between alkyne
4k and azide 5b (entry 9, Table 3.10) as well as using 1-azidoadamantane (5i) with alkyne 4a
(entry 10, Table 3.10). Both reactions resulted in full recovery of starting materials after 12 h
reaction at 65 °C. In summary these results clearly show the higher activity of higher order
sodium magnesiate 1d to carry out the aforementioned cyclisation reaction between alkynes
and azides to form 1,5-disubstituted triazoles. Despite lower order sodium magnesiate 1f
efficiently catalysing these procedure it requires longer periods of time for the reaction to get
to completion and higher amounts of pre-catalyst (5 mol% of 1d compared to 10 mol% of 1f).

Furthermore, yields of the corresponding final triazoles are generally lower in most cases.
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3.5 Stoichiometric studies

To gain some insights into the possible constitution of the bimetallic species involved in these
transformations the stoichiometric reaction of sodium magnesiate (1f) with p-tolylacetylene
(4b) was also investigated. Thus, reaction of one molar equivalent of 1f with 3 equivalents of
4b in hexane at ambient temperature, followed by addition of TMEDA, led to crystallisation
of sodium magnesiate [(TMEDA)NaMg{C=C(p-tolyl)}z]. (1h) (38% crystalline yield, 78% as
a white solid) (Scheme 3.11).

CegHe/
hexane
NaMg(CH,SiMe3); + 3
TMEDA,
1f 4b - SiMe,

N N
"N MezN N Mez i
. (TMEDA) |

el ] [(TMEDA)NaMg{C== C-(p-Tolyl)3}],

Scheme 3.11: 1f mediated metalation of alkyne 4b.

X-ray crystallographic studies of 1h confirmed the protonolysis of the 3 alkyl groups of alkyne

4b forming a contacted ion-pair bimetallic species (Figure 3.5).
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Figure 3.5: Dimeric unit for [(TMEDA)NaMg{C=C(p-tolyl)}s]> (1h), Selected bond distances (A),
Mg(1)-N(1) 2.264(2); Mg(1)-N(2) 2.334(2); Mg(1)-C(33) 2.162(2); Mg(1)-C(10) 2.196(2); Mg(1)-C(9)
2.257(2); Na(1)-C(9) 2.584(2); Na(1)-C(8) 3.108 (2); Na(1)-C(33) 2.586(2); Na(1)-C(31) 2.679 (2);
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Na(1)-C(10) 2.570(2); Na(1) C(11) 2.909(2); C(8)-C(9) 1.221(2); C(10)-C(11) 1.217(2); C(31)-C(33)
1.212(2). Selected angles (), C(33)-Mg(1)-C(10) 126.42(7); C(33)-Mg(1)-C(9) 93.72(6); C(10) Mg(1)
C(9) 95.35(6); C(33)-Mg(1)-N(1) 129.13(7); C(10)-Mg(1)-N(1) 103.57(6): C(9)-Mg(1)-N(1) 90.01(6);
C(33)-Mg(1)-N(2) 90.12(6); C(10)-Mg(1)-N(2) 92.27(6); C(9)-Mg(1)-N(2) 167.07(7); N(1)-Mg(L)-
N(2) 78.03(6); C(11)-C(10)-Mg(1), 166.30 (15); C(31)-C(33)-Mg(1) 174.31(14); C(8)-C(9)-Mg(1),
166.76(15); C(11)-C(10)-Na(1) 93.41(12); C(31)-C(33)-Na(1) 81.05(11); C(8)-C(9)-Na(1) 103.71(13)
The new lower order sodium trisalkynyl magnesiate exhibits a dimeric arrangement through =-
Na-C interactions. Interestingly, the Mg atoms occupy a slightly distorted trigonal bipyramidal
environment (coordination number 5), solvated by one molecule of TMEDA and bonded to the
three tolyl-alkynyl groups [C(33)-Mg(1)-C(10) 126.42(7); C(33)-Mg(1)-C(9) 93.72(6); C(10)
Mg(1) C(9) 95.35(6); C(33)-Mg(1)-N(1) 129.13(7); C(10)-Mg(1)-N(1) 103.57(6); C(9)-
Mg(1)-N(1) 90.01(6); C(33)-Mg(1)-N(2) 90.12(6); C(10)-Mg(1)-N(2) 92.27(6); C(9)-Mg(1)-
N(2) 167.07(7); N(1)-Mg(1)-N(2) 78.03(6)], Na forms a series of n-Na-C interactions (n?
fashion) with two of the alkynes, while the third alkyne interacts with another sodium atom to
form a dimer. Further detail can be given looking at the inorganic core of the structure (Figure

3.6).

(D Cl11
Nal 7/@ C10

€31

Figure 3.6: Inorganic core of 1h including alkynyl groups

Compound 1h exibits different Mg-N bond distances, in fact the Mg-N bond in the axial
position is larger than the Mg-N bond in the equatorial position [Mg(1)-N(2) 2.334(2) larger
than Mg(1)-N(1) 2.264(2)] as expected. Interestingly looking at the asymmetric unit of 1h the
three Mg-C bonds with acetylido ligands exhibit bond angles which deviate slightly from the
desired linear geometry to Mg [C(11)-C(10)-Mg(1), 166.30 (15); C(31)-C(33)-Mg(1)
174.31(14); C(8)-C(9)-Mg(1), 166.76(15);], and the perpendicular geometries to Na [C(11)-
C(10)-Na(1) 93.41(12); C(31)-C(33)-Na(1) 81.05(11); C(8)-C(9)-Na(1) 103.71(13)],
furthermore the Mg-C distance to the axial tolyl-C=C ligand is considerably longer than the
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two Mg-C distances to the alkynyl ligands in the equatorial position [Mg(1)-C(9) 2.257(2)
longer than Mg(1)-C(10) 2.196(2) and Mg(1)-C(33) 2.162(2)]. This is due to the extra
stabilisation of the terminal anionic C(9) of the the axial tolyl-C=C ligand from two Na cations
[Na(1)-C(9) 2.584(2); Na(1)-C(8) 3.108 (2); Na(1)-C(33) 2.586(2); Na(1)-C(31) 2.679 (2);
Na(1)-C(10) 2.570(2); Na(1) C(11) 2.909(2)], this weakens the corresponding Mg-C bond,
whereas in the two equatorial tolyl-C=C ligands C(33) and C(10) there is only interaction with

one Na cation (Figure 3.6).

The same reaction was carried out using trimethylsililacetylene (4K) at ambient temperature in
hexane for 1 hour. Addition of benzene allowed the crystallisation of sodium magnesiate
[(TMEDA)NaMg{C=C(SiMe3)}s]2 (1i) in moderate yield (42% crystalline yield, Figure 3.7)
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Figure 3.7: Dimeric unit for [(TMEDA)NaMg{C=C(SiMes)}s]. (1i) Selected bond distances (A),
N(1)-Mg(1) 2.369(1), N(2)-Mg(1) 2.260(2), Mg(1)-C(1) 2.189(2), Mg(1)-C(12) 2.254(2), Mg(1)-C(17)
2.167(2), Na(1)-C(1) 2.673(1), Na(1)-C(2) 2.792(2), Na(1)-C(12) 2.592(2), Na(1)-C(13) 3.016(2),
Na(1)-C(17) 2.608(2), Na(1)-C(18) 2.857(2), C(1)-C(2) 1.216(2), C(12)-C(13) 1.218(2), C(17)-C(18)
1.215(2). Selected angles (o), N(2)-Mg(1)-N(1) 78.30(5), N(1)-Mg(1)-C(1) 91.42(5), N(1)-Mg(1)-
C(12) 166.69(6), N(1)-Mg-(1)-C(17) 90.43(5), N(2)-Mg(1)-C(1) 109.47(5), N(2)-Mg(1)-C(12)
88.45(5), N(2)-Mg(1)-C-(17) 119.59(6), C(1)-Mg(1)-C(12) 94.27(5), C(17)-Mg(1)-C(1) 130.18(6);
C(17)-Mg(1)-C(12) 95.04(6); C(18)-C(17)-Mg(1) 177.3(1); Mg(1)-C(12)-C(13) 163.2(1); Mg(1)-C(1)-
C(2) 172.4(1); Na(1)-C(1)-C(2) 82.6(1); Na(1)-C(12)-C(13) 98.2(1); Na(1)-C(17)-C(18) 88.9(1)

Sodium magnesiate 1i exhibits an almost identical structural motief to that of 1h. Once again
the Mg atoms occupy a distorted trigonal bipyramidal environment (coordination number 5),

solvated by one molecule of TMEDA and bonded to the three TMS-alkynyl groups, the Na
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atom joins two asymmetric units by a series of =-Na-C interactions with two of the alkynes and

the third alkyne interacts with another sodium atom to form a dimer (Figure 3.8)
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Figure 3.8: Inorganic core of 1i including alkynyl groups

The structures of (1h, 1i) have a strong resemblance to that described by Weiss for
[(TMEDA)LiIMg{C=C(Ph)}z]. (Figure 3.9).
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Figure 3.9: Weiss’s lower order alkynyl lithium magnesiate [(TMEDA)LiMg{C=C(Ph)} s].

Li atoms in Weiss’s structure also form electrostatic interactions with the alkyne anions.3?
Weiss described his alkynyl lithium magnesiate structure as a “bipyramidal trigonal
magnesium atom coordinated by three acetylide ligands and one chelating TMEDA which
dimerises through alkali—C interactions.” These structures are almost identical to the ones of
1h and 1i. A comparison between bond distances and angles of compound 1h and 1i and

Weiss’s lithium magnesiate (Li-Weiss) is given in Table 3.11:
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Table 3.11: Comparison of key bond lengths (A) and bond angles (°) in crystal structures of 1h and 1i
and Weiss’s alkynyl lithium magnesiate;

bond

-c=C- (A)

-C=C-An (A)

-C=C-Mg
(A)

C-Mg-N (°)
C-Mg-C ()

1h

C(8)-C(9) 1.221(2)
C(10)-C(11) 1.217(2)
C(31)-C(33) 1.212(2)

Na(1)-C(33) 2.586(2)
Na(1)-C(31) 2.679 (2)
Na(1)-C(10) 2.570(2)
Na(1) C(11) 2.909(2)
Na(1)-C(9) 2.584(2)
Na(1)-C(8) 3.108 (2)

Mg(1)-C(33) 2.162(2)
Mg(1)-C(10) 2.196(2)
Mg(1)-C(9) 2.257(2)

C(33)-Mg(1)-C(10)
126.42(7)
C(33)-Mg(1)-C(9)
93.72(6)
C(10) Mg(1) C(9)
95.35(6)
C(33)-Mg(1)-N(1)
129.13(7)
C(9)-Mg(1)-N(2)
167.07(7)
C(10)-Mg(1)-N(1)
103.57(6)
C(9)-Mg(1)-N(1)
90.01(6)
C(33)-Mg(1)-N(2)
90.12(6)
C(10)-Mg(1)-N(2)
92.27(6)

1

C(12)-C(13) 1.218(2)
C(1)-C(2) 1.216(2)
C(17)-C(18) 1.215(2)

Na(1)-C(1) 2.673(1)
Na(1)-C(2) 2.792(2)
Na(1)-C(17) 2.608(2)
Na(1)-C(18) 2.857(2)
Na(1)-C(12) 2.592(2)
Na(1)-C(13) 3.016(2)

Mg(1)-C(17) 2.167(2)
Mg(1)-C(L) 2.189(2)
Mg(1)-C(12) 2.254(2)

C(17)-Mg(1)-C(1)
130.18(6)
C(1)-Mg(1)-C(12)
94.27(5)
C(17)-Mg(1)-C(12)
95.04(6)
N(2)-Mg(1)-C-(17)
119.59(6)
N(1)-Mg(1)-C(12)
166.69(6)
N(2)-Mg(1)-C(1)
109.47(5)
N(2)-Mg(1)-C(12)
88.45(5)
N(1)-Mg-(1)-C(17)
90.43(5)
N(1)-Mg(1)-C(1)
91.42(5)

Li-Weiss

C(1)-C(2) 1.220(7)
C(17)-C(18) 1.219(6)
C(9)-C(10) 1.198(6)

Li(1)-(C1) 2.342(8)
Li(1)-C(9) 2.301(10)
Li(1)-C(9)’ 2.315
Li(1)-C(17)’ 2.257

Mg-C(17) 2.183(5)
Mg-C(1) 2.188(5)
Mg-C(9) 2.307(4)

C(1)-Mg-C(17)
132 .8(2)
C(1)-Mg-C(9)
89.3(2)
C(1)-Mg-N(1)
92.2(2)
C(1)-Mg-N(2)
116.8(2)
C(9)-Mg-N(1)
172.1(2)
C(17)-Mg-N(2)
110.3(2)
C(9)-Mg-N(2)
92.0(2)
C(17)-Mg-C(9)
92.6(2)
C(17)-Mg-N(1)
92.0(2)
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C=C-Mg (%)

C=C-An (°)

N(1)-Mg(1)-N(2)
78.03(6)

Mg(1)-C(10)-C(11)
166.30 (15)
Mg(1)-C(33)-C(31)
174.31(14)
Mg(1)-C(9)-C(8)
166.76(15)

C(11)-C(10)-Na(1)
93.41(12)
C(31)-C(33)-Na(1)
81.05(11)
C(8)-C(9)-Na(1)
103.71(13)

N(2)-Mg(1)-N(1)
78.30(5)

Mg(1)-C(17)-C(18)
177.3(1)
Mg(1)-C(1)-C(2)
172.4(1)
Mg(1)-C(12)-C(13)
163.2(1)

Na(1)-C(1)-C(2)
82.6(1)
Na(1)-C(12)-C(13)
98.2(1)
Na(1)-C(17)-C(18)
88.9(1)

N(1)-Mg-N(2)
80.2(2)

Mg-C(17)-C(18)
176.1(3)
Mg-C(1)-C(2)
167.8(4)
Mg-C(9)-C(10)
162.0(4)

Li-C(17)-C(18)
98.4
Li-C(1)-C(2)
81.9
Li-C(9)-C(10)
117.1

Previous work by Wright and co-workers has established the possibility of accessing alkali-
metal zincates containing acetylide groups. The structure [(TMEDA):LixMg{C=C(Ph)}4]
presented in their work feature the low polarity Zn forming c-bonds with the a-C whereas the

alkali-metals n-interact with both acetylenic C atoms (Figure 3.10).33

Peofe

Figure 3.10: Higher order alkynyl lithium zincate [(TMEDA);LixMg{C=C(Ph)} 4]
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In addition to this, similar type of dual c-bonds n-bonded to the acetylide involving two Cu

centers has recently been proposed by Fokin, as the catalytically active complex in CUAAC.3#

The stoichiometric reaction of 1d with 4 equivalents of p-tolylacetylene (4b) was also carried
out at ambient temperature in hexane. After 30 minutes addition of toluene allowed the
crystallisation of the final product, [(TMEDA)NaMg{C=C(p-tolyl)}z]> (1h) (Scheme 3.12).

0.5

disproportionation .
|
(TMEDA)NaC= C-(p-Tolyl)3}]»

Scheme 3.12: 1d stoichiometric reaction with alkyne 4b.

A possible explanation for the isolation of 1h could be the disproportionation reaction of a
putative higher order alkynyl magnesiate intermediate [NazMg{C=C(p-tolyl)}4] to generate 1h
and sodium p-tolylacetylene (Scheme 3.12). As previously discussed in chapter 3.4 the
catalytic ability of sodium magnesiates 1f and 1d to form 1,5-triazoles is different, in particular
1f shows lower activity in the formation of a variety of 1,5-disubstituted triazoles (See Table
3.6, Table 3.7, and Table 3.10 for comparison). However, stoichiometric reactions between 1f
or 1d and p-tolylacetylene led to the crystallisation of lower order alkynyl sodium magnesiate
1h in both cases. In the subsequent NMR spectroscopic analysis for compound 1h and 1j a
downfield shift of the acetylenic 13C-signals was observed. Acetylenic 13C-signals were
originally situated at 77.8: 84.1 ppm (for p-tolylacetylene in ds-THF) and shifted to 108.6:
128.8 ppm for (1h in dg-THF), 109.0: 130.7 ppm for (1) in dg-THF) (Table 3.12):
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Table 3.12: 'H and 3C NMR chemical shifts for acetylenic and methyl carbon atoms in compounds

1h, 1j and free p-tolylacetylene (4b).

Compound 611 Me (p-tol) (ppm)  813€ Mg-C=C (ppm) &3¢ Mg-C=C (ppm)

H-C=C(p-tolyl) 2.31 778 84.2
1h 2.23 108.6 128.8
1] 2.23 109 130.7

[a] H and ¥C NMR studies were carried out dissolving 30 mg of product in dg-THF.

Bearing in mind the dramatic effect that the donor ability of the solvent has in these
transformations, TH DOSY NMR studies were carried out to get further information about the
possible active species of the catalytic cycle. 'H DOSY NMR is a well-known technique used
to predict the constitution of species in solution according to their diffusion coefficient and
molecular weights.3>3¢ The Stokes-Einstein equation can be used to estimate molecular size of

large molecules®:

D kT
"~ 6mnRy,

However one of the most powerful classes of relations which correlate the molecular weight
(Mw) and the diffusion coefficient (D) is an empirically derived power law of the Stokes-

Einstein equation:
D = KMw*®

This power law is restricted to a specific class of compounds (oligosaccharides, denaturated
peptides or polyethylene oxides) and in some cases it can be used for small molecules however
high errors are associated with the prediction of their molecular weights. Li, Williard et al have
developed an analogous approach of the power law and with the introduction of at least three
internal references to one NMR sample a calibration curve can be obtained which allows the
prediction of the size of small molecules with a lower associated error.3¢ Although this method

has been vastly employed,3-40 it contains different experimental difficulties. To name few, the

b D = (kT)/(6mnRn), where D is the diffusion coefficient, k is the Boltzman constant, T is the temperature, 1) is
the viscosity, and Ry is the hydrodynamic radius.
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internal references have to be inert to analyte, the resonances in the IH NMR spectrum of the
analite should not overlap with those from the internal reference. Furthermore, the calibration
curve is only useful for one NMR sample. Recently Stalke et al have made a further
development in the field showing that H DOSY NMR studies can be carried out using external
calibration curves (ECC).#! This method requires only TMS as internal standard reducing most

of the complications previously mentioned.

Using Stalke’s ECC novel method, *H DOSY NMR analysis of 1h (35 mM) was performed in
ds-THF solution. These studies suggested that its dimeric solid state structure is not retained in
ds-THF solution, favouring instead monomeric [(THF)2NaMg(THF){C=C(p-tolyl)}s]
(Mw=681.19 g mol1) which affords an excellent correlation with the calculated molecular

weight (Mw=673 g mol?, 1% error, Figure 3.11)

4001__MaMg (p-Tolylalk)3 DOSY" 4 1 "C:\Usersigabl2213%Decktop\iME's trigzoles®

F1[log(m2is)]

[(THF);NaMg(THF) {C=C(p-tolyl)} 5]

—_— | i

Free TMEDA

) TMS I

T T T
8 & 4 2 F2 [ppm]

Figure 3.11: *H DOSY NMR of lower order sodium magnesiate 1h in ds-THF solution

These results suggest that THF has higher affinity towards solvation of Na atoms in 1h as free
TMEDA is observed in dg-THF solution. Excess of THF (used as a solvent) favors

displacement of TMEDA which was present in solid state structure of 1h (Figure 3.12).
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[(TMEDA)NaMg{C=C-(p-Tolyl)3}]> (1h) [(THF),NaMg(THF),{C= C-(p-Tolyl) 3}]

Figure 3.12: Chem Draw comparison between the solid state dimeric structure of 1h and the
proposed composition of 1h in dg-THF solution

The reaction of 1d with 4 equivalents of p-tolylacetylene in ds-THF was also studied. 1H, 13C
NMR studies suggested formation of one product only and no disproportionation to 1h was
observed (Scheme 3.13).

\ / [ |
N, \\CHZ CH2 >\l/ 4 @T
[P <~ ~N N 4b I
Na Mg Na > |
7 ~ vy ~ |
/N\ CH, CH; N dg-THF, 10 min !
| | I\ :
SiMe3 SiMe3 -4 S|M84
-2 TMEDA
1d

Scheme 3.13: Stoichiometric reaction of 1d with 4 equivalents of p-tolylacetylene (4b) in ds-THF

Furthermore, in situ mixture of NaR, MgR> and 4 equivalents of p-tolylacetylene in THF at
room temperature for 30 minutes afforded [(THF)sNa:Mg{C=C(p-tolyl)}4] (1j) in excellent
yield (82%) which could be stored in the glovebox as a yellow solid after removing solvent

under vacuum (Scheme 3.14)
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THF, RT, 30 min !
MgR, + 2NaR + 4 -
-4 SiMey

Scheme 3.14: Synthesis and isolation of 1j as white solid

Contrasting with solid state studies, tH DOSY NMR spectroscopic investigations revealed the
retention of the higher order configuration of 1j. Thus, compound [(THF)sNa:Mg{C=C(p-
tolyl)}4] (Mw=819.33 g mol1) affords an excellent correlation with the calculated molecular

weight (Mw=792 g mol1, error 3%, Figure 3.13).

'd I VS .HL S - —
[(THF),Na,Mg {C=C(p-tolyl)} ;] a
! _
—_ :__‘ \ ‘ ' | 2
|
|
ll ™S s
| F
! l
|
| <

a8 I I I [ I I I 4 I I I 2 I 0 I F2[p|l:|m]
Figure 3.13: 'H DOSY NMR of higher order sodium magnesiate 1j in ds-THF solution

No evidence of disproportionation to 1h and sodium p-tolylacetylene were observed in THF

solution. This is particularly interesting as THF is the solvent used for catalytic studies.
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The stoichiometric reaction between alkyne 4b and azide 5d was then studied. One equivalent
of higher order sodium magnesiate 1d reacted with four equivalents of alkyne 4b and four
equivalents of azide 5d in THF at 65 °C for 1 hour which allowed the formation of polymeric
product [(THF)Na(C2sH25Ns)] (1k) with the absence of a C*-H 'H NMR signal (Scheme 3.15).

Ns NN NN \
[(TMEDA),Na,Mg(CH,SiMe3)s] + 4 + 4 —_ > N/ N-__|
THF, 1h 65 °C Na(THF)

1d 4b 5d

Scheme 3.15: Reaction formation of product 1k.

Compound 1k was crystalised by dissolving it in refluxing THF and leaving the solution

cooling down slowly in a warm water bath (28% vyield, Figure 3.14).
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Figure 3.14: a) Asymmetric unit of 1k b) Section (3 asymmetric units) of the polymeric chain structure
for 1k, in both cases the H atoms and the THF minor disorder component have been omitted for clarity.
The chain runs along the c axis.

Compound 1k exhibits a series of N-Na-N interactions to form a polymeric chain (along the ¢
axis). In addition the sodium atom exhibits a trigonal bipyramidal arrangement with four Na-
N interactions and one O-Na interaction. Product 1k could also be synthesised in higher yield
by reacting equimolar amounts of NaCH>SiMes with one equivalent of alkyne 4b and two
equivalents of azide 5d (65% Yield). A possible explanation for the isolation of 1k relies on
the dual behavior of organic azides as electrophiles and nucleophiles (See section 3.3.2, Figure

3.2). A proposed mechanism for the formation of 1k will be discussed in section 3.6.4, Scheme
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3.20. The stoichiometric reaction between 1d, alkyne 4b and azide 5d was repeated under the

same reaction conditions and it was quenched with H2O after 2 hours (Scheme 3.16).

_NH
N3 1) THF, 2h 65 °C N
[(TMEDA),Na,Mg(CH,SiMes),] + 4 + 4 N
2) H,0 N /

1d 4b 5d

Scheme 3.16: Reaction formation of 6p by quenching product 1k

GC analysis of the reaction mixture revealed no formation of triazoles 60, instead only free
alkyne 4b was recovered along with formation of product (E)-1-(2,6-dimethylphenyl)-4-(3-
(2,6-dimethylphenyl)triaz-1-en-1-yI)-5-(p-tolyl)-1H-1,2,3-triazole (6f)¢. In contrast to this
when the reaction was carried out under catalytic conditions (5 mol% of 1d), with one
equivalent of alkyne 4b and one equivalent of azide 5d full conversion of triazole 60 was
obtained (93% isolated yield, entry 15, Table 3.6) while no by-product 6B was observed at all.
IH and 13C NMR analysis of the same reaction carried out in ds-THF gave a complex NMR

spectrum and products could not be identified.

The reaction was repeated changing the azide. Thus 1j and 4 equivalents of azide 5c were
mixed in ds-THF and allowed to react for 1h at 65 °C. 'H, 13C NMR NMR analysis revealed
formation of one product only [{C=C(p-tolyl)}Mg{(THF)Na(C23H2:NsO)}2] (1I) (Scheme
3.17)

¢ The E configuration of 6p is assumed considering the retention of the configuration from product 1k after
quenching with H,0.
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1) THF, 2h 65 °C I l\\l
[(TMEDA)zNazMg(CH28|M93)4] N\ “““ .n\n\\\\\“
1d || OMe Mg:*

Scheme 3.17: Reaction formation of product 1l

IH DOSY NMR spectroscopic investigations are in agreement with proposed formation of 1l
(Mw=1271.73 g mol™1) which affords an excellent correlation with the calculated molecular
weight (Mw=1376 g mol, error 8%, Figure 3.15).
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Figure 3.15: *H DOSY NMR of product 1l in ds-THF solution
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3.6 Kinetic Analysis

In order to get a better insight into the mechanisms of these reaction, kinetic studies were
carried out utilising 'H NMR spectroscopy. The reaction between 1-ethynylcyclohexene (49)
and 1-azido-2-methoxybenzene (5c¢) was chosen as a model reaction for the kinetic studies
(Scheme 3.18).

N OMe
3 .

(TMEDA),Na,Mg(CH,SiMes)s @

MeO ;

© \@ 5-10 mol % NN
+ > \ y
dg-THF, 40 °C, Time

4g 5¢ 6l

Scheme 3.18: Reaction between 1-ethynylcyclohexene (4g) and 1-azido-2-methoxybenzene (5c¢) for

kinetic studies

The reaction mixture was heated to 40 °C and periodically monitored by 'H NMR spectroscopy
(one *H NMR was collected every 30 seconds). This led to reaction completion in timeframes
ranging from 10 to 40 minutes (depending on the loading of catalyst employed). Absolute
concentrations of alkyne and azide were determined using FeCp2 (10 mol%) as an internal
standard. The reaction kinetics were usually monitored from the intensity changes in the azide
resonance -OMe (3.82 ppm) over three or more half-lives on the basis of azide consumption.

All data collected could be fit by natural logarithm to the following equation:
Ln([Azide] — [Azide],) = mt

where [Azide]o is the initial substrate concentration and [Azide] the substrate concentration at
the specific reaction time, t is the time and m the slope of the graph. The effect of [azide] on
the reaction rate was investigated by monitoring the reaction between alkyne 4g (4.14 M) and
azide 5c¢ (0.36 M) catalysed by 1d (7.5 mol%), therefore the molar ratio of alkyne to azide was
11:1 maintaining approximately zero-order conditions. The rate of the reaction follows a linear
dependence of [azide] on reaction time till 86% conversion of triazole 61, at conversions >86%

the reaction rate speeds up remarkably (Figure 3.16).
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Figure 3.16: Plot of Ln([Azide]/[Azide]o) vs reaction time for the cycloaddition of alkyne (4.14 M) to
azide (0.36 M) catalysed by 1d at 0.02628 M. Rate of reaction increases after yield of 61 >86%

Further Kkinetic studies were carried out on the same reaction with data collection over three
half lifes (<86% conversion of triazole 6l). Data collection was excluded for the conversions

>86% as the rate changes.

3.6.1 Azide order

To analyse the order of the azide a reaction with a molar ratio 11:1 of alkyne and azide was
carried out at 40 °C using 1d (7.5 mol%). Figure 3.17 reveal a linear dependence of [azide] on
reaction time, which agrees with an essentially order one dependence of the catalytic rate on

azide concentration.
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Figure 3.17: Plot of Ln([Azide]/[Azide]o) vs reaction time for the cycloaddition of alkyne (4.14 M) to
azide (0.36 M) catalysed by 1d at 0.02628 M

Initial attempts to study the order of alkyne failed. Using the same approach we carried out a
reaction with a molar ratio alkyne to azide 1:11 maintaining approximately zero-order
conditions reaction in azide. However no reaction conversion was observed as the reaction is
inhibited by high concentrations of azide. Similarly to what is observed when the reaction is
carried out using 15-crown-5 where the reaction was completely inhibited, a similar outcome
of the reaction is observed under high concentrations of azide. The synergistic effect of the Mg
and Na atoms within the same molecule can be broken as the azide can act as Lewis base
capturing the Na atoms (similarly to what happens with 15-crown-5). Once more this shows

the crucial role of the alkali metal in this transformation.

3.6.2 Alkyne order

The effect of alkyne 4g was studied through four experiment sets varying the concentration of
only alkyne while keeping constant the concentration of the other two components of the
mixture, and always at an alkyne to azide molar ratio greater than 11:1. Kinetic plots for the
catalytic reaction rate as a function of [alkyne] (concentration range [alkyne] = 3.80 — 5.60 M;
[alkyne]:[azide] > 11:1, [azide]:[1d] > 10:1, Figure 3.18 and Figure 3.19) indicate that the

reaction rate is zero-order in alkyne.
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Figure 3.18: Plot of Ln([Azide]/[Azide]o) vs reaction time for the cycloaddition of four different
concentrations of alkyne (3.80, 4.30, 4.75 and 5.60 M) to azide (0.36 M) catalysed by 1d (0.01803 M).
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Figure 3.19: Plot of k values obtained for the cycloaddition of four different concentrations of alkyne
(3.80, 4.30, 4.75 and 5.60 M) to azide (0.36 M) catalysed by 1d (0.01803 M).

This result indicates that formation of alkynyl sodium magnesiate from the reaction between

1d and alkyne is not the rate determining step of the triazole reaction formation.
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3.6.3 Catalyst order

Similarly to what is discussed in chapter 3.6.2, the effect of catalyst 1d was studied through
four experiment sets varying the concentration of only catalyst 1d while keeping constant the
concentration of the alkyne 4g and azide 5d in the mixture, and always with a ratio alkyne to
azide greater than 11:1. Kinetic plots for the catalytic reaction rate as a function of the
concentration of catalyst precursor 1d varied from 0.0234 M to 0.0322 M (Figure 3.20 and

Figure 3.21) indicate that the reaction rate is first order in catalyst.
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Figure 3.20: Plot of Ln([Azide]/[Azide]o) vs reaction time for the cycloaddition of four different
concentrations of catalyst [0.0234 M (6.5 mol%), 0.0251 M (7 mol%), 0.0278 M (7.5 mol%),
0.0322 M (9 mol%)] with a constant [alkyne]:[azide]=11:1, [azide]=0.36 M)
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Figure 3.21: Plot of k vs [catalyst] for the cycloaddition reaction of alkyne (4.14 M) to azide (0.36 M)
catalysed by 1d at four different concentrations [0.0234 M (6.5 mol%), 0.0251 M (7 mol%), 0.0278 M
(7.5 mol%), 0.0322 M (9 mol%)] with a constant [alkyne]:[azide]=11:1, [azide]=0.36 M)

Taken all the kinetic information together, the empirical rate law is given in the following

equation.

v = k[Alkyne]°[Azide]'[Cat]?

The key points evidenced by Kinetic studies can be summarised as follows:

1. Metallation of alkyne is not the rate determining step of the reaction
2. Insertion/intramolecular nucleophilic attack is the rate determining step

3. Only one substituent of the higher order magnesiate 1 is active in the catalytic process

3.6.4 Proposed mechanism:

Regarding the synthesis of 1,4-triazoles in CUAAC, previous theoretical studies suggested
possible involvement of more than one Cu center in the mechanism of this type of

transformations.#243 Prior to Fokin and collaborators discovery no evidence of experimental
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data backed up these theoretical studies. Using enriched 83Cu catalysts Fokin and collaborators
designed a reaction procedure which allowed them to assign the cycloaddition step as the part
of the reaction where two copper centers act simultaneously to yield 1,4-triazoles (Scheme
3.19).34
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Scheme 3.19: Fokin et al proposed mechanism with the precense of two Cu centers for CUAAC.

The authors propose a mechanism in which the first step is the formation of a dual c-bonds =-
bonded copper acetylide intermediate, it follows the insertion of azide and nucleophilic attack
to form a triazolyl copper intermediate. Furthermore the protonolysis of the triazolyl copper
intermediate generates the final 1,4-triazole moiety and it regenerates the Cu catalyst which

can start a new cycle.

These results raised new questions on the possible mechanism of the 1d catalysed 1,5-triazole
procedure, which could potentially proceed via =n-interactions between Mg or Na with both
acetylenic C atoms rather than the intuitive c-bond activation. To exclude this possibility a

Cross over type reaction was carried out (Table 3.13).
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Table 3.13: 1j catalysed cross over reaction between alkynes 4g and azide 5c

\@\ QOMG
1j 10 mol%

OMe :
+ N”\\l\
dg-THF, 15 min, RT, CpyFe (10 mol%) / /N
49 5¢
Entry alkyne 4g (mmol) azide 5¢ (mmol) 6l (mmol) 6a(mmol)
1 (to) 0.35 0.42 0 0
2 (t1) traces 0 0.30 0.12

[a] ™H and 13C NMR studies were carried out using 10 mol% of catalyst 1t which is equivalent to (0.14 mmols

of p-tolylacetylene) in dg-THF.

Confronting alkyne 4g (0.37 mmols) and azide 5c¢ (0.42 mmols) with 10 mol% of alkynyl
sodium magnesiate 1j resulted in formation of triazole 6a in 0.12 mmols and triazole 61 in 0.30
mmols. This result demonstrates that the efficiency of 1j to promote the catalytic formation of
1,5 triazoles and the reaction procedes through magnesiate c-bond activation of the terminal
acetylenic C atom. With the course of the reaction as soon as p-tolyl alkynyl moiety has been
transformed into triazoles 6a by insertion reaction with azide 5c, a different alkyne such as 4g
can be activated and further insertion with azide 5c gives formation of a different triazole 6a.
Supporting this proposal, internal alkynes such as diphenylacetylene (4j) fail to react with
azides under the conditions studied. In the case of a promoted m-activation as the only force of

the reaction procedure the only product expected would be triazole 6l.

Based on all the compiled results, a plausible mechanism for the cycloaddition of terminal
alkynes to azides mediated by the higher order sodium magnesiate 1d is shown in Scheme
3.20. In a first step terminal alkyne is metallated by 1d giving rise to a magnesiate acetylide
(Int-1, Scheme 3.20). H DOSY NMR studies on the stoichiometric reaction between 1d and
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4b confirmed the formation of intermediate 1j. Coordination of azide acting as a lewis base
with the Na cation forms magnesiate Int-2 (Scheme 3.20). Thus, one of the activated alkynyl
species (Mg-C=C-R) can act as a nucleophile, and by attacking the terminal nitrogen atom in
organic azide, intermediate 3 is formed (Int-3, Scheme 3.20). Furthermore, INT-3 undergoes
an intramolecular nucleophilic attack of the far nucleophilic nitrogen atom to the n-coordinated
alkyne moiety leading to the formation of triazolate intermediate 4 (Int-4, Scheme 3.20).
Although intermediates 2, 3 and 4 could not be detected the empirical rate law obtained with
the Kinetic studies suggests that only one triazolate intermediate is formed at a time on each
catalytic cycle. Protonation by the excess of alkyne releases the organic product and recycles
the active catalyst (Int-1, Scheme 3.20).

[(TMEDA),Na,Mg(CH,SiMe3),]

N HC=C-R' R" = p-tolyl

N THF R2= C=C-R'
-4 TMS

\ / O FG-N3
( @’ / '// / OQ Coordination
Int- 1

Protonolysis

1 FG

o 3
N N 2 N—
N\ l N O.._ \ N
O\\N,/\ " N _.Na Mg _Na_ © \\N®
Prae a\ g' \\\ O/ \\\ , /// \\O
C,O 7 ”X--‘Naf”oo 7 \ Q
R"  Int-4 |

0
Ring closure O K\> Insertion
v ..-0
FG a
N

Scheme 3.20: Proposed mechanism for the 1d catalysed 1,5-disubstituted-1,2,3-triazole formation
reaction.

As previously discussed, the stoichiometric reaction between 1d and alkyne 4b and azide 5d

gave formation of product 1k. A plausible formation of 1k is proposed in Scheme 3.21.
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Scheme 3.21: Plausible mechanism for the formation of 1k under stoichiometric conditions

Following the same mechanism as in Scheme 3.20, intermediate 4 can be formed (Int-4,
Scheme 3.20). The absence of free alkyne due to stoichiometric conditions and the presence of
free organic azide in solution allows formation of di-triazolate intermediate (Int-5, Scheme
3.21). Furthermore free organic azide in solution can coordinate to the Na center to form
intermediate 6 (Int-6, Scheme 3.21). Furthermore, nucleophilic attack of Mg-C bond from the
triazolate intermediate to the electrophilic terminal N atom of the organic azide allows
formation of intermediate 7 (Int-7, Scheme 3.21). 'H DOSY NMR studies on the
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stoichiometric reaction between 1d alkyne 4d and azide 5c¢ confirmed the formation of
intermediate 1l (Int-7) in ds-THF solution. This does not happen under catalytic conditions as
the triazolate intermediate (Int-4, Scheme 3.21) quickly reacts with free alkyne in solution to
form the final triazoles and to regenerate intermediate 1. Furthermore, disproportionation

reaction forms product 1k and Mg alkyny| intermediate 8 (Int-8, Scheme 3.21).
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3.7 Conclusions

In conclusion a versatile new ate-mediated catalytic method for the cycloaddition reactions of
alkynes to azides to form 1,5-disubstituted-1,2,3-triazoles has been developed. This first
catalytic method using s-block metal pairs, works in a concerted synergistic manner as a more
sustainable method to the already known transition metal catalysts. Despite the high kinetic
barrier of this type of transformation, the process exhibits broad substrate scope and mild
reaction conditions when compared to other methods. Both kinetic and stoichiometric studies

helped to elucidate the mechanism of the catalytic transformation.

3.8 Experimental section

General Considerations. All reactions were performed under a protective argon atmosphere
using standard Schlenk techniques. Hexane and THF were dried by heating to reflux over
sodium benzophenone ketyl and distilled under nitrogen prior to use. The synthesis of
[{(KMg(CH:SiMes)3}»] (1a), [(PMDETA).K>Mg(CH.SiMes)s] (1b), was carried out
according to the literature procedurel® (see experimental section of Chapter 2 Section 2.7.1.3
for 1a and section 2.7.1.4 for 1b). The synthesis of [[TMEDA):Li2Mg(CH2SiMe3)4] (1e) and
[LiMg(CH2SiMe3)3] (1g) was carried out according to the literature procedure!® (see
experimental section of Chapter 2 section 2.7.1.7 for 1e). The synthesis of
[NaMg(CH.SiMesz)3] (1f) was carried out according to the literature procedure.’” TMEDA and
PMDETA were distilled over CaH. and stored in a Schlenk with activated molecular sieves
prior to use. NMR spectra were recorded on a Bruker DPX 400 MHz spectrometer operating
at 400.13 MHz for 'H and 100.62 MHz for 13C. Elemental analyses were obtained using a
Perkin Elmer 2400 elemental analyser. High resolution mass spectra for products (6a-6z, 6a.
and 6p) were recorded on a thermo scientific LTQ ORBITRAP XL spectrometer (HRMS ESI,
nanoelectrospray) coupled to an Advion TriVersa NanoMate 3 in positive or negative

ionization mode (samples were diffused in a stream of MeOH: NHsOAc 9:1).
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3.8.1 Synthesis of inorganic compounds
3.8.1.1  Synthesis of [ TMEDA)2Na2Mg(CH2SiMes)4] (1d).

SiMes To a suspension of NaCH2SiMes (0.22 g, 2 mmol) in
\/ CH,  CH, \\N/ hexane (15 mL) Mg(CH,SiMes) (0.20 g, 1 mmol)
/"Na\ Mg, “Na_ j was added and the suspension stirred for 1 hour.

\ TMEDA (0.30 mL, 2 mmol) was then added and the
SiMes  SiMes solution was gentled heated to form a clear solution
which was transferred to the freezer (-28 °C). After 16 hours a crop of clear, colourless
crystals was isolated (0.35 g, 54%).'H NMR (400 MHz, 298 K, C¢De¢) 6 (ppm) = -1.78 (2H,
s, SiICHy), 0.47 (9H, s, Si(CHzg)3), 1.67 (2H, s, NCH,, TMEDA), 1.92 (6H, s, N(CHsa)2,
TMEDA). BC{H} NMR (101 MHz, 298 K, C¢Ds) & (ppm) = -3.14 (SiCHz), 5.63 (Si(CHs3)3),
45.80 (N(CHs)2, TMEDA), 56.76 (NCH2, TMEDA). Elemental analysis (CHN): Expected
value, C=51.62, H=11.76, N=8.60 found, C=51.12, H=11.54, N=8.93.

3.8.1.2  Synthesis of [[ TMEDA)NaMg{C=C(p-tolyl)}s]2 (1h).

To a suspension of 1f (309 mg, 1 mmol) in
hexane (10 mL), 4-ethynyltoluene (348 mg, 3
mmol) was added and the white suspension
was stirred for 1h. TMEDA (0.15 mL, 1
mmol) was then added, giving a clear solution
for few seconds which rapidly precipitates. A
white precipitate was isolated (396 mg, 78%
yield) and characterised by H and 13C NMR
as 1h. Crystalline 1h can be prepared following a similar procedure. To a suspension of 1f

(309 mg, 1 mmol) in hexane (10 mL) 4-Ethynyltoluene (348 mg, 3 mmol) was added and the
white suspension was stirred for 1h. After addition of TMEDA (0.15 mL, 1 mmol), C¢Hs (6
mL) were added, the solution was gently heated to form a clear solution which was kept in a
warm water bath. After 16 hours a crop of clear, colourless crystalline needles were isolated
(193 mg, 38% yield). No substantial difference in the 'H and 13C NMR of the product was
observed from the two preparation methods employed for the synthesis of 1h. 'H NMR (400
MHz, 298 K, CsDe¢) & (ppm) = 1.96 (broad s, 4H, NCH2, TMEDA), 2.07 (s, 9H), 2.39 (broad
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s, 12H, N(CHs)2, TMEDA), 6.89 (d, J=8 Hz, 6H), 7.60 (d, J=8 Hz, 6H). 3C{H} NMR (101
MHz, 298 K, CeDs) & (ppm) = 14.9, 21.9, 47.5, 56.8, 112.4, 125.6, 129.5, 129.6, 132.8, 135.8.

3.8.1.3  Synthesis of [(TMEDA)NaMg{C=C(SiMes)}s] (1i)

\ To a suspension of 1f (309 mg, 1 mmol) in hexane (10
MGSSi\,fS\M/ _NZ mL) ethynyltrimethylsilane (295 mg, 3 mmol) was
g\\%\SiMe added and the white suspension was stirred for 1h.

e N ‘I /I 3
Na Y TMEDA (0.15 mL, 1 mmol) was then added and the
Me33i\§'l\ a solvent was removed under vacuum. Toluene (3 mL)
AN was then added to give a clear solution which was

K—N/\ ' transferred to the freezer (-28 °C). After 16h a crop of
colourless crystals were isolated (147 mg, 32% yield)
and characterised by 'H and 3C NMR as 1i. 'H NMR (400 MHz, 298 K, ds-THF) & (ppm) =
0.46 (s, 27H, Si(CHs)3), 1.92 (s, 4H, NCH2, TMEDA), 2.41 (s, 12H, N(CHs)2, TMEDA).
BC{H} NMR (101 MHz, 298 K, CsDs¢) 8 (ppm) = 2.0, 46.9, 56.3, 116.9, 160.5.

3.8.1.4  Synthesis of [(THF)sNa2Mg{C=C(p-tolyl)}4] (1))

To a suspension of NaCH>SiMes (220 mg, 2 mmol)
and Mg(CH2SiMes). (198 mg, 1 mmol) in hexane (10
mL) 4-Ethynyltoluene (464 mg, 4 mmol) was added
and the white suspension was stirred for 1h. THF was

then added to afford a colourless solution. Solvent

was then removed and a white precipitate was
isolated (493 mg, 82% Yield) and characterised by 'H, 13C and 'H DOSY NMR as
[(THF)NaMg(C=C-(p-tolyl)4] (1j) in ds-THF (see H DOSY NMR experiments for further
detail). 'H NMR (400 MHz, 298 K, dg-THF) & (ppm) = 1.77 (m, 4H, THF), 2.23 (s, 12H,
CHg), 3.62 (m, 4H, THF), 6.92 (d, J=7.8 Hz, 8H, CH), 7.19 (d, J=7.8 Hz, 8H). *C{H} NMR
(101 MHz, 298 K, CgDs) 6 (ppm) = 21.0, 26.1 (THF), 68.0 (THF), 109.0, 126.6, 128.8, 130.7,
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131.6, 134.5. Elemental analysis (CHN)?: Expected value, C=79.67, H=6.02 found,
C=78.77, H=5.87

3.8.1.5  Synthesis of [(THF)Na(CzsH2s5Ns)] (1K)

To a suspension of NaCH>SiMe3 (110 mg, 1 mmol) in
N=N N—N hexane (5 mL) 4-Ethynyltoluene (116 mg, 1 mmol)
l\’l Y N:\ ," was added and the white suspension was stirred for 30
Na(THF)
min. 2-azido-1,3-dimethylbenzene 4d (294 mg, 2
mmol) was added and the temperature was increased
L | o0

until reflux (68 °C) for 1 hour. The solvent was then
removed to afford a yellowish precipitate which was redissolved in THF (5 mL) to afford a
yellowish solution which was left cooling down in a warm water bath to allow the formation
of small pale yellow crystals (373 mg obtained, 65% yield). tH NMR (400 MHz, 298 K, ds-
THF) 6 (ppm) = 1.72 (m, 4H, THF), 1.77-2.14 (overlapping s, 15H, CH3), 3.62 (m, 4H, THF),
6.57-6.90 (three overlapping sets of multiplets, 5H, aromatic CH), 7.06-7.31 (three
overlapping sets of multiplets, 5H, aromatic CH). 1*C{H} NMR (101 MHz, 298 K, CsDs) &
(ppm) = 17.9, 20.2, 21.1, 26.4 (THF), 68.2 (THF), 121.9, 122.6, 123.7, 127.0, 127.3, 127.7,
128.6,128.9, 128.9, 129.4, 130.1, 136.9, 137.2, 152.2. Elemental analysis (CHN): Expected
value, C=69.43, H=5.83, N=19.43 found, C=68.48, H=5.99, N=18.74.

d 1t corresponds to the elemental analysis for the same compound with only one THF molecule, as by *H NMR
it can be observed that only one molecule of THF is present. THF can be removed under high vacuum.
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Figure 3.22: Packing diagrams (including H atoms and disorder), viewed along the a (top) and
¢ (bottom) axes for polymeric structure of 1k
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3.8.1.6  Synthesis of [{(C=C(p-tolyl)}2Mg{(THF)Na(C23H21NsO2)}] (11)

One equivalent of (16 mg, 0.019

MeO OMe
C’ O mmols, 1j) was charged in a Young
/N\N N/N\ /O
0 .

NMR tube and dissolved in dg-THF

\l\/la“"N > =~ A
0.5 mL). 4 equivalents of 1-azido-
MeG  N=N N=n oMe )-4eq
- \

,\',\ N 2-methoxybenzene (5¢) were added
Mg (11 mg, 0.076 mmol) and the
Z X mixture was allowed to react at 65

1 °C for 1 hour. H, 33C NMR and H

DOSY NMR analysis revealed formation of one product only [{C=C(p-
tolyl)}2Mg{(THF)Na(C23H21Ns02)}2] (1I). tH NMR (400 MHz, 298 K, ds-THF) & (ppm) =
2.22 (s, 6H, CHa), 2.26 (s, 6H, CHs3), 3.46 (s, 6H, OCHz), 3.82 (broad s, 6H, OCHj3), 6.47-
6.51 (m, 2H, aromatic CH), 6.60-6.63 (m, 2H, aromatic CH), 6.66(m, 2H, aromatic CH), 6.82
(d, 2H, J=7.8 Hz, aromatic CH), 6.89-6.99 (m, overlapping signals, 14H, aromatic CH), 7.21
(d, 6H, J=7.9 Hz, aromatic CH), 7.31-7.36 (m, 2H, aromatic CH), 7.40 (d, 2H, J=7.9 Hz,
aromatic CH). 13C{H} NMR (101 MHz, 298 K, CsDs¢) & (ppm) = 110.6, 112.9, 116.4, 120.6,
120.9, 121.2, 124.6, 127.9, 128.4, 128.7, 128.8, 129.4, 130.3, 131.8, 134.7, 137.0, 144.3,
151.2,155.1

Synthesis of 1-phenyl-5-(thiophen-3-yl)-1H-1,2,3-triazole (6i).

An oven dried Schlenk tube was charged with sodium magnesiate (1b) (33 mg, 0.05 mmol,
5 mol %) and THF (2 mL). 1-ethynyl-4-methylbenzene (139 mg, 1.2 mmol) was then added
and the mixture was stirred for 30 minutes. 2-azido-1,3-dimethylbenzene (147 mg, 1 mmol)
was added and the reaction mixture was heated in an oil bath until reflux (66 °C) for 30 minutes.
The reaction mixture was then quenched with brine 2 mL. The crude was extracted using ethyl
acetate and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the
product was purified by flash column chromatography using hexane/EtOAc 8:2 to obtain
product (50), which was isolated as a pale yellow solid (245 mg, 93% yield). Crystalline (5h)
can be obtained by dissolving the product in ether and slow evaporation of the solvent to afford

colourless crystals.
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Selected crystal parameters and refinement data:

Empirical
formula

Molecular
Weight

Temperatur
e (K)

Wavelenght
(A)
Crystal

system

Space
group

a(A)
b (A)
c(A)
a ()
B()
7 ()
Cell volume
(A%)

z
Praic (8.cm™3)
u (mm)
20 max(°)

Index
ranges

Reflections
collected

Reflections
unique

Reflections
obs.

1h

CesH7aMg2NaNa2

1017.89

123(2)

0.71073

triclinic

P-1

8.9002(7)
13.1281(11)
13.9110(12)

71.457(8)

79.030(7)

88.345(7)

1512.0(2)

1
1.118
0.096
60.36

-12<h<12

-18<k<17

-19</<14
15524

7912

5546

1i

Cs2HssMg>
N4Na>Sis

910.28

123(2)

0.71073

monoclinic

C2/c

22.3697(9)
13.0744(6)
20.9706(14)
90
99.930(4)
90
6041.4(6)

4
1.001
0.201
60.52

-30< h £31--
17< k<18

-27<1L27

19711

8095

6074

1k

C33H41NeNa O,

576.71

100(2)

0.6889

monoclinic

P21/C

11.217(4)
27.774(10)
10.323(4)
90
102.739(4)°
90
3137(2)

4
1.221
0.084
49.60

-13<h <13

-33<k<31

-12</<11
22798

3834

5814

6i
C13H9N3S

239.29

123(2)

1.5418

orthorhombic

P21212,

6.1315(5)
8.9338(7)
19.3334(12)
90
90
90
1059.04(14)

-10<k<107
-23</<20
4269

1902

1671
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Rint

No.
Parameters

Goodnes-
of-fit-on F?
(GOF)

Final R
indices
[~20(1)]

R indices
(all data)

Largest diff.
peak and
hole (e A?)

0.0365
341

1.041

0.0526

0.1431

0.335and -0.318

Empirical formula
Molecular Weight
Temperature (K)
Wavelenght (A)
Crystal system
Space group
a (A)
b(A)
c (A)
a(®)
A ()
7 ()
Cell volume (A3)
VA
Pealc (g.cm?)
1 (mm™)
20 max(°)

Index ranges

0.0418
282

1.023

0.0932

0.0644

0.378
and -0.189

6w
CisH30CI2N3
359.35
123(2)
1.54184
monoclinic
C2/c
23.1431(6)
8.1966(2)
17.7543(4)
90
90.017(2)
90
3367.90(14)
8
1.240
3.042
146.14
-28<h<28

0.0932
395

1.035

0.0723

0.1826

0.91and —-0.39

0.0371
145

1.055

0.0458

0.1206

0.320 and
-0.226

6y
CasH21FNe
424.48
123(2)
0.71073
monoclinic
P21
6.9755(4)
6.4828(4)
23.2389(14)
90
94.781(6)
90
1047.22(11)
2
1.346
0.090
60.34
-9<h <9
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Reflections collected
Reflections unique
Reflections obs.
Rint
No. Parameters

Goodnes-of-fit-on F2
(GOF)

Final R indices
[~26(1)]

R indices (all data)

Largest diff. peak and
hole (e A?3)

-9<k<7
-21</<22
11066
3296
2700
0.0954
197
1.197

0.2065

0.2103
0.754 and -0.312

-8< k<9
-26</<32
5922
4721
3992
0.0468
292
1.027

0.0951

0.1022

0.245 and -0.220
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3.8.2 Synthesis of organic compounds

General considerations for the use of Alkynes 4a-k:

Alkynes 4a-k: Alkynes 3a-k were purchased from Alfa Aesar or Sigma Aldrich chemicals.

Akynes 4a, b, e, f, h were distilled under inert argon atmosphere and stored over molecular

sieves prior to use. Alkynes 4c, d, g, h, i, j were degassed and stored over molecular sieves

prior to use.

4a

4d

49

4j

T

Nz

(% |

4b

4e

4h

4k

-
—
( =

—Si—

4c

4f

4i

7N\ _—

AN

=/

STN

—

A
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3.8.3 Synthesis of azides:

Although no accidents were reported while using azides throughout the development of this
project, it should be noted that azides must be handled carefully as they are potentially

explosive compounds. The list of azides used in this chapter are the following:

OMe
N

3

N3
59 5 5| /I 3

F

Benzyl azide (5a), 1-azido-4-(trifluoromethyl)benzene (5f), (azidomethyl)(phenyl)sulfane
(5e), 1-azidoadamantane (5h) and azidotrimethylsilane (5i) were purchased from Alfa Aesar,
degassed over 2A molecular sieves and stored under inert argon atmosphere prior to use.
Azides 5b,c,d,g were synthetised according to reaction procedure described below, degassed

under inert argon atmosphere and stored over 2A molecular sieves prior to use.2

‘BuONO (1.5 eq)
Ar-NH, + TMS-N; =~ AN
CH;CN, 0 °C to RT

Scheme 3.22: Synthesis of azides according to literature procedure.?

3.8.3.1  Phenyl azide (5b):

N3  Aniline (2 g, 21.5 mmol) was dissolved in CH3CN (40 mL) in a 100 ml round-
bottomed flask and cooled to 0 °C. To this mixture was added '‘BuONO (3.31 g, 3.8

mL, 32.1 mmol) followed by TMSNsz (3 g, 3.4 mL, 25.6 mmol) dropwise. The
resulting solution was stirred for 1 h at room temperature. The solvent was then removed

under vacuum and the crude product was purified by silica-gel chromatography (hexane as
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eluent) to give product 5b as a pale yellow oil (1.9 g 74% Yield).'H NMR (400MHz, 298 K,
CDCI3) 6 (ppm) = 7.06 (m, J =8 and 1 Hz, 2H), 7.17 (td, J =8 and 1 Hz, 1H), 7.37(t,J =8
Hz, 2H).13C{H} NMR (101 MHz, 298 K, CDCl3) & (ppm) = 120.1, 126.0, 130.8, 141.1.

The values are consistent with previously reported data in the literature.?°

3.8.3.2  l-azido-2-methoxybenzene (5c):

Nj O-anisidine (2g, 16.2 mmol) was dissolved in CH3CN (30 mL) in a 100 mL
©/OM€ round-bottomed flask and cooled to 0 °C. To this mixture was added ‘BuONO
(2.59, 24.4 mmol), followed by TMSN3(1.9g, 2.18 mL, 19.4 mmol) dropwise.
The resulting solution was stirred for 1h at room temperature. The solvent was then removed
under vacuum and the crude product was purified by silica-gel chromatography (hexane as
eluent) to give product 5c as a yellow oil (2.1g, 87% Yield). '"H NMR (400 MHz, CDCls) &
(ppm) = 3.87 (s, 3H), 6.91 (m, 2H), 7.00 (dd, J = 8 and 1 Hz, 1H), 7.09 (t, J = 8 Hz, 1H).
13C{H} NMR (101 MHz, CDCls) & (ppm) = 60.0, 112.2, 120.4, 121.4, 125.7, 128.4, 152.0

3.8.3.3  2-azido-1,3-dimethylbenzene (5d):

N3 2,6-dimethylaniline (2g, 16.5 mmol) was dissolved in CH3CN (30 mL) in a 100
\©/ mL round-bottomed flask and cooled to 0 °C. To this mixture was added
‘BUONO (2.58 g, 2.98 mL, 25 mmol) followed by TMSN3(1.95g, 2.2 mL, 19.8
mmol) dropwise. The resulting solution was stirred for 1h at room temperature. The solvent
was then removed under vacuum and the crude product was purified by silica-gel
chromatography (hexane as eluent) to give product 5d as a pale yellow oil (2.2g, 90% Yield).
IH NMR (400 MHz, 298 K, CDCls3) 6 (ppm) = 2.45 (s, 6H), 7.08 (m, 3H).13C{H} NMR (101
MHz, 298 K, CDCls) 8 (ppm) = 18.1, 125.8, 128.9, 132.2, 137.1.

3.8.3.4  4-azido-2-fluoro-1-methylbenzene (59):

N3 3-fluoro-4-methylaniline (1g, 8 mmol) was dissolved in CH3CN (15 mL) in a 50
mL round-bottomed flask and cooled to 0 °C. To this mixture was added '‘BuONO

F (1.25g, 12.2 mmol), followed by TMSN3 (0.95g, 1.09 mL, 9.7 mmol) dropwise.

The resulting solution was stirred for 1h at room temperature. The solvent was

then removed under vacuum and the crude product was purified by silica-gel chromatography
(hexane as eluent) to give product 5g as a yellow oil (1.09g, 90% Yield). 'H NMR (400 MHz,
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CDCls) & (ppm) = 2.25 (s, 3H), 6.71(m, 2H), 7.15 (t, J=8 Hz, 1H). 3C{H} NMR (101 MHz,
CDCls) 3 (ppm) = 161.8 (d, Jcr = 245 Hz), 139.2 (d, Jer = 10 Hz), 132.3 (d, Jee = 6 Hz), 121.6
(d, Jcr = 18 Hz), 114.5 (d, Jcr = 3 Hz), 106.4 (d, Jcr = 25 Hz), 14.1 (d, Jcr = 4Hz). °F NMR
(376.5 MHz, CDCl3) § (ppm) = -114.6

3.8.4 Synthesis of 1,5-disubstituted-1,2,3-triazoles:

General procedure for reactions at NMR tube scale.

e Using 1f as a catalyst:

Catalytic reactions were performed in an NMR scale using the following standard procedure.
A Young NMR tube was charged in the glove box with 0.65 mmol of acetylene (1.3 eq) a 10
mol% of ferrocene (9 mg, 0.05 mmol), which was employed as an internal standard one
equivalent of corresponding azide and 0.5 mL of dg-THF. The initial ratio of starting materials
was determined by integration of their resonances in the *H NMR spectrum. 10 mol% of
precatalyst 1d (15 mg, 0.05 mmol) or 10 mol% of precatalyst 1f (15 mg, 0.05 mmol) was
introduced and reactions times were measured from this point. Yields were determined by
integration of the products resonances relative to the resonance of the internal standard in the
'H NMR spectrum.

e Using 1d as a catalyst:

Catalytic reactions were performed in an NMR scale using the following standard procedure.
A Young NMR tube was charged in the glove box with 0.60 mmol of acetylene (1.2 eq) a 10
mol% of ferrocene (9 mg, 0.05 mmol), which was employed as an internal standard one
equivalent of corresponding azide and 0.5 mL of ds-THF. The initial ratio of starting materials
was determined by integration of their resonances in the *H NMR spectrum. 10 mol% of
precatalyst 1d (15 mg, 0.05 mmol) or 5 mol% of precatalyst 1d (16 mg, 0.025 mmol) was
introduced and reactions times were measured from this point. Yields were determined by
integration of the products resonances relative to the resonance of the internal standard in the
'H NMR spectrum.
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General procedure for reactions at Schlenk tube scale.
e Using 1f as a catalyst:

An oven dried Schlenk tube was charged with sodium magnesiate 1f (30 mg, 0.1 mmol,
10 mol %) and THF (2 mL). Alkyne (1.3 mmol) was added and the mixture was stirred for
30 mins. Azide (1 mmol) was added and the reaction mixture was heated in an oil bath until
reflux (66 °C) for the needed period of time. The reaction mixture was then quenched with

brine 2 mL and each triazoles was extracted as described in the following section.

e Using 1d as a catalyst:

An oven dried Schlenk tube was charged with sodium magnesiate 1d (32 mg, 0.05 mmol,
5 mol %) and THF (2 mL). Alkyne (1.2 mmol) was added and the mixture was stirred for 15
min. Azide (1 mmol) was added and the reaction mixture was left reacting at room
temperature or heated in an oil bath until reflux (66 °C) for the needed period of time. The
reaction mixture was then quenched with brine 2 mL and each triazoles was extracted as

described in the following section.
3.8.4.1  Synthesis of 1-benzyl-5-phenyl-1H-1,2,3-triazole (6a).

Ph/\N,N\ An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,

Ph/'\/N 0.05 mmol, 5 mol %) and THF (2 mL). Phenylacetylene (123 mg, 1.2 mmol)
was added and the mixture was stirred for 30 mins. Benzylazide (133 mg, 1 mmol) was added
and the reaction mixture was heated in an oil bath until reflux (66 °C) for 2 hours. The reaction
mixture was then quenched with brine 2 mL. The crude was extracted using diethyl ether and
brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the product was
purified by flash column chromatography using hexane/EtOAc 1:1 as eluente. 6a was isolated
as a yellowish solid (185 mg, 79% yield). *H NMR (400 MHz, CDCl3) 6 (ppm) = 5.54 (s, 2H),
7.04-7.08 (m, 2H), 7.24 (m, 5H), 7.42 (m, 3H), 7.73 (s, 1H). 3C{H} NMR (101 MHz, CDCls)
o (ppm) = 52.0, 127.2, 127.4, 128.4, 129.0, 129.1, 129.2, 129.8, 133.5, 135.8, 138.4. HRMS
(ESI): m/z calcd. for [M+H]*: C1sH1aN3z = 236.1182, found 236.1182 error (-0.1 ppm).
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3.8.4.2 1-benzyl-5-(p-tolyl)-1H-1,2,3-triazole (6b)

Ph~\ An oven dried Schlenk tube was charged with sodium magnesiate 1d (33

N-N
/@/QN mg, 0.05 mmol, 5 mol %) and THF (2 mL). p-Tolylacetylene (139 mg, 1.2

mmol) was then added and the mixture was stirred for 30 minutes.
Benzylazide (133 mg, 1 mmol) was added and the reaction mixture was heated in an oil bath
until reflux (66 °C) for 2 hours. The reaction mixture was then quenched with brine 2 mL. The
crude was extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried
over magnesium sulphate and the product was purified by flash column chromatography using
hexane/EtOAc 8:2 to obtain product 6b, which was isolated as a pale yellow oil (177 mg, 71%
yield). tH NMR (400 MHz, CDCl3) 8 (ppm) = 5.54 (s, 2H), 7.04-7.08 (m, 2H), 7.24 (m, 5H),
7.42 (m, 3H), 7.73 (s, 1H). 3C{H} NMR (101 MHz, CDCl3) & (ppm) = 52.0, 127.2, 127.4,
128.4, 129.0, 129.1, 129.2, 129.8, 133.5, 135.8, 138.4. HRMS (ESI): m/z calcd. for [M+H]*:
C1sH14N3 = 250.1339, found 250.1340 error (0.5 ppm).

3.8.4.3  3-(1-benzyl-1H-1,2,3-triazol-5-yl)pyridine (6c)

Ph—\

N-N Anoven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
T N 0.05 mmol, 5 mol %) and THF (2 mL). 3-ethynylpyridine (62 mg, 0.6 mmol)
| N was then added and the mixture was stirred for 30 minutes. Benzylazide (67

mg, 1 mmol) was added and the reaction mixture was heated in an oil bath until
reflux (66 °C) for 1 hour. The reaction mixture was then quenched with brine 2 mL. The crude
was extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/EtOAc 8:2 to obtain product 6¢, which was isolated as a yellow oil (110 mg, 93%
yield). tH NMR (400 MHz, CDCl3) & (ppm) = 5.56 (s, 2H), 7.03 (d, J=7.3 Hz, 2H), 7.27 (s,
3H), 7.33 (d, J=7.9 Hz, 1H), 7.44 (d, J=7.9 Hz, 1H), 7.79 (s, 1H), 8.52 (s, 1H), 8.65 (m, 1H).
1BC{H} NMR (101 MHz, CDCl3) & (ppm) = 51.4, 122.6, 122.8, 126.3, 133.2, 134.1, 135.5,
148.6, 149.9. HRMS (ESI): m/z calcd. for [M+H]*: C14H13N4 = 237.1135, found 237.1135
error (0.1 ppm).

3.8.4.4  Synthesis of 1,5-diphenyl-1H-1,2,3-triazole (6d).

Ph. An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg, 0.05

N \
Ph)\/N mmol, 5 mol %) and THF (2 mL). Phenylacetylene (123 mg, 1.2 mmol) was added
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and the mixture was stirred for 30 minutes. Phenylazide (119 mg, 1 mmol) was added and the
reaction mixture was heated in an oil bath until reflux (66 °C) for 30 mins. The reaction mixture
was then quenched with brine 2 mL. The crude was extracted using diethyl ether and brine (3
x 5 mL), the organic solution was dried over magnesium sulphate and the product was purified
by flash column chromatography using hexane/EtOAc 1:1 as eluente. 6d was isolated as a
yellowish solid (212 mg, 96% yield). tH NMR (400 MHz, CDCls) 6 (ppm) = 7.22 (m, 2H),
7.33 (m, 5H), 7.37 (m, 3H), 7.86 (s, 1H). 3C{H} NMR (101 MHz, CDCls) & (ppm) = 125.5,
127.1, 128.9, 129.2, 129.5, 129.7, 133.7, 136.9, 138.0. HRMS (ESI): m/z calcd. for [M+H]*:
CuaH12N3 = 222.1026, found 222.1026 error (0.1 ppm).

3.8.4.5 1-phenyl-5-(p-tolyl)-1H-1,2,3-triazole (6e)

Ph\N/N

\\\N mg, 0.05 mmol, 5 mol %) and THF (2 mL). p-Tolylacetylene (139 mg, 1.2
mmol) was added and the mixture was stirred for 30 minutes. Phenyazide

(119 mg, 1 mmol) was added and the reaction mixture was heated in an oil bath until reflux

An oven dried Schlenk tube was charged with sodium magnesiate 1d (33

(66 °C) for 30 mins. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/EtOAc 3:1 as eluente. 6e was isolated as a yellowish solid (202 mg, 86% yield). H
NMR (400 MHz, CDCls3) 8 (ppm) = 2.35 (s, 3H), 7.12 (m, 4H), 7.37 (m, 2H), 7.43 (m, 3H),
7.83 (s, 1H). 3C{H} NMR (101 MHz, CDCls3) 4 (ppm) = 21.6, 124.2, 125.6, 128.8, 129.5,
129.7, 129.9, 133.6, 137.1, 138.1, 139.7. HRMS (ESI): m/z calcd. for [M+H]*: C1sH14N3 =
236.1182, found 236.1182 error (-0.1 ppm).

3.8.4.6  1,4-bis(l-phenyl-1H-1,2,3-triazol-5-yl)benzene (61)

Ph_ N An oven dried Schlenk tube was charged with sodium magnesiate 1d
N-N,

<N (33 mg, 0.05 mmol, 5 mol %) and THF (2 mL). 1,4-diethynylbenzene

(151 mg, 1.2 mmol) was added and the mixture was stirred for 30

N\

N-N,
Ph

minutes. Phenyazide (238 mg, 2 mmol) was added and the reaction
mixture was heated in an oil bath until reflux (66 °C) for 1 hour. The
reaction mixture was then quenched with brine 2 mL. The crude was extracted using ethyl
acetate and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the

product was purified by flash column chromatography using EtOAc to obtain 6f, which was
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isolated as a brown solid (302 mg, 83% yield). tH NMR (400 MHz, CDCls3) & (ppm) = 7.2 (s,
4H), 7.33 (m, 4H), 7.44 (m, 6H), 7.89 (s, 2H). 33C{H} NMR (101 MHz, CDCl3) & (ppm) =
125.6, 127.9, 129.2, 129.8, 129.9, 133.9, 136.7, 137.0. HRMS (ESI): m/z calcd. for [M+H]*:
C22H17Ns = 365.1509, found 365.1509 error (-0.1 ppm).

3.8.4.7  5-butyl-1-phenyl-1H-1,2,3-triazole (69)

Phe N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33

M\N mg, 0.05 mmol, 5 mol %) and THF (2 mL). hex-1-yne (99 mg, 1.2 mmol)
was then added and the mixture was stirred for 15 minutes. Phenylazide (133 mg, 1 mmol) was
added and the reaction mixture was heated in an oil bath until reflux (66 °C) for 1 hours. The
reaction mixture was then quenched with brine 2 mL. The crude was extracted using diethyl
ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the
product was purified by flash column chromatography using hexane/EtOAc 8:2 to obtain
product 6g, which was isolated as a yellow oil (143 mg, 71% vyield). TH NMR (400 MHz,
CDCls) & (ppm) = 0.84 (t, J=7.4 Hz, 3H), 1.29 (m, 2H), 1.55 (m, 2H), 2.63 (t, J=7.6 Hz, 2H),
7.41 (m, 2H), 7.49 (m, 3H), 7.56 (s, 1H). 3C{H} NMR (101 MHz, CDCls) 6 (ppm) = 12.8,
21.4,22.6,29.6, 124.5, 128.7, 135.8, 137.5. HRMS (ESI): m/z calcd. for [M+H]*: C12H16N3z =
202.1339, found 202.1342 error (1.6 ppm).

3.84.8  3-(1-phenyl-1H-1,2,3-triazol-5-yl)pyridine (6h)

Ph\N/N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,

N N 005 mmol, 5 mol %) and THF (2 mL). 3-ethynylpyridine (124 mg, 1.2 mmol)

| P was then added and the mixture was stirred for 30 minutes. Phenylazide (133
N

mg, 1 mmol) was added and the reaction mixture was heated in an oil bath until
reflux (66 °C) for 30 minutes. The reaction mixture was then quenched with brine 2 mL. The
crude was extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried
over magnesium sulphate and the product was purified by flash column chromatography using
hexane/EtOAc 8:2 to obtain product 6h, which was isolated as a yellow solid (204 mg, 92%
yield). 1H NMR (400 MHz, CDCl3) & (ppm) = 7.28 (m, 1H), 7.36 (m, 2H), 7.48 (m, 4H), 7.95
(s, 1H), 8.56 (m, 1H), 8.61 (m, 1H). 13C{H} NMR (101 MHz, CDCls) 8 (ppm) = 122.5, 122.8,
124.6, 129.0, 133.0, 134.0, 135.0, 135.2, 148.4, 149.6. HRMS (ESI): m/z calcd. for [M+H]*:
C13H11N4 = 223.0978, found 223.0979 error (0.3 ppm).
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3.8.4.9 1-phenyl-5-(thiophen-3-yl)-1H-1,2,3-triazole (6i)

Ph An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,

N

N-N,
(ﬁ/N 0.05 mmol, 5 mol %) and THF (2 mL). 3-ethynylthiophene (130 mg, 1.2 mmol)
2 . : : :

S I was then added and the mixture was stirred for 15 minutes. Phenylazide (133

mg, 1 mmol) was added and the reaction mixture was heated in an oil bath until reflux (66 °C)
for 30 minutes. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/EtOAc 8:2 to obtain product 6i, which was isolated as a yellow solid (209 mg, 94%
yield). 'TH NMR (400 MHz, CDClz) & (ppm) = 6.92 (d, J=5 Hz, 1H), 7.14 (d, J=2.4 Hz, 1H),
7.32 (m, 1H), 7.41 (m, 2H), 7.50 (m, 3H), 7.87 (s, 1H). 3C{H} NMR (101 MHz, CDCls) &
(ppm) =125.0, 125.9, 127.1, 127.3, 129.8, 130.0, 133.1, 133.9, 137.0 HRMS (ESI): m/z calcd.
for [M+H]*: C12H10N3S = 228.0590, found 228.0590 error (0.0 ppm).

3.8.4.10 1-(2-methoxyphenyl)-5-phenyl-1H-1,2,3-triazole (6j)

OMe  An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
@N’N\\ 0.05 mmol, 5 mol %) and THF (2 mL). Phenylacetylene (123 mg, 1.2 mmol)
)i/N was then added and the mixture was stirred for 30 minutes. 1-azido-2-

" methoxybenzene (149 mg, 1 mmol) was added and the reaction mixture was
heated in an oil bath until reflux (66 °C) for 30 minutes. The reaction mixture was then
quenched with brine 2 mL. The crude was extracted using ethyl acetate and brine (3 x 5 mL),
the organic solution was dried over magnesium sulphate and the product was purified by flash
column chromatography using EtOAc to obtain product 6j, which was isolated as a brown oil
(248 mg, 99% yield). 'H NMR (400 MHz, CDCls) & (ppm) = 3.42 (s, 3H), 6.90 (m, 1H), 7.05
(m, 1H), 7.23 (m, 5H), 7.41 (m, 2H), 7.85 (s, 1H). 13C{H} NMR (101 MHz, CDCls) & (ppm)
= 55.6, 112.6, 121.1, 125.9, 128.7, 128.8, 128.9, 130.0, 131.9, 132.0, 139.5, 153.9. HRMS
(ESI): m/z calcd. for [M+H]*: C1sH1aN3O = 252.1131, found 252.1126 error (-2.1 ppm).
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3.8.4.11 1,4-bis(1-(2-methoxyphenyl)-1H-1,2,3-triazol-5-yl)benzene (6k)

QOMe An oven dried Schlenk tube was charged sodium magnesiate 1d
(33 mg, 0.05 mmol, 5 mol %) and THF (2 mL). 1/4-

N-N
NW‘N diethynylbenzene (151 mg, 1.2 mmol) was added and the mixture
N-N was stirred for 30 minutes. 1-azido-2-methoxybenzene (298 mg, 2
Meo@ mmol) was added and the reaction mixture was heated in an oil

bath until reflux (66 °C) for 1 hour. The reaction mixture was then
quenched with brine 2 mL. The insoluble product in THF was washed with diethyl ether
(3x5mL) to obtain 6k as a brown solid (344 mg, 81% yield). 'H NMR (400 MHz, CDCls) &
(ppm) = 3.45 (s, 6H), 6.92 (d, J=8.3Hz, 2H), 7.07 (t, J=7.6 Hz, 1H), 7.15 (s, 4H), 7.41 (m, 4H),
7.86 (s, 2H). 3C{H} NMR (101 MHz, CDCls3) & (ppm) = 55.8, 112.7, 121.4, 126.0, 127.0,
127.2, 128.3, 131.9, 138.7, 154.0. HRMS (ESI): m/z calcd. for [M+H]*: C2sH21NeO2 =
425.1721, found 425.1708 error (-2.9 ppm).

3.8.4.12  5-(cyclohex-1-en-1-yl)-1-(2-methoxyphenyl)-1H-1,2,3-triazole (6l)

OMe N=N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
N/ 0.05 mmol, 5 mol %) and THF (2 mL). 1-ethynylcyclohexene (127 mg, 1.2
mmol) (127 mg, 1.2 mmol) was then added and the mixture was stirred for
30 minutes. 1-azido-2-methoxybenzene (149 mg, 1 mmol) was added and the
reaction mixture was heated in an oil bath until reflux (66 °C) for 30 minutes. The reaction
mixture was then quenched with brine 2 mL. The crude was extracted using diethyl ether and
brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the product was
purified by flash column chromatography using hexane/EtOAc 1:2 to obtain product 6l, which
was isolated as a yellow solid (227mg, 89% yield). 1H NMR (400 MHz, CDCl3) & (ppm) =
1.47 (m, 2H), 1.57 (m, 2H), 1.92 (m, 2H), 2.05 (m, 2H), 3.67 (s, 3H), 5.61 (broad s, 1H), 6.97
(m, 2H), 7.27 (m, 1H), 7.4 (m, 1H), 7.55 (s, 1H). BC{H} NMR (101 MHz, CDCls) 6 (ppm) =
21.4, 22.2, 25.3, 27.3, 55.6, 112.0, 120.7, 124.5, 126.3, 128.1, 128.9, 131.0, 131.3, 140.5,
153.9. HRMS (ESI): m/z calcd. for [M+H]*: C1sH17N3O = 256.1444, found 256.1443 error (-
0.5 ppm).
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3.8.4.13  3-(1-(2-methoxyphenyl)-1H-1,2,3-triazol-5-yl)pyridine (6m)

OMe  An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
@N/N\\N 0.05 mmol,5 mol %) and THF (2 mL). 3-ethynylpyridine (124 mg, 1.2 mmol)
=S was then added and the mixture was stirred for 30 minutes. 1-azido-2-
d\/ methoxybenzene (149 mg, 1 mmol) was added and the reaction mixture was
N heated in an oil bath until reflux (66 °C) for 30 minutes. The reaction mixture
was then quenched with brine 2 mL. The crude was extracted using diethyl ether and brine (3
x 5 mL), the organic solution was dried over magnesium sulphate and the product was purified
by flash column chromatography using hexane/EtOAc 6:4 to obtain product 6m, which was
isolated as a yellow solid (250mg, 99% yield). TH NMR (400 MHz, CDCls) 6 (ppm) = 3.47 (s,
3H), 6.91 (d, J=8.7 Hz, 1H), 7.07 (t, J=7.6 Hz, 1H), 7.21 (m, 1H), 7.46 (m, 3H), 7.92 (s, 1H),
8.5 (m, 2H). BC{H} NMR (101 MHz, CDCls) 4 (ppm) = 55.7, 112.6, 121.4, 123.5, 124.2,
124.8,132.1, 132.7, 134.7, 135.6, 148.5, 150.2, 153.6. HRMS (ESI): m/z calcd. for [M+H]":
C13H11N4 = 253.1084, found 253.1084 error (0.0 ppm).

3.8.4.14 1-(2,6-dimethylphenyl)-5-phenyl-1H-1,2,3-triazole (6n)

n=N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
""\% 0.05 mmol, 5 mol %) and THF (2 mL). Phenylacetylene (123 mg, 1.2 mmol)
Ph' was then added and the mixture was stirred for 30 minutes. 2-azido-1,3-
dimethylbenzene (147 mg, 1 mmol) was added and the reaction mixture was heated in an oil
bath until reflux (66 °C) for 30 minutes, and then quenched with brine 2 mL. The crude was
extracted using ethyl acetate and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/EtOAc 8:2 to obtain product 6n, which was isolated as a pale yellow solid (229 mg,
92% yield). *H NMR (400 MHz, CDCl3) 6 (ppm) = 1.94 (s, 6H), 7.18 (m, 4H), 7.31 (m, 4H),
8.02 (s, 1H). BC{H} NMR (101 MHz, CDCl3) & (ppm) =17.9, 126.8, 127.2, 128.9, 129.3,
129.5, 130.4, 132.5, 135.6, 136.2, 138.5. HRMS (ESI): m/z calcd. for [M+H]*: C1sH1sN3 =
250.1339, found 250.1337 error (-0.7 ppm).
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3.8.4.15 1-(2,6-dimethylphenyl)-5-(p-tolyl)-1H-1,2,3-triazole (60)

N=N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
N~/ 0.05 mmol, 5 mol %) and THF (2 mL). 1-ethynyl-4-methylbenzene (139 mg,

1.2 mmol) was then added and the mixture was stirred for 30 minutes. 2-

azido-1,3-dimethylbenzene (147 mg, 1 mmol) was added and the reaction

mixture was heated in an oil bath until reflux (66 °C) for 30 minutes. The
reaction mixture was then quenched with brine 2 mL. The crude was extracted using ethyl
acetate and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the
product was purified by flash column chromatography using hexane/EtOAc 8:2 to obtain
product 60, which was isolated as a pale yellow solid (245 mg, 93% vyield). 'H NMR (400
MHz, CDCls) & (ppm) = 1.93 (s, 6H), 2.31 (s, 3H), 7.07 (m, 4H), 7.16 (d, J=7.6 Hz, 2H), 7.31
(m, 1H), 7.98 (s, 1H). 3C{H} NMR (101 MHz, CDCl3) & (ppm) = 17.9, 21.6, 124.0, 127.1,
128.9, 130.0, 130.4, 132.3, 135.8, 136.3, 138.6, 139.6. HRMS (ESI): m/z calcd. for [M+H]*:
C17H18N3 = 264.1495, found 264.1491 error (-1.6 ppm).

3.8.4.16 5-butyl-1-(2,6-dimethylphenyl)-1H-1,2,3-triazole (6p)

N=N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33
N/ mg, 0.05 mmol, 5 mol %) and THF (2 mL). hex-1-yne (99 mg, 1.2 mmol)

was then added and the mixture was stirred for 15 minutes. 2-azido-1,3-

dimethylbenzene (147 mg, 1 mmol) was added and the reaction mixture
was heated in an oil bath until reflux (66 °C) for 30 minutes. The reaction mixture was then
quenched with brine 2 mL. The crude was extracted using diethyl ether and brine (3 x 5 mL),
the organic solution was dried over magnesium sulphate and the product was purified by flash
column chromatography using hexane/EtOAc 8:2 to obtain product 6p, which was isolated as
a colourless oil (174 mg, 76% yield).!H NMR (400 MHz, CDCls) & (ppm) = 0.78 (t, J=7.2 Hz,
3H), 1.25 (m, 2H), 1.49 (m, 2H), 1.84 (s, 6H), 2.28 (t, J=8 Hz, 2H), 7.11 (d, J=7.6 Hz, 2H),
7.23 (t, J=7.6 Hz, 1H), 7.56 (s, 1H). ¥C{H} NMR (101 MHz, CDClI3) é (ppm) = 13.7, 17.3,
22.2,22.8,30.0,128.6,130.1, 131.7,134.6, 136.0, 138.7. HRMS (ESI): m/z calcd. for [M+H]*:
C14H20N3 = 230.1652, found 230.1650 error (-0.8 ppm).
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3.8.4.17 5-(cyclohex-1-en-1-yl)-1-(2,6-dimethylphenyl)-1H-1,2,3-triazole (6Q)

N=N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
N/ 0.05 mmol, 5 mol %) and THF (2 mL). 1-ethynylcyclohex-1-ene (127 mg,

1.2 mmol) was then added and the mixture was stirred for 30 minutes. 2-

azido-1,3-dimethylbenzene (147 mg, 1 mmol) was added and the reaction
mixture was heated in an oil bath until reflux (66 °C) for 30 minutes. The reaction mixture was
then quenched with brine 2 mL. The crude was extracted using ethyl acetate and brine (3 x 5
mL.), the organic solution was dried over magnesium sulphate and the product was purified by
flash column chromatography using hexane/EtOAc 8:2 to obtain product 6q, which was
isolated as a pale yellow solid (220 mg, 87% yield). tH NMR (400 MHz, CDCls3) & (ppm) =
1.51 (m, 2H), 1.61 (m, 2H), 1.92 (s, 6H), 1.94 (m, 2H), 2.10 (m, 2H), 5.59 (m, 1H), 7.12 (d,
J=7.6 Hz, 2H), 7.27 (t, J=7.6 Hz, 1H), 7.68 (s, 1H). 3C{H} NMR (101 MHz, CDCls3) 4 (ppm)
=17.7, 21.6, 2.4, 25.8, 27.2, 124.4, 128.7, 129.2, 129.6, 131.8, 135.9, 136.4, 139.5. HRMS
(ESI): m/z calcd. for [M+H]*: C16H19N3 = 254.1651, found 254.1652 error (-0.3 ppm).

3.8.4.18 5-cyclohexyl-1-(2,6-dimethylphenyl)-1H-1,2,3-triazole (6r)

N=N An oven dried Schlenk tube was charged with sodium magnesiate 1d (33 mg,
N/ 0.05 mmol, 5 mol %) and THF (2 mL). Ethynylcyclohexane (130 mg, 1.2

mmol) was then added and the mixture was stirred for 30 minutes. 2-azido-

1,3-dimethylbenzene (147 mg, 1 mmol) was added and the reaction mixture
was heated in an oil bath until reflux (66 °C) for 30 minutes. The reaction mixture was then
quenched with brine 2 mL. The crude was extracted using ethyl acetate and brine (3 x 5 mL),
the organic solution was dried over magnesium sulphate and the product was purified by flash
column chromatography using hexane/EtOAc 8:2 to obtain product 6r, which was isolated as
a pale yellow solid (230 mg, 90% yield). tH NMR (400 MHz, CDCl3) & (ppm) = 1.12 (m, 3H),
1.29 (m, 2H), 1.60 (m, 5H), 1.86 (s, 6H), 2.17 (m, 1H), 7.12 (d, J=7.6 Hz, 2H), 7.24 (t, J=7.6
Hz, 1H), 7.56 (s, 1H). 3C{H} NMR (101 MHz, CDCls) & (ppm) = 17.5, 25.6, 26.0, 32.8, 33.5,
128.7, 130.0, 130.5, 134.8, 136.0, 143.9. HRMS (ESI): m/z calcd. for [M+H]*: C16H19N3 =
256.1808, found 256.1807 error (-0.5 ppm).
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3.8.4.19 5-phenyl-1-((phenylthio)methyl)-1H-1,2,3-triazole (6s)

n=N  Anoven dried Schlenk tube was charged with sodium magnesiate 1d (33
Sv'\ll\% mg, 0.05 mmol, 5 mol %) and THF (2 mL). Phenylacetylene (123 mg, 1.2
©/ Ph - mmol) was then added and the mixture was stirred for 15 minutes.
Azidomethyl phenyl sulfide (165 mg, 1 mmol) was added and the reaction mixture was heated
in an oil bath until reflux (66 °C) for 3 hours. The reaction mixture was then quenched with
brine 2 mL. The crude was extracted using diethyl ether and brine (3 x 5 mL), the organic
solution was dried over magnesium sulphate and the product was purified by flash column
chromatography using hexane/EtOAc 7:3 as eluent to give triazole 6s as a brown oil (195 mg,
73% vyield). 'H NMR (400 MHz, CDCl3) 6 (ppm) = 5.62 (s, 2H, CHz) 7.23-7.35 (m,
overlapping signals, 7H, aromatic CH), 7.43-7.45 (m, 3H, aromatic CH) 7.67(s, 1H, CH
triazole).23C{H} NMR (101 MHz, CDCls) & (ppm) = 52.4, 126.6, 128.7, 129.0, 129.1, 129.3,
129.6, 131.9, 133.2, 133.3, 138.1. HRMS (ESI): m/z calcd. for [M+H]*: CisH14NsS =
268.0903, found 268.0903error (0 ppm).

3.8.4.20  5-phenyl-1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (6t)

n=N.Anoven dried Schlenk tube was charged with sodium magnesiate 1d (33

"I‘\% mg, 0.05 mmol, 5 mol %). Phenylacetylene (123 mg, 1.2 mmol) was then
F3C/©/ Ph added neat and the mixture was stirred for 15 minutes. 1-azido-4-
(trifluoromethyl)benzene (2 mL of 0.5 M solution in tert-butyl methyl ether, 1 mmol) was
added and the reaction mixture was heated in an oil bath until reflux (66 °C) for 1 hour. The
reaction mixture was then quenched with brine 2 mL. The crude was extracted using diethyl
ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the
product was purified by flash column chromatography using hexane/EtOAc 8:2 as eluent, 6t
was isolated as a yellowish oil (284 mg, 98% yield).'H NMR (400 MHz, CDCl3) & (ppm) = -
7.21-7.23 (m, 2H), 7-38-7.40 (m, 3H), 7.49-7.51 (m, 2H), 7.67-7.69 (m, 2H), 7.85 (s, 1H).
13C{H} NMR (101 MHz, CDCls) & (ppm) = 123.6 (q, J=271 Hz), 125.3, 126.7 (m), 128.8,
129.2, 129.8, 131.2 (q, J=33 Hz), 134.0, 138.0, 139.4. HRMS (ESI): m/z calcd. for [M+H]*:
CisH11F3N3 = 290.0900, found 290.0899 error (-0.2 ppm).
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3.8.4.21 5-(p-tolyl)-1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (6u)

N’/N An oven dried Schlenk tube was charged with sodium magnesiate 1d

N 1 (33 mg, 0.05 mmol, 5 mol %). p-Tolylacetylene (139 mg, 1.2 mmol)

Q was then added neat and the mixture was stirred for 15 minutes. 1-azido-
FsC 4-(trifluoromethyl)benzene (2 mL of 0.5 M solution in tert-butyl methyl

ether, 1 mmol) was added and the reaction mixture was heated in an oil bath until reflux (66
°C) for 1 hour. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/EtOAC 8:2 as eluent, 6u was isolated as a pale yellow solid (295 mg, 97% yield). 1H
NMR (400 MHz, CDCls) & (ppm) = 2.38 (s, 3H), 7.11 (d, J=8 Hz, 2H), 7.19 (d, J=8 Hz, 2H),
7.51(d, J=8.3 Hz, 2H), 7.71 (d, J=8.4 Hz, 2H), 7.83 (s, 1H). ¥C{H} NMR (101 MHz, CDCl3)®
d (ppm) = 123.5, 125.3, 126.7 (m), 128.7, 130.0, 131.2 (q, J=33 Hz), 133.8, 138.1, 139.6, 140.0.
HRMS (ESI): m/z calcd. for [M+H]*: CisHisFsNs = 304.1056, found 304.1055 error (-0.4

ppm).

3.8.4.22 1-(3-fluoro-4-methylphenyl)-5-(p-tolyl)-1H-1,2,3-triazole (6v)

N,/N An oven dried Schlenk tube was charged with sodium magnesiate 1d

N 1 (33 mg, 0.05 mmol, 5 mol %) and THF (2 mL). p-Tolylacetylene (139
F\Q mg, 1.2 mmol) was then added neat and the mixture was stirred for 15
minutes. 4-azido-2-fluoro-1-methylbenzene (151 mg, 1 mmol) was

added and the reaction mixture was heated in an oil bath until reflux (66 °C) for 1 hour. The
reaction mixture was then quenched with brine 2 mL. The crude was extracted using diethyl
ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the
product was purified by flash column chromatography using hexane/EtOAc 8:2 as eluent to
give triazole 6v as a pale yellow solid (222 mg, 83% yield). 'TH NMR (400 MHz, CDCls) &
(ppm) = 2.30 (s, 3H), 2.35 (s, 3H), 7.02 (m, 1H), 7.04 (m, 1H), 7.07 (m, 2H), 7.11 (m, 2H),
7.16 (m, 1H), 7.79 (s, 1H). 3C{H} NMR (101 MHz, CDCls) & (ppm) = 14.7, 21.6, 112.6 (d,
J=26 Hz), 120.8, 123.8, 126.4 (d, J=20 Hz), 128.7, 129.9, 132.1, 132.2, 133.5, 139.8, 161.1 (d,

¢ Quaternary carbons (CF3,and Gs) could not be detected
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J=246). °F{H} NMR (376.5 MHz, CDCls) 6 (ppm) = -114.10. HRMS (ESI): m/z calcd. for
[M+H]*: C16H15FN3 = 268.1245, found 268.1243error (-0.6 ppm).

3.8.4.23 1-(2,6-dimethylphenyl)-5-(4-ethynylphenyl)-1H-1,2,3-triazole (6w)

An oven dried Schlenk tube was charged sodium magnesiate 1d (33 mg,

0.05 mmol, 5 mol %) and THF (2 mL). 1,4-diethynylbenzene (151 mg,
— N\,l}l 1.2 mmol) was added and the mixture was stirred for 30 minutes. 2-

azido-1,3-dimethylbenzene (147 mg, 1 mmol) was added and the
reaction mixture was heated in an oil bath until reflux (66 °C) for 30 minutes.. The reaction
mixture was then quenched with brine 2 mL. The product was extracted with diethyl ether and
brine (3x5mL), the organic solution was dried over magnesium sulphate and the product was
purified by flash column chromatography using hexane/Et,0 2:1 as eluent to give colourless
needles (224 mg, 82% yield) along with 12% vyield of 6x which will be described as follows.
IH NMR (400 MHz, CDCl3) 8 (ppm) = 1.91 (s, 6H), 3.12 (s, 1H), 7.10 (d, J=8.5 Hz, 2H), 7.15-
7.17 (m, 2H), 7.32 (t, J=7.6 Hz, 1H), 7.38 (d, J= 8.5 Hz, 2H), 8.02 (s, 1H). *C{H} NMR (101
MHz, CDCls) 8 (ppm) = 17.7,79.2,82.7,123.1,126.8, 126.9, 128.9,130.4, 132.5, 132.8, 135.2,
135.9, 137.6.

3.8.4.24 1,4-bis(1-(2,6-dimethylphenyl)-1H-1,2,3-triazol-5-yl)benzene (6x)

An oven dried Schlenk tube was charged sodium magnesiate 1d (33
mg, 0.05 mmol, 5 mol %) and THF (2 mL). 1,4-diethynylbenzene

(151 mg, 1.2 mmol) was added and the mixture was stirred for 30

N
\ I
\©/ N minutes. 2-azido-1,3-dimethylbenzene (294 mg, 2 mmol) was

added and the reaction mixture was heated in an oil bath until reflux
(66 °C) for 1 hour. The reaction mixture was then quenched with brine 2 mL. The product was
extracted with diethyl ether (3x5mL.), the organic solution was dried over magnesium sulphate
and the product was purified by flash column chromatography using EtOAc to give 6x as a
brown solid (328 mg, 78% vyield). 'TH NMR (400 MHz, CDCl3) 6 (ppm) = 1.89 (s, 12H), 7.01
(s, 4H), 7.16-7.18 (m, 4H), 7.31-7.35 (m, 2H), 7.99 (s, 2H). 3C{H} NMR (101 MHz, CDCl5)
d (ppm) = 17.7, 127.4, 128.9, 130.4, 132.5, 135.2, 135.8, 137.2. HRMS (ESI): m/z calcd. for
[M+H]*: CoeH2sNs = 421.2135, found 421.2133 error (-0.5 ppm).
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3.8.4.25 1-(2,6-dimethylphenyl)-5-(4-(1-(3-fluoro-4-methylphenyl)-1H-1,2,3-triazol-5-
yl)phenyl)-1H-1,2,3-triazole (6y)

mg, 0.05 mmol, 5 mol %) and THF (2 mL). 6w (328 mg, 1.2 mmol)

N was added and the mixture was stirred for 15 minutes. 4-azido-2-

/@\ An oven dried Schlenk tube was charged sodium magnesiate 1d (33

fluoro-1-methylbenzene (151 mg, 1 mmol) was added and the

reaction mixture was heated in an oil bath until reflux (66 °C) 1
hour. The reaction mixture was then quenched with brine 2 mL. The product was extracted
with diethyl ether and brine (3x5mL), the organic solution was dried over magnesium sulphate
and the product was purified by flash column chromatography using hexane/Et,0 2:1 as eluent
to give colourless needles (399 mg, 94% yield).!H NMR (400 MHz, CDCls) 6 (ppm) = 1.91
(s, 6H), 2.32 (s, 3H), 6.97-7.01 (m, 2H), 7.16-7.18 (s, overlapping signals, 6H), 7.21-7.25 (m,
1H), 7.31-7.34 (m, 1H), 7.82 (s, 1H), 8.04 (s, 1H). 3C{H} NMR (101 MHz, CDCls) & (ppm)
=14.5,17.7,112.3, 112.5, 120.6, 127.3, 127.4, 127.6, 128.9, 129.2, 130.4, 132.2 (d, J=6 Hz),
132.6, 133.7, 135.0, 135.1, 135.8, 136.7, 137.2, 160.9 (d, J=246 Hz). °F{H} NMR (376.5
MHz, CDCIls) 6 (ppm) =-113.6. HRMS (ESI): m/z calcd. for [M+H]*: CasH22FNe = 425.1884,
found 425.1879 error (-1.3 ppm).

3.8.4.26 1-(2,6-dimethylphenyl)-5-(hex-5-yn-1-yl)-1H-1,2,3-triazole (62)
An oven dried Schlenk tube was charged sodium magnesiate 1d (33
Q\ mg, 0.05 mmol, 5 mol %) and THF (2 mL). Octa-1,7-diyne (127.4 mg,
N\Il\ll 1.2 mmol) was added and the mixture was stirred for 15 minutes 2-
ﬂN azido-1,3-dimethylbenzene (147 mg, 1 mmol) was added and the
= reaction mixture was heated in an oil bath until reflux (66 °C) 1 hour.
The reaction mixture was then quenched with brine 2 mL. The product was extracted with
diethyl ether and brine (3x5mL), the organic solution was dried over magnesium sulphate and
the product was purified by flash column chromatography using hexane/Et>0 2:1 as eluent to
give 6z as a colourless oil (198 mg, 78% yield) as well as 6z’ as a pale yellow solid (60 mg,
15% Yield). *H NMR (400 MHz, CDClz) 8 (ppm) = 1.48-1.55 (m, 2H), 1.66-1.72 (m, 2H),
1.92 (s, two overlapping signals, 7H), 2.14-2.18 (m, 2H), 2.36-2.40 (m, 2H), 7.17-7.19 (m,

2H), 7.29-7.33 (m, 1H), 7.66 (s, 1H). 3C{H} NMR (101 MHz, CDCls) & (ppm) = 17.3, 18.0,
22.7,26.8, 27.7, 68.9, 83.5, 128.6, 130.1, 131.8, 134.4, 136.0, 138.1.
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62: 'H NMR (400 MHz, CDCl3) & (ppm) = 1.51-1.55 (m,
/Q\ 4H), 1.84 (s, 12H), 2.29-2.33 (m, 4H), 7.14-7.16 (m, 4H),
N/:N\j\/\/\EN‘N 7.28-7.32 (m, 2H) 7.53 (s, 2H). 3C{H} NMR (101 MHz,
\ N CDCls) § (ppm) = 17.3, 22.8, 27.4, 128.6, 130.2, 131.7,
\©/ 134.3,135.9, 137.7.

3.8.4.27  1-(2-methoxyphenyl)-5-(p-tolyl)-1H-1,2,3-triazole (6a)

OMe This compound was characterised only by *H NMR as it was obtained from a
@N,N\\N cross over reaction discussed in Table 3.13. The cross over reaction was
—/  carried out as follows. An oven dried Young NMR tube was charged sodium
Q_/ magnesiate 1j (29 mg, 0.035 mmol, 10 mol %) and THF (2 mL). 1-
ethynylcyclohex-1-ene (37 mg, 0.35 mmol) was added and the mixture was

stirred for 15 minutes. 1-azido-2-methoxybenzene (62 mg, 1 mmol) was added and the reaction
mixture was heated in an oil bath until reflux (66 °C) 1 hour. NMR analysis of the reaction
mixture allowed to obtained yields for the two products formed in this reaction, namely 61 and
6a (detailed discussion and yields obtained can be found in Table 3.13). Yields of the two

products formed were determined using ferrocene as internal standard.

3.8.4.28 (E)-1-(2,6-dimethylphenyl)-4-(3-(2,6-dimethylphenyl)triaz-1-en-1-yl)-5-(p-
tolyl)-1H-1,2,3-triazole (6p)

An oven dried Schlenk tube was charged NaCH»SiMes (110 mg,
&N/N:N Ny 1 mmol) and THF (2 mL). p-Tolylacetylene (116 mg, 1 mmol)

was added and the mixture was stirred for 15 minutes. 2-azido-
1,3-dimethylbenzene (294 mg, 2 mmol) was added and the
reaction mixture was heated in an oil bath until reflux (66 °C) 1
hour. The reaction mixture was then quenched with brine 2 mL. The product was extracted
with diethyl ether and brine (3x5mL), the organic solution was dried over magnesium sulphate
and the product was purified by flash column chromatography using hexane/Et>0 2:1 as eluent
to give 6p as a white solid (324 mg, 79% yield). 'H NMR (400 MHz, CDCls) 6 (ppm) = 1.98
(s, 6H), 2.30 (s, 3H), 2.33 (s, 6H), 7.08-7.30 (m, overlapping signals, 10H), 9.47 (broad s, 1H,
NH). 3C{H} NMR (101 MHz, CDCls) & (ppm) = 17.9, 19.1, 21.4, 123.4, 128.5 (overlapping
signals), 128.7, 129.3, 130.2, 135.6, 136.1, 139.1. HRMS (ESI): m/z calcd. for [M+H]*:
CosH27Ne = 411.2292, found 411.2294 error (0.6 ppm).
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CHAPTER 4

Structural and mechanistic insights into s-block bimetallic
catalysis: sodium magnesiate catalysed
guanylation of amines
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IV. Table of compounds
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41 Summary

Advancing catalytic applications of s-block mixed-metal complexes, sodium magnesiate
[NaMg(CHSiMes)z] (1) is reported as an efficient precatalyst for guanylation of a variety of
anilines and secondary amines with carbodiimides. The first examples of hydrophosphination
of carbodiimides using a Mg catalyst are also described in this chapter. The mixed-metal
systems catalytic ability is much greater than those of its homometallic components
[NaCH.SiMez] and [Mg(CH2SiMes)2]. Stoichiometric studies suggest magnesiate amido and
guanidinate complexes are intermediates in these catalyses. Reactivity and kinetic studies
imply these guanylation reactions occur via (tris)amide intermediates that react with
carbodiiimides in insertion steps. The rate law for the guanylation of NN’-
diisopropylcarbodiimide with 4-tert-butylaniline catalysed by 1f is order 1 in [amine],
[carbodiimide] and [catalyst], showing a large Kinetic isotopic effect, consistent with an amine-
assisted rate-determining carbodiimide insertion transition state. Studies assessing the effect of
sodium in these transformations denote a secondary role with little involvement in the catalytic

cycle (Figure 4.1).

X (n=1) = NH
?5;“ {x (n=2) = NH

g
/b\\O

Energy —

Figure 4.1. General overview for chapter 4
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4.2 Introduction

The synthesis of guanidines has received considerable attention,! as these simple nitrogen-
containing molecules are valuable building blocks present in numerous natural products and
pharmaceuticals.? Furthermore, they also find extensive applications as precursors of ancillary
ligands for numerous transition, lanthanoid, and main group metal complexes® and they can

also be employed as organocatalysts (Figure 4.2).4

a) b) =
HN‘I\/\/< N/\/OH
i A

H
ZN\”/N ~r o MeN” “NMe
H H
H N ,,///\/N\H/N N R
H NH PR Ph

guanidine containing natural product guanidine as catalyst

Figure 4.2: a) ChemDraw representation of Martinelline, a guanidine containing natural product which
has been identified as the first naturally occurring nonpeptidic bradykinin B2 receptor antagonist
b) ChemDraw representation of guanidine containing compound (4S,5S)-1,3-dimethyl-4,5-diphenyl-2-
[(R)-1-hydro-xymethyl-2 phenylethylimino]imidazolidine which is an effective catalyst in Michael
type reactions.

Atom-economical catalytic addition of amines to carbodiimides, guanylation reaction (Scheme

4.1) constitutes one of the most straightforward routes to access N-substituted guanidines.t

H H
R'/N N
R—NH, 4+ R—N=C=N—R" —>» \( R
N\

Scheme 4.1: Guanylation of primary amines with carbodiimides.

Although certain guanylations can be accomplished catalyst-free, these processes have high
Kinetic barriers requiring the use of harsh reaction conditions as well as restricting their
applications to activated primary aliphatic amines.> Thus, metal-catalysis is required when
using anilines or secondary amines, and even so, high temperatures are needed, with only a
select few catalytic systems facilitating these processes at room temperature.! The vast majority
of these studies have focussed on transition-metal and rare-earth metal catalysis.® Richeson and

collaborators developed the Ti-mediated guanylation of amines and transamination of
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guanidines using the imido titanium complex [{(Me2N)C(NPr)2}.Ti=N(2,6-Me>CsH3)] which
had previously been reported by the same authors (Table 4.1).142

Table 4.1: Ti-Mediated guanylation of amines and transamination of guanidines.

Cat. (2 mol%) HAr
Ar——NH, + RN=—=C=—7"NR > c
Toluene, 105 °C, 18h RENT O NHR
s = i
' Cat. = N/""T'—N(zs Me,CeHs) !
1 == 1= »O7 ez 6'13 :
: N(| :
E \—N :
t N N= {(MexN)C(N'Pr)y} !
Entry ArNH; R Yield (%)?
1 2,6-Me,CgH3 iPr 81.5¢
2 CeFs iPr 92.3¢
3 para-MeOCsH4 iPr 82.8¢
4 ortho-MeOCgH, iPr 87.2b
5 para-ClCgH4 iPr 96.6°
6 para-NCCHCsH, Pr 47.6°
7 para-CsHsNH, Pr 97.2°
8 2,6-Me;CeH3NH, Cy 92

[a] All reactions were carried to 100% conversion. [b] Yields determined by integration of IH NMR relative
to internal standard of either 1,3-(Me0O),CsH4 or O(SiMes). [c] Isolated yields.

Some recent studies using lithium,” or magnesium (and heavier group 2 elements)® have already
demonstrated the potential of s-block metal complexes to catalyse these reactions.2 MgBu> can

be used as a catalyst for these reactions (Table 4.2).82

(@ To best of my knowledge, only three examples of magnesium complexes have been described so
far in the literature as catalysts for guanylation reactions: Mg(nBu),, [MgBz:(THF).], and an
N-heterocyclic carbene (NHC) supported magnesium amide, see references 8a,8b and 8c
respectively.
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Table 4.2: Optimisation of the reaction conditions

MgBu, (1.5 mol%) NAT
Ar—NH, + PrN—=C=—=NPr > |C|
Toluene, 50 °C, 0.5h iPrHN/ \NHiPr
Entry Ar Yield (%)®

1 Ph 99
2 2,4,5-trymethylbenzene 99
3 4-tert-butylbenzene 99
4 4-bromobenzene 99
5 3-pyridine 62
6 3,5-dimethyl-2-pyridine traces

Although this reaction requires the use of high temperatures (50 °C), in addition when the
reaction is carried out using different substituted pyridines low yields or no reaction is obtained
(Entries 5 and 6, Table 4.2).

Related studies investigating the synthesis of phosphaguanidines have revealed the ability of
heavier alkaline-earth metal amides to catalyse the direct addition of secondary phosphines to
carbodiimides.?

Aiming to expand the scope of s-block cooperative catalysis, the first catalytic applications of
alkali-metal magnesiates for the synthesis of guanidines will be reported in this chapter.
Combining Kinetic experiments with stoichiometric reactivity studies, informative mechanistic

insights into these new ate-catalysed transformations will be assessed.
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4.3 Results and discussion

4.3.1 Catalytic synthesis of guanidines and phosphaguanidines

Studies began by testing the efficacy of homoleptic sodium magnesiate [NaMg(CH2SiMes)z]
(1910 in the intermolecular hydroamination reaction of different carbodiimides with a variety
of aromatic, aliphatic and secondary cyclic amines (guanylation process). In addition,
compound 1f was tested in the hydrophosphination reaction of the same carbodiimide

substrates with the secondary phosphine PhoPH (Scheme 4.2).

J\]f

._ R'HN NHR?2
RR'NH
uan Iat/on \ NRR'
pmonsies /G 3 T
o MO NHR2

R'-N=C=N—R?
\ PhoH Ph,

( hydrophosphination j R4N NHR2

Scheme 4.2: Catalytic guanylation and hydrophosphination reactions.

Firstly, as a model reaction, the guanylation of 2,6-dimethylaniline 7f with N,N’-
diisopropylcarbodiimide (DIC) 8a was investigated (Table 4.2), in C¢Ds, using 2 mol% of 1f.
At room temperature, the reaction yielded 90% of the corresponding guanidine 9h in 3 hours.
An important solvent effect was noted and when the more polar ethereal solvent ds-THF, with
its greater coordination ability, was employed, guanidine 9h was obtained in a 99% yield after
just 15 minutes. Contrastingly, illustrating the synergic reactivity of 1f, when its single-metal
components were tested as catalysts under the same reaction conditions lower conversions for
guanidine 9h were observed after 15 minutes, with Mg(CH2SiMes)2 being significantly less
efficient (44% conversion) than the more polar, more reactive NaCH2SiMez (72% conversion)
(Table 4.3).
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Table 4.3: Optimisation of the reaction conditions

NH NH'Pr
, _ Catalyst 2 mol%, RT iPrHN)%N
+ 'PrIN=C=—=N'Pr >
7f 8a 9h
Entry Catalyst (2 mol%) Solvent Time (h) Yield (%)?
1 [NaCH.SiMes] de-THF 0.25 72
2 [NaCH.SiMes] de-THF 1 84
3 [Mg(CH,SiMe3).] de-THF 0.25 44
4 [Mg(CH.SiMes)] ds-THF 16 99
5 [NaMg(CH:SiMes)s] (1) de-THF 0.25 99
6 [NaMg(CH:SiMes)s] (1f) CeDs 3 90

[a] Yields obtained via spectroscopic *H NMR integration of signals for the guanidine product 4h with addition
of ferrocene (10 mol %) as internal standard. Reactions carried out using 0.5 mL of solvent, 0.55 mmol of 2,6-
dimethylaniline, 0.5 mmol of DIC, and 0.01 mmol of catalyst.

Subsequently, the catalytic activity of 1f was investigated for a range of amines and
carbodiimides (Table 4.4, see also Experimental Section). Aniline (7a) reacts with N,N -
diisopropylcarbodiimide DIC (8a), N,N -dicyclohexylcarbodiimide (DCC) (8b), and EINCNEt
(8c), affording guanidines 9a-c in high yields (80% to 96%, Table 4.4, entries 1-3). It is
noteworthy that precatalyst 1f was compatible with both electron-donating and electron-
withdrawing substituents on the phenyl ring of the amine such as Me-, t-butyl-, MeO-, or CI-
(Table 4.4, entries 4-7) affording the corresponding substituted guanidines 9d-9g in excellent
yields (80-98%). Furthermore, 1f also effectively facilitated the room temperature addition of
hindered anilines with substituents at their ortho-positions (7f-7g) or even of the secondary
aniline N-methylaniline (7h) (86-94% yield, Table 4.4, entries 8, 9, and 10) and low activated
diphenylamine (71) (73% yield, Table 4.4, entry 11). Interestingly, and despite the presence of
a pyridyl substitutent, which could potentially coordinate to the bimetallic intermediates
involved in this process, inhibiting their catalytic activity, the reaction of 3-aminopyridine (7j)
with DIC afforded guanidine 9l in an 88% yield (Table 4.4, entry 12). This versatility and
functional group tolerance are remarkable when compared with other s-block catalytic systems
where anilines with large substituents or coordinating groups give lower yields than when
employing non-substituted substrates.1¢ 7 Using cyclic amines, morpholine and piperidine, and
n-butylamine required the used of forcing reaction conditions, higher temperatures (70 °C), or

a longer reaction time (24 h), to furnish the relevant guanidines 9m-9o0 in moderate yields (52-
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65%, Table 4.4, entries 13-15). Contrastingly no reaction is observed when diisopropylamine
(7n) is employed which can be rationalised in terms of the significant increase steric bulk in
this amine when compared with the rest of the substrates studied (Table 4.4, entry 16).
Although previous studies have shown the feasibility of homometallic magnesium complexes
to catalyse guanylation processes employing, unhindered amines,8a8b] 1f offers a significant
improvement for secondary amines and substituted anilines, [828] enabling these processes to
take place at room temperature in short periods of time. Interestingly, hydrophosphination of
carbodiimides 8a-c with diphenylphosphine (70) could also be achieved at room temperature
using catalyst loadings as low as 2 mol%, affording the relevant phosphoguanidines 9g-9s in
high yields (80-95%, Table 4.4, entries 17-19). To the best of my knowledge, this represents
the first example of a magnesium complex catalysing this process, showing an activity
comparable to those reported by Hill using heavier alkaline earth metal amides, where

efficiency of the catalyst correlates directly with the increase in size of the metal cation.®

Table 4.4: Guanylation and hydrophosphination of carbodiimides.®

Entry  Amine/Phosphine Carbodiimide Compound/Yield (%)
PrHN_ N
1 @NHZ PIN=C=NiPr 8 . 74
(7a) (8a) PrHN
9a/(96)
CYHN_
5 @NHZ CYN=C=NCy g;; ~
(7a) (8b) CyHN 9b/(90)
EtHN_ N
At =
3 @NHZ 72 EIN=C=N'Bu (g ‘BUHE/ \©
9¢/(80)
PrHN_ N
4 MGONHZ (7b) 'PrN=C=N'Pr (8a) iPrHE/ @
Me 9d//(90)
'PrHN_ N
t iPIN=C=Ni -
5 BUONHZ (70) PrIN=C=N'Pr (8a) iPer/ @
'Bu 9e/(80)
‘PrHNYN
6 C'@NHZ (7d) PIN=C=NPT (ga) PrHN @
Cl of/(98)
'PrHN_ N
7 MGOONHz (76) 'PrIN=C=N'Pr (8a) iPrHE/ @
OMe 9g/(96)
Me
Q PrHN_ N Me
8 NH, PrN=C =N'Pr (8a) _ -
PN me 9h/(90)

Me (7f)
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Entry  Amine/Phosphine

10

11

12

13

14

15

16

17

18

19

iPr

NH,

P (79)

Q,

Z\
<
o

H o (7h)

~

H o (7i)

%

J ™ i)

(7K)

DY

(7|)

I

nBu—N,
H (7m)

/'Pr

H o (70)

Carbodiimide

PrN=C=N'Pr (8a)

PrN=C =N'Pr (8a)

PIN=C=N'Pr (8a)
iPrIN=C=N'Pr (8a)

PrN=C=N'Pr (8a)
iPrIN=C=N'Pr (8a)

iPIN=C=N'Pr (8a)

PrN=C=N'Pr (8a)

EtN=C=N'Bu (8c)

Compound/Yield (%)

iPr

'PrHN_ N
= C
PrAN ipr 9i/(86)

CyHN

7[/N
CyN ©9k/(73)

iPrHNYN

= =

PrHN O
N

iPrN\

‘PrHN)\ NC\
9Im/(15); (52)°

'PrN

iPrHN N
K/O 9n/(19); (65)°

0l1/(88)

'PrHN 90(0)¢, (60)"

1,
BuriN @ 9s/(80)

[a] Conditions: amine/phosphine (1.00 mmol), carbodiimide (1.00 mmol), catalyst 1f (2% mol), THF (3
mL), 1h, 25°C. [b] Isolated yields. [c] 1h, 70°C. [d] 24 h, 70°C. [e] 30 min, 25°C.
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4.3.2 Stoichiometric investigations

To gain mechanistic insights into these promising catalytic processes a series of stoichiometric
reactions were carried out. Addition of three molar equivalents of NH2Ar (Ar = 2,6-Me2CsHz)
(7f) to tris(alkyl)magnesiate 1f afforded colourless crystals of tris(amido)magnesiate
[{(THF)sNaMg(NHAr3)}2] (1m) in a 58% yield (Scheme 4.3).

NaMg(CH,SiMe3)s \©/

Hexane\THF l

OO

N

AR C\
05 Co—- Na\o
NN

HN/////
Scheme 4.3: Synthesis of sodium magnesiate [{(THF)sNaMg(NHAr3)}.] (1m).

Determined by X-ray crystallography, the molecular structure of 1m is dimeric, comprising a
tetranuclear Na...Mg...Mg...Na chain arrangement connected by six anilide bridges (Figure
4.3).11 This gives rise to three planar four-membered rings made up of two outer {NaN.Mg}
heterometallic rings, which are linked through a central {Mg2N2} homometallic ring, that is
orthogonal to the outer rings. Each Mg atom in 1m is bonded to four amido groups with Mg-
N distances similar [mean value, 2.08(5) A] to those found in other reported tris(amido) alkali-
metal magnesiates.!! Three molecules of THF complete the coordination sphere of each sodium
atom which is also coordinated by two amido groups, exhibiting Na-N distances [mean value,
2.54(4) A] which are significantly elongated compared to that reported for the homometallic
sodium anilide [{(PMDETA)NaNHPh};][mean value, 2.42(3) A].12 The structure of 1m
contrasts to that previously reported in our group for [(THF).NaMg(NPh2)3] (1n). Resulting
from a similar reaction of 1f with three equivalents of diphenylamine, 1n displays a monomeric
arrangement with the amido groups coordinating terminally to Mg via their N atoms; whereas

the Na center n-engages with two phenyl groups in addition to binding to two THF ligands.®
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Figure 4.3: Molecular structure of [{(THF)sNaMg(NArs)}2] (1m) with displacement ellipsoids at the
30% probability level. Disorder and hydrogen atoms except those attached to nitrogen atoms are omitted
for clarity. Selected bond distances (A) and angles (¢), Mg(1)-N(1) 2.032(2), Mg(1)-N(2) 2.051(2),
Mg(1)-N(3) 2.159(2), Mg(1)-N(5) 2.111(2), Mg(2)-N(3) 2.078(2), Mg(2)-N(4) 2.057(2), Mg(2)-N(5)
2.160(2), Mg(2)-N(6) 2.028(2), Na(1)-N(1) 2.590(2), Na(1)-N(2) 2.539(2), Na(1)-O(1) 2.40(2), Na(1)-
0(2) 2.362(2), Na(1)-0(3) 2.356(2), Na(2)-N(4) 2.488(2), Na(2)-N(6) 2.562(2); N(1)-Mg(1)-N(2)
105.38(9), N(1)-Mg(1)-N(3) 106.75(9), N(1)-Mg(1)-N(5) 136.73(9), N(2)-Mg(1)-N(3) 102.89(8),
N(2)-Mg(1)-N(5) 109.60(8), N(3)-Mg(1)-N(5) 89.58(7), N(3)-Mg(2)-N(4) 107.65(9), N(3)-Mg(2)-
N(5) 90.45(8), N(3)-Mg(2)-N(6) 137.49(9), N(4)-Mg(2)-N(5) 101.10(9), N(4)-Mg(2)-N(6) 105.43(9),
N(5)-Mg(2)-N(6) 108.59(8).

Multinuclear NMR spectroscopy characterisation of compound 1m was performed in CsDs
solution. TH NMR analysis revealed a complex spectrum with multiple signals in the aromatic,
aliphatic and NH regions. More informatively, the 13C NMR spectrum showed six different
signals (ranging from 157.0 to 152.7 ppm) which can be assigned to the ipso-C atoms of the
2,6-Me,-CsHa groups, suggesting the lack of equivalence between the anilide groups present
in Im. This is consistent with retention in C¢Ds solution of the dimeric structure of 1m in the
solid state, with six non-equivalent anilide fragments, derived from four chiral nitrogen atoms
and two pro-chiral nitrogen atoms.® Further confirmation of the retention of the dimeric
arrangement of 1m in CsDs solution was gained by H DOSY NMR studies. Thus, investigation

of a deuterated toluene solution of 1m (40 mM), using tetramethylsilane (TMS) as an internal

(b) X-ray analysis shows only three non-equivalent anilide fragments with R, S, R, S configuration
for N4, N6, N2 and N1. However, during the identification of the hydrogen atoms on the Fourier
map possible disorder was noticed, precluding an accurate establishment of the real configuration.
Thus, two different possibilities can be found, a diastereomer with a configuration of the type R,
R, R, S which would show six inequivalent anilide fragments or a mixture of diastereomers such
as R, S, R, Sand R, R, S, S which similarly would display a total of six signals for the anilide
fragments.

200



reference, revealed D (diffusion coefficient) values of 5.076e-1° m2/s and 2.262e-%° m?/s

respectively (Figure 4.4).

e Ll

[{(THF);NaMg(NHAr)3},] (1m)

T
F1 (log(m2/s)]

T
-85

i, i [|,| w D = 5.076¢0m?s

THF | | | ' TMS
D=2262e"m?/s

-— T 7T —T——T——T—T T 77—
10 8 6 4 2 [ -2 -4 F2[ppm]

Figure 4.4: 'H DOSY NMR spectrum of [{(THF)sNaMg(NHATr)s}2] (1m) and TMS in C;Ds at 298K.

Using the external calibration curve (ECC) for dissipated spheres and ellipsoids elaborated by
Stalke!® the molecular weight of compound 1m in solution was estimated to be 1183 g mol.
This result deviates only 5% when compared to the dimeric structure observed for 1m in the
solid state. Interestingly, using donor ds-THF as solvent, DOSY experiments indicate the

formation of solvent-separated ion pair species (Figure 4.5).
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Figure 4.5: 'H DOSY NMR spectrum of [{(THF)sNaMg(NHAr3)}.] (1m) and TMS in ds-THF at 298K.

In this case two different diffusion coefficients were observed for 1m (D1 = 6.864e19m?/s and
D, = 5.929¢e-10 m?/s). From these values two molecular weights were calculated (Mwi = 773 g
molt and Mw, = 994 g mol-t) which are consistent with the presence in solution of
monoanionic [(THF)sNaMg2(NHAr)s]~ (Ima) (Mw = 1008.97 g/mol) and dianionic
[Mg2(NHAr)s]> (Ims) (Mw = 769.66 g/mol) species (1% error for both species) (Figure
4.6).14
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Figure 4.6: Chem Draw representation of possible species for [{(THF)sNaMg(NHAr3)}2] (Im) in
CsDg and ds-THF solution.

Furthermore 2D [*H-1H] EXSY NMR data (Figures 4.7 and 4.8 and Scheme 4.4) established

that slow exchange takes place between 1ma and 1ms in ds-THF solution.

v .V

Person 14-13
MDT NaMg(NHA?3 equil Compound 1m,
@exsy_REM THF {C:\WMRdata} rem 54

F1 [ppm]

Compound 1mg

i

* *s & Lo
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[+ A -
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8 6 4 F2 [ppm]

O

Figure 4.7: EXSY NMR spectrum of [{(THF)sNaMg(NHAr3)}2] (1m) in ds-THF at 298K.
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Figure 4.8: Aromatic region for EXSY NMR spectrum of [{(THF)sNaMg(NHAr3)}2] (1m) in dg-THF

at 298K.
— - — —2-
[Na(THF)X]+ —Na g 9 2 [Na(THF),] Mg Mg
<9/ \\T(Nj(/ \g/ \\5/ HN( \qu \\[l\g-l/

lmA lmB
Scheme 4.4: Equilibrium between species 1ma and 1ms observed in ds-THF solution.

IH NMR monitoring of the reaction of an equimolar mixture of carbodiimide 8a and aniline
7f in the presence of 2 mol% of tris(amido) magnesiate 1m indicated the formation of
guanidine 9h in a 99% vyield after 15 minutes at room temperature, showing an identical
efficiency to that found for tris(alkyl)magnesiate 1f (99%, Table 1, entry 3). This hints at a
possible involvement of (amido)magnesiate 1m as an intermediate in the catalytic cycle (vide
supra). If this is the case, the higher catalytic activity of 1f in donor solvent THF when
compared with benzene (Table 4.2) can be rationalised in terms of the different constitution
of the relevant tris(amido) ate species in these solvents, with THF favouring the formation of
solvent-separated- ion pair (SSIP) species which can be anticipated to be more powerful
nucleophiles (containing terminal Mg-N bonds) than the analogous contacted-ion pair (CIP)

ates where all the ligands are bridging between two metals.
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The insertion reactions of tris(amido) magnesiates [NaMg(NPh2)s(THF)2] (1n) and 1m with
three molar equivalents of carbodiimide 8b and 8a respectively (Schemes 4.5 and 4.6
respectively) was next investigated. Interestingly, completely different outcomes were
observed depending on the amido group present on the magnesiate. Thus (1n), previosly
prepared in our group by reaction of 1f with 3 equivalents of 7i, which contains
diphenylamido groups, can insert only two molecules of carbodiimide 8b, affording

heteroleptic mixed amido/guanidinate sodium magnesiate 10 in a 78% yield (Scheme 4.5).

cy \'\( /Cy
THF/hexane . |Ph, /N”""Mg'“‘“N-xC_N/Ph
3 CyN=C=NCy + [NaMg(NPhy)3(THF)] T [Na(THF)s] /N——C N/ N ~ph
8b 1n ' Ph | \
Cy Cy
10

Scheme 4.5: Insertion reaction of 8b with tris(amido) magnesiate 1n.

Contrastingly, 1m can react effectively with three equivalents of 8a furnishing a 1:1 mixture
of the homometallic magnesium and sodium guanidinates 1p and 1q, which contain the
unsymmetrical guanidinate ligand [[PrNC(NHPr)NAr], resulting from the formal insertion of

the carbodiimide into the N-H bonds of the anilide groups present in 1m (Scheme 4.6).

O iPr : “““““

K(THF)3NaMg(NHAr)3},] N, l\/!g “‘“N\ \/\““ WZ\N Pr
. i1m Hexane-THF 7/ \ /C HN' Pr IPrHN—C ¥ 4 \ C NHPr
—2 'PrNH’C\ i N
6 iPrN=C=NiPr 1h, RT .Pr i} \ / m
8a ! Ar=2,6-Me,CeHs l
...................... 1p 0)

1q

Scheme 4.6: Insertion reaction of 8a with tris(amido) magnesiate 1m

The formation of [PrNC(NHPr)NAr] can be rationalised as a result of a proton transfer from
the arylamino nitrogen atom to an isopropylamido nitrogen, followed by the dissociation of
the resultant NHPr group and formation of a new M-NAr bond (where M= Mg or Na). This
isomerisation not only allows a better stabilisation of the negative charge of the ligand (due
to the conjugation effect between the aromatic ring and the C=N bond), but also a relief on
the steric hindrance around the metal, by replacing one bulky NPr arm of the guanidinate
ligand by a NAr substituent.t> Conversion of 1m into a 1:1 mixture of 1p and 1q occurs
quantitatively, as indicated by TH NMR monitoring of the reaction (Figure 4.9).
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Figure 4.9: Comparison of 'H NMR spectra of a) [Mg{(PrN)C(NAr)(HN Pr)}g(THF)] (1p), b)
reaction mixture of [{(THF);NaMg(NHArs)};] (Im) and 8a and c) [Na{(PrNC(HN'Pr)N(2,6-
M62C6H3)}(THF)2] (1C])

Compound 1p could be crystallised from the reaction mixture in a 38% yield. Compound 1q
could alternatively be prepared by insertion of 8a in sodium amide [{(THF)2Na(NHAr)}-] (1r)
which was prepared by reacting NaCH.SiMes with equimolecular amounts of the amine 7f.
These results suggest that under stoichiometric conditions, in the case of 1m, the insertion of a
third equivalent carbodiimide into the remaining anilide group induces the disproportionation
of putative magnesiate [{Na(THF)x][Mg{'PrNC(NHPr)NAr}s;] into its monometallic
guanidinate components 1p and 1q. This process is probably driven by the large steric
congestion around Mg when coordinated by three guanidinate ligands. Attempts to prepare the
relevant products of insertion resulting from the reactions of one and two equivalents of DIC
with 1m furnished, in all cases, variable amounts of 1p and 1q (in a 1:1 ratio) along with the
recovery of unreacted 1m. Thus under the conditions of this study, it appears that the three-
fold activation of the Mg-NHAr bonds of 1m is significantly favoured over a possible
sequential reactivity. Contrastingly, sodium magnesiate 10 does not react with a further
equivalent of carbodiimide even under forcing reaction conditions (12h, 60°C). This lack of
reactivity can be attributed to the steric congestion around Mg in 10, which should compromise
not only the approach of the heterocumulene to the magnesiate anion but also the availability
of the remaining NPh> amido group to act as a nucleophile, with its N atom sheltered by the

cyclohexyl scaffolding of the guanidinate ligands (see Figure 4.12b for a space filling model)
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which is also further stabilised by delocalisation of its lone pair across its two Ph substituents

(sum of the angles around N7, 359.9°, see Figure 4.12a).

X-ray crystallographic studies established the molecular structures of 10, 1p, 1q (Figures 4.12,
4.11, and 4.13 respectively) and 1r (Figure 4.10). Sodium anilide 1r is a dimeric species
derived from the deprotonation of 2,6-dimethylaniline, forming a (NaN)2 ring where each Na

atom is coordinated by two anilide fragments and two molecules of THF (Figure 4.10).

Jﬁ@ '

&
g o b
&

Figure 4.10: Solid state structure of [{(THF).Na(NHA)}-] (1r) with thermal ellipsoids at 30% of
probability. Hydrogens atoms except those attached to nitrogen atoms and disorder are omitted for
clarity.

Similarly to other alkali-metal anilide species reported in the literature such as
[{(THF);Li(NHPh)}.]*® and [{(PMDETA)Na(NHPh)};]** the (NaN): ring is planar (X angles =
360°), however the disordered nature of the substituents around sodium precludes further

discussion of the angle and bond distances.

Compound 1p exhibits a contacted ion pair structure with the Mg center in a distorted square
pyramidal geometry, formed by four nitrogen atoms of two chelate guanidinate ligands in the
equatorial position (X angles around Mg in equatorial plane = 345°), whereas the apical position
is occupied by one molecule of THF. It should be noted that the guanidinate ligands present in
1p are unsymmetrical, with one of the chelating N” atoms attached to Pr (N2), whereas the
remaining N (N1) binds to 2,6-dimethylphenyl (Ar). This lack of symmetry, translates in the
formation of noticeably shorter Mg-NR bonds when R= Pr [2.066(2) A] than for the aromatic
substituent [2.158(2) A].
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Figure 4.11: Molecular structure of [Mg{(PrNC(NAr)}HNPr)}(THF)] (1p) (Ar = 2,6-Me,CsHs)
with displacement ellipsoids at the 30% of probability. Hydrogen atoms, except those attached to
nitrogens and those from the CH groups of the isopropyl substituents, are omitted for clarity. Selected
bond distances (A) and angles (*) Mg(1)-O(1) 2.039(2), Mg(1)-N(1) 2.158(2), Mg(1)-N(2) 2.066(2),
N(1)-C(10) 1.344(3). N(2)-C(10) 1.326(3), N(3)-C(10) 1.385(3), N(3)-H(1N) 0.84(4); O(1)-Mg(1)-
N(1) 163.65(6), O(1)-Mg(1)-N(2) 104.94(7), N(1)-Mg(1)-N(2) 64.01(8), N(2)-Mg(1)-N(1°) 108.45(8).
In addition, bond distances N(1)-C(10) [1.344(3) A) and N(2)-C(10) (1.326(3) A] are shorter
than that one displayed by N(3)-C(10) 1.385(3) in agreement with the delocalisation of the
negative charge of the ligand across the bond system N(1)-C(10)-N(2). In this context, the sp?
hybridisation of C(10) is confirmed by the sum of angles with a value of 360°. Related
structures to that of 1p have recently being reported by Kays for magnesium guanidinates
obtained using an alternative synthetic approach, by MgnBu. deprotonation of guanidines

containing highly sterically demanding groups.[16.17]

Sodium magnesiate 10 constitutes, as far as | am aware, the first example of an alkali-metal
magnesiate containing guanidinate ligands to be structurally defined. This compound was
previously described in our group by Dr Zoe Livingston as part of her PhD project and it will
only be mentioned in this section for discussion purposes. Compound 1o exhibits a SSIP
structure, comprising a sodium cation solvated by THF molecules balanced by a magnesiate
anion where the magnesium center is bound by two chelating guanidinate ligands and a

terminal NPh2 group (Figure 4.12).
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Figure 4.12: (a) Molecular structure of the anion [Mg{(CyN).C(NPh2)}>(NPh,)]™ present in 1o with
displacement ellipsoids at the 30% probability level. Hydrogen atoms are omitted for clarity.

The magnesiate anion in 10 bears a strong resemblance to that found for homometallic
magnesium complex 1p, though in the latter the apical position is filled by a molecule of the
neutral donor THF. Sodium guanidinate 1q shows a dimeric arrangement, with the two
guanidinate ligands being parallel to each other (Figure 4.13)

Figure 4.13: Molecular structure of [Na{(PrNC(NAr(HNPr)}(THF)]2 (Ar = 2,6-Me,C¢H3) (THF).]
(1qg) with displacement ellipsoids at the 30% of probability. Hydrogens atoms except those attached to
nitrogens and those from the CH groups of the isopropyl substituents, are omitted for clarity. Selected
bond distances (A) and angles () Na(1)-O(1) 2.277(1), Na(1)-N(1) 2.453(1), Na(1)-N(2) 2.558(2),
N(1)-C(5) 1.341(2), N(2)-C(5) 1.323(2), N(3)-C(5) 1.404(2), N(3)-H(1N) 0.9(2); O(1)-Na(1)-N(1)
122.19(4), O(1)-Na(1)-N(2) 123.79(4), O(1)-Na(1)-N(1*) 122.27(5), O(1)-Na(1)-N(2’) 120.48(4),
N(1)-Na(1)-N(2) 53.57(4), N(2)-Na(1)-N(1°) 89.20(5), N(2°)-Na(1)-N(1) 93.88(5), N(1)-C(5)-N(2)
116.0(1), N(1)-C(5)-N(3) 120.4(1), N(2)-C(5)-N(3) 123.5(1).
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Each sodium is coordinated by four N atoms of the NazNa core [distances ranging from
2.453(1) to 2.558(2) A] as well as a molecule of THF, with a Na...Nal vector of length
2.671(2) A, which lies perpendicular to the two guanidinate NCN planes. Containing the same
unsymmetrical guanidinate ligand described above for 1p, an opposite trend is observed for the
length of its Na-N bonds [Na-N1, 2.453(1) A vs Na-N2, 2.558(2) A]. The structure of 1q
contrasts with that reported for trimeric guanidinate complex {Na[CyNC(N(SiMe3)2)NCy]}3,
resulting from the reaction of DCC with NaN(SiMe3) 18

Protonolysis of guanidinate complexes 1o, 1p and 1q was attempted by treating them with
variable amounts of the relevant amine (two equivalents of NHPh; for 1o, and two and one

equivalents of NH2Ar for 1p and 1q respectively) (Scheme 4.7).

. Me
'PrHN
. . 24h, RT },—,N
IMg{(iPrN)C(NAr)(HNiPr)},(THF)] + 2NHAr ———— _
dg“THF 'PrHN
(1p) Me
Me
'PrHN
_ _ 24h, RT _N
[Na{(iPrNC(HNiPr)N(2,6-Me,CgH3)}(THF);] + NHAr  ——m—— >
dg-THF PrHN
(1q) Me

24h, RT CyHN D
[Na(THF)g] [Mg{(CyN),C(NPhy)},(NPhy)] + 2 NHPh, ———— }\N

dg-THF CyN
o

Scheme 4.7: Chem Draw representation of protonolysis reactions carried out on guanidinate
complexes 10, 1p and 1q.

In all cases, no reaction was apparent after 24 hours at room temperature. The catalytic ability
of these guanidinate complexes was also investigated. Interestingly, mixed-metal guanidinate
1o was able to catalyse the guanylation of DCC with NHPh; affording guanidine in almost
identical yields to those found when using sodium magnesiate 1f (73% vs 75% using in both
cases 2 mol% catalyst loading, RT, 1h). However, illustrating the synergistic capabilities in
sodium magnesiate systems, single-metal guanidinates 1p and 1q displayed significant lower
efficiencies for the reaction of DIC and NH:Ar than 1f. Thus Mg complex 1p afforded
guanidine product in a modest 30% after 15 minutes, whereas the Na complex 1qg gave a 72%

conversion under the same conditions. Even when an equimolar mixture of 1p and 1g was

210



employed as a catalyst for this reaction (using a 2 mol% loading, room temperature, 15
minutes), the conversions observed were still lower (76%) than when using preformed
bimetallic precatalyst 1f (99%). Collectively these results, and despite the isolation of single
metal complexes in some of the stoichiometric studies, support the view that these guanylation
reactions are indeed ate-catalysed transformations and highlight the limitations of comparing
the results of stoichiometric reactions with the complex equilibria present during the catalytic

process where variable excesses of reagents are present.

4.3.3 Mechanistic Studies

The observations from our stoichiometric studies, together with knowledge obtained from
previous reports using s-block single-metal catalysts,® suggest that these ate-catalysed
guanylation reactions of amines may take place via the mechanism presented in Scheme 4.8.
Initially fast protonation of sodium tris(alkyl) magnesiate 1f takes place to form a nucleophilic
sodium tris(amido) magnesiate (as those seen for 1m and 1n), that in turn can undergo
carbodiimide insertion affording a sodium magnesiate guanidinate complex. Protonolysis of
this latter species with one equivalent of amine liberates the guanidine product and regenerates

the active sodium tris(amido) magnesiate (Scheme 4.8).

Na[Mg(CHZS|Me3)3]

R'R2NH
THF
4 .
N/R SIMe4
R )|\ R3 [Na(THF),JIMg(NR'R?)3]
~ Ve
N
L |1| R3-N=C=N-R*
R
R'R2NH
[Na(THF),]*

Scheme 4.8: Proposed mechanism for the guanylation of anilines with 1f,

Previous insightful mechanistic studies by Richeson using LIHMDS as a catalyst have shown

that the insertion step in these processes is initiated by coordination of the carbodiimide to the
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Lewis acidic Li center.?® Using bimetallic 1f as a precatalyst, two potential sites are available
for coordination, involving either the Na or Mg centers. Repeating the guanylation of DIC (8a)
by 2,6-dimethylaniline (7f) using as a catalyst a 1:1 mixture of sodium magnesiate 1f and the
crown ether 15-crown-5 (which can block Na coordination sites) showed only a slight decrease
in the yield obtained for guanidine 9h (from 99% to 83%), which, coupled with the DOSY
studies that show preference of these bimetallic compounds to exist as SSIP structures in THF
solutions, suggest only a secondary role for sodium in this process, with the pre-coordination
of the carbodiimide to Mg. Consistent with this interpretation of a minor involvement of the
alkali-metal, rather than stabilising the magnesiate anion, using the lithium derivative
[LiIMg(CH.SiMe3)3]%° as a precatalyst led to almost identical conversions (97%) to those
observed using sodium-containing 1f. Thus, the enhanced catalytic activity of these bimetallic
systems seems to be a case of anionic activation,?! where the formation of magnesiate anions,
generates more powerful nucleophilic intermediates than when using charge-neutral

organomagnesium precursors.8

Kinetic data was developed in collaboration with Dr Fernando Carrillo and co-workers from
the University of Ciudad Real in Spain; the data obtained by our collaborators is used in this
chapter for discussion purposes only. In order to obtain quantitative kinetic data, reactions of
N,N’-diisopropylcarbodiimide with 4-tert-butylaniline in the presence of 1f as catalyst were
carried out, using ds-THF as solvent. Reaction rates of the guanylation were monitored over
time by 'H NMR spectroscopy using the integration changes in the substrate resonances over
more than three half-lives. The order of the reaction was first determined with respect to amine
concentration by keeping the concentration of other components virtually unaltered. Initially,
the study started by using 2 mol% of catalyst 1f, and the carbodiimide to amine molar ratio was
maintained at 10:1 to maintain approximately zero-order conditions for carbodiimide. The plot
of In([A]o/[A]r) versus reaction time is shown in Figure 4.14, where [A]o is the initial amine
concentration and [A]: is the amine concentration after a given reaction time. An induction
period was not observed, indicating that the catalyst was reactive from the beginning of the
process. The data confirm a fit consistent with first-order Kinetic behaviour with respect to

amine concentration.
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Figure 4.14: First-order kinetic analysis of the NMR-tube scale reaction of 4-tert-butylaniline (m) or 4-
tert-butylaniline-d? (observed KIE=5) (#) and di-isopropylcarbodiimide in ds-THF with 2 mol% of 1 at

room temperature.

Next, the order of the reaction with respect to the concentration of carbodiimide was
determined. During this study a relative carbodiimide to amine ratio of 1:10 was maintained,
and the linearity of the plot of In([C]o/[C]), where [C] is the carbodiimide concentration, versus
the reaction time shows that the reaction was also first-order with respect to this reagent
(Figure 4.15).
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Figure 4.15: Pseudo-first order kinetic dependence for 8a; koss = 0.0201 s'1error = 0.0002

R2 =0.998.

Additionally, a H/D kinetic isotope effect (KIE) experiment using N,N'-

diisopropylcarbodiimide and 4-tert-butylaniline-d, with catalyst 1f was carried out. (KIE) was
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studied monitoring by H NMR spectroscopy, at the described intervals, the disappearance of
the deuterated amine d2-7c¢ and formation of guanidine d2-9e over more than three half-lives
(Scheme 4.9). The plot of In([d2-7c]o/[d2-7c]t) versus reaction time is shown in Figure 4.16,
where [d2-7c]o is the initial deutereted amine concentration and [d2-7c]: is the deutereted amine
concentration after a given reaction time. This study gave a KIE (kw/kp) value of 5 (Figure
4.16).

ND'Pr

ND, )\
AN

. _ 1f 2mol% PrON
+ 'PIN—C=—NPr ——>
dg-THF
25°C

N

d2'7c
d2-9e

Scheme 4.9: Reaction between deuterated amine d»-7¢ with formation of guanidine d»-9e for (KIE)

studies.
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Figure 4.16: [d2-7c] vs time and pseudo-first order Kinetic; kobs = 0.0036 st error = 0.00004 R?2
=0.998

The maximum calculated kinetic isotope effect (KIE) at 25 °C for a reaction involving a N—H

bond should be approximately 8.5. In our case of the guanylation reaction of tert-butylaniline,

the magnitude of the measured value was clearly indicative of a primary KIE,?2 and indicates

that a N-H bond is broken during the turnover-limiting step. While this observation would

indicate that protonolysis by the amine of the starting alkyl compound could be the rate-

determining step, it seems unlikely as stoichiometric reactions demonstrate that these protolytic
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reactions occur instantaneously at room temperature. Thus, the more limiting protonolysis of

chelate guanidinate intermediates could be responsible for this high KIE.

The dependence of the rate of reaction with respect to catalyst concentration was studied with
different catalyst precursor concentrations, [1f] = 1 — 5 mol%, and fixing the carbodiimide to
amine molar ratio at 10:1. A plot of reaction rate versus catalyst concentration reveals a linear

increase of the reaction rate with catalyst concentration (Figure 4.17 left).

0.08 = 0.0114x 2 -
0.07 Re = 0.9606 25 . |13(22=2 )65362465
0.06 .
4005 > o
£ 0.04 £ 35 o
0.03 =
0.02 - o
001 45 | .
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o 1 2 3 4 5 7 6 5
[cat] mM In[cat]

Figure 4.17: Plot of reaction rate versus concentration of the catalyst (left) and van’t Hoff plot (right).

The first order rate of the reaction with respect to the catalyst concentration was further
confirmed from the van’t Hoff plot for the three first concentrations (Figure 4.17 right). The
value of the slope was determined to be close to 1. Thus, from the present study, the overall
rate law for the guanylation of 4-tert-butylaniline with N, N’-diisopropylcarbodiimide catalysed
by 1f at low concentrations could be summarised as shown in egn (1). A similar rate law has

been obtained for trinuclear zirconium alkyl diamido complexes.??

rate = k[amine]![carbodiimide]![catalyst]! egn (1)

Values of kobs at four different temperatures were measured. These Kops Values satisfactorily fit
the Arrhenius plot (Figure 4.18, left), with a value of Ea = 20.7 kJ.mol-L. The activation
parameters were quantified by a plot of In(kons/T) versus 1/T, which results in AH” = 18.1
kJ.mol! and AS* = -25.8 J.mol-1.K-! (Figure 4.18, right).23
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Figure 4.18: Arrhenius (left) and Eyring plots (right) for the guanylation reaction catalysed by 1f

This last value could support the existence of a concerted transition state. Although the kinetic

studies of guanylation process are scarce,16223 several authors propose an amine-assisted

concerted transition state in comparatively analogous alkene hydroamination processes with

group 2 metal complexes, involving, as in this case, a large isotopic effect.?* This amine-

assisted state could also explain the first order observed in amine (and carbodiimide), in such

a way that, under catalytic conditions, where an excess of amine is present through the main

part of the process, it can be proposed that the magnesium amido complex formed in the first

step could coordinate an amine molecule, where the negatively charged nitrogen atom of the

incoming carbodiimide was stabilised favouring the attack of an amido ligand on the

electrophilic carbon atom (Figure 4.19).

[Na(THF),]*

Figure 4.19: Proposed carbodiimide insertion transition state.

216



4.4 Conclusions

Here the first catalytic applications of alkali-metal magnesiates for guanylation and
hydrophosphination reactions was reported. Homoleptic mixed Na/Mg complex
[NaMg(CH2SiMe3)s] (1f) has been found to offer significantly greater catalytic ability than
those of its homometallic components [NaCH,SiMes] and [Mg(CH2SiMes).], allowing
guanylation of a range of substituted anilines and secondary amines under very mild reaction
conditions (most cases at room temperature). Furthermore, by installing Mg within this sodium
magnesiate platform, it is possible to activate it towards catalysing the hydrophosphination of
carbodiimides at room temperature.

Stoichiometric investigations have allowed the isolation and structural elucidation of
tris(amido) sodium magnesiate[{(THF)sNaMg(NHArs)}2] (1m) and mixed amido/guanidinate
sodium magnesiate [Na(THF)s]*[Mg{(CyN).C(NPh2)}>(NPh2)]- (10). These appear to be
intermediates in these catalytic transformations. Reactivity studies in these complexes, coupled
with kinetic investigations, suggest these guanylation reactions occur by forming highly
nucleophilic (tris)amide intermediates that can subsequently react with the carbodiiimide in an
insertion step, followed by amine protonolysis of the resultant guanidinate species.
Interestingly, all these processes appear to take place in the coordination sphere of Mg, with
Na taking a backseat in the catalytic cycle, stabilising the magnesiate anion intermediates,
hinting that the enhanced catalytic activity of these systems is due to anionic activation.

The rate law for the guanylation of N,N’-diisopropylcarbodiimide with 4-tert-butylaniline
catalysed by 1f was deduced to be order 1 in [amine], [carbodiimide] and [catalyst], showing a
large Kkinetic isotopic effect, which is consistent with the formation of an amine-assisted rate-

determing carbodiimide insertion transition state.
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4.5 Experimental Section

General Considerations. All reactions were performed under a protective argon atmosphere
using standard Schlenk techniques. Hexane, benzene and THF were dried by heating to reflux
over sodium benzophenone ketyl and distilled under nitrogen or they were passed through a
column of activated alumina (Innovative Tech.), degassed under nitrogen and stored over
molecular sieves in the glove-box prior to use. Mg(CH2SiMes),, NaCH:SiMes,
[NaMg(CH.SiMes3)s] and [(THF)2NaMg(NPhz)s] were prepared according to the literature.[®
19.25] |_jCH,SiMes, amines, phosphines and carbodiimides were purchased from Sigma Aldrich
chemicals and used as received. NMR spectra were recorded on a Bruker DPX400 MHz
spectrometer, operating at 400.13 MHz for 1H, 100.62 MHz for 13C or on a Varian FT-400
spectrometer using standard VARIAN-FT software. Elemental analyses were carried out using

a Perkin Elmer 2400 elemental analyser.

Preparative Scale Reaction of the guanidines and phosphaguanidines. In the glovebox, a
solution of compound 1f (2% mol) in THF (3 mL) was added in a Schlenk tube. Amine (or
phosphane) (1.00 mmol) and carbodiimide (1.00 mmol) were then added to the above reaction
mixture. The Schlenk tube was taken outside the glovebox, and the reaction was stirred at the
desired temperature. After carrying out the reaction for the desired time, the solution was
concentrated under reduced pressure, and hexane was added and placed in a refrigerator at
—30 °C for 16 h. After filtration the products were obtained as white microcrystalline solids,

characterised by comparing their NMR spectra with the literature data. [6e 8a. 15, 25]

X-ray crystallography. Data for samples 1m, 1p and 1q were measured on Oxford Diffraction
diffractometers2 with Mo Ka (A= 0.71073 A) or Cu Ka (A= 1.5418 A). Data for sample 10
were measured at Beamline 119 of the Diamond Light 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. All structures were refined to convergence on F2
of all independent reflections by the full-matrix least-squares method using the SHELXL

program.?’ Selected crystallographic and refinement details are given in Table 4.5:
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Table 4.5: Selected crystallographic and refinement parameters.

Empirical
formula

Molecular
Weight

Temperature
(K)

Wavelenght
A)

Crystal system,
Space group
a(A)

b (A)
c(A)

a (%)

B)

7 (%)

Cell volume

(A3)
Z
Pealc (9.cm3)
u (mm?)
260 max(°)

Index ranges

Reflections
collected

Reflections
unique

Reflections
obs.

Rint

No. Parameters

Im

C72H10sMg2NeNaOg

1248.24
123(2)

0.71073

Monoclinic
P 21/c
24.4968(6)
12.0255(3)
24.1965(6)
90
93.907(2)
9

7111.4(3)

4
1.166
0.1
54
-30<h<31
-15<k<15
-30<I<30

38901
15355

10062

0.0359
904

lo

CssH122MgN7Na

Os

1397.20

150(2)

0.6889
triclinic
P-1
13.921(5)
14.508(4)
20.265(5)
84.113(3)
81.093(3)
79.501(3)

3964.0(19)

2
1.171
0.053

42.5
-14<h<11
-15<k<15
-21<121

18305

8870

6093

0.0633
1151

1p

C34Hs6MgNeO

589.15

123(2)

1.5418

Tetragonal
| 41cd
16.9555(2)
16.9555(2)
24.5229(4)
90
90
90

7050.1(2)

8
1.11
0.686
146.6
-19<h<19
-20<k<21
-30<I<30

16891

3501

3280

0.0319
202

1q

C3sHes4NsNa202

682.93

123(2)

0.71073

Monoclinic
C2lc
28.150(7)
9.3222(9)
20.248(5)
90
130.55(4)
90

4037(2)

4
1.124
0.088

60

-39<h<37

-12<k<11

-26<I<27

15891

5494

4235

0.0343
240
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Goodnes-of-

fit-on F2 1.027 1.092 1.037 1.038
(GOF)
F'”[""[LF;(;?%']CF"S 0.061 0.1092 0.0353 0.044
R '“g;ctzi’ (all 0.1509 0.2827 0.0936 0.1198
Largest diff.
peak and hole = 0.515and-0.349  0.518 and -0.392 0.248 and - 0.269 and -
o A 0.177 0.225

45.1 Synthesis of [{(THF)sNaMg(NHAr)s}2] (1m) (Ar= 2,6-Me2CsH3).

To a NaMg(CH2SiMes)z (1 mmol, 0.309 g)
O suspension in  hexane (10 mL) 2,6-
A A '

HN///,,,, /NH \\\\\NH\ dimethylaniline (3 mmol, 0.37 mL) was
AN /Nacoa dded. After 1h stirring at t t
added. After 1h stirring at room temperature
9 o NG OSN '8 d P

THF (2 mL) was introduced, affording a light
brown solution. The solution was stored at -
20 °C overnight affording colorless crystals of sodium magnesiate 1m (0.362 g, 58%). H
NMR (400 MHz, 298 K, C¢Ds) & (ppm) = 1.24 (m, 24H, THF), 1.87, 1.98, 2.07, 2.18, 2.19,
2.22 (36H, CHs, NHAr), 2.52, 2.57, 2.68, 2.76, 2.79, 2.81 (6H, NHAr), 3.19 (m, 24H, THF),
6.3-7.1 (18H, CH, NHAr). 13C{H} NMR (101 MHz, 298 K, CsDs¢) & (ppm) = 18.8, 19.5, 19.7,
20.0, 20.9, 21.6 (CHs, NHAr), 25.5 (THF), 67.8 (THF), 111.7, 111.8, 112.3, 112.6, 116.6,
121.4,121.7,122.0, 124.7, 125.3, 125.9, 128.6, 128.9, 129.0, 129.1, 129.3, 129.5, 129.8 (CH,
NHAr), 152.7, 152.8, 156.1, 156.2, 156.6,157 (ipso-C, NHAr). Anal Calcd for
C72H108M@2NeNa20s: C, 69.28; H, 8.72; N, 6.73. Found, C, 69.25; H, 8.85; N, 7.12.

4.5.2 Synthesis of [Na(THF)s]* [Mg{(CyN)2C(NPh2)}2(NPh2)]~ (10)°

B Ph_ Ph 7" To a THF solution (4 mL) of sodium
\ / magnesiate  [(THF)2NaMg(NPh;)s]
N, .\\\\\\N_\ Ph s
MarHF)s | N el /MQ\N>C_N<Ph () (07 g 1 mmob) NN=
P’ 'I\l \ dicyclohexylcarbodiimide (DCC) (8b)
Cy Cy

(c) The synthesis of 10 was carried out by Dr. Zoe Livingstone during her PhD studies within the
Hevia group.
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(0.62 g, 3 mmol) was added. After 1h stirring, hexane (4mL) was introduced, and the Schlenk
was stored in the freezer (-30 °C) overnight to allow the formation of colorless crystals of
[Na(THF)s]*[Mg{(CyN)2C(NPh2)}2(NPh2)]~ (10) (1.03 g, 78%).:H NMR (400 MHz, 298 K,
CeDs) & (ppm) = 1.04-1.27, 1.47-1.73 (m, 40H, CHg, CyN), 1.43 (m, 20H, THF), -3.40-4.48
(m, 4H, CH, CyN), 3.57 (m, 20H, THF), 6.71 (t, J=7.1Hz, 1H, NPh,), 6.79 (t, J=7.1Hz, 1H,
NPhy), 6.85-6.90 (m, 4H, CH, NPh, guanidinate), 7.16-7.23, (m, 8H, CH, NPh, guanidinate),
7.28-7.38 (m, 4H, CH, NPhy), 7.44 (d, J=7.6Hz, 8H, NPh,, guanidinate), 7.50 (d, J=7.6 Hz,
2H, NPhy), 7.67 (d, J=7.6 Hz, 2H, NPh2).BC{H} NMR (101 MHz, 298 K, CsD¢) & (ppm) =
25.7 (THF), 26.2, 26.5, 26.6, 26.8, 37.3, 37.4, (CH., CyN) 55, 56.1(CH, CyN), 67.9 (THF),
121.1, 129.3, 130.2 (CH, NPh,, guanidinate), 145.8 (ipso-C, NPh,, guanidinate), 122, 129.5,
130.3 (CH, NPhy), 146.3 (ipso-C, NPhy), 163.5 (CN3). Anal Calcd for Cg2H114MgN7NaOs: C,
74.32; H, 8.67; N, 7.40. Found, C, 74.48; H, 8.41; N, 8.37.

4.5.3 Stoichiometric studies: reaction between [{(THF)sNaMg(NHAr3)}2] (1m) (Ar =
2,6-Me2CesHs) and 3 equivalents of diisopropylcarbodiimide (8a).

O Sodium magnesiate [{(THF)sNaMg(NHArz)}.] (1m)

o _ (0.312g, 0.25 mmol) was reacted with N,N-
'Pr

N,”“ . “\\\\\N\ diisopropylcarbodiimide (1.5 mmol, 0.23 mL) in THF

7/ \ SOTHN Pr(2mL). The reaction mixture was stirred for 1 hour, then

.Pr m hexane (4 mL) was added (if a precipitate forms, it can
1
P be redissolved by gentle heating). The solution was

'PrNH/C\

stored at -15 °C overnight to allow the formation of colorless crystals of compound
[Mg{(PrN)C(NAr)(HN'Pr)}(THF)] (1p) (112 mg, 38%). *H NMR (400 MHz, 298 K, ds-
THF) & (ppm) = 0.56 (d, J=6.2 Hz, 12H, CHj3, 'Pr), 0.79 (d, J=6.4 Hz, 12H, CHjs, Pr), 1.77 (m,
4H, THF), 2.19 (s, 12H, CHa, NAr), 3.02-3.15 (m, 4H, CH, Pr), 3.61 (m, 4H, THF) 3.80 (br d,
2H, NHPr), 6.56 (t, J=7.6 Hz, 2H, para-CH, NAr), 6.80 (d, J=7.6 Hz, 4H, meta-CH,
NAr).13C{H} NMR (101 MHz, 298 K, ds-THF) & (ppm) = 19.7 (CHs, NAr), 24.2 (CHg, 'Pr),
25 (CHjs, 'Pr), 26.2 (THF), 44.7 (CH, Pr), 45.0 (CH, 'Pr), 68.0 (THF), 120.1 (para-CH, NAr),
128.1 (meta-CH, NAr), 132.6 (ortho-C, NAr), 150.3 (ipso-C, NAr), 163.5 (CNs). Anal Calcd
for CaaHssMgNeO: C, 69.31; H, 9.58; N, 14.26. Found, C, 68.73; H, 9.26; N, 13.97.
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4.5.4 Synthesis of dimer [{Na(NHATr)}2] (1r) (Ar = 2,6-Me2CsH3)

Na(CH.SiMe3z) (0.11 g, 1 mmol) was charged in an oven dried

Schlenk and suspended in hexane (4 mL). 2,6-
<:‘)/,,,’N /HN\Na e dimethylaniline (0.12 mL, 1 mmol) was then added and the
<j' N ‘O\:> mixture was left stirring for 1h. After addition of THF (1 mL),

\©/ the resulting solution was cooled down to -30 °C affording

sodium amide [{Na(NHAr)}2] (1r) (114 mg, 80% Yield) as a
white solid. *H NMR (400 MHz, 298 K, ds-THF) & (ppm) = 2.07 (s, 6H, CHs, NHAr), 2.80
(s, 1H, NHAr), 5.75 (t, J=7.2 Hz, 1H, para-CH, NHAr) 6.58 (d, J=7.2 Hz, 2H, meta-CH,
NHAr). 3C{H} NMR (101 MHz, 298 K, dg-THF) & (ppm) = 19.9 (CH3, NHAr), 106.6 (ortho-
C, NHAr), 119.2 (para-CH, NHAr), 128.1 (meta-CH, NHAr), 161.4 (ipso-C, NHAr). Due to

the extreme air-sensitivity of compound 1r satisfactory analyses could not be obtained.

4.5.5 Synthesis of [Na{((PrN)C(NAr)(HNPr)}(THF)]2 (1q9) (Ar = 2,6-Me2CsH3).

—C—NH'Pr

[Na{(iPrN)C(NAr)(HNiPr)}(THF)]2 (1q) (0.108 g,

To a solution of sodium (2,6-
dimethylphenyl)amide [{Na(NHAr)}2]
(1r) (0.143 g, 0.5 mmol) in hexane/THF
(4 mL/1 mL) diisopropylcarbodiimide
(0.08 mL, 0.5 mmol) was added. The
resulting pale yellow solution was stored
in the freezer (-30 °C) overnight to allow

the formation of colorless crystals of

63%). 'H NMR (400 MHz, 298 K, ds-

THF) & (ppm) = 0.91 (s, 24H, CHs, Pr), 1.78 (m, 4H, THF), 2.11 (s, 6H, CHs, NAr), 3.30
(broad s, 4H + 2H, CH, Pr + NH'Pr), 3.61 (m, 4H, THF), 6.26 (t, J=7.2 Hz, 2H, para-CH,
NAr), 6.69 (d, J=7.2 Hz, 4H, meta-CH, NAr). 3C{H} NMR (100 MHz, 298 K, dg-THF) §
(ppm) = 19.8 (CHa, NAr), 24.4 (CHs, 'Pr), 26.2 (THF), 27.0 (CHs, Pr), 44.6 (CH, 'Pr), 46.7
(CH, Pr), 115.3 (ortho-C, NAr), 127.7 (meta-CH, NAr), 129.7 (para-CH, NAr), 155.3 (ipso-
C, NAr), 160.2 (CNs). Anal Calcd for CssHssNsNa2O (one molecule of THF per dimer was
considered, according to the NMR data): C, 66.85; H, 9.24; N, 13.76. Found, C, 67.14; H, 9.22;

N, 14.51.
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General procedure for kinetic experiments. Kinetic experiments were performed using a
Varian FT-400 MHz spectrometer. A standard solution of catalyst 1f in deuterated THF was
made. The described kinetic experiments were carried out on the N, N -disopropylcarbodiimide
8a and 4-tbutilaniline 7c¢ to form the corresponding guanidine. Reactions were carried out in J-
Young NMR tubes and the reaction rates were measured by monitoring the disappearance of
amine (or carbodiimide) and formation of guanidine by 'H NMR spectroscopy at the described
intervals over more than three half-lives. All data were processed using Varian integral analysis
software. Reaction rates were derived from the plot of Ln[substrate]o/[substrate] vs time (by
fitting data to the eq. Ln[substrate]o/[substrate] = Kobs.t) by using linear trend lines generated
by Microsoft Excel software. To obtain Arrhenius and Eyring plots, kinetic analyses were

conducted at four different temperatures, each separated by approximately 5-10 K.

Determination of reaction order with respect aniline 7c and carbodiimide 8a. The order
of the reaction with respect to amine concentration was determined holding the concentration
of the other components virtually unaltered, using 1.9 mM concentration solution of catalyst
1f, and using a carbodiimide to amine molar ratio greater than 10:1. The excess of carbodiimide
concentration maintains approximately zero-order conditions. The order of the reaction with
respect to the concentration of carbodiimide was studied holding an amine to carbodiimide

molar ratio greater than 10:1.
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CHAPTER 5

Using Lithium Manganates to access symmetric biaryl
compounds: Tandem Mn-1 exchange, C-C homocoupling

Processes
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V.  Table of compounds

1s | [LiMn(CH2SiMe3)s]

1u  [(THF)xLi2Mn(CH2SiMe3s)4]
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5.1 Summary

Unveiling a new application of cooperative alkali metal manganates, this chapter describes the
synthesis of symmetric biaryl compounds from a temperature controlled procedure which
includes a direct Mn/l exchange reaction at sub-ambient temperature (-78 °C) followed by
homocoupling reaction. The bimetallic reagents employed in this study are
[(THF)xLiMn(CH2SiMes)s] (1s) and [(TMEDA)2Li2Mn(CH2SiMes)s] 1t however in the vast
majority of the reactions an in situ version of bimetallic complex 1t will be employed, namely
[(THF)xLi2Mn(CH2SiMes3)4] 1u resulting from the reaction of an excess of LiCH,SiMes with
MnCl; in THF.

Using 4-iodoanisole (10a) as a case study, showed that while higher order lithium manganate
1t and 1u can efficiently promote Mn/l exchange at -78°C and homocoupling at ambient
temperature to form 4,4'-dimethoxy-1,1"-biphenyl (11a) lower-order manganate 1s displayed
sluggish reactivity towards 10a as only 22% formation of 11a could be observed. The enhanced
reactivity of 1t and 1u contrasts with the results obtained when the same substrate 10a is
confronted with Mn(CH2SiMez)> which is completely inert towards Mn/l exchange or
LiCH2SiMes, which is able to promote Li/l exchange but it does not give any formation of
homocoupled product 11a. A dramatic lithium effect is observed, as when the reaction is
carried out using 12-crown-4, which captures the Li atoms, 1u fails to promote the Mn/I
exchange and no product is observed at all. The methodology was extended to other substrates,
thus reaction of 1u with 3-iodoanisole (10d), 2-iodoanisole (10e), 4-iodotoluene (10f), 3-
iodotoluene (10g) and 2-iodotoluene (10h) allowed formation of symmetric biaryl compounds
11a-11f in yields ranging from 60% to 80%. Substitution effect showed ortho-substituted
iodoaryl substrates to be the most reactive reagents. Both substrates containing electron
donating groups such as 1-(tert-butyl)-4-iodobenzene (101) and electron withdrawing groups
such as 1-fluoro-4-iodobenzene (10n) worked well (84% and 69% vyield respectively).
Fluorinated  substrates  such  as 1-fluoro-4-iodobenzene (10n), 1-iodo-4-
(trifluoromethyl)benzene (100) and 1-iodo-3,5-bis(trifluoromethyl)benzene (10p) worked well
with yields of homocoupling products ranging from 68% to 73% yield. Particularly interesting
is the reactivity of 3-iodopyridine (10q) which gave a mixture of homocoupled product 110
and cross coupled product 110’ with the CH.SiMez group and 2-iodobenzothiazole (10r) were
the cross coupled product 11p was the major product of the reaction. Thus, 1u was found to be

a versatile reagent for the synthetise of a variety of symmetric biaryl compounds.
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5.2 Introduction

Symmetric biaryl compounds are important building blocks in nature.! They are commonly
present in many chiral biologically active natural products such as (+) Podototarin with
antibacterial activity against gram-positive bacteria,? or atropisomers such as Michellamine B,
a strong anti-HIV viral replication inhibitor® and Mastigophorene A which stimulates nerve

growth*% to name a few (Figure 5.1).

(+) Podototarin

(antibacterial activity) Mastigophorene A

(nerve growth stimulating compound) Michellamine B

anti-HIV

Figure 5.1: biologically active symmetric biaryl natural products

In addition biaryl substrates are present in ligands such as (R)-P-PHOS and R-BINAP which
play a major role in catalysis.5” Symmetric biaryl compounds can be prepared in different
ways. Homocoupling reactions are amongst the most utilised methods for the generation of
new C-C bonds in synthesis. This methodology represents one of the most useful methods for
the synthesis of biaryl compounds. For more than 50 years along the 20t century copper was
almost the only protagonist in the generation of aryl-aryl bonds. Initial research in this area
involved the use of copper and copper-bronze alloy under stoichiometric conditions to carry

out the reductive symmetrical coupling of aryl halides (Ullmann reaction, Scheme 5.1).8
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NO,

NO
@NOZ Copper-Bronze 2 O
Cl 220 °C, 3h O
Scheme 5.1: example of Ullmann coupling type reaction

This methodology requires harsh reaction conditions therefore other methods have been
discovered ever since.? Different versions of palladium-catalysed homocoupling reactions of
aryl halides have been developed. Examples include the palladium-catalysed coupling
reactions of chloroaryls in water,10 the coupling of iodoaryls in supercritical carbon dioxide or
under solvent free conditions!! and Feringa’s recent development in palladium-catalysed, tert-
butyllithium-mediated dimerisation of of aryl halides.® This methodology allows to carry out
the reaction at ambient temperatures and it enables the synthesis of a variety of symmetric
biaryl compounds in high yields. In addition the authors carried out the atroposelective total
synthesis of mastigophorene A in only eight reaction steps, a major improvement considering

that the previous shorter methodology required more than 20 steps.

Manganese is a good alternative to generate C-C bonds in cross coupling reactions. Cahiez and
Normant development of Mn-catalysed homocoupling reactions in 1976 was the first Mn-
catalysed application in this field (see chapter 1.4.3) which was further developed in the
following decades. Proof of concepts has been established by Cahiez who has reported the

manganese-catalysed homocoupling of Grignard reagents.1213
Table 5.1: Cahiez manganese-catalysed homocoupling of Grignard reagents

Dry air, 5 mol% MnCl,-LiCl
RMgX R-R
THF, RT, 45 min

Entry RMgX Product Yield (%)?
1 MeOOMgBr MeOOMe 95
OMe OMe

76

BN eS OO
MgBr
MeO
3 EtOZCOMgCI EtOZCCOZEt 80°
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Entry RMgX Product Yield (%)?

4 BN P~ ot
s~ ~MgCl SR
N MgBr = |N
5 O NN 80
Z |
N —
N
6 Ph——=——MgClI Ph—=——=—Ph 89

[a] Isolated yield. [b] The reaction was performed at -20 °C.

The reaction of an aryl Grignard reagent with air in the presence of manganese chloride readily
forms a biaryl. In addition substrate scope can be expanded to alkynyl Grignard reagents with
the corresponding formation of the 1,3-dyine species (Table 5.1). These procedure is highly
dependent on both steric and electronic factors. The use of ortho-substituted aryl groups as
substrates with high steric hindrance lead to lower yields in the formation of biaryls by
homocoupling reaction. This detrimental effect is well established.®* Thus, electron-poor
pentafluorophenylmagnesium chloride does not give the expected homocoupling product,
while hindered mesitylmagnesium bromide gives only traces of the coupled product (Table
5.2).
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Table 5.2: Limitations of Cahiez Mn-catalysed homocoupling reation

20 mol% MnCl,-LiCl
RMgX - RR
0,,THF, 0 °C, 1 hour

Entry RMgX Product Yield (%)

MgBr R FFR F
F F
1 = ) :
Fi©iF
£ F FF F

MgBr
2 \©/ O O traces

In 2009 Cahiez and collaborators carried out the manganese-catalysed oxidative cross-coupling
of Grignard reagents.® In all cases oxygen was required as an oxidant for the reaction to take
place. The proposed mechanism for this transformation involves the formation of Mn(ll)-
Mn(1V) intermediates (Scheme 5.2).

2 ArMgX + MnCl,

2MgCIX 4

Il
XMgOOMgX AraMn o,
2 ArMgX ;_Oxidation |
||/O |V/O
Mn\cl) ArzMn\c|)

red. Elimination '

! ——————— 4 Ar-Ar

Scheme 5.2: Cahiez proposed mechanism for Mn-catalysed homocoupling of Grignard reagents.

The first step involves a transmetallation reaction between the aryl Grignard reagent ArMgX

and MnCl; to form R2Mn'". Then oxidation of AroMn'! species by molecular oxygen to form
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the reactive and unstable AroMn'V(O,) species. Therefore reductive elimination of
AroMn'V(O,) species quickly give rise to the formation of Ar-Ar coupling product and
Mn"(Oz). The aryl Grignard reagent regenerates the active AroMn" species which can further
proceed with another reaction cycle. Despite of the presence of LiCl in the manganese reagent
employed in this transformation, namely MnCl,-LiCl, authors do not include LiCl in the
catalytic cycle, its presence was attributed merely to solubility reasons and was never included in
proposed intermediates. Also it should be noted that the formation of mixed-metal ate intermediates

is not proposed.

Furthermore, Oshima et al have reported the dialkylation of gem-dibromocyclopropanes using
trialkylmanganates such as MMnRs (M = Li, MgX). In this case the reaction can be carried out

both under stoichiometric and catalytic regimes (Scheme 5.3).16

H

n "Bu
Br 1) "BusMnM ©7L A 1)3"BuM, MnCly(10mol%)  Br
Br THF, 0 C, 05h THF, 0 OC, 05h Br
n
B
,,,,,,,,,,, PN 20
Stoichiometric conditionsi H Catalytic conditions
________________________ ’) B LS
M | Yield (%) | AB M | Yield (%) | AB
Li 56 87/13 Li 68 66/34
MgBr 89 71/29 MgBr 75 79/21

Scheme 5.3: Dialkylation of gem-dibromocyclopropanes using MMnR;z (M = Li, MgX)

Interestingly the same reaction was previously described by Corey et al using dibutylcuprate,*” however
the reaction required to be carried out a lower temperatures (-15 °C) and lower yields were obtained.
Furthermore tributylzincate!® was also described to promote the same reaction at -85 °C to prevent
decomposition. Although this is a very useful method for the synthesis of C-C bonds authors fail to
propose a mechanism for this transformation. Furthermore, regarding the use of manganates, Corey

described the synthesis of C-C bonds by methylation reaction of iodo-derivatives using LiMnMe3.*°
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5.3 Results and discussion

5.3.1 Synthesis of starting material

This chapter builds on synthetic and structural work carried out by another member of the
Hevia group who has studied the synthesis and structures of homoleptic alkyl alkali-metal
manganates such as [LiMn(CH.SiMez)3] (1s), [[TMEDA).Li.Mn(CH.SiMe3s)4] (1t) as well as
developed the in situ preparation of (THF)yLizMn(CH2SiMes)s (1u). Mn(CH2SiMes), was
prepared according to the literature procedure.?2 Homoleptic lithium manganates
[(TMEDA).Li-Mn(CH.SiMesz)4] (1t) can be synthetised by co-complexation reaction between
LiCH2SiMez and Mn(CH>SiMes). in hexane at room temperature using a 2:1 stoichiometric
ratio, followed by the addition of 2 molar equivalents of Lewis donor TMEDA, this afforded
an orange suspension. Gentle heating led to an orange solution which upon slow cooling
yielded crystals of [ TMEDA).Li-Mn(CH.SiMes)4] (1t). In addition a salt metathesis approach
can be employed for the synthesis of the same compound. Mixing MnCl, and four equivalents
of LiCH2SiMez in THF at room temperature formed an orange solution after 15 minutes which
suggests the formation of 1t. The solvent was then removed under vacuum and hexane was
added to precipitate the presumably formed LiCl; the solution was then filtered and two
equivalents of TMEDA were added. The product was solubilised with toluene and crystallised
at -33 °C to yield 1t in 38% yield. Although the isolated crystalline yield for 1t was lower
(38%), these results confirmed that this mixed lithium manganate complex can be easily

prepared in situ using two commercially available reagents (Scheme 5.4).

MnRz \ y ?iMe3 ?iMe3 \ MnCI2
. N CHy CH> N/ ) +
) THF, RT, 15 min YW ~ N S THF, RT, 15 min
2LIR  — . N M PN j _______________ 4 LR
+ ! R=CH,SiMe; ! N CHy  CHj /N\ | R=CH,SiMe; +
2 TMEDA SiMes  SiMes 2 TMEDA

(TMEDA),Li,Mn(CH,SiMes),

Scheme 5.4: Different approaches for the synthesis of [(TMEDA).Li-2Mn(CH,SiMes).] (1t)

Structural and synthetic studies carried out by Dr. M. Uzelac within our group have stablished the
molecular structure of [(TMEDA).Li.Mn(CH,SiMes)s] 1t , which displays a classical “Weiss
motif’?223 contacted ion-pair structure where the four alkyl groups form bridges between the

central Mn atom and the N-donor solvated alkali-metal (Figure 5.2).
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Figure 5.2: Monomeric structure of [(TMEDA),Li>Mn(CH.SiMes)4] (1t)

1t is isostructural with the structures [(TMEDA),Li.Mn(R)4s] (R=Me, Et, CH,CH,CMes) reported
by Girolami.?42% Similarly 1f is isostructural with previously used and described alkali metal
magnesiates [(TMEDA),AmoMg(CH2SiMes)s] (Am = Na, Li for structures 1d and le
respectively).?6

5.3.2 Assessing the ability of lithium manganates to promote Mn/halogen
exchange reactions followed by homocoupling.

Preliminary studies carried out in our group using [(TMEDA)2Li2Mn(CH2SiMe3)4] (1t) for the
reaction of 4-iodoanisole (10a) revealed that Mn/l exchange and homocoupling quickly takes
place; in fact GC-analyses of hydrolysed reaction aliquots carried out after 15 minutes reaction
revealed 62% consumption of starting material and formation of two different products
(Scheme 5.5).

OMe
OMe O OMe OMe
_ 1) THF, RT, 15 min
(TMEDA),Li,Mn(CH,SiMe3), + - + +
. 2) H,0
1y | 10a i 2a,10%
10a, 28%
OMe
11a, 62%

Scheme 5.5: Unoptimised Mn/l exchange and homocoupling reaction between 1t with four
equivalents of 4-iodoanisole followed by aqueous work-up.

Subsequent *H and 13C NMR spectroscopic analysis of hydrolysed reaction mixture confirmed
the identities of products and integration against hexamethylbenzene revealed 4,4'-dimethoxy-

1,1'-biphenyl (11a) to be the main product (62%). Starting material 4-iodoanisole and anisole
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as by product were recovered in 28% yield and 10% yield respectively. The presence of anisole
has been confirmed in the H NMR spectra, but due to its volatility, the yield given is actually
calculated as a difference up to 100%. This protocol shows good synthetic potential for the
synthesis of symmetric biaryl compounds, under relatively mild reaction conditions, short
reaction times and substoichiometric amount of lithium manganate 1t. Therefore optimisation

of reaction conditions and expansion of the substrate scope was then developed.
5.3.3 Optimisation of reaction conditions

First step in the optimisation of the reaction conditions was to compare the activity of isolated
crystals of [(TMEDA)2Li2Mn(CH2SiMe3)4] (1t) with an in situ mixture of the base in THF.
Reaction of LiCH2SiMez and MnCl; in a 4:1 ratio in THF at RT for 15 minutes allowed the
formation of an orange solution, which is a sign of co-complexation to form the presumed
[(THF)xLi2Mn(CH2SiMez)4] (1u) as MnCls is not soluble in THF. The reaction in Scheme 5.5
was repeated under the same reaction conditions using the in situ prepared
[(THF)xLi2Mn(CH.SiMez)4] complex (1u), therefore 1 equivalent of lu reacted with 4
equivalents of 4-iodoanisole at room temperature for 15 minutes. 'H NMR analysis after
quenching with H2O revealed formation of 59% yield of coupled product 11a and 30% yield
of starting material recovered along with 11% presumed formation of anisole as a by-product
(Scheme 5.6).

OMe
10a O OMe on
e
THF, RT 'OOMG
MnCl, + 4LiR ) [((THF),LioMnR4] > + +
15 min ;‘ THF, RT, 15 min
. (1u) O
2 LiCl | 23’11%
pomsmom--- = s 10a, 30%
1 R=CH,SiMe; | OMe
"""""""" 11a, 59%

Scheme 5.6: Reactivity of an in situ prepared (THF)xLi.MnR4 with 4-lodoanisole.

This result is similar when compared to the one obtained when using crystalline (1t) (62% yield
obtained of 11a Scheme 5.5). This allows to use commercially available reagents without
observing any substantial decrease in yield of homocoupled product 11a. Different reaction
conditions for the Mn/l exchange step of these methodology were then studied initially the
studies focused on the effect of the temperature and reaction time for the Mn/l exchange
reaction, which is the first step of the reaction procedure (Table 5.3).
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Table 5.3: Optimisation of the reaction conditions for the Mn/l exchange reaction step of the reaction

OMe
OMe OMe
OMe
_ THF, T(°C RT
[L|2MnR4] + N T—()> [LizMn(4-OMe-CGH4)3(R)] —> + +
1 ime (min).* © 15 min O
2a

| 10a ; R=CH28iMe3j 11a | 10a

procedure

OMe

Yield (%)
Entry Ratio 1u: 10a T(°C)  Time (min)
11la 10a 2a°

1 1:4 RT 15 59 30 11
2 1:4 0 15 64 26 10
3 1:4 -78 15 75 19 6
4 1:4 -78 60 76 19 5
5 1:3 -78 15 80 10 10
6 11 -78 15 90 0 10

[a] Yields obtained via spectroscopic 'H NMR integration of signals for product 11a, starting material 10a and
by-product 2a with addition of hexamethylbenzene (10 mol %) as internal standard. [b] The presence of 2a has
been confirmed in the *H NMR analysis, but due to its volatility, the amount in the table is calculated as a
difference up to 100 %.

Therefore the reaction of [(THF)xLi2Mn(CH.SiMes)s] (1u) with 4 equivalents of 10a was
carried out at low temperature (0 °C) for 15 minutes. Thereafter the temperature was raised to
ambient temperature and the reaction mixture was left stirring for 15 minutes. *H NMR analysis
after quenching with H>O revealed the formation of 11a in moderate yield (64%) along with
26% vyield of 10a recovered and 10% yield of 2a (Entry 2, Table 5.3). The reaction was then
repeated at -78 °C following the exact same procedure as the reaction described above.
Therefore the homocoupled product 11a was obtained in 75% yield under these reaction
conditions (Entry 3, Table 5.3). No substantial increase in the reaction yield was detected by

increasing the reaction time, in fact when the reaction is carried out under the same reaction

240



conditions but leaving stirring at -78 °C for 1 hour 11a was obtained in 76% yield along with
19% yield of recovered starting material (Entry 4 Table 5.3). This result is very similar to the
one obtained in entry 3 Table 5.3 where the yield of 11a was 75% in 15 minutes reaction time.
Finally in order to further increase the yield of 11a the reaction was carried out using a 1:3 ratio
of 1u:10a at -78 °C for 15 minutes. This implies a slight excess (1.3 equivalents) of R groups
with respect to the substrate 10a. The temperature was than raised to ambient temperature and
the reaction mixture was stirred for 15 minutes. 'H NMR analysis after quenching with H,O
revealed the formation of 11a in 80% yield along with 10% yield of starting material recovered
and 10% formation of 2a (Entry 5, Table 5.3). Reaction of 1uwith 10a using excess of the ate
(1:1 ratio) gave formation of homocoupled product 11a in 90% yield, however no starting

material was observed in this case (Entry 6, Table 5.3).

Furthermore the effect of the temperature and reaction time on the second step of the reaction
was studied, which refers to the C-C bond forming part of the reaction procedure through
homocoupling (Table 5.4).

Table 5.4: Optimisation of the reaction conditions for the homocoupling step of the reaction

procedure.
OMe /
THF, -78°C
[Li2MnR4] + 3 — [LIZMH(4 OMe- C6H4)3(R] 4’ © ©
15min . Time
1u 10a ! R=CH,SiMe; !
[ i R=bhpoive 3 11a I 10a
OMe
Yield (%)?
Entry T (°C) Time (h)
lla 10a 2aP
1 RT 0.25 80 10 10
2 RT 16 84 8 8
3 65 1 72 14 14

[a] Yields obtained via spectroscopic *H NMR integration of signals for product 11a, starting material 10a
and by-product 2a with addition of hexamethylbenzene (10 mol %) as internal standard. [b] The presence of
2a has been confirmed in the *H NMR analysis, but due to its volatility, the amount in the table is calculated
as a difference up to 100 %.
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Therefore the reaction of 1uwith 3 equivalents of 10a was carried out at -78 °C for 15 minutes,
after that the temperature was raised to ambient temperature and the reaction mixture was left
stirring for 16 hours. 'H NMR analysis after quenching with H,O revealed the formation of
11a in excellent yield (84%) along with 8% yield of 10a recovered and 8% yield of 2a (Entry
2, Table 5.4). Repeating the reaction under the same conditions but increasing the temperature
from -78 °C to 65 °C after Mn/I exchange took place, gave formation of coupled product 11a
in a lower yield (72%, entry 2, Table 5.4).

The reaction was repeated using optimised reaction conditions and compound 11a was isolated
in 80% yield by column chromatography (Scheme 5.7) and characterised by 'H and 13C NMR

(See experimental section for further details).

OMe
1) THF(5 mL), RT, 15 min

0 om0

. THF(3 mL), -78°C,15 min
MnCl, + 4 LiR >

Recrnsiie, | YRT ten g
! |
LT 4R, 11a, 80% yield

OMe
Scheme 5.7: Optimised conditions for the reaction between (THF)xLi2MnR, with three equivalents of

4-jodoanisole.

The reactivity of [(THF)xLi2Mn(CH.SiMes)s] 1u was compared to those exhibited by their
homometallic counterparts Li(CH.SiMes) and Mn(CH2SiMez3). and other Mn-ate species. Thus
following the same approach 10a was confronted with Li(CH>SiMes) in THF, stirred at -78 °C
for 15 minutes. The temperature was then raised to ambient temperature and the solution was
left stirring for 16 hours. An aliquot of the reaction mixture was then quenched with H,O and
analysed by 'H NMR analysis to give 2a in 75% yield and 25% of starting material recovered.
LiR promotes the expected Li/l exchange reaction however no homocoupling product 11a was
observed (Entry 1, Table 5.5). The ability of lithium reagents to promote Li/halogen exchange
reactions was discovered in 1938 by Wittig and Gilman simultaneously and it has been one of

the most powerfull methods to functionalise aromatic halides in synthesis.?’-2°
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Table 5.5: Comparison of the activity of (THF)xLi2MnR4 and other species such as Li(CH.SiMes)s,
Mn(CH:SiMej3), towards Mn/I exchange reaction followed by homocoupling.

OMe
OMe oM
1) MxR, THF, -78 O © OMe
°C, 60 min
> + +
2)-78 °C—RT, 16h
10a O
|
OMe
. oa
MxR Yield (%)
Entry ]
1 LiR® 0 25 75
2 MnR2° 0 92 8
3 [LiMnR3]¢ 22 60 18
4 [(THF)xLi2M nR4]® 84 8 8

[a] Yields obtained via spectroscopic 'H NMR integration of signals for product 11a, starting material 10a and
by-product 2a with addition of hexamethylbenzene (10 mol %) as internal standard. [b] The presence of 2a has
been confirmed in the 'H NMR analysis, but due to its volatility, the amount in the table is calculated as a
difference up to 100 %. [c] Reaction carried out using a 1:1 stoichiometry between MxR:10a . [d] Reaction
carried out using a 1:3 stoichiometry between LiMnR3:10a [e] Reaction carried out using optimised reaction
conditions from Scheme 5.5.

When the reaction was carried out with Mn(CH2SiMez)2 under the same reaction conditions
almost full recovery of starting material was obtained (92% of 10a) along with small quantity
of 2a formed (Entry 2, Table 5.5). Monometallic Mn(CH.SiMej3). fails to promote Mn/I
exchange reaction therefore no homocoupling product is obtained. The activity of lower order
lithium manganate LiMn(CH.SiMes)s (1s) was also studied. Reaction of 1s with three
equivalents of 10a afforded 22% yield of homocoupled product along with 60% of starting
material recovered and 18% presumed formation of 2a (Entry 3, Table 5.5). This result shows
a remarkably lower activity of LiMn(CH2SiMe3)s compared to higher order lithium manganate
1u (Entry 4, Table 5.5). The recovery of starting material in 60% yield indicates once more the
difficulty of LiMn(CH:SiMez)s to promote Mn/l exchange reaction under the reaction

conditions taken into account, therefore only a low amount of homocoupling product 11a could
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be observed (22%). These results highlight the higher activity of manganate species compared

to the monometallic complexes.

The effect of the halogen atom was also investigated. Thus the activity of the lithium manganate
towards Mn/X exchange was studied from the reaction between [(THF)xLi2Mn(CH.SiMe3)4]
and 4-chloroanisole (10b), 4-bromoanisole (10c) and comparing these results with the one
obtained for the reaction between 1uand 10a. It is worth mentioning that when 1 equivalent of
1u reacts with 3 equivalents of 10b following the optimised reaction conditions (see Scheme
5.7 for details) no homocoupled product is obtained. Similarly when using 10c only traces of

homocoupled product were obtained under these reaction conditions (Scheme 5.8).

) THF(5 mL), RT, 15 min OMe

ax( o o

THF(3 mL), -78°C,15 min
MnCl, + 4 LIR -

Scheme 5.8: Halogen effect on the reaction procedure.

These results are somehow expected especially taking into account the bond dissociation
energy for the different Aryl-X bonds (Table 5.6).3°

Table 5.6: Bond dissociation energies of aryl halides

Bond Dissociation energy (KJ mol?)
Ph-F 533
Ph-Cl 407
Ph-Br 346
Ph-I 280

Csp2-halogen bond dissociation energy decreases from top to bottom in group 17 of the periodic
table, making very difficult the dissociation between Csp2-F bond (533 KJ-mol-1) and more
feasible the Csp-1 rupture (280 KJ-molt). The stoichiometry of the reaction played an

important role in this case, in fact when the reaction is carried out using a 1:1 ratio between 1u
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and 10c, homocoupled product was obtained in low 30% yield along with 41% yield recovery
of starting material (Entry 2, Table 5.7). However lithium manganate 1u is unable to promote
a noticeable Mn/Cl exchange upon reaction with 10b even when using excess of the ate (1:1
ratio) as in this case only traces of homocoupled product are obtained (Entry 2, Table 5.7).

Table 5.7: Reactivity of (THF)xLi2MnR, in Mn/halogen exchange with different halogen atoms.

OMe
1) THF(5 mL), RT, 15 min
THF(3 mL), -78°C,15 min
MnCl, + 4 LIR >~
RCHSM 3) RT, 16h
' iMe :
._______2 _____ 3 4) H,0 11a x 10y 2
OMe
Yield (%)
Entry X
N 10x 2aP
1 Cl traces 78 18
2 Br 30 41 8
3 I 90 0 8

[a] Yields obtained via spectroscopic *H NMR integration of signals for product 11a, starting material 10a and
by-product 2a with addition of hexamethylbenzene (10 mol %) as internal standard. [b] The presence of 2a has
been confirmed in the *H NMR analysis, but due to its volatility, the amount in the table is calculated as a
difference up to 100 %.

To assess the possible role of lithium in this process, lithium manganate 1uwas prepared in
situ in THF solvent, four equivalents of 12-crown-4 were added to the reaction mixture and the
solution was left stirring for 15 minutes at ambient temperature. The solution was then cooled
to -78 °C and a solution of substrate 10a in 3mL of THF were added at -78 °C. The mixture
was left stirring at -78 C for 15 minutes, the temperature was then raised to ambient temperature

and the mixture was left stirring for 16 hours (Scheme 5.9)
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OMe
1) THF(5 mL), RT, 15 min

2) 4 eq.12-Crown-4,
MnCl, + 4 LiR
............... 7o 1<) @
| R=CH,SiMe; E

______________ THF(3 mL), -78°C,15 min 00/ | 95% 5%

4)RT, 16h
5) H,0

OMe

Scheme 5.9: LiCl effect on the fate of the reaction.

Surprisingly, using these reaction conditions 95% of starting material 10a was recovered and
no formation of 11a could be observed. This result highlights the crucial effect of the alkali
metal in these transformations and it suggests the reaction takes place via contacted ion pair
intermediates. These finding raise an important question regarding the possible mechanism of
these transformation. Going back to Cahiez MnCl»-LiCl catalysed homocoupling of aryl
Grignard reagents, these transformations involve the formation of Mn(1V) intermediates as
previously discussed (See Scheme 5.2). Results in Scheme 5.7 contrast with Cahiez proposed
mechanism and suggest that LiCl presence is crucial to facilitate the Mn/X exchange and the
subsequent homocoupling process. Furthermore, all reactions using lithium manganate
[(THF)xLi2Mn(CH2SiMes)4] (1u) were carried out with no exposure to O2. This may suggest a

reductive cross-coupling type mechanism.

In order to gain a better understanding on the effect of LiCl, the reaction was repeated under
the same conditions using a Grignard reagent (CH,SiMe3)MgCl instead of Li(CH2SiMe3). Thus
RMgCI and MnCl, were mixed in THF solvent and the reaction mixture was left stirring for
15 minutes at ambient temperature. The solution was then cooled to -78 °C and a solution of
substrate 10a in 3mL of THF was added at -78 °C. The mixture was left stirring at -78 C for
15 minutes, the temperature was then raised to ambient temperature and the mixture was left
stirring for 16 hours. Surprisingly, using this reaction conditions 82% of starting material 10a

was recovered and no formation of 11a could be observed (Scheme 5.10).
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1) THF(5 mL), RT, 15 min

2) 4 IOOMe

THF(3 mL), -78°C,15 min
MnCl, + 4 RMgCI
3) RT, 16h

4)H
) H20 00/ | 82%  18%

OMe

OMe
Scheme 5.10: Reaction using RMgCI instead of LiR.

Furthermore, the same reaction was repeated with addition of LiCl. Thus, four equivalents of
RMgCI were mixed with one equivalent of MnCl in THF and two equivalents of LiCl were
added, followed by the addition of three equivalents of 4-iodoanisole at -78 °C and organic
work-up, allowed to obtain 71% vyield of 11a along with 20% of 10a (Scheme 5.11).

1) THF(5 mL), RT, 15 min

OMe
MnCl, 2)4 IOOMe
* THF(3 mL), -78°C,15 min
4 RMgCI
+ 3) RT, 16h
2 LiCl o
4) H,0 9A=
71°/ | 20%
OMe

Scheme 5.11: Reaction using RMgCI-LiCl to assess the effect of lithium.

Results summarised in Schemes 5.9, 5.10 and 5.11 suggest a crucial activating effect of LiCl
to promote Mn-I exchange and the subsequent homocoupling reaction. Based on all these
studies, it can be deduced that the mechanism of the Mn/I and C-C bond formation procedure
here developed involves the formation of alkali metal manganate intermediates. Although a
radical mechanism cannot be ruled out, results suggest the reaction proceeds via contacted ion

pair intermediates where Li plays an important role.

The reaction was then carried out using catalytic amounts of MnCl,. Thus, four equivalents of
LiR were mixed with 10 mol% of MnCl, in THF, and the solution was left stirring for 15
minutes at ambient temperature. Mg metal was then added to the reaction mixture, then the
solution was cooled to -78 °C and 3 equivalents of substrate 10a in 3mL of THF were added
at -78 °C. The mixture was left stirring at -78 C for 15 minutes, the temperature was then raised
to ambient temperature and the mixture was left stirring for 16 hours. Organic work-up,
allowed to obtain 60% yield of 11a however no starting material was left in the reaction mixture
(Scheme 5.12).
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OMe

1) THF(5 mL), RT, 15 min
3) 4 Mg turnings I O OMe OMe

MnCl, + 4 LiR —===========-coocc

10 mol% 3)3 |O O * +
|

--------------- THF(3 mL), -78°C,15 min
Lol i 4)RT, 16h

2a, 40%
OMe 10a, 0%

5) H,0 11a, 60%

Scheme 5.12: Reaction carried out under catalytic conditions (MnCl, 10 mol%)

Two different roles can be assigned to magnesium: 1) the presence of magnesium can lead to
formation of a Grignard reagent by reaction with the iodoaryl substrate. Thus, subsequent Mn
transmetallation in the precence of LiR would form an aryl manganate ArMnCI-LiCl. This

methodology has been used in synthesis by Knochel and co-workers (Scheme 5.13).31.32

THF(5 mL) MnCl,
Ar-l + Mg(s) » Ar-Mgl —— > Ar-MnCI-LiCl

LIR

Scheme 5.13: Preparation of Aryl lithium manganates via transmetallation with Mg.

2) Magnesium turnings can also act as reducing agents. They have been previously employed
as reducing agent in ate chemistry, thus Uchiyama et al developed a catalytic electron transfer

system mediated by transition metal ate complexes for the reduction of ketones (Scheme

5.14).%8
III

0.5 Mg(ll) Il)
Me™ @ “Me

Scheme 5.14: Transition metal ate mediated reduction of ketones

When the same reaction is carried out in the absence of Mg turnings, under the same reaction

conditions, 11a was obtained in a lower 28% yield (Scheme 5.15).
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. Me. + 4)Hy0
| R=CH,SiMe | 2 Ve 10a, 65%

11a 28%

1) THF(5 mL), RT, 15 min
23 —_)-on
_ THF(3 mL), -78°C,15 min
MnCl, + 4 LiR
10 mol% 3) RT, 16h
2a, 6%

Scheme 5.15: Reaction carried out under catalytic conditions (MnClz 10 mol%) with no Mg turnings.

The presence of Mg(s) is key using catalytic amounts of MnCl, (10 mol%). These results show
that the reaction can be carried out both under catalytic and stoichiometric conditions.
Preliminary EPR spectroscopic studies? have shown that in the reaction Mn(ll) oxidises to
Mn(lI11), thus the effect of magnesium is to reduce it back to Mn(ll) to restart the cycle. This
allows to propose a simplistic view of a reductive cross coupling type mechanism for the 1u

mediated Mn/l exchange followed by homocoupling as follows (Scheme 5.16)

Ar-l pmommo '
Li,Mn"R, ~ ———>  Li;Mn"Ar,R  ——— 1 Mn(lll)
0.5 Mg(ll) 0.5 Mg(0)

Scheme 5.16: Simplistic view of the proposed reductive cross coupling mechanism
Further studies to determine the mechanism of this reaction procedure are currently underway.
Although other examples of C-C bond coupling processes using manganates were previously

reported, the exact mechanism of these transformations is extremely complex.3*
5.3.4 Substrate scope

In order to expand the scope of the lithium manganate mediated Mn/l exchange reactions
followed by C-C bond formation by homocoupling, the reactivity of 1u with different different
aromatic and heteroaromatic halogenated substrates was studied. Stoichiometric conditions

were used in all cases as higher yields were obtained of the corresponding biaryl products

2 EPR studies were carried out by Marina Uzelac a former member of Hevia’s group in collaboration with the
group of Prof Aromi at the Universitat de Barcelona.
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compared to the catalytic conditions. The presence of a functional group in the aromatic

molecule can drastically alter the final outcome of the reaction due to steric and electronic

factors. Optimisation of the reaction was carried out using the same substrate (4-iodoanisole

10a) therefore substitution effect was studied using 3-iodoanisole (10d) and 2-iodoanisole

(10e) (Table 5.8).

Table 5.8: Effect of the substitution in the 1u mediated Mn/I exchange and C-C coupling.

1) THF (5mL), -78°C, 0.25 h

2)3 Ar—l
THF (3 mL), -78°C,15 min

MnCl, + 4 LR Ar—Ar

_______________ : 3)RT, 16 h

| RECH2SMes 1 4y h,0

Entry Ar-1 Ar-Ar Yield(%)?
1 MeO@l MeOOMe 80
10a lla
OMe

10f 11d

H3C CHj
QL .
| 10g lle
CHs CHs ‘
6 ©/ ! O 33
10h CHz 445

[a] Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-

analysis) unless otherwise stated.
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Reaction of 1u with 10d using optimised reaction conditions in scheme 5.5 gave formation of
homocoupled product 3,3'-dimethoxy-1,1'-biphenyl (11b) in 68% yield (Entry 2, Table 5.8).
Reaction of 1u with 10e under the same reaction conditions gave formation of homocoupled
product 2,2'-dimethoxy-1,1-biphenyl (11c) in a lower 60% yield (Entry 3, Table 5.8). The
position of the electro donating group such as the methoxy group has a modest effect on the
reaction yield, the best result is obtained when the methoxy group is in the para position with
respect to the iodine atom (80% yield of 11a) whereas the worst result is obtained when the
methoxy group is in ortho position with respect to the iodine atom (60% yield of 11c). A similar
study was carried out changing the substrate. A methyl group was employed this time as an
electron donating substituent instead of methoxy. Thus when 1u reacts with 4-iodotoluene (10f)
under the same reaction conditions, homocoupled product 4,4'-dimethyl-1,1'-biphenyl (11d)
was obtained in 74% yield. When the methyl group was in the meta position with respect to
iodine, thus using 3-iodotoluene (10g), homocoupled product 3,3'-dimethyl-1,1'-biphenyl (11e)
was obtained in a lower 55% yield. Furthermore when 1u was confronted with 2-iodotoluene
(10h) homocoupled product (11f) was obtained in a small 33% vyield, with recovery of starting
material as a major product. These results show than the position of the substituents in the
aromatic ring have a major effect on the reaction outcome, electron donating substituents such
as a methyl group in para position do not alter the reaction yield (74% yield of 11d), however
electron donating groups in meta and para have a clear detrimental effect on the reaction yield
(55% and 35% yields for 11e and 11f respectively).

Comparing this results with Cahiez’s manganese-catalysed homocoupling of Grignard reagents
previously described in Chapter 5.2 (Table 5.1), slightly better yields are obtain when using
4-(methoxyphenyl)magnesium bromide as substrate (95% yield obtained Entry 1, Table 5.1,
compared to 80% yield obtained using 1u, Entry 1, Table 5.8). Cahiez protocol also seemed to
be affected by the substitution effect, thus when the reaction is carried out using more sterically
hindered 2-(methoxyphenyl)magnesium bromide the biaryl product is obtained in a lower 76%
yield (Entry 2, Table 5.1, compared to 60% yield obtained using 1u, Entry 1, Table 5.8).

In order to study steric effects on the fate of the reaction, 1uwas confronted with both substrates
containing sterically accessible iodine atoms and substrates containing sterically hindered
iodine atoms (Table 5.9). For example the reaction between 1u and iodobenzene (10i) under
optimised reaction conditions gave formation of homocoupled product 1,1'-biphenyl (11g) in
85% vyield (Entry 1, Table 5.9). When 1u was confronted with 1-iodonaphthalene (10j) the
homocoupled product 1,1'-binaphthalene (11h) was obtained in a good 70% vyield (Entry 2,
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Table 5.9). Furthermore when 1u reacts with the sterically hindered iodine atom present in 2-
iodo-1,3-dimethoxybenzene (10k), the homocoupled product 2,2',6,6'-tetramethoxy-1,1'-
biphenyl (11i) is obtained in a lower 67% yield (Entry 3, Table 5.9).

Table 5.9: Reactivity of (THF)«LizMnR4 with different substrates according to steric effects.

1) THF (5mL), -78°C, 0.25 h

2)3 Ar—l
THF (3 mL), -78°C,15 min
MnCl, + 4 LIR Ar—Ar
_______________ . 3)RT, 16 h
' R=CH,SiMe; ! 4) H,0
Entry Ar-| Ar-Ar Yield(%)?

O
10i

' CC
e
I

11h

MeO OMe MeO O OMe
5 MeO OMe 67
10k O
11i

[a] Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-

analysis) unless otherwise stated.
These results show that lithium manganate [(THF).Li2Mn(CH2SiMes)4] is capable of
promoting the homocoupling reaction in good yields both in sterically hindered and sterically
accessible iodine atoms. This is in contrast with Cahiez’s Mn-catalysed homocoupling of
Grignard reagents in which homocoupling product was not observed using substrates
containing sterically hindered iodine atoms (see Table 5.2 for further details). Then a different
electron donating substituent was tested. Thus reaction of 1u with substrate 1-(tert-butyl)-4-
iodobenzene (101) under the optimised reaction conditions 4,4'-di-tert-butyl-1,1'-biphenyl (11j)

was obtained in 84% yield after separation by column chromatography (Scheme 5.17).
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1) THF(5 mL), RT, 15 min

e G

THF(3 mL), -78°C,15 min
MnCl, + 4 LR >~

_______________ . 3)RT, 16h

______________ | 4)H,0 11j, 84% yield
Bu

Scheme 5.17: Reaction of 1u with 1-(tert-butyl)-4-iodobenzene (10I)

A different outcome was obtained when using a strong electron withdrawing substituent in the
ortho position. In fact reaction of 1u with ethyl 4-iodobenzoate (10m) gave formation of
homocoupled product diethyl [1,1'-biphenyl]-4,4'-dicarboxylate (11K) in a low 35% vyield.
Starting material 10m and ethyl benzoate were obtained in 30% and 20% yield respectively
(Scheme 5.18).

COzEt

) THFE(5 mL), RT, 15 min
)3 IOCOZEt CO,Et COzEt
THF(3 mL), -78°C,15 min
MnCl, + 4 LiR

"""""""" . 3)RT, 16h

| R=CH,SiMe; !

| R=CH,SiMe; ; 4) H,0 35% | 30% 20%

CO,Et

Scheme 5.18: Reaction of 1u with 4-iodobenzoate (10m)

These results clearly show a drastically lowered yield when using substrates containing strong
electron withdrawing groups such as esters. This result contrasts with what reported by Cahiez
et al as when using (4-(ethoxycarbonyl)phenyl)magnesium bromide) the biaryl product is
obtained in high 80% yield (Entry 4, Table 5.1).

Fluorine containing substrates were also studied. As previously mentioned in chapter 2 of this
thesis, replacement of hydrogen with fluorine in C-H bonds of an organic molecule can lead to
significantly different physical properties and biological activity.3>-38 Surprisingly only few
naturally occurring organic compounds that contain fluorine exist and only few examples of
these natural products have been reported.3® Contrastingly, substrates containing chlorine,
bromine and even iodine, figure prominently in many natural products (more than 3000 have
been reported to date).*® The chemical properties of fluorine containing compounds make this
molecules particularly interesting in pharmaceutical industry. The high electronegativity of

fluorine atom has a large electronic effect at neighbouring carbon centres, as well as having a
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substantial effect on the molecule’s dipole moment and it can alter the acidity or basicity of
other groups nearby. In addition insertion of fluorine atoms in a substrate can change the overall
reactivity and stability of a molecule. Furthermore, fluorine centre can act as a hydrogen bond
acceptors, and the presence of three lone pair electrons can enable it to act as a ligand for alkali

metals.3”

Thus reaction of 1u with 3 equivalents of 1-fluoro-4-iodobenzene (10n) under the optimised
reaction conditions afforded homocoupled product 4,4'-difluoro-1,1'-biphenyl (11l) in 68%
yield along with formation of by-product 4,4'-difluoro-2,2'-diiodo-1,1'-biphenyl in 12% yield
(111°) (Scheme 5.19).

1) THF(5 mL), RT, 15 min F .
2)3 IOF O
THF(3 mL), -78°C, 2 hours
MnCl, + 4 LiR + |

it . 3)RT, 16h I
| R=CH,SiMe; ! R O
_______________ 1 2

F

111 68% 1 12%
F

Scheme 5.19: Reaction of 1u with 1-fluoro-4-iodobenzene (10n)

Further research is ongoing to give a plausible explanation for the formation of by-product
11D°, although the mechanism is unknown to date, it can be anticipated to be an extremely
complex processes where aryne formation might be involved,*! in agreement with it is the fact

that 1-fluoro-4-iodobenzene 10n is a compound known as a precursor to arynes.*?

Furthermore the same reaction using 1-iodo-4-(trifluoromethyl)benzene (100) afforded
homocoupled product 4,4'-bis(trifluoromethyl)-1,1'-biphenyl (11m) in 73% vyield (Entry 2,
Table 5.10). Similarly when the reaction is carried out wusing 1-iodo-3,5-
bis(trifluoromethyl)benzene  (10p) as a  substrate  formation of  3,3'5,5'-
tetrakis(trifluoromethyl)-1,1'-biphenyl (11n) was obtained in 69% yield (Entry, Table 5.10).
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Table 5.10: Substrate scope using fluorine containing substrates.

1) THF (5mL), -78°C, 0.25 h

2)3 Ar—l
THF (3 mL), -78°C,15 min
MnCl, + 4 LR Ar—Ar
_______________ . 3)RT, 16 h
' R=CH,SiMe; ! 4) H,0
Entry Ar-1 Ar-Ar Yield(%)?

10n 11l

100 11m
FsC
-

FsC CF3
Fs

69

[a] Yields refer to isolated yields of analytically pure products (>95% purity determined by NMR or GC-
analysis) unless otherwise stated.

The reaction was also expanded to aromatic heterocyclic molecules. Thus 3-iodopyridine (10q)

was confronted to lithium manganate 1u, the reaction was left stirring for 2 hours at -78 °C as

no evidence of homocoupling was observed using optimised reaction coditions (15 min at -78

°C). After quenching with H>O two products were observed by GC-analysis. Separation by
column chromatography gave 3,3'-bipyridine (110) in 63% yield along with 20% formation of
by-product 3-((trimethylsilyl)methyl)pyridine (110’) (Scheme 5.20). Both products were

characterised by 'H and 3C NMR spectroscopy.
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1) THF(5 mL), RT, 15 min

N=
THF(3 mL), -78°C, 2 hours = .
MnCl, + 4 LiR (B ml) + @CstlMes

| R=CH,SiMe, | ) RT. 16N Z 110" 20%

-------------- * 4)H,0 N
110 63%

Scheme 5.20: Reaction of 1u with 3,3'-bipyridine (10q)

A plausible explanation for the formation of 110’ is given by a kinetically favoured cross
coupling reaction between the CH>SiMes group present in [(THF)xLi2Mn(CH2SiMes)s] (1u)
with a pyridyl group. The reaction between 1u with 3-iodopyridine was repeated several times
changing the reaction conditions. Longer reaction times (6 hours) and higher temperatures (25
°C) did not alter the ratio for the formation of products 110 and 110°. Further research is needed
to fulfil the information missing regards the mechanism of by product formation. Another
heterocyclic substrate was then tested. Substrate 2-iodobenzothiazole (10r) was prepared by
direct metalation reaction of benzothiazole 2m using 1.5 equivalents of turbo Grignard base
iPrMgCI-LiCl followed by iodine quenching according to the literature procedure (Scheme
5.21).43

. S. 1) THF(2 mL), 0°C —RT, 15 min s
TMPMgCI-LiCl  + > -~ @E pa
N 2) 1,, RT 1h N

1.1 eq.
10r, 70%

Scheme 5.21: Synthesis of 10r using Knochell’s Turbo Grignard TMPMgCl-LiCl

Reaction of 1u with 10r using reaction conditions in Scheme 5.11, gave formation of 2-
((trimethylsilyl)methyl)benzothiazole (11p) in 63% yield. Product 11p was isolated as the only
product of the reaction along with recovery of starting material. No homocoupling product was
observed in this case and the major product of the reaction is the cross coupling product

between the CH,SiMes group and the benzothiazolyl group (Scheme 5.21).

256



1) THF(5 mL), RT, 15 min

s
2)3 ©:/>—|
N

THF(3 mL), -78°C, 2 hours

MnCl, + 4 LiR

' 3) RT, 16h
""""""" - 4) Hzo

s
@ )—CH,SiMe;,
N

11p, 63%

Scheme 5.22: Cross coupling reaction formation of 11p between benzothiazolyl group and CH,SiMe;

Furthermore reaction of 1u with 2-iodothiophene (10s) was studied. However under these

reaction conditions 1u failed to promote the formation of homocoupling product 2,2'-

bithiophene (11q) (Scheme 5.22).

MnCl, + 4 LiR

1) THF(5 mL), RT, 15 min

9 ()

THF(3 mL), -78°C, 2 hours S S
= |/ \|

3) RT, 16h
4) H2o 11q, 0%

Scheme 5.23: Reactivity of 1u with 2-iodothiophene (10s)

In order to test the reactivity of 1utowards metal/hydrogen exchange reactions, and to find out

if the homocoupling processes could be obtained with the absence of the Mn/l exchange

reaction different aromatic substrates were tested. Thus 1u was confronted with anisole (2a),
benzothiazole (2m) and 1,3-difluorobenzene (2d) using the optimised reaction conditions. GC
analysis of an aliquot from the reaction mixture gave a mixture of unknown products along

with starting material recovered (Entry 1 and 2, Table 5.11). No homocoupled product was

obtained in all cases.
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Table 5.11: Reactivity of 1utowards metal/hydrogen exchange reactions

1) THF (5mL), -78°C, 0.25 h

2)3 Ar—H
THF (3 mL), -78°C,15 min
MnCl, + 4 LR Ar—Ar
_______________ . 3)RT, 16 h
| RECHSMes - 4ym,0
Entry Ar-| Ar-Ar
OMe
S
2 P i
N

The reactions were repeated, exposing the reaction mixture to O however no conversion to
biaryl was observed in any case. Perhaps under these reaction conditions Mn/H exchange
reaction does not take place. The reaction was repeated using p-tolylacetylene (4b) and full
recovery of starting material was obtained following the exact same reaction in the absence of
O>. A different outcome was obtained from the Mn/I exchange reaction between 1u with p-
tolylacetylene (4b) in the presence of O,. An aliquot from the reaction mixture was analysed
by GC after hydrolysis revealing formation of 1,4-di-p-tolylbuta-1,3-diyne (11r) in good 82%
yield (Table 5.12).
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Table 5.12: Reaction of 1u with p-tolylacetylene (4b) to form 1,4-di-p-tolylbuta-1,3-diyne (11r)

CHs

1) THF, RT, 15 min It
MnCl, + 4 LR +

............... 2) Oxidant, 16h | | 1Mr
1 R=CH,SiMe; ! CHs 3) H,0

|
______________ a4

CHg

Entry Oxidant Yield (%)?
1 O:2 (excess) 82
2 - 0

[a] Yields obtained via spectroscopic *H NMR integration of signals for product 11r with addition of
hexamethylbenzene (10 mol %) as internal standard.

In addition to this, 1u was found to be active in catalytic amounts with the homocoupling
reaction of alkynes, thus reaction of 5 mol% of 1u with 4b in the precese of O in THF, at
ambient temperature for 16 hours gave formation of 1,4-di-p-tolylbuta-1,3-diyne (11r) in 73%
yield (Scheme 5.23).

H
(THF),Li,MnRy (5 mol%) (1u)
e W o
1) THF, RT, Oy, 16h
CHs, 2) H,0 11r, 73%

Scheme 5.24: Reaction formation of 1,4-di-p-tolylbuta-1,3-diyne (11r) using catalytic amounts of 1u

This reaction procedure contrasts with what described for the homocoupling of iodoaryl
compounds where oxygen was not required. Thus this can be considered an oxidative coupling
type of mechanism, were with no oxidant (O>) the reaction does not take place. Examples of
oxidative coupling type reactions with alkynes have been reported previously using Cu** and

Au® catalysts. In addition Cahiez’s methodology also allowed formation of diynes.!3
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5.4 Conclusions

The last chapter of this PhD thesis reports the synthesis of symmetric biaryl compounds from
a temperature controlled procedure which includes a Mn/l exchange reaction at sub-ambient
temperature (-78 °C) followed by C-C bond formation by homocoupling reaction. Using
iodoanisole as a case study, the synergic effect of lithium and manganese in higher order
manganate 1t and 1u has been demonstrated. Thus, while both bimetallic species can promote
the Mn/l exchange of this aromatic ether, their homometallic components exhibit different
reactivity. LICH2SiMes promotes the Li/l exchange reaction however it is unable to form the
give the biaryl product. Mn(CH.SiMes), fail to give a substantial amount of Mn/l exchange
reaction thus no biaryl product is observed under the same reaction conditions employed when

using 1u. Demonstrating their enhanced reactivity, the high reactivity of these compounds
contrasts with the inertness of triorganomanganates [{(LiMn(CH2SiMes)s}-] (1s) which gives

homocoupled product in a lower 22% yield.

Li seems to play an important role in this methodology as further studies for the reactivity of
this novel mixed metal compounds towards Mn/I exchange followed by C-C bond formation
of 10a showed that when the reaction is carried out using 12-crown-4 which captures the Li
atoms the reaction is totally inhibited. These results suggest that the mechanism of the Mn/I
and C-C bond formation procedure here developed involves the formation of alkali metal
manganate intermediates. This methodology could also be upgraded to catalytic regimes,
although Mg(s) as reducing agent was required. These findings along with preliminary
magnetic studies which show Mn to go from Mn(Il) to Mn(lll) suggest the reaction might
proceed via reductive coupling type mechanism. This is in contrast with Cahiez’s methodology
which proceeds through oxidative coupling type mechanism as it requires an oxidizing agent

such as O to take place.

These compounds are able to promote the efficient Mn/I exchange of a wide range of aromatic
and heteroaromatic substrates, including substrates containing electron donating and electron
withdrawing groups. This methodology could be carried out using substrates containing
sterically hidered | atoms such as 10k (ranging from 52-94%), where the formation of the
corresponding biaryl product 11i was obtained in good yield (67% yield). Careful selection of
substrates allowed to upgrade from homocoupling to cross-coupling the reaction procedure as

when using 3-iodopyridine (10q) a mixture of homocoupled and cross-coupled products were
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obtained (110 and 110’ respectively) with the CH,SiMes present in 1u. In addition using 2-
iodobenzothiazole (10r) resulted in the selective formation of cross-coupled product (11p)
whereas homocoupled product was not observed. Furthermore the coupling of p-tolylacetilene
was also carried out using catalytic amounts of Mn. In this case a totally different scenario is
proposed as the reaction does only take place in the presence of an oxidizing agent such as Oo,
thus the reaction might proceed via oxidative coupling type mechanism.

5.5 Experimental Section

General Considerations. All reactions were performed under a protective argon atmosphere
using standard Schlenk techniques. Hexane and THF were dried by heating to reflux over
sodium benzophenone ketyl and distilled under nitrogen or they were passed through a column
of activated alumina (Innovative Tech.), degassed under nitrogen and stored over molecular
sieves in the glove-box prior to use. Mn(CH2SiMes), was prepared according to previously
reported procedure.?! LiCH,SiMes was purchased from Sigma Aldrich chemicals as a 1M
solution in hexane. LiCH2SiMe3 was stored in the glove box as a white solid after solvent was
removed under vacuum. lodoaryls, alkynes and other organic substrates were purchased from
Sigma Aldrich chemicals and used as received. NMR spectra were recorded on a Bruker
DPX400 MHz spectrometer, operating at 400.13 MHz for *H, 100.62 MHz for 13C or on a
Varian FT-400 spectrometer using standard VARIAN-FT software.

5.5.1 Synthesis of biaryl compounds.

Unless otherwise stated the synthesis of biaryl compounds 11a-11q was carried out according

to the following reaction procedure (Scheme 5.25):

1) THF (5mL), -78°C, 0.25 h

2)3 Ar—l
THF (3 mL), -78°C,15 min
MnCl, + 4 LiR > Ar—Ar
_______________ . 3)RT, 16 h
| RECHSIMes - 4)my0

Scheme 5.25: General reaction procedure for the synthesis of biaryls using manganates
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55.1.1  4,4'-dimethoxy-1,1'-biphenyl (11a)

An oven dried Schlenk tube was charged with LiCH>SiMe3

MeOOMe (188 mg, 2 mmol) and MnCl, (63 mg, 0.5 mmaol), THF (5 mL)
was added and the reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the
temperature was then cooled down (-78 °C). A different oven dried Schlenk tube was charged
with 4-iodoanisole (351 mg, 1.5 mmol), THF (3 mL) was added and the temperature was
cooled to (-78 °C). The two solutions were mixed via cannula and the mixture was stirred for
15 minutes. The mixture was then allowed to stir at ambient temperature (20 °C) for 16 hours.
The reaction mixture was then quenched with brine 2 mL. The crude was extracted using
diethyl ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate
and the product was purified by flash column chromatography using hexane/DCM 3:1 as eluent
to give 11a as a pale yellow solid (128 mg, 80% yield). H NMR (600 MHz, CDCls) & (ppm)
=3.85 (s, 6H), 6.97 (d, J=8.6 Hz, 4H), 7.48 (d, J=8.6 Hz, 4H), 13C{H} NMR (101 MHz, CDCls)
d (ppm) = 55.5, 114.2, 127.8, 133.6, 158.8. The values are consistent with previous data

reported in the literature.!2
55.1.2  3,3'-dimethoxy-1,1'-biphenyl (11b)

MeO omMe Anovendried Schlenk tube was charged with LiCH2SiMes (188 mg,
2 mmol) and MnCl (63 mg, 0.5 mmol), THF (5 mL) was added and
the reaction was left stirring at ambient temperature (20 °C) for 15
minutes, the temperature was then cooled down (-78 °C). A different oven dried Schlenk tube
was charged with 3-iodoanisole (351 mg, 1.5 mmol), THF (3 mL) was added and the
temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the mixture
was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature (20
°C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/Et,0 95:5 as eluent to give 11b as a colourless oil (109 mg, 68% yield). tH NMR (400
MHz, CDCls3) 6 (ppm) = 3.87 (s, 6H), 6.90-6.93 (m, 2H), 7.14 (m, 2H), 7.18-7.21 (m, 2H), 7.63
(t, J=8 Hz, 2H). 3C{H} NMR (101 MHz, CDCl3) & (ppm) = 55.4, 112.9, 113.1, 119.8, 129.8,
142.8, 160.0.
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55.1.3  2,2'-dimethoxy-1,1'-biphenyl (11c)

OMe An oven dried Schlenk tube was charged with LiCH,SiMesz (188 mg, 2
mmol) and MnCl, (63 mg, 0.5 mmol), THF (5 mL) was added and the
reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the

MeO

temperature was then cooled down (-78 °C). A different oven dried Schlenk
tube was charged with 2-iodoanisole (351 mg, 1.5 mmol), THF (3 mL) was added and the
temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the mixture
was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature (20
°C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/Et,0O 95:5 as eluent to give 11c as a white solid (96 mg, 60% vyield). '"H NMR (400
MHz, CDCls3) 6 (ppm) = 3.79 (s, 6H), 6.99-7.04 (m, 4H), 7.26-7.28 (m, 2H), 7.32-7.38 (m, 2H).
B3C{H} NMR (101 MHz, CDCls) 4 (ppm) = 55.8, 111.2, 120.5, 128.0, 128.7, 131.6, 157.2.

The values are consistent with previous data reported in the literature.
5514  4,4'-dimethyl-1,1'-biphenyl (11d)

An oven dried Schlenk tube was charged with LIiCH,SiMe3 (188
H3CCH3 mg, 2 mmol) and MnCl, (63 mg, 0.5 mmol), THF (5 mL) was
added and the reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the
temperature was then cooled down (-78 °C). A different oven dried Schlenk tube was charged
with 4-iodotoluene (327 mg, 1.5 mmol), THF (3 mL) was added and the temperature was
cooled to (-78 °C). The two solutions were mixed via cannula and the mixture was stirred for
15 minutes. The mixture was then allowed to stir at ambient temperature (20 °C) for 16 hours.
The reaction mixture was then quenched with brine 2 mL. The crude was extracted using
diethyl ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate
and the product was purified by flash column chromatography using hexane as eluent to give
11d as a white solid (101 mg, 74% yield). 'TH NMR (400 MHz, CDCls) 6 (ppm) = 2.66 (s, 6H),
7.51 (d, J=8.0 Hz, 4H), 7.75 (d, J=8.6 Hz, 4H). 3C{H} NMR (101 MHz, CDCls) 3 (ppm) =
21.2,126.9, 129.6, 136.8, 138.4.
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55.15  3,3'-dimethyl-1,1'-biphenyl (11e)

HaC CH, Anoven dried Schlenk tube was charged with LICH2SiMes (188 mg,
2 mmol) and MnCl; (63 mg, 0.5 mmol), THF (5 mL) was added and
the reaction was left stirring at ambient temperature (20 °C) for 15
minutes, the temperature was then cooled down (-78 °C). A different oven dried Schlenk tube
was charged with 3-iodotoluene (327 mg, 1.5 mmol), THF (3 mL) was added and the
temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the mixture
was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature (20
°C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane as eluent to give 11e as a colourless liquid (75 mg, 55% yield). 1H NMR (400 MHz,
CDCl3) & (ppm) = 2.46 (s, 6H), 7.19-7.21 (m, 2H), 7.36 (t, J=7.5 Hz, 2H), 7.42-7.45 (m, 4H).
BBC{H} NMR (101 MHz, CDCls3) 6 (ppm) = 21.7, 124.4, 128.0, 128.1, 128.7, 138.4, 141.5.

55.1.6  2,2'-dimethyl-1,1'-biphenyl (11f)

CHs An oven dried Schlenk tube was charged with LiCH,SiMe3z (188 mg, 2
O O mmol) and MnCl, (63 mg, 0.5 mmol), THF (5 mL) was added and the
H reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the
temperature was then cooled down (-78 °C). A different oven dried Schlenk
tube was charged with 3-iodotoluene (327 mg, 1.5 mmol), THF (3 mL) was added and the
temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the mixture
was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature (20
°C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane as eluent to give 11f as a colourless liquid (45 mg, 33% yield). 1H NMR (400 MHz,
CDCl3) 6 (ppm) = 2.09 (s, 6H), 7.13-7.15 (m, 2H), 7.23-7.27 (m, 2H), 7.29-7.30 (m, 4H).
BC{H} NMR (101 MHz, CDCl3) 6 (ppm) = 19.9, 125.7, 127.3, 129.4, 129.9, 135.9, 141.7.
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5.5.1.7 1,1'-biphenyl (119)

An oven dried Schlenk tube was charged with LiCH,SiMe; (188 mg, 2

mmol) and MnCl; (63 mg, 0.5 mmol), THF (5 mL) was added and the
reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the temperature was
then cooled down (-78 °C). A different oven dried Schlenk tube was charged with iodobenzene
(306 mg, 1.5 mmol), THF (3 mL) was added and the temperature was cooled to (-78 °C). The
two solutions were mixed via cannula and the mixture was stirred for 15 minutes. The mixture
was then allowed to stir at ambient temperature (20 °C) for 16 hours. The reaction mixture was
then quenched with brine 2 mL. The crude was extracted using diethyl ether and brine (3 x 5
mL.), the organic solution was dried over magnesium sulphate and the product was purified by
flash column chromatography using hexane as eluent to give 11g as a pale yellow solid (98
mg, 85% yield). tH NMR (400 MHz, CDCl3) 6 (ppm) = 7.34-7.38 (m, 2H), 7.24 (m, 5H), 7.44-
7.47 (m, 4H), 7.60-7.62 (m, 4H). 3C{H} NMR (101 MHz, CDCls) & (ppm) = 127.3, 127.4,

128.9, 141.4. The values are consistent with previous data reported in the literature.1?

55.1.8  1,1'-binaphthalene (11h)

An oven dried Schlenk tube was charged with LiCH,SiMes (188 mg, 2
OO mmol) and MnCl; (63 mg, 0.5 mmol), THF (5 mL) was added and the
reaction was left stirring at ambient temperature (20 °C) for 15 minutes,
OO the temperature was then cooled down (-78 °C). A different oven dried
Schlenk tube was charged with 1-iodonaphtalene (381 mg, 1.5 mmol), THF (3 mL) was added
and the temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the
mixture was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature
(20 °C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
pentane as eluent to give 11h as a white solid (133 mg, 70% vyield). tH NMR (400 MHz,
CDCls) & (ppm) = 7.29-7.33 (m, 2H), 7.42-7.44 (m, 2H), 7.48-7.53 (m, 4H), 7.60-7.64 (m, 4H),
7.96-7.99 (m, 2H). 3C{H} NMR (101 MHz, CDCl3) & (ppm) = 125.5, 125.9, 126.1, 126.7,
128.0, 128.0, 128.3, 133.0, 133.7, 138.6.
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55.1.9  2,2',6,6'-tetramethoxy-1,1'-bipheny! (11i)

An oven dried Schlenk tube was charged with LiCH,SiMez (188 mg, 2

O mmol) and MnCl, (63 mg, 0.5 mmol), THF (5 mL) was added and the

m:g gm: reaction was left stirring at ambient temperature (20 °C) for 15 minutes,

O the temperature was then cooled down (-78 °C). A different oven dried

Schlenk tube was charged with 2-iodo-1,3-dimethoxybenzene (396 mg,

1.5 mmol), THF (3 mL) was added and the temperature was cooled to (-78 °C). The two

solutions were mixed via cannula and the mixture was stirred for 15 minutes. The mixture was

then allowed to stir at ambient temperature (20 °C) for 16 hours. The reaction mixture was then

qguenched with brine 2 mL. The crude was extracted using diethyl ether and brine (3 x 5 mL),

the organic solution was dried over magnesium sulphate and the product was purified by flash

column chromatography using hexane/Et,0 9:1 as eluent to give 11i as a colourless oil (138

mg, 68% yield). H NMR (400 MHz, CDClz) 6 (ppm) = 3.81 (s, 6H), 6.53-6.56 (dd, J'=8.1

Hz, J°=2.4 Hz, 4H), 7.22 (t, J=8.1 Hz 2H), ¥C{H} NMR (101 MHz, CDCl3) & (ppm) = 55.3,
100.5, 106.2, 129.9, 161.0,

55.1.10 4,4'-di-tert-butyl-1,1'-biphenyl (11j)

An oven dried Schlenk tube was charged with LICH,SiMes (188
tBUtBu mg, 2 mmol) and MnCl (63 mg, 0.5 mmol), THF (5 mL) was
added and the reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the
temperature was then cooled down (-78 °C). A different oven dried Schlenk tube was charged
with 1-(tert-butyl)-4-iodobenzene (390 mg, 1.5 mmol), THF (3 mL) was added and the
temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the mixture
was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature (20
°C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane as eluent to give 11j as a white solid (168 mg, 84% yield). 1H NMR (400 MHz, CDCls)
d (ppm) = 1.41 (s, 18H), 7.50 (d, J=8.5 Hz 4H), 7.57 (d, J=8.5 Hz 4H). 3C{H} NMR (101
MHz, CDClz) 6 (ppm) = 31.5, 34.6, 125.8, 126.8, 138.3, 150.0
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55.1.11 diethyl [1,1'-biphenyl]-4,4’-dicarboxylate (11k)

An oven dried Schlenk tube was charged with LICH.SiMe3

Et02C002Et (188 mg, 2 mmol) and MnCl; (63 mg, 0.5 mmol), THF (5
mL.) was added and the reaction was left stirring at ambient temperature (20 °C) for 15 minutes,
the temperature was then cooled down (-78 °C). A different oven dried Schlenk tube was
charged with 4-iodobenzoate (414 mg, 1.5 mmol), THF (3 mL) was added and the temperature
was cooled to (-78 °C). The two solutions were mixed via cannula and the mixture was stirred
for 15 minutes. The mixture was then allowed to stir at ambient temperature (20 °C) for 16
hours. The reaction mixture was then quenched with brine 2 mL. The crude was extracted using
diethyl ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate
and the product was purified by flash column chromatography using hexane/Et20 8:2 as eluent
to give 11k as a white crystalline solid (78 mg, 35% yield). 'TH NMR (400 MHz, CDCls) &
(ppm) = 1.41 (t, J=7.1 Hz, 6H), 4.40 (q, J=7.1 Hz, 4H), 7.67 (d, J=8.5 Hz, 4H), 8.12 (d, J=8.5
Hz, 4H). 8C{H} NMR (101 MHz, CDCls) 6 (ppm) = 14.4, 61.2, 127.3, 130.1, 130.2, 144.4,

166.4. The values are consistent with previous data reported in the literature.t?
55.1.12 4,4'-difluoro-1,1'-biphenyl (11I)

An oven dried Schlenk tube was charged with LiCH,SiMes (188 mg,
FF 2 mmol) and MnCl; (63 mg, 0.5 mmol), THF (5 mL) was added and
the reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the temperature
was then cooled down (-78 °C). A different oven dried Schlenk tube was charged with 1-fluoro-
4-jodobenzene (333 mg, 1.5 mmol), THF (3 mL) was added and the temperature was cooled
to (-78 °C). The two solutions were mixed via cannula and the mixture was stirred for 15
minutes. The mixture was then allowed to stir at ambient temperature (20 °C) for 16 hours. The
reaction mixture was then quenched with brine 2 mL. The crude was extracted using diethyl
ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the
product was purified by flash column chromatography using hexane as eluent to give 111 as a
white solid (97 mg, 68% yield) as well as 111’ (39 mg, 12% yield). *H NMR (400 MHz, CDCls)
d (ppm) = 7.10-7.14 (m, 4H), 7.47-7.51 (m, 4H). 13C NMR (101 MHz, CDCls) 6 (ppm) = 115.7
(d, J=21 Hz), 128.8, 136.5 (d, J=3 Hz), 162.6 (d, J=245 Hz). *F{H} NMR (376 MHz, CDCls)
d (ppm) = -115.8.
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55.1.13 4,4'-difluoro-2,2'-diiodo-1,1'-biphenyl (111’)

| IH NMR (400 MHz, CDCls) § (ppm) = 7.14 (t, J=8.6 Hz, 2H), 7.57-

FF 7.59 (m, 2H), 7.61 (s, 2H). *C{H} NMR (101 MHz, CDCls) & (ppm)
| = 115.9 (d, J=21.5 Hz), 127.6, 128.7 (d, J=8 Hz), 136.9 (d, J=4 Hz),
139.4, 162.7 (d, J=245 Hz). °F{H} NMR (376 MHz, CDCls) & (ppm) = -115.5.

55.1.14 4 .4'-bis(trifluoromethyl)-1,1'-biphenyl (11m)

An oven dried Schlenk tube was charged with LiCH,SiMe3 (188
F3CCF3 mg, 2 mmol) and MnCl, (63 mg, 0.5 mmol), THF (5 mL) was
added and the reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the
temperature was then cooled down (-78 °C). A different oven dried Schlenk tube was charged
with 1-iodo-4-(trifluoromethyl)benzene (408 mg, 1.5 mmol), THF (3 mL) was added and the
temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the mixture
was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature (20
°C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane as eluent to give 11m as a white solid (159 mg, 73% vyield). 'TH NMR (400 MHz,
CDCls) 8 (ppm) = 7.73 (m, 8H). ¥C{H} NMR (101 MHz, CDCl3) 4 (ppm) = 124.3 (q, J=271
Hz), 126.1 (q, J=3 Hz), 127.8, 130.5 (g, J=33 Hz), 143.4. *F{H} NMR (376 MHz, CDCls) 6
(ppm) = -62.6.

55.1.15 3,3',5,5'-tetrakis(trifluoromethyl)-1,1'-biphenyl (11n)

FaC CFs An oven dried Schlenk tube was charged with LiCH2SiMes (188 mg,
2 mmol) and MnCl; (63 mg, 0.5 mmol), THF (5 mL) was added and

the reaction was left stirring at ambient temperature (20 °C) for 15
FsC CFs minutes, the temperature was then cooled down (-78 °C). A different
oven dried Schlenk tube was charged with 1-iodo-3,5-bis(trifluoromethyl)benzene (510 mg,
1.5 mmol), THF (3 mL) was added and the temperature was cooled to (-78 °C). The two
solutions were mixed via cannula and the mixture was stirred for 15 minutes. The mixture was

then allowed to stir at ambient temperature (20 °C) for 16 hours. The reaction mixture was then

quenched with brine 2 mL. The crude was extracted using diethyl ether and brine (3 x 5 mL),
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the organic solution was dried over magnesium sulphate and the product was purified by flash
column chromatography using hexane as eluent to give 11n as a white solid (220 mg, 69%
yield). 'TH NMR (400 MHz, CDCls) & (ppm) = 7.99 (broad s, 2H), 8.03 (broad s, 4H). 13C{H}
NMR (101 MHz, CDCls) & (ppm) = 122.8 (m), 123.2 (g, J=271 Hz), 127.7 (d, J=3 Hz), 133.1
(9, J=34 Hz), 140.6.

55.1.16 3,3'-bipyridine (110) and 3-((trimethylsilyl)methyl)pyridine (110°)

An oven dried Schlenk tube was charged with LiCH>SiMe3 (188 mg, 2 mmol) and MnCl, (63
mg, 0.5 mmol), THF (5 mL) was added and the reaction was left stirring at ambient temperature
(20 °C) for 15 minutes, the temperature was then cooled down (-78 °C). A different oven dried
Schlenk tube was charged with 3-iodopyridine (308 mg, 1.5 mmol), THF (3 mL) was added
and the temperature was cooled to (-78 °C). The two solutions were mixed via cannula and the
mixture was stirred for 15 minutes. The mixture was then allowed to stir at ambient temperature
(20 °C) for 16 hours. The reaction mixture was then quenched with brine 2 mL. The crude was
extracted using diethyl ether and brine (3 x 5 mL), the organic solution was dried over
magnesium sulphate and the product was purified by flash column chromatography using
hexane/Et,0 6:4 as eluent to give 110 as a pale yellow solid (74 mg, 63% yield) and 110’ as a
colourless oil (25 mg, 20% yield).
7 N\ S

/
N= N

IH NMR (400 MHz, CDCls) § (ppm) = 7.38-7.42 (m, 2H), 7.86-7.89 (m, 2H), 8.64-8.65 (m,
2H), 8.83 (d, J=1.9 Hz, 2H). *C{H} NMR (101 MHz, CDCls) & (ppm) = 123.9, 133.6, 134.5,
148.3, 149.4.

@CHZS|Me3

N= IH NMR (400 MHz, CDCl3) & (ppm) = 0.02 (s, 9H), 2.02 (s, 2H), 7.08-
7.11 (m, 1H), 7.26-7.28 (m, 1H), 8.26-8.30 (m, 2H). 3C{H} NMR (101 MHz, CDCls) 5 (ppm)
=-2.0,24.0,123.1,135.2, 136.2, 145.5, 149.2.

55.1.17  2-((trimethylsilyl)methyl)benzothiazole (11p)

An oven dried Schlenk tube was charged with LICH,SiMe3 (188 mg, 2
@[ )—CHaSiMeg mmol) and MnCl, (63 mg, 0.5 mmol), THF (5 mL) was added and the
reaction was left stirring at ambient temperature (20 °C) for 15 minutes, the temperature was
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then cooled down (-78 °C). A different oven dried Schlenk tube was charged with 2-
iodobenzothiazole (392 mg, 1.5 mmol), THF (3 mL) was added and the temperature was cooled
to (-78 °C). The two solutions were mixed via cannula and the mixture was stirred for 15
minutes. The mixture was then allowed to stir at ambient temperature (20 °C) for 16 hours. The
reaction mixture was then quenched with brine 2 mL. The crude was extracted using diethyl
ether and brine (3 x 5 mL), the organic solution was dried over magnesium sulphate and the
product was purified by flash column chromatography using hexane/EtOAc 9:1 as eluent to
give 11p as a white solid (209 mg, 63% yield). tH NMR (400 MHz, CDCls) 6 (ppm) = 0.14
(s, 9H), 2.68 (s, 2H), 7.26-7.30 (m, 1H), 7.38-7.42 (m, 1H), 7.76-7.78 (m, 1H), 7.88-7.90 (m,
1H). BC{H} NMR (101 MHz, CDCls) 6 (ppm) = -1.5, 26.7, 121.2, 121.9, 124.1, 125.8, 135.3,
153.9, 170.2.

55.1.18 1,4-di-p-tolylbuta-1,3-diyne (11r)

An oven dried Schlenk tube was charged with
HaC O = O "3 LiCH,SiMes (188 mg, 2 mmol) and MnCl, (9 mg, 0.075
mmol), THF (5 mL) was added and the reaction was left stirring at ambient temperature (20
°C) for 15 minutes. p-tolylacetylene (174 mg, 1.5 mmol) was then added and the mixture was
stirred for 15 minutes. The reaction mixture was exposed to dry O for 16 hours using tube
charged calcium hydride as a drying agent. The reaction mixture was then quenched with brine
2 mL. The crude was extracted using diethyl ether and brine (3 x 5 mL), the organic solution
was dried over magnesium sulphate and the product was purified by flash column
chromatography using hexane as eluent to give 11r as a white solid (220 mg, 69% yield). H
NMR (400 MHz, CDCls) & (ppm) = 2.37 (s, 6H), 7.14 (d, J=7.9 Hz, 4H), 7.42 (d, J=1.9 Hz,
4H). 3C{H} NMR (101 MHz, CDCls) & (ppm) = 21.8, 73.6, 81.7, 118.9, 129.3, 132.5, 139.6.
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Chapter 6

Conclusions and Further Work

6.1 Conclusions

The ultimate milestone for synthetic chemistry nowadays is the development of both new and
existing routes using non-toxic and abundant elements. Although the use of single metal
reagents has prevailed for many years, advances understanding synergistic effects in mixed-
metal ates has propelled their applications in cornerstone organic transformations.
Contrastingly their applications in catalytic transformations has hardly been explored. This
thesis opens new ground in mixed-metal chemistry by pioneering the use of mixed-alkali metal
magnesium reagents in catalytic transformations. Furthermore, it also provides new synthetic
insights on exploring cooperative effects to promote direct regioselective Mg-H exchange
reactions as well as homocoupling processes of aryl halides mediated by novel lithium

manganate reagents.

Initial studies were based on the development of deprotonative metallation chemistry via
potassium mediated magnesiation reactions, formally Mg/H exchange processes. Interestingly
a variety of aromatic and heterocyclick substrates have been deprotonated at room temperature
and under mild reaction conditions. Detailed GC and spectroscopic studies showed that
substoichiometric amounts of the K-Magnesiates can perform direct ortho-metallations of
aromatic and heterocyclic substrates at room temperature in hydrocarbon solvents. Since only
0.33 equivalents of (PMDETA).K2Mg(CH2SiMes). (1b) are required to quantitatively ortho-
metallate one equivalent of anisole (2a), this bimetallic approach is atom-efficient. Studies
have suggested the involvement of CIP intermediates, with the presence of K being the key to
facilitate these novel magnesiation reactions as when K is replaced by Li or Na atoms the

magnesiation process is suppressed.

Upgrading from stoichiometric to catalytic applications has been accomplished using alkali
metal magnesiates only once previously. Thus, it was very exciting to develop novel
applications of alkali metal magnesiates as catalysts. (TMEDA),Na:Mg(CH2SiMe3)s (1d) was
employed to develop the first ever ate-catalysed cycloaddition reaction of alkynes to azides to
form 1,5-disubstituted triazoles molecules. Structural, spectroscopic and new Kinetic studies in
this field revealed that this methodology works in a concerted synergistic manner as a more

sustainable method to the already known transition metal catalysts. Thus, the use of catalysts
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such as 1d and NaMg(CH2SiMes)s (1f) containing both a Lewis acid (Na) which can anchor
the azide and a Lewis base (Mg-C=C-R) with enhanced nucleophilicity both within the same
molecule, dramatically reduces the activation energy for the reaction to take place. This is in
agreement with the low reaction times and mild reaction conditions needed in this methodology
compared to other method. Furthermore when the synergy between the two metals is broken
using crown ethers which sequestered the Na atom the reaction does not occur. Kinetic studies
have shown the reaction rate is independent from alkyne concentration, alkyne order is zero,
thus the deprotonation of alkyne is not involved in the rate determining step of the reaction.
Furthermore, the reaction is order one in azide and order one in catalyst. These result suggest
that the rate determining step of the reaction is the Insertion/intramolecular nucleophilic attack.
Furthermore only one arm of the potentially four within sodium magnesiate 1d is active at a

time in each catalytic cycle.

In addition, the first catalytic applications of alkali-metal magnesiates in guanylation and
hydrophosphination reactions was developed using lower order sodium magnesiate
NaMg(CH.SiMez)s (1f). Studies suggest that the enhanced catalytic activity of these systems

is due to anionic activation.

Similarities between Mn and Mg atoms have allowed the structural elucidation of a variety of
novel alkali metal manganates, formally Mn(Il) compounds, which are isostructural to alkali
metal magnesiates. Finally, the use of this compounds was studied in detail for the Mn/I
exchange reaction followed by C-C bond formation to generate biaryl compounds. The reaction
of substoichiometric amounts of [(THF)xLi2Mn(CH2SiMes)4] (1u) with 3 equivalents of aryl
halides allowed to obtain a variety of biaryl reagents in good yields. This reactivity could not
be replicated by Mn(CH2SiMes), which did not react with 4-iodoanisole, and LiCH2SiMes
which was able to promote the Li/l exchange reaction but was unable to furnish any substantial
formation of homocoupled product. Although the mechanism involved in these type of
transformation is still under debate, it is safe to say that these transformation proceeds through
reductive coupling type mechanism. This has been confirmed by the need of a reducing agent
such as Mg(s) when the reaction is carried out using catalytic amounts of Mn. This is in contrast
with Cahiez’s MnCl,-LiCl methodology which requires of an oxidizing agent such as O to
take place.
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6.2 Further work

The initial findings included in this report (Chapter 2) open new ground towards developing
new synthetic applications of potassium magnesiate reagents. Further work in the area will
include expanding the substrate scope of this approach. For example aromatic esters as ethyl
benzoate will be studied. These substrates are particularly appealing as ortho-metallated
species can lead to intramolecular cascade process in the presence of aldehydes to form

lactones as final products (Scheme 6.1).

(0]
OEt —,
hexane
-30to 0 °C

ethyl benzoate

Scheme 6.1: Deprotonation reaction of aromatic ester

Furthermore, this approach could also be tested for the metallation of other challenging organic
molecules such as non-aromatic and olefinic substrates whose deprotonation has proved
significantly more challenging using single-metal bases. In addition, it will also be interesting
to extend our electrophilic quenching studies to transition metal catalyzed C-C bond formation
process. In this regard it is well-known that aryl magnesium reagents can undergo cross-
coupling reaction with organic electrophiles RX in the presence of a Pd or Ni catalyst (Kumada
coupling). However the use of arylmagnesiates species has hardly been explored. This leads to
further applications. For example the functionalization of heterocyclic halides such as

pyridines.

In addition, as reported in the literature, aryl magnesium reagents can react with alky| halides
under Fe(lll) salt catalysis conditions to yield the relevant aryl-alkyl coupling product,
investigations could be carried out to assess the effect of this chemistry with relation to
potassium magnesiates and the potential transmetallation power of the magnesiate with the iron
catalyst. This will be particularly attractive area to pursue, as iron-catalysis is regarded as a
more sustainable alternative to other methods using Ni and Pd catalysts, which are significantly

more expensive and also toxic.

Reflecting on the activity of alkali metal magnesiates in catalytic applications (Chapter 3 and 4) a

novel and wide open area of chemistry involving the use of both M'Mg(CH,SiMes)3 and
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M';Mg(CH2SiMes)s (M!' = Li, Na, K) will be studied. For example, the cycloamidination
reaction between aminoalkenes and nitriles for the synthesis of substituted 2-imidazolines can

be carried out using Ln[N(SiMe3).]s catalysts (Scheme 6.2).

NaMg(CH,SiMe3)3 or

Z N Na,Mg(CH,SiMe /
Ar/C + ey X 2Mg(CH; 3)a _ A—C :(

(5 mol%) [\l
R

. | _IM E

via : N [Mg] :

I Ar/C\'Tl/\/ i

R E

Scheme 6.2: The cycloamidination reaction between aminoalkenes and nitriles

The reaction is sought to proceed via simple deprotonation of the aminoalkene derivative, thus
forming a more nucleophilic Mg-N bond, further insertion of the nuleophilic N atom to the
electrophilic C of the nitrile and attack to the alkene would generate the corresponding 2-
imidazoline product. This is only a single example of the potential application of alkali metal
ates in catalysis, although their use can be upgraded to a variety of tansformations. By simply
selecting different electrophiles a wide range of chemical transformations can be designed.
Thus, reaction of N-allylaniline with isothiocyanates would give rise to cyclic
thiazolidinimines, furthermore the use of aldehides as electrophiles would generate
oxazolidines. In addition using allenes would form benzylic substituted pyrrolidines (Scheme
6.3). In all cases the selection of a different electrophile would potentially allow to develop

new elegant reaction procedures using alkali metal ates as catalysts.

276



PH
thiazolidinimines
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Scheme 6.3: Potential uses of alkali metal magnesiates in catalytic applications

Similarly, other transformations can be developed by changing the nucleophilic substrate, a
good example is the catalytic hydroacetylenation of carbodiimides to form different substituted
amidines, which has previously been studied by M. Hill using homoleptic alkaline earth
hexamethyldisilazides.

In addition, the effect of the alkali metal in the Mn/I exchange methodology will be assessed
by replacing the Li atom by Na and K and testing their efficiency in the generation of biaryl
compounds. Further studies using alkali metal/main-group ate complexes for the development
of novel cross coupling reactions will be studied. Carefull selection of substrates and reaction

conditions will be studied to access new C-C bond formation reactions (Scheme 6.4):

«R R
3 Ar—l

(THF)xLi\ M, ) >Li(THF)X Ar—R

R ’ R rection conditions

Scheme 6.4: Development of new type of alkali metal manganates catalysed cross coupling reactions

In addition potassium manganates will be tested in ortho metallation reactions, similarly to
what described in Chapter 2 they will be also studied in the Mn/H exchange processes with

potential noble TM free C-C bond forming reactions.
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Chapter 7
General experimental techniques and procedures

7.1  Schlenk line techniques

The organometallic reagents employed in this project are extremely air and moisture sensitive. For this
reason an argon atmosphere was used for all organometallic reactions carried out in this project.
Standard Schlenk technigues, involving the repeated use of high-vacuum Schlenk line (figure 7.1) were

employed as a matter of routine.

Figure 7.1: Standard Schlenk line

A typical Schlenk line consists of two independent paths: one of which is connected to a vacuum pump;
and another which supplies dry and oxygen-free argon gas, with two oil bubblers en route to avoid a
build-up of gas pressure. This also prevents air entering the system and contaminating the argon source.
The one photographed in Figure 7.1 contains five connections to Schlenk apparatus, primarily Schlenk
tubes. Each connections has a two-way tap which can be adjusted so that the apparatus can be subjected
to a vacuum or to an argon source. Air can be removed from the Schlenk tubes by evacuating them, and
then subsequently refilling with argon gas, and this process is repeated three times as standard practice.
A trap, which is placed in a liquid nitrogen-filled Dewar flask, is included to condense any volatile

substances just before reaching, and will prevent the vacuum pump to get damaged.
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7.2  Glove Box Techniques

The manipulation of all solid reactants and products, for example, for the determinations of weights of
reactant solids and product yields, and also for NMR spectroscopic preparations, had to be carried out
in an inert atmosphere, to prevent decontamination or decomposition. Hence, an argon-filled glove box
was the best apparatus at hand to achieve this manipulations safely. A typical glove box is shown in
(Figure 7.2)

Figure 7.2: Standard Glove box

The small port on the right-hand side of the box allows the transfer of chemicals and small pieces of
apparatus in and out of the glove box. Once the item(s) of interest are placed in the port, the outer port
door is closed and, as for the Schlenk line, a pattern of evacuating the port and then refilling with argon
is followed twice. The inner port door can then be opened in the knowledge that no, or negligible

guantities, of H,O or O, has entered the main body of the glove box.
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