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Abstract.

The Rozas laboratory has been interested in the synthesis and biological evaluation of
guanidine containing molecules for the past ten years. The application of guanidines as both
minor groove binders (MGB) and a,-adrenoceptor (a,-AR) antagonists has been the focus of
much of the research conducted. A number of promising results have been discovered in
targeting the a,-AR, with a number of effective agonists and antagonists having been
synthesised. a,-AR antagonists have proven to be a valid target for the alleviation of
symptoms of Major Depressive Order. Historically these guanidines have been prepared by
reacting the prerequisite anilines with N,N-bis-tert-butoxycarbonyl-thiourea in the presence
of HgCl, to form the protected aryl guanidines. The use of mercury in such reactions is an
obvious drawback and it was decided that its use should be eliminated from the synthesis of

biologically active guanidines in Rozas group.

The overlying aim of this PhD project was therefore to design and implement the synthesis of
guanidine containing compounds without the use of HgCl,. As previously described in the
literature there are a myriad of synthetic procedures available for such a synthetic endeavour.
However, many of these procedures involve the use of either toxic reagents, economically

expensive precursors or lengthy procedures.

The aim of this project was therefore to design syntheses that are environmentally friendly,
atom economical, cost effective, scalable and simple to purify. Gratifyingly this project has
resulted in the development of three new synthetic methodologies for the formation of
guanidine containing molecules all of which adhere to the above stipulations. A synthetic
route for the formation of spiro guanidine containing compounds was also developed as this
structural motif is prevalent in natural product chemistry and potentially useful in medicinal
chemistry. It is intended that this motif will be used to explore chemical space in the a,-AR.
The new synthetic methodologies developed have proven useful in the Rozas group for the

synthesis of new a,-AR antagonists.

Investigations into the synthesis of guanidine containing natural products were also

conducted at the Scripps Research Institute, USA under the direction of Prof. Baran.
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Chapter 1 Introduction

1. Introduction.

1.1. Guanidine.

Guanidine 1, with the molecular formula CN;Hs (Figure 1.1.1), is one of Nature’s most
simple building blocks and is essential to all life." It forms the nitrogenous backbone of
Guanine 2. one of the four main nucleobases found in the nucleic acids DNA and RNA? and

is also found in the ubiquitous amino acid arginine 3.

(o)
NH N (0] ® NH,
NH
)]\ </ | /)\ @oJ\‘/\/\uJ\NHz
H,N NH, H N NH, NH,
1 2 3

Figure 1.1.1. Guanidine (1), guanine (2) and arginine (3).

Guanidines ability to form hydrogen bonds (HBs) and its high basicity are two of its
predominant characteristics. The high basicity of guanidine indicates that at physiological
pH. guanidine will be protonated forming the guanidinium cation. The pK,y of the
guanidinium cation in water is 13.6.* Due to the conjugation between the lone pair of the
nitrogen atoms and the imine double bond, protonated guanidine has a number of resonance
forms. These resonance forms delocalise the positive charge over the entire functional group
leading to its high basicity (Figure 1.1.2). This feature of the guanidinium cation causes the
nitrogenous backbone to be flat and this can often determine the conformation of substituted

guanidinium species.™®

®

NH, NH, NH,

10 . ¥
H,N” ~NH, H,N” ~NH, H,N 5“2

Figure 1.1.2. Guanidinium resonance forms.

In the guanidinium moiety there is six protons available for hydrogen bonding interactions,
this allows the critical base pairing interactions possible for guanine (2) with cytosine in
DNA® and also facilitates numerous arginine (3) interactions throughout the mammalian

body.*” Being protonated at physiological pH, the guanidine moiety in arginine (3) will be
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cationic and planar. As well as being a HB donor, arginine is able to interact with other
molecules through weaker interactions such as 7 cation interactions.® The guanidinium cation

has 6 electrons and all of them are in the bonding orbitals (Figure 1.1.3).”

® NH, NH
J PR

H,N NH, H,N NH,
DE: 26.4 kcal/mol DE: 19.8 kcal/mol

Figure 1.1.3. Electronic configuration (Hiickel molecular orbitals) of guanidinium cation and
guanidine. (DE: delocalisation energy).’

This gives guanidinium a type of Y aromaticity, allowing interactions with planar electron
rich moieties such as phenyl rings.'” These properties of guanidine make it an important

functional group in both the biological'' and chemical'? sciences.

1.2. Pharmaceuticals containing guanidines.

The ever pressing need for novel pharmaceuticals drives chemical research forward,
developing new ideas and strategies which ideally will find commercial application. One
could therefore surmise that the level of importance of either a moiety or functionality in
organic chemistry is related to its prevalence in the pharmaceutical industry. The abundant
nature of the guanidine in pharmaceuticals therefore is an indicator of its status as a chemical

entity.
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1.2.1. Zanamivir.

Zanamivir (4, trade name Relenza) is a commercially available guanidine containing
pharmaceutical used in the treatment of infection caused by the influenza A and influenza B
virus." It is a neuraminidase inhibitor (NI) and was the first one to reach the market closely
followed by oseltamivir. Neuraminidase enzymatic activity is essential for the release of
recently formed virus particles from infected cells and is thus required for the influenza virus
to spread in the body. Inhibition of this pathway is therefore a viable target for antiviral
therapy. Global sales of zanamivir reached a high of €910 million in 2009 when governments
stockpiled the drug due to the predicted outbreak of influenza virus A HINI (swine flu).
Zanamivir was initially synthesised by a late stage guanidylation reaction. Primary amine 5
was reacted with formamidine sulfonic acid 6 to generate the desired guanidylated compound

(Scheme 1.2.1.1)."

Scheme 1.2.1.1.

NH ¢
H,N” SO;H

K,CO3, H,0

1.2.2. Cimetidine.

Cimetidine (7, trade name Tagamet) is a guanidine pharmaceutical of exceptional
importance. Developed in 1976, it was one of the first drugs to be designed rationally as a
histamine H, receptor competitive antagonist to inhibit stomach acid production. Its
significance as a rationally designed drug is due to its stepwise development.'” Cimetidine
was developed using histidine, the natural agonist, as a lead compound. Its primary uses are
in the treatment of heartburn and peptic ulcers. It was also the first drug to break annual sales
of $1 billion in 1986, making it the first blockbuster drug. Cimetidine antagonism suppresses
the normal secretion of acid from the parietal cells. The guanidine functionality is introduced

in this compound by initial reaction of amine 8 with 9, which is subsequently exposed to
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methylamine to generate the substituted guanidine moiety found in cimetidine (Scheme

1155008 1y i

Scheme 1.2.2.1.

NC

’ °N
NN NH | \j’:NH 1-\s/|ks/9 NI,CN \IN}H
Me. )l\ A~S I /> HN/\/S N/> Me\N/kN/\/s N/
u u N i, 2. MeNH, H H
7 ; 8 7 64%

1.2.3. Clonidine.

Clonidine (10, trade name Catapres) is an ay-adrenoceptor agonist used in the treatment of
high blood pressure, pain, anxiety and panic disorder.'” It agonises o»-adrenoceptors causing
a decrease in the release of noradrenaline (NA) from presynaptic neurons. Clonidine is
considered as a non-specific drug acting on a number of different pathways resulting in a
number of undesired side effects. Such side effects can include dizziness, orthostatic
hypotension (a drop in blood pressure that occurs upon standing) and anxiety. The cyclic
guanidine moiety is formed through reaction of thiourea derivative 11 with ethylenediamine

to yield the desired functionality (Scheme 1.2.3.1)."®

Scheme 1.2.3.1.

, (o)
cl ; cl cl
38w bl 2 bl

: LSS
NN N s Na,COs, Nh

cl : Cl 3-methyl- Cl
10 q 11 1-butanol 10 61%

1.2.4. Iobenguane.

Iobenguane (12, trade name Adreview) also known as meta-iodobenzylguanidine (mIBG) is a
radiopharmaceutical.'” There are two forms of 12, one containing the radioisotope iodine-123
(ti2 = 8 hr) and the other containing iodine-131 and both can be used in the imaging of
cancerous tumours.?’ Due to the structural similarities of 12 to noradrenaline (NA) it localises
in adrenergic tissue and is therefore very useful in the identification of tumours such as

phaeochromocytomas (a neuroendocrine tumour of the medulla of the adrenal glands) and
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neuroblastomas (a malignant tumour that develops from tissue).”’ In order to prevent
problems arising from the uptake of radiolabelled iodine in the thyroid potassium iodide is
taken in conjunction with 12.** This inhibits the uptake of any radiolabelled iodine which
could potentially cause thyroid carcinogenesis. Compound 12 is synthesised by reacting
iodobenzylamine 13 with cyanamide to generate 14 which can then undergo substitution of

iodine with radiolabelled '*’I (Scheme 1.2.4.1).”

Scheme 1.2.4.1.

NH | JNLH
NJLNHz : NHz ————— R H NHz
H ! 100 °C, 4 h

13 14 91%

1.2.5. Desmopressin.

Desmopressin (15, trade name DDAVP, Figure 1.2.5.1) is an arginine containing
pharmaceutical. It is a synthetic analogue of vasopressin which is a neurohypophysial
hormone associated with the reduction of urine production.”® Desmopressin is most often
used in the treatment of diabetes insipidus (a condition involving the excretion of severely
diluted urine) and bedwetting.”> Desmopressin exerts its mode of action by binding to V2
receptors in renal collecting ducts and increases the reabsorption of water,”® controling the

amount of water that is being excreted as urine.

OH

o o
/\)\N
s H HN
H \

H,N N 3 o
\ﬂ/"'l Z N NH H o o
(o) NM

o)
o

Figure 1.2.5.1. Structure of Desmopressin.
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1.2.6. Gleevec.

Gleevec (16, trade name Imanitib, Figure 1.2.6.1) although not a guanidine containing
pharmaceutical, is of particular interest for this thesis due to the presence of the 2-
aminopyrimidine moiety which structurally is similar to guanidine. The aromaticity of the
pyrimidine ring causes the typical characteristics of the guanidine portion to be lost. 2-
Aminopyrimidine can therefore be thought of as a “‘masked’ guanidine. Gleevec is a tyrosine
kinase inhibitor used as a chemotherapeutic against a wide variety of cancers that was
rationally designed from N-phenyl-2-aminopyrimidine. Gleevec works by preventing a
tyrosine kinase enzyme from phosphorylating subsequent proteins and initiating the
signalling pathway that is necessary for cancer cell development. This interaction therefore
prevents cancer cell growth leading to their death.””*’ Gleevec is a blockbuster drug with
annual sales of $4.7 billion. As a chemotherapeutic it is one of the most expensive options

available to patients with a yearlong course in the USA costing €68.000 in 2012.*

Figure 1.2.6.1. Structure of Gleevec.

1.3. Guanidine natural products.

The symbiotic nature of natural product chemistry and the pharmaceutical industry has been
known for years.'"'? The earliest medicines were derived from substances found in nature
and numerous new pharmaceuticals have stemmed from natural products. The renaissance in
natural product chemistry is evident in the state of the art syntheses recently published by
Baran and co-workers at the Scripps Research Institute, La Jolla, CA.*"*** Oubagenin® 17 and
Ingenol** 18, shown in Figure 1.3.1, are biologically active compounds of significant interest
and previously were thought to be too complicated for efficient laboratory synthesis; now

they have been prepared in ways which make them feasible for large scale production.
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Figure 1.3.1. Biologically active natural products oubagenin 17 and ingenol 18.

As in the synthetic pharmaceutics, guanidines are prevalent in natural product chemistry and
a number of these natural products have interesting biological activities.”> Both in terrestrial
and marine sources guanidine natural products are abundant. In particular, cyclic guanidines
and aminoimidazole natural products are continuously being discovered often with interesting

properties.*

HN” °N 0
- N
O 0 H‘—ﬂ_g\Hcﬁ-T' - SN /NH
NH, 25”2 g NN,
22 23

Figure 1.3.2. Natural products zetekitoxin 20, palau’amine 21, saxitoxin 22 and
dibromophakellin 23 all contain the cyclic guanidine aminal 19.

A motif that appears in a wide variety of guanidine natural products is bicyclic guanidine

aminal 19 (Figure 1.3.2).”” This cyclic structure is central to a number of natural products
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such as zetekitoxin 20,*® palau’amine 21.%" saxitoxin 22" and dibromophakellin 23*' shown
in Figure 1.3.2. Although many of these natural products have been extensively investigated
in terms of their preparation, there has been no report of divergent syntheses stemming from
the core 19. The synthesis of this heterocyclic core as a means of exploring biological activity

associated with a number of these compounds would be of great interest.

Saxitoxin 22, a naturally occurring guanidinium toxin first isolated as a paralysing shellfish
poison, is a potent, selective and reversible inhibitor of voltage gated sodium ion channels.*?
In electrically excitable cells these channels are responsible for the rising phase of the action
potential.”> Molecules that interact specifically with these ion channels are sought after in a
desire to further understand how these channels affect electrical signals in neuronal cells.**
Aberrant behaviour of voltage gated sodium ion channels is thought to be associated with a

number of diseases such as arrhythmia, epilepsy, neuropathic pain and congenital analgesia.*’

A number of natural products from the pyrrole-imidazole family have shown to have potent
biological activity.*® Of particular interest is dibromophakellin 23 which has been shown to
act as an apg—adrenoceptor agonist. Non selective agonists of the a,—adrenoceptor GPCRs
have been used clinically in antihypertensive treatment, pain control and as anaesthetic
adjuncts.”” However, these non-specific agents have a number of side effects which is
thought could be prevented by means of selective agonism of specific a,—adrenoceptor
subtypes. Facile access to the core 19 would allow its derivatives to be synthesised in a
convergent manner allowing for investigations into which regions of 23 determine its

specificity for ap-ARs.

Other biologically interesting guanidine natural products include the batzelladine family 24
(Figure 1.3.3), which have shown activity against specific human cancer cell lines and
malaria protozoa'® and the streptothricin family 25 of antibiotics which are known to have
antibacterial activity against Escherichia coli, Bacillus subtilis and Staphylococcus aureus

amongst many others."’
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HO
y NH
o l,
OH
}—o N\ = o
H,N O »NH

NH
OH NH
l 0%{ n=1<7
24 25 N‘]‘H
H
n

Figure 1.3.3. Structure of compounds 24 and 25 which are biologically active guanidine
natural products.

1.4. Applications of guanidines in Organic Chemistry.

As alluded to previously the specific characteristics of guanidines determine their biological
activity.” These characteristics, namely high basicity, planarity and hydrogen bonding
ability, can be harnessed in organic chemistry to facilitate chemical transformations.”’ A
particular niche for guanidines has been uncovered particularly in the field of organocatalysis
which has undergone a renaissance in recent times.”> The facile synthesis of guanidines

would therefore facilitate their use in organic chemistry.

1.4.1. Guanidines as Bronsted Bases.

One of the most fundamental characteristic properties of guanidines is their high basicity.™
This allows a myriad of organic transformations to be facilitated, often when the use of other
inorganic bases of similar pK, values is undesirable.”® Often basic guanidine catalysts can
have a dual method of activation. Firstly, neutral guanidines (such as 26) can deprotonate a

substrate A-H (Figure 1.4.1.1), forming a guanidinium cation 27.
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27 N"® N
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26°H 8 ; H H b
/-\\~ I
AB-H . N
": ! IR
, NON
H H
A——Be

Figure 1.4.1.1. Dual mode of activation of guanidine catalyst 26.

This species can then act as a HB donor to attract another molecule such as B. Structures A
and B are now ideally positioned for an enantioselective interaction due to the chiral
environment that they are locked into. Reaction and subsequent protonation results in

regeneration of the guanidine catalyst 26 and formation of a new product, in this case AB-H.

1.4.1.1. Strecker Reaction.

One of the earliest examples of guanidine catalysed enantioselective reactions came from the
laboratory of E. J. Corey at Harvard University with the use of catalyst 30 (Figure
07 1 1 Nt

Phl--qw—Ph
N N
H
30
Figure 1.4.1.1.1. Structure of guanidine catalyst 30.
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The guanidine catalyst 30 is able to facilitate an enantioselective reaction by firstly
deprotonating HCN and holding the cyano anion in place while the guanidinium cation can
now form a HB with the imine 31 and allow attack by cyanide from only one face leading to
an enantioselective reaction (Scheme 1.4.1.1.1). The phenyl ring of the guanidine catalyst
also would be perfectly positioned to assist in holding the imine molecule in the correct
orientation through m—stacking interactions. This reaction between aromatic imines and

hydrogen cyanide in the presence of this guanidine catalyst led to (R)-o-amino nitriles 32.

Scheme 1.4.1.1.1.

NCHPh; Lo, 30 NHCHPh,
' I —_—
H , Ph toluene, pp~\"H
: N ] O -40°C,20h  CN
2 32 %, 869
NS | 31 96%, 86% ee

z\z
9
=z

=

Interestingly when aliphatic imine 33 was used instead of aromatic imine 31 an inversion of
product configuration was observed with (S)-a-amino nitriles being the stereochemical
outcome (Scheme 1.4.1.1.2). This observation is believed to stem from either steric repulsion

for aliphatic substrates or attractive interactions for aromatic substrates.

Scheme 1.4.1.1.2.
e !ﬂe 5
N‘!'@\\N»H TMe é vCHth HCN, 30 NHCHPh,
H ‘\N/ . toluene, |''CN
] " ; -40°C, 20 h H
-C : 33 34 95%, 84% ee

“ N

alal
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An analogous racemic reaction with either aldehydes or ketones 35 replacing imine 33 has
been investigated by Feng and coworkers.”” The use of 1,1,3,3-tetramethylguanidine (TMG,
pK, = 23.7) to activate TMSCN was employed under solvent free conditions. TMG could be
converted to a reactive guanidinium cation (Figure 1.4.1.1.2, 36) upon exposure to TMSCN
as proven by X-ray crystal structure analysis. This intermediate acts as a catalyst readily
reacting with both aldehydes and ketones through a six membered transition state (Figure

1.4.1.1.2, 37). Then, the corresponding cyanohydrins 38 are generated and the catalyst

regenerated.
o TMG (2 mol%) OTMS
1L : Jsz
R'" "RZ TMSCN,25°C R’ oN
35 38
NH
1a
OTMS Me,N” “NMe, TMSCN
R1 RZ Loes aa ~ie
CN
Me;N__N. ; NH
: ® . H‘ H : @ Sli/ ©
Me:N.. o R'! \ Me,N” NN CN
_Si ey il ' Me,
[\ CN' ! 36
2 \ '
37a R \ 4
\\\ ’//\ o)
it R11LR2
MezN@ N\'_!
Me,N. ¢ 1
si--O.__R
< Il\ \\(j
RZ
37 ©
CN
Figure 1.4.1.1.2. TMG catalysed Strecker reaction.

1.4.1.2. Michael Reaction.

The Michael reaction (1,4 conjugate addition) is one of the most utilised and important

reactions in organic chemistry to generate either new C-C or C-X bonds.”***®" The need for

12
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enantioselective variations is therefore essential. A plethora of examples using guanidine
catalysed Michael reactions has arisen over the past years. In one of the earliest examples
guanidine catalysts were shown to be effective in the Michael addition of either 1,3-diketones
or malonates to cyclic enones in very good yields and stereoselectivities. In the example
shown in Scheme 1.4.1.2.1, 2-cyclopenten-1-one 39 was reacted with dimethyl malonate 40
at room temperature for 5 days in the presence of catalyst 41 leading to 92% yield of the
desired product 42 with 78% ee.*

Scheme 1.4.1.2.1.
> \/\N/> é . o o 41 20 mol%)  © H o
n- il : + —>
NN : \‘\:> MeOJ\/U\OMe toluene, OMe
H : rn, 5d
' 0™ Nome
41 39 40 42 92%, 78% ee

Another interesting example of the use of catalyst 41 in Michael additions is the
enantioselective tandem alkyne-allene isomerization and resulting 1.4-addition of derivatised

aniline amides 43 to form axially chiral lactams 44 (Scheme 1.4.1.2.2).9

Scheme 1.4.1.2.2.
. 2
CO,t-Bu CO,t-Bu
piSE CO,t-B
AN H 2t-Bu
N
0,
u 41 (10 mol%) 2 Ir:‘I -Bu
THF, 1t, 72 h N
o) o)
t-Bu b t-Bu o] o
43 45

44 67%, 89% ee

This reaction proceeds with good yield and very good enantioselectivity. Again the dual
method of activation of the guanidine catalyst is shown with first deprotonation of the acidic

proton a to the ester forming the allene 45 and subsequent ring closure arising from a 1.,4-

13
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addition by the nitrogen of the amide onto the electrophilic central conjugated carbon atom of

the allene.

A wide variety of guanidine catalysts have shown to be effective for enantioselective Michael
reactions. The cutting edge of this chemistry can be observed in a recent publication from the
laboratory of Zhao at the University of Texas, San Antonio,** dealing with guanidine 46
catalysed tandem Henry-Michael reaction between 7-oxo-hept-5-enals 47 and nitromethane

to generate trisubstituted cyclohexanols 48 in a highly enantioselective manner (Scheme
1.4.1.2.3)

Scheme 1.4.1.2.3.

F4C CF, OH
: BN
= O CFs 0 0 46 (10 mol%) O

= : il st bl k
U O = T CH3NO,, 5
N oH 5 CH34Cl, -15 °C R’J“o

47 48 >95%,
>99:1 dr,
75 -99% ee

This reaction proceeds by guanidine catalysed addition of nitromethane to the aldehyde 47 as
is well known in the chemical literature.”’ the resulting nitro alcohol then presumably
undergoes deprotonation and subsequent 1,4-addition to the enone moiety in a stereospecific
manner to generate the desired highly substituted cyclohexanol products 47 (Scheme

1.4.1.2.4).

Scheme 1.4.1.2.4.

OH
O,N _~

o o] 46 o OH
il /U\/\/\/:\/N *
. WH N By e . 46

\V

47 /J§ 48
R™ 0
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An application of the guanidine catalysed Michael addition has been used in the synthesis of
huperazine A 49, a candidate drug for the treatment of Alzheimer’s disease (Scheme
1.4.1.2.5).%° Interestingly, the authors report that, while several other routes were examined
for installation of the unsaturated carbon bridge, only TMG catalysed Michael addition

between enol 50 and o.p unsaturated aldehyde 51 was successful to afford compound 52.

Scheme 1.4.1.2.5.

OMe
| CHO

HO ™G, c:HZC|2 a2 / ome  — TR /
CO,Me MeO Cc
50 52 93%

The mechanism of this reaction presumably follows a Robinson type annulation pathway to

efficiently form the bicyclic system.®’

1.4.1.3. Aza-Michael Reaction.

The need for enantioselective carbon nitrogen bond forming reactions is evident from the
ubiquitous nature of highly nitrogenated compounds throughout the pharmaceutical
industry®® and thus, aza-Michael reactions offer an appealing method for the generation of C-
N bonds. A number of guanidine catalysed enantioselective aza-Michael reactions have been
investigated recently in the literature.”®”® One example from Nagasawa and coworkers shows
that guanidine catalyst 53 can effectively catalyse the addition of pyrolidine to a.B-

unsaturated lactones, however, no enantioselectivety was achieved (Scheme 1.4.1 !

Scheme 1.4.1.3.1.

53 (10 mol%)

e =
CDCly, rt N
e >

>95%

il
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1.4.1.4. Oxa-Michael.

Oxa-Michael reactions have proven useful in the synthesis of C-O bonds when employing
oxygen derivatives as a nucleophile. Ishikawa and co-workers have recently used such a
method generating a highly substituted chromane skeleton 54 through a guanidine catalysed
intramolecular oxa-Michael reaction.”” A number of bases were investigated to coax the ring
closure of §5, however, only TMG proved effective and could be used in catalytic quantities
(Scheme 1.4.1.4.1).

Scheme 1.4.1.4.1.

o
N~Nogt TMG(02eq)
CHCI3, ,
OH

48 h
74%

An enantioselective variation of this 6-exo-trig-type cyclisation was found to be useful for the
synthesis of vitamin E and its derivatives.”” In a related ring closure, quinine had been
employed as an organocatalyst to facilitate the reaction occurring enantioselectively,™
however, in this instance quinine had no effect and it was realised that other amine bases

would need to be examined.

After extensive investigation into varying guanidine organocatalysts it was discovered that
the use of catalyst 56 was able to promote the ring closure with very good yield and moderate

enantioselectivety (Scheme 1.4.1.4.2).
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Scheme 1.4.1.4.2.
Bn
A s i
Me\N N—Me - Ot 51 (0.2 eq.) (o]
Me . Me - CHCl3, X

. : rt
2 : ’ o OEt
: OH 48 h
; 55 57 83%, 76% ee (R)

The geometry of the olefin also played a crucial role in the outcome of the reaction with
significantly higher yields and ee values being obtained when the E isomer was used. The
origin of the asymmetric induction in this reaction is shown in Figure 1.4.1.4.1. The presence

of the hydroxyl moiety on the catalyst was shown to be crucial in the efficacy of the reaction.

t
OMe
5 \/(\
E/ O '“H\O*” H
= Hommmmg :
P i ‘N
0)
..AnuMe
58
Figure 1.4.1.4.1. Pre-transition state 58 assembly of substrate 55 with catalyst 56.”

1.4.1.5. Aldol Reaction.

A guanidine 46 catalysed enantioselective example of the venerable aldol reaction has been
published in the Journal of the American Chemical Society in 2010 by Misaki and co-
workers.” This particular example involves the reaction of 5H-oxazol-4-ones 59 with a
number of varying aldehydes 60 to generate chiral a.B-dihydroxycarboxylic acid precursors
61 and their derivatives 62 (Scheme 1.4.1.5.1). The introduction of quaternary chiral centres

at the a-carbon atom of carboxylic derivatives results in important chiral precursors such as
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compounds 62 and it is also useful in the preparation of many biologically active natural

products.74

Scheme 1.4.1.5.1.

FsC eFy |
' 0
= O CFj | R! o 1. 53 (5 mol%) OAc o OAc O
AL : N+ ) THF, 0 °C - s
J- O : e R?" 2 DMAP, Ac,0 R'> N ~—R? "y "OMe
NN  OH i ; S il 0 R'OH
H ' Ph NEt3
CFs | 59 60 61 66 -92%Ph 62
46 : >95% dr
! 96 - 97% ee

The particular guanidine catalysts used in this study (for example compound 46) were
designed to carry a hydroxy group adjacent to the guanidine functionality. It was hoped that
this would enable hydrogen bonding and subsequent activation on the aldehyde in a defined
stereochemical environment. Additionally, it was assumed that the anionic enolates would
have their geometry determined by the guanidinium cation, positioning them in a reactive

location adjacent to the aldehyde as depicted in Figure 1.4.1.5.1.

\ H
H\\ l' O»R
@‘O
S
N)\I/
0O

g et _

Figure 1.4.1.5.1. Proposed transition state in guanidine 46 catalysed aldol reaction.

The products of this reaction gave primarily syn diastereomers in excellent enantiomeric
excess and in moderate to excellent yield. This is an inspiring example of the dual modes of

activation of guanidine organocatalysts.
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1.4.1.6. Mannich Reaction.

The enantioselective Mannich reaction is a powerful method in the synthesis of chiral -
aminocarbonyl compounds.” The ability of this C—C bond forming reaction to access o.p-
diamino ester 63 was utilised by Kobayashi e al.”® Fluorenone imines of glycinates 64 were
found to be more reactive than benzophenone imine derivatives when reacted with N-Boc
protected imines 65 under these guanidine 66 catalysed conditions (Scheme 1.4.1.6.1). This is
thought to arise from the resonance stabilisation of the a-anion involving the 14 m-electrons
of the aromatic anionic fluorene system. The diamino products were produced in excellent

yield, enantioselectivety (ee) and good to excellent syn:anti selectivity.

Scheme 1.4.1.6.1.
Bn
' (0]
N/'\/QH : IJLBoc y N\/u\ 58 (10 mol%) Boctil O
= k . ' R' “H R2% OBu 45 °C, toluene R! O'Bu
PENE R ' 85 s
\ : 64 “R?
Q E 63 76 -99%,
: R? = ' >90% dr
: Q O 90 - 98% ee
66 i

Nagasawa and co-workers have also developed guanidine catalysed enantioselective Mannich

reaction between malonate derivatives and N-Boc protected imines.”’

1.4.1.7. Aziridination of aldehydes.

An interesting use of guanidine 67 is in the aziridination of aldehydes 68 facilitated by the

use of TMG as a base (Scheme 1.4.1.7.1).7
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Scheme 1.4.1.7.1.
©
Bn ®
By NI/\COZ‘Bu 1. TMG, THF Bn
o nt,5h !
Me~ -Me 2 N
B 2Ny 2. Ac0, CHCLs, LG
. I R CO,'Bu
Ph Ph 68 71 79 - 96%
67 34 - 93% dr
59 -97% ee

Formation of a guanidine ylide followed by addition to an aldehyde forms a mixture of open
ring 69 and closed ring 70 products in equilibrium (Scheme 1.4.1.7.2). Subsequent exposure

to Ac,0 facilitates the formation of the desired aziridine 71 in good to excellent yields with

good stereochemical control. Urea 72 is formed as a side product.

Scheme 1.4.1.7.2.

CO,'Bu CO,'Bu
R
Bn\%/\l;R Bn\N}\[rr Bn
| Ac,0
ME\N)l\Neo e Yo Me\N N o : ZNS
\ < “Me \ ( “Me \_‘ R CO,'Bu
PR Ph PR Ph 3 71
4 69 R
Me\N)LN,Me
\ 72
PR Ph

1.4.2. The uses of guanidines as weak Bronsted acids.
1.4.2.1. Claisen Rearrangement.

The [3+3]-sigmatropic rearrangement of allyl vinyl ethers (Claisen rearrangement) has
effectively been used for over 100 years in the formation of C—C bonds.”’ Enantioselective
variations have received extensive attention in recent years and Jacobsen ef al. have utilised
guanidine organocatalysis in their synthesis of B-keto ester Claisen products 73.* Initial
investigations into both urea and thiourea catalysed Claisen rearrangements indicated that

neither induced a rate enhancement in the reaction. However, preliminary investigations into
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guanidinium catalysis proved fruitful and, thus, chiral guanidinium catalyst 74 (Scheme

1.4.2.1.1) was designed to effect Claisen rearrangement of substrates 75.

Scheme 1.4.2.1.1.

® M o)l\'/\ 1 R2

Q NH, o . 74 (20 mol%) ol

—____>

NJLN‘\‘ B hexanes, MeO/U\IM

G cr=45 e 2§-:112;c, 0 R*R?

""\(\_/7 U/"h 3 : 73 73-92%

- >20:1 dr

74 - 81 - 96% ee

1.4.2.2. Henry Reaction.

The reaction between a nitroalkane and either an aldehyde or ketone in the presence of a base
is a classic C—C bond forming process known as the Henry reaction (or nitro aldol reaction)
and was discovered by L. Henry in 1895.%' The synthetic utility of this reaction stems from

the plethora of transformations available to the B-nitro alcohol products formed (Figure

1.4.2.2.1).

o NO, base
e e <
NO, \ NO,
OH
R
R
NH,
Figure 1.4.2.2.1. Synthetic versatility of the Henry reaction.

Therefore, the high basicity of guanidines and their hydrogen bonding abilities make them

excellent candidates as catalysts of the Henry reaction. Pioneering work from the laboratory
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of Nagasawa utilised guanidine catalysis to provide nitro aldol products 76 in a highly syn
selective manner in high yield and ee (Scheme 1.4.2.2.1) from aldehydes 77 and nitroalkanes

78>

Scheme 1.4.2.2.1.
® 3
HOOH \%\JN\H H H : o NG 71 (5 mol%) OH
N N N N :
Are e NI o S A L e R L L M A_R?
= H H . R! 2 R
S Bn Bn S ' R toluene / H,0 L
: 2
Ar = 3,5'(CF3)2C6H3 : 77 78 76 50 - 99%
79 : 82 -95% ee

Ensuing analogous studies using the opposite enantiomer of catalyst 79 with nitromethane as
the nitroalkane source led to excellent anti selectivity proving the synthetic utility of this

catalytic system. The hydrogen bonding abilities of this catalyst are essential as shown in the

5

authors working model for conformational ordering (Figure 1.4.2.2.2).*

C]
}:\|NH =
"\',1)\',4
T NS
i ‘o H =
@o\ﬁ,o@"_,.m-f" Ar
H:'/O"'
R?
R1
Figure 1.4.2.2.2. Hydrogen bonding interactions of catalyst 79 in enantioselective Henry

g )
reaction.

The use of guanidine catalysis has also shown to be of use in non enantioselective Henry

. 83
reactions.
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1.4.3. The use of guanidines in Lewis base catalysis.
1.4.3.1. Aldol Reaction.

The dual mode of activation of guanidine organocatalysts can be particularly effective in the
case of intramolecular aldol reactions. Baati and co-workers have demonstrated how 1,5.7-
triazabicyclo[4.4.0]dec-5-ene (TBD, 80) can induce the formation of 2-ketocyclopentanols 81
from the corresponding ketoaldehydes 82 (Scheme 1.4.3.1.1). ¥

Scheme 1.4.3.1.1.

: )
N : & 80 (8 mol%) OH
D] : J\/\/\éo ERE AR
N H ' R THF, rt

E 81
80 - TBD ; R = aryl, alkyl 82 59 -93%, 23 - 83% dr

Nucleophilic attack by TBD 80 on the aldehyde functionality results in the formation of
intermediate 83 (Figure 1.4.3.1.1), which is stabilised through hydrogen bonding interactions.
Subsequent proton transfer could form the necessary enolate 84. Then, followed by
regeneration of the aldehyde and expulsion of the guanidinium cation, ring closure can occur.
The guanidinium species can also further activate the aldehyde through hydrogen bonding

(Figure 1.4.3.1.1. 85).
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Figure 1.4.3.1.1. Role of TBD in intramolecular aldol reaction.

1.4.3.2. Morita-Baylis-Hillman reaction.

The ability of guanidines to catalyse Morita-Baylis-Hillman (MBH) reactions was discovered
by Leadbeater ef al. in their use of TMG to facilitate the reaction of methyl acrylate 81 and a
variety of both aliphatic and aromatic aldehydes 82.* Interestingly, the nucleophilicity of
TMG dominated the reactivity of the reaction with no aldehyde aldol products being
observed. Catalytic amounts of TMG gave rise to MBH products 83 in good yield with short

reaction times (Scheme 1.4.3.2.1).

Scheme 1.4.3.2.1.
CO,Me Q' TMG (5 - 25 mol%) G
“/ R e il COo,Me
R CH,Cl,, 1t, R
6h
81 82 83 50 - 69%
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1.5. Synthetic methods for the construction of the guanidine functionality.

The synthesis of guanidines has come a long way from the landmark synthesis of tetrodotoxin
84 by Kishi in 1972% in which the guanidine functionality was introduced by exposing amine
85 to dithiocarbonimidate 86 at elevated temperature and, then, exposing the intermediate
product to AcNH; to form the desired protected guanidine 87 in 18% yield over two steps
(Scheme 1.5.0.1).

Scheme 1.5.0.1.

NAc 86

AcO & 1. A°° OH
o DAc Ets SEt o735 (‘ﬁ
\ il LR ,@ HO o H,
OAc A OAc NF
H.N OAc 2 AcNH,, 150 °C N OAc N
2 HO H
OH

87 18% over 2 steps

1.5.1. Synthesis of acyclic guanidines.

Advances in the field have led to a myriad of methods for the installation of the guanidine
functional group.®” In the past, the synthesis of guanidines involved the reaction of an amine
88 with an activated guanidine precursor followed by the deprotection of this moiety 89 to

yield the corresponding free guanidine 90 (Scheme 1.5.1.1).

Scheme 1.5.1.1.

NR
J\ HE Deprotect JLH
R LG~ "NHR ——OproIeE o R
N 3 R, N
NH, N’U\NHR u NH;
88 H g9 90

The choice of guanidine precursor usually has depended on the reactivity of the amine
involved; in the case of anilines, Lewis acid promoted reactions have been the most

successful while for aliphatic amines, there is a much wider scope of guanidine precursor
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available due to their greater nucleophilicity. Herein, we will discuss the classical methods

for guanidine synthesis followed by more recent developments in the area.

1.5.1.1. Thiourea derivatives as guanidylating agents.

Classical methods for guanidine synthesis have tended to make use of either substituted
thiourea or urea moieties being reacted with an amine and promoted by a variety of reagents.
The earliest examples of thiourea being utilised as a guanidylating agent made use of the
thiophilic Lewis acid HgCl, as a stoichiometric promoter.*® Mercury(Il) chloride is believed
to act as a desulfurising agent forming an electrophilic carbodiimide, which in turn will be

rapidly attacked when in the presence of a nucleophilic amine (Scheme 1.5.1.1.1).

Scheme 1.5.1.1.1.
1
R J\“R HgCl,, NEt; JLW
*NH, + —_— R
2 87 TNHR? CH,Cl, or DMF, N~ “NHR2
88 91 i Ho2 78.92%

This methodology is incredibly robust and synthetically useful, the reaction of a number of
varying amines both aromatic and aliphatic with N, N-bis-tert-butoxycarbonylthiourea in the
presence of NEt; and HgCl, in CH,Cl, afford the corresponding protected guanidines in good
to excellent yields (Scheme 1.5.1.1.1. 78 — 92%). Acidic deprotection then yielded the
corresponding guanidinium salts. The use of HgO as a replacement for HgCl, has been

shown to be a viable alternative.*’

An interesting example of the synthetic utility of mercury-promoted guanidylation is the
reaction between thiourea derivatives 93 (Scheme 1.5.1.1.2) and N-iminopyridinium ylide,
generated from compound 94, to form unusual N-pyridinium benzoylguanidines products

95.” Bismuth salts were also shown to be effective in promoting this guanidylation reaction.
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Scheme 1.5.1.1.2.

@N DMF 90 °C
9, NH,

95 55-77%

A useful method for the synthesis of N, N’-disubstituted aryl guanidines starts with Boc
protection of thiourea 96 (Scheme 1.5.1.1.3) followed by exposure to trifluoroacetic
anhydride (TFAA) which forms a highly reactive di-functionalised nitrogen atom.”’ This
substituent can in turn be displaced by addition of a nucleophile to form derivatised thiourea
97. Exposure of 97 to HgCl, promoted guanidylating conditions resulting in the formation of

N, N -disubstituted mono-Boc protected guanidines 98 (Scheme 1.5.1.1.3).

Scheme 1.5.1.1.3.

1. NaH, Boc,0 e R'NH,, o
il 2.NaH.TFAA o Jl goc HeCla NEt, R‘NkN’B“
HaN.. RS RN, < CH,Cl, + .
i 97 28-91% 98 49-91%

R, R = Alkyl, aryl

However, the use of mercury is an obvious drawback in the above methodologies and other
methods have been invented to combat this problem. Thus, in 2006 Cunha et al. described the
use of Bi(Ill) salts to promote the desulfurisation of protected thiourea 91 which is
subsequently attacked by a nucleophilic amine species 88 constructing the appropriate

protected guanidine 92 (Scheme 1.5.1.1.4) and expulsion of the Bi-S species.”
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Scheme 1.5.1.1.4.
1 1
R NHR™  Bil. (5 mol%) JNLR
NH, + s s e ny s R,
- $7 "NHR? NaBiO;, NEt;, N” NHR?
88 91 MeCN, reflux 92 65-97%

The authors found that Bil; could be used in catalytic quantities (5 mol%) when NaBiO; was
used as an oxidant. This method proved to be comparable with the HgCl, promoted
guanidylation reaction when either aliphatic amines or activated anilines were used.

However, the substrate scope did not include deactivated amines.

The use of Cu(ll) chloride salts has been reported to effect the conversion of protected
thiourea 91 into the corresponding guanidine 92. Initial reports from Kim*® er al. describe
CuCl, being an ineffective promoter of guanidylation; however, more recent findings”
suggest that CuCl, can be used as a Lewis acid with yields similar to those of the benchmark
HgCl, reaction being obtained (Scheme 1.5.1.1.5). As expected non nucleophilic amines

required heating and gave poor to moderate yields.

Scheme 1.5.1.1.5.
1
o NHR cucl, J‘LR'
. 5 e
Ntz S "NHR? NEtz, CH,Cl,, R‘Ir_il NHR?
88 91 rt 92 26 - 89%

Copper(II) sulphate (CuSOy4) has also proven to be an active promoter in guanidylation
reactions.”* When used in conjunction with SiO, and NEt; in THF a number of aliphatic
amines could be guanidylated with protected thiourea in adequate yields (Scheme 1.5.1.1.6).
No aromatic amines were evaluated though indicating a lack of utility for the method with

non-nucleophilic amines.
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Scheme 1.5.1.1.6.

1 d
R 5 s CuS0,, Si0, JLR
“NH _— 2
2 S NHR'  NEt3,CH,Cl,, "N~ “NHR!
88 99 .
R' = phenyl, o-tolyl 100 75-90%

CeH11, N-C4Hg

An attractive alternative to the utilisation of metal promoted guanidylation is the use of
Mukaiyama’s reagent 101 to assist in the desulfurisation of the thiourea. Mukaiyama’s

reagent works best when nucleophilic amines are used (Scheme 1.5.1.1.7).”

Scheme 1.5.1.1.7.
x@
N
N
1 = (O] 1 =
NHR! (D/@I@ NEt; | ) NEt JNLR ;s
SZONHR? ¢ N j\ RNH,  NTONHR?  §PNF
101 R'N“ "NHR? 88

99 92 21-92%

It has been shown that the choice of solvent can play a critical role in the reaction of the
protected thiourea 91 with varying amines when using Mukaiyama’s reagent 101. The
reaction of non-nucleophilic amines with thiourea 91 was shown to be much more effective
in dichloromethane than dimethylformamide (as is the typical choice of solvent for this

reaction), with yield increases of around 50% being achieved.

N-lodosuccinimide (NIS) has also proven to be a viable choice in the guanidylation of an
amine 88 with protected thiourea 91 (Scheme 1.5.1.1.8). In 2009 Smietana et al. reasoned
that thiophilic NIS, acting as a soft Lewis acid, should coordinate to the sulfur of the
protected thiourea and in the presence of an amine and a base form the desired guanidine

92 %
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Scheme 1.5.1.1.8.

1 1
Al NIS JNLR

R +
‘N R,
H, SJ\NHRZ NEt,, CH,Cls, N7 NHR?
88 91 o 92 15 - 88%

An array of amines was investigated with primary aliphatic amines giving excellent yields
and hindered secondary amines giving moderate yields. When bis-Boc-S-methylisothiourea
replaced bis-Boc-thiourea as the guanidylating agent higher yields were obtained for

secondary amines.

An interesting metal free guanidylation procedure makes use of 2.4.6-trichloro-1.3,5-triazone
(TCT or cyanuric chloride 102) as a promoter of desulfurisation of protected thiourea.”’
Compound 102 when used in conjunction with N-methylmorpholine (NMM) and catalytic
DMAP in THF activates his-Boc-thiourea leading to efficient guanidine formation. TCT can

be used in 0.33 equivalents due to the three available sites for activation (Scheme 1.5.1.1.9).

Scheme 1.5.1.1.9.
i 1. NMM, THF, ;
N"SN NHR' 0°C, 10 min;reflux1h /U\R
o i A 2. RNH,, DMAP (cat) RN~ NHR?
cIF N el S$” “NHR? - 2 : N
THF, rt .
102 91 92 21-97%
RNH,
DMAP (cat.)

©

™ o | 3¢ i b
'l‘ (EN(\) NHR' NRE

[ j NN s)\NHRZ

ENJ N [Ni THF, reflux Sl S
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Upon exposure to sodium molybdate dihydrate (Na,M0O4.2H,0) and hydrogen peroxide
(H20,, 30% in water), thioureas 91 are known to be converted into sulfonic acids 103

(Scheme 1.5.1.1.10).

Scheme 1.5.1.1.10.

1 1 1
j\”“ Ho0, NaMo0, 2(H0) MR RNH, JNLR
S "NHR? NaCl, H,0 'so_,,H NHR?  MeCN, rt R‘H NHR?
91 103 56 - 85% 92 23-99%

Maryanoff et al. discovered that these sulfonic acid substrates 103 are then viable options as
guanidylating agents.”® Upon exposure to nucleophilic amines the oxidised sulfur can be
displaced to yield the desired guanidine 92 (Scheme 1.5.1.1.10). The reaction of several
monosubstituted thioureas under these oxidising conditions was reported in good yields and
these sulfonic acids 103 were shown to be thermally stable at room temperature. A range of
amines were investigated for their efficacy in displacing the oxidised sulfur and good to
excellent yields were reported. Elevated temperatures were required for either hindered or

non-nucleophilic amines.

In the search for orthogonal protecting groups to those typically used in peptide synthesis and
in particular peptides containing arginine residues two new functionalities have been
discovered.  2.3.6-Trimethyl-4-methoxybenzenesulfonyl (104, Mtr) and 2.2.5.7.8-
pentamethylchroman-6-sulfonyl (105, Pmc) groups have been designed to withstand cleavage
conditions that would typically remove either Boc, Cbz or Fmoc protecting groups (Scheme

156 ) L
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Scheme 1.5.1.1.11.

N (0]
o = R'NH, R
S (o] Hg(ClO,) N
/s LY 4)2
R” %o R™ R‘NJ\ s S O
(> H H NEt,, THF u u
104 - Mtr 105 - Pmc 106

107 47 - 80%

Mtr or Pmc protected thiourea (for example 106) can be reacted with a range of amines under
typical guanidylation conditions [Hg(ClO4), proved to be optimal] to form both Mtr or Pmc
protected guanidines (for example 107) respectively (Scheme 1.5.1.1.11). These groups, as
previously alluded to, are particularly useful in peptide synthesis incorporating guanidine

el e . . 0 S 99
containing arginine residues. Deprotection occurs under strong acidic conditions.

1.5.1.2. Coupling reagents.

In a number of cases the coupling reagent EDCI [l-ethyl-3-(3-dimethylaminopropyl)
carbodiimide] has been shown to be able to promote guanidylation between thiourea
derivatives and nucleophilic amines. In an example published in 2002, EDCI was used to
effectively facilitate the desulfurization of thiourea 108 and subsequent guanidine 109

199 Compound 108 had been synthesised by reaction of

formation (Scheme 1.5.1.2.1).
benzylamine 110 and ethyl thiocyanatoformate 111 in CH,Cl, affording the product in 2 h in

a 98% vyield.
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Scheme 1.5.1.2.1.
I
NH, * /c""\nﬂv Ghigfla N“ON e
se oh EDCI, NEts,
DMF, 38 h,
110 111 108 rt
R
R\N ‘IN o
| i
N)\NH TMS-Br N)\N/U\O/\
H £ DMF, H H
reflux,
12h
112 95% 109

77 - 88% over two steps

Most of the amines employed were aliphatic in nature with only one example of a non-
nucleophilic amine, aniline, being used. To remove the ethyl carbamate group typical
methodologies failed.'” Interestingly, trimethylsilyl bromide under refluxing conditions in
DMF turned out to be the conditions of choice in this deprotection. However, only a single
yield of 95% 112 was reported for this deprotection step without a list of substrates being

provided.

Another example found in the literature from 2007 also effectively uses EDCI to form

substituted guanidines (Scheme 1.5.1.2.2).'"!

Scheme 1.5.1.2.2.
o RR'NH o S R2NH,, EDCI.HCI
1] H 2
o §-N=Cc=§ ————» s-N—4
1] CH,Cly, rt 6 N_R CH2C|2
1 R'
113 114 44 - 99%

i TFA/H,0 Th R
TFA R2~NJ\WR1 e Sl
H ) (o) N—-R
1
R R1

116 73 - 100% 115 67 - 100%

In the example in Scheme 1.5.1.2.2., N-Pmc-isothiocyanate 113 is reacted with a variety of
both primary and secondary amines to form substituted thioureas 114 in good to excellent

yields. Subsequently, other amines were reacted with the substrate 114 separately in the
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presence of the coupling reagent EDCI to form compounds 115. It is important to note the
viability of forming derivatised guanidines in this manner. The relatively electrophilic
isothiocyanate can react with a plethora of amines of varying nucleophilicites. However, the
EDCI promoted step requires nucleophilic primary amines to obtain optimal results. By
choosing the appropriate amines for each step the authors were able to synthesise a number of
substituted guanidines which could then undergo deprotection of the Pmc group in acidic

conditions to yield the guanidinium triflouroacetate salts 116.

1.5.1.3. Metal-catalysed carbodiimide guanidylation.

The reaction between an amine and a carbodiimide is one of the most atom economical
methods of synthesising guanidines and has been a fruitful area of research in recent years.' 2
Numerous examples of metal catalysed reactions between amines and carbodiimides have
been published.'” In a 2012 publication it was reported that aniline 117 could be reacted with
dicyclohexylcarbodiimide (DCC) and its derivatives 118 in the presence of a heterogeneous
metal to form the corresponding guanidine 119. Initial investigations (Scheme 1.5.1.3.1)
showed that nanocrystalline zinc oxide (nano ZnO) catalysed this reaction effectively and
after a quick solvent screen it was found that non-polar, non-coordinating solvents such as

toluene gave optimal results (yield 98%).'"

Scheme 1.5.1.3.1.
R@\ 5 R\‘ nano ZnO (20 mol%) i -~ N’R1
J N=C=N ) T |
Z S NH2 ‘Rz toluene, 80 °C \F N/‘\N'Rz
e b 1':9 8: 98%
R', R? = Cy, iPr, p-tolyl i

Et, ‘Bu

Interestingly. the use of commercial ZnO as opposed to nano ZnO gave drastically inferior
yields (~ 5%). The nano ZnO could be recycled up to 6 times giving similar yields on each
occasion without dropping activity. A wide variety of anilines and a number of carbodiimides
could be reacted under similar conditions generating the required trisubstituted guanidines.

The drawback of this chemistry, however, is that only a select few carbodiimides are both
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stable and/or commercially available allowing only very particular substrates to be
synthesised in this way. Hindered amines required higher temperatures for reactivity to occur.
The ZnO is thought to activate the carbodiimide facilitating the nucleophilic attack from the

amine.

In another report in 2012, Fe(OAc); (2 mol%) was shown to catalyse this transformation
between anilines 117 and carbodiimides 118 just as effectively as nano ZnO under similar
conditions.'™ As in the previous report, both a wide range of aromatic amines and aliphatic
amines were guanidylated in this manner. Similarly, the drawback is the lack of available

carbodimides to obtain a truly diverse library of guanidines.

1.5.1.4. Polymer supported guanidylation.

A number of methods for the solid phase syntheses of guanidines have been reported. The use
of polymer supported reagents have a number of advantages namely allowing the removal of
excess reagent, unreacted starting materials and unwanted by-products from the reaction

: |
mixture.'?’

The utility of solid supported reagents in the preparation of guanidines has been demonstrated
in the synthesis of N,N’ N -trisubstituted guanidines in a report by Drewry et al. in 1997
(Scheme 1.5.1.4.1)."% The synthesis began with the preparation of solid phase supported
reagent 120. This azide is then exposed to PPh; to form an iminophosporane which in the
presence of PhNCS can undergo an aza-Wittig coupling forming the prerequisite
carbodiimides 121 which are known to be stable in solid phase chemistry. Compound 121
can now be reacted with a variety of amines such as N-phenylpiperazine to form polymer
bound guanidine 122. Under acidic conditions the desired guanidine can be cleaved from the

resin to yield the final compounds 123 in good yield.
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Scheme 1.5.1.4.1.

0 PhNCS, THF O_N N
H ce Ml |
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o o) N
2 " i DMSO,
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TFA N 1h,25°C N
() (]
N
Ph

crude yield = >95%

Ph

The synthesis of mono-substituted aryl guanidines can also be achieved using solid support
chemistry (Scheme 1.5.1.4.2). The preparation of solid supported Boc protected thiourea 124
can be thought of as a polymer bound guanidylating agent.'”” In the presence of a promoting
agent such as Mukaiyama’s reagent a range of amines could be reacted with the thiourea
derivative to form polymer supported Boc protected guanidines 125. Upon exposure to TFA
the guanidines could then be cleaved from the resin yielding the desired mono substituted

guanidines as their trifluoroacetic acid salts 126.

Scheme 1.5.1.4.2.

S
NRR1

,IL ,U\ RR'NH, 88
O‘ O— NHBoc o— NBoc
\\/ NaH, THF NEt,, NMP

then NaH, Boc,0,

THF
. 'Pr3S|H
NRR CHGl,
TFA
H,N NH
126
purity >95%
No yields for reactions
provided
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1.5.1.5. S-Methylisothiourea as guanidylating agent.

The use of S-methyl-N,N -bis-Boc-isothiourea 127 as a guanidylating agent has found
success in a number of literature examples. Its ability to replace N,N -bis-Boc-thiourea 128
has proven to be advantageous in a number of circumstances. In a discovery by Rozas and
co-workers” it was found that copper(II) salts could promote guanidylation of N, N -bis-Boc-
thiourea with a variety of amines but either gave either low or no yields for the analogous

reaction with S-methyl-N, N -bis-Boc-isothiourea.

1'% it was demonstrated that copper(I) salts

However, in another publication by Terada et a
could effectively promote guanidylation of both thiourea precursors (Scheme 1.5.1.5.1). In
this work, a number of amines were exposed to both sets of conditions and in the two cases
the protected guanidine products 129 were obtained in good to excellent yields (Scheme
1.5.1.5.1). This interestingly shows the specificity that promoters can sometimes have in

guanidylation reactions and give an insight into why there is such a diverse literature for the

synthesis of guanidines.

Scheme 1.5.1.5.1.
¥
BocHN S
fo7 CuCl, KoCOq J\B“ 2
+ RR'NH BocHN” “N-R
or liEHET40 SC 12 h |
NHBoc R
129 64 - 98%
BocHN S
128

In an effort to efficiently synthesise a diverse variety of N,N’ N -trisubstituted guanidines
130, an effective phase transfer catalysed alkylation of protected guanidines 131 was
unveiled (Scheme 1.5.1.5.2).'" A variety of amines 132 were reacted with S-methyl-N,N -
bis-Boc-isothiourea 127 in the presence of HgCly, as this is known in the literature to be very

efficient in the preparation of protected guanidines.
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Scheme 1.5.1.5.2.
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127 132 R KOH, R
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Then, in a biphasic system of CH,Cl, and H,O the compounds were reacted with KOH, a
phase transfer catalyst (BusNI, 0.1 eq) and a number of alkylating agents 133 (Scheme
1.5.1.5.2). This process allowed the rapid formation of highly diversified guanidines 130 in
good to excellent yields. This reactivity, however, was only reliable when both R and R' were
not equal to H, as this led to non-specific alkylation at either nitrogen or, in some cases, to

bis-alkylation.

In Ma’s synthesis of martinellic acid 134, a novel method of guanidylation was devised.""” It
was found that AgNO; is able to promote the guanidylation of S-methylisothiourea

derivatives 135 with a variety of amines to form guanidine products 136 in excellent yield
(Scheme 1.5.1.3.3).

Scheme 1.5.1.5.3

N
NH
HNAN NBoc 1 NBoc
i RR'NH bl
- s Ph™ >N" >s”  AgNO,;, NEt;, Ph N™ N
s NN & MeCN, rt R
17

’ \n/ \/Y
134 NH 135

R'=H, Aryl, Alkyl

136 88 -98%

The reaction was shown to work well with aliphatic amines, sterically hindered secondary
amines and also with aniline. This new method was formulated due to the fact that hindered

secondary amines are often difficult to guanidylate and initial experiments using typical
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guanidylation methodologies proved unfruitful. This method allowed the team to install the

key guanidine functional groups with relative ease.

An interesting guanidylating agent designed by Du Bois and used in his synthesis of
guanidine natural products is Tces (2.2.2-trichloroethoxysulfonyl) — protected imidochloride

137.""" This compound can be prepared as shown in Scheme 1.5.1.5.4.

Scheme 1.5.1.5.4.

N, .0
' /s:
1 ’\o:\ sz M H clic o IN b /llul;rces sszg:z NTces
3 2 2. Me,SO, MeS” “&Me MeS” “SMe 5Cly ! oA
25 137 94%

This reagent 137, although laborious to prepare, has shown to be an effective way of
introducing guanidines (Scheme 1.5.1.5.5) which are to be used in C-H amination
reactions.''? Romo has also made use of this reagent in his synthesis of the natural product

phakellin.'"

Scheme 1.5.1.5.5.

NT H,N___NTces
He S NER
Me\/\-/NHz + cl SMe 2. HgCIZ, Me\./:.\-/NH
¢o,'Bu (Me3Si);NH Mego,'Bu
138 137 139 86%

1.5.1.6. N,N’,N”-Trisubstituted guanidines as guanidylating agents.

Since 1998 it has been known that guanidines can be synthesised from guanidine precursors
by coaxing one of the nitrogens into being an effective leaving group. This can be done
effectively as discovered by Goodman and co-workers by using triflate derivatised

guanidines (Scheme 1.5.1.6.1).""*
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Scheme 1.5.1.6.1.
Tf
NH Tf,0, NEt, ‘r
—>
BocHN” ~NHBoc CHyCl;, -78C BocHN” ~NHBoc
140 142 88%
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CbzHN” “NHCbz PREL=R"0 CszN’l\NHCbz
141 143 75%

Firstly, either N,N -bis-Boc-guanidine 140 or N, N -bis-Cbz-guanidine 141 are synthesised.
Subsequent exposure to triflic anhydride introduces a trifyl group to the remaining

unsubstituted nitrogen atom of the guanidine moiety (Scheme 1.5.1.6.1. 142, 143).

The two carbamate protecting groups (either Boc or Cbz) pull electron density away from the
central carbon atom of the guanidine. Nucleophilic attack can follow and the triflated amine
can act as a leaving group (Scheme 1.5.1.6.2). The relative stability (due to the delocalisation
of the ensuing negative charge) of this expelled group is what drives this reaction forward
and allows these reagents to be effective as guanidylating agents. Sterically hindered aliphatic
amines and primary amines work particularly well under these conditions; however, limited

studies have been conducted on the efficacy of these reagents with electron deficient
15

anilines.'"
Scheme 1.5.1.6.2.
Tf 1
N R~N,R
: A
BocHN NHBoc BocHN NBoc
RR'NH
142 144 145 75-100%
NEt;, CH,Cl,
Tf R. _R!
\N \N’
gL A
CbzHN NHCbz CbzHN NCbz
143 146 85 -98%
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The use of di(imidazol-1-yl)methanimine 147 as an effective guanidylating agent has also
been shown to be synthetically useful in the preparation of derivatised guanidines.''® By
exposing imidazole 148 (0.5 eq.) to cyanogen bromide (BrCN, 1.0 eq.), 147 can be
synthesised in good yield (Scheme 1.5.1.6.3. 147 = 81%)).

Scheme 1.5.1.6.3.
R“R°NH 2
(B B JE (\ (S R
N CH,Cl,. (/\N NN THF rt J I'R‘ THF, reflux és 0
reflux, 30 min N” ‘QN
148 147 81% 149 64 - 82% 150 15 -85%

The presence of two imidazole leaving groups facilitates initial displacement of a single
imidazole by an amine nucleophile. These compounds 149 can then be isolated and exposed
to a further equivalent of another amine generating structurally diverse guanidines 150 in
acceptable yields (Scheme 1.5.1.6.3). The success of these reactions is dependent on the
nucleophilicity of the attacking amines; electron deficient anilines did not react in this case
(4-nitroaniline, 0% yield).''® Similar pyrazole derivatives have also been designed and shown
to be effective as guanidylating agents.''” A further study showed the effects of electron

withdrawing substituents on the pyrazole ring in forming guanidines.'"®

Subsequent research in this area investigated the use of benzotriazoles 151a as a leaving
group in guanidylation reactions.'"” A comparative investigation was conducted on the
influence of decreasing the electron density of the benzotriazole group using chloro 151b and
nitro 151¢ groups (Scheme 1.5.1.6.4). Increasing the leaving group ability of the
benzotriazoles by allowing them to facilitate the resulting negative charge which would arise

from expulsion increased their reactivity towards amine nucleophiles.
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Scheme 1.5.1.6.4.
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1.5.1.7. Urea derivatives in guanidine formation.

As an oxygen analogue of guanidine, urea would seem like an obvious precursor in the
synthesis of guanidines. However, urea has received much less attention in comparison to its
sulfur analogue, thiourea, presumably due to its stable nature. The literature examples are
typically either low yielding or have a low substrate scope."”” One such example is the
synthesis of a library of quinoline guanidine derivatives 154 in the hope of discovering novel
anti-inflammatory agents.'*' Thiourea derivatised quinolines 155 were exposed to PPhs, CCl,

22

and NEt; under reflux in CH,Cl, using Appel type conditions'** to form crude carbodiimides
156 which, without purification, were exposed to a number of amines 157 in different solvent
yielding N,N’ N "-trisubstituted guanidines 154 in varying yields (Scheme 1.5.1.7.1). The
inability to purify the intermediate carbodiimide is an obvious drawback. This reaction has

hugely varying yields with some substrates giving yields of just 14%.

Scheme 1.5.1.7.1.
2
i :
R‘ \‘c\ |
N NH N R‘N)\NH
e PPhs, CCl, H
| — . R ——> A
. NEts, CH,Cl, )l H,N toluene, e
N reflux, 2 h N reflux N
155 156 157 154 14 -76%

crude yield ~ 83%

In an effort to synthesise 7-substituted pyrrolo[3.2-d]pyrimidines, 3-aminopyrrole derivative

158 was reacted with bis-protected pseudourea 159 in the presence of catalytic amounts of
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AcOH in MeOH (Scheme 1.5.1.7.2).'* This led to guanidylated intermediate 160 which,

upon exposure to NaOH, was deprotected and cyclised to form desired product 161.

Scheme 1.5.1.7.2.

i i o
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160
H
H o
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N=< en Na
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Initial attempts to guanidylate amine 158 using a thiourea analogue of 159 also led to the
desired product. However, as is typical with the reaction of aromatic amines and thiourea
derivatives, HgCl, was required to promote the reaction. The authors decided that, as the
compounds were to be used in biological testing the presence of ppm amounts of mercury

was unacceptable and that the use of urea precursor 159 was a much safer alternative.

In an effort to synthesise cyanoguanidine derivatives 162 a novel method of guanidylation
was discovered by Atwal and co-workers at BMS, Princeton.'** N-Cyano-O-phenylisourea
163 was found to react favourably with non-basic amines such as aniline 164 when AlMe;

was used as a promoting agent (Scheme 1.5.1.7.3) to form derivatised ureas 165.
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Scheme 1.5.1.7.3.
H,N
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High yields were obtained when electron rich anilines 166 such as 4-methoxyaniline was

used (90%), while electron deficient anilines such as 4-nitroaniline gave no reaction.

5.1.8. The Mitsunobu reaction to form guanidines.

The utility of hydroxyl groups as synthetic handles has been well established throughout
chemical history. The ability to convert hydroxyl groups into varying substituents by means
of the Mitsunobu reaction has proven to be ubiquitous in syntheses since its discovery in
1967'* as is discussed in the numerous reviews on the topic.'”® As a means of guanidine
introduction, the ability to replace primary hydroxy functionalities is particularly useful when

it is advantageous to have hydroxy precursors as opposed to aliphatic amines.

Both thiourea guanidine precursors 167 and protected guanidines 168 can be reacted with
primary alcohols 169 (Scheme 1.5.1.8.1) in the presence of triphenyl phosphine (PPh;) and
diethylazodicarboxylate (DEAD) to form alkylated derivatives (Scheme 1.5.1.8.1. 170,
7y
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Scheme 1.5.1.8.1.
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This methodology has been used to synthesise protected arginine derivatives'>* 172 (Scheme

1.5.1.8.2) and natural products'*’ in acceptable yields.

Scheme 1.5.1.8.2.

N PPh BOC\|N
3
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1.5.1.9. Cyanamides in guanidine synthesis.

A rather dated method for the synthesis of guanidines makes use of the formation of
cyanamides and subsequent reaction with derivatised amines. Both functionalised anilines

130

can be reacted with cyanamide to from aryl guanidines ™ and, analogously, phenyl

cyanamides can be synthesised and then further reacted with a variety of amines, also

forming aryl guanidines."'

The synthesis of ''C radiolabelled aryl guanidines 175 is of great importance as guanidines
are involved in numerous biological activities and labelling them with short-lived positron
emitters (''C t;» = 20.3 min) such as ''C would allow their use in both in vivo positron
emission tomography (PET) studies and in vitro assays.”’ Thus, the preparation of ''C
labelled aryl guanidines was achieved using cyanamide chemistry (Scheme 1.5.1.9.1). Firstly,

the appropriate aniline 176 was reacted with ''C labelled cyanogen bromide and, then, this
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aryl cyanamide 177 was exposed to ammonia in different solvents to afford the desired

products 175.'%

Scheme 1.5.1.9.1.
NH,OH
o o 4 o
~ Br''cN. 7 _N (25% ag. soln) = NH
"BuOH -Cc* 1-C+
NHz  goec’ N i s
176 177 175

no reported yield

In a report from Kim er al."*' this reactivity was utilised in the synthesis of aryl guanidines
which were required in their synthesis of inhibitors of the NF-kB transcription regulation
related to TNF-a cytokine release. A number of anilines 178 were reacted with conc. nitric

acid in ethanol at 90 °C to afford aryl guanidines 179 (Scheme 1.5.1.9.2).

Scheme 1.5.1.9.2.

®
Gl T
178 90 °C 179 82% (only yield reported)

A more efficient method for the reaction of anilines and also aliphatic amines with
cyanamides has recently been unveiled by Looper and co-workers at the University of
Utah."*? Derivatised cyanamide 180 was first synthesised by reacting cyanamide with benzyl

chloroformate 181 forming the Cbz protected cyanamide 182 (Scheme 1.5.1.9.3).

Scheme 1.5.1.9.3.
i NH,CN KOM N
2 N e 2
Z ~d
BRO” 0 S e CbZN/®
NaOH, Hzo, CbzHN MeOH = K
189 1/A4-dioxane 182 90% 180 80%
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This was then converted into the potassium salt 180 by exposure to potassium methoxide in
methanol. Compound 180 could then be activated in the presence of TMS-CIl and a base,
forming a carbodiimide reactive intermediate 183 which can be nucleophilically attacked by a

number of amines to form mono Cbz protected guanidines 184 (Scheme 1.5.1.9.4).

Scheme 1.5.1.9.4.
N Tmsc i Hi
GhE | e N T
S @ MPrél:lEt& R - then RNH, ' N~ “NHCbz
e y
180 40 i 183 184 63 -92%

Aliphatic nucleophilic amines gave the highest yields with short reaction times (15 min)
while both hindered and non-nucleophilic substrates such as anilines required longer reaction
times and gave lower yields. The Cbz group could then potentially be removed by Pd
catalysed hydrogenation (Scheme 1.5.1.9.5); however, only 1 example of deprotection was

reported.

Scheme 1.5.1.9.5.
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1.5.1.10. Copper catalysed cross coupling chemistry in guanidine synthesis.

Copper coupling chemistry has seen a renaissance in the past decade."” The harsh conditions
historically required for Ullmann reactions have been discarded and replaced by mild, copper
catalysed reactivity.””* The ability to form C-N bonds in a facile manner is of clear
importance in the synthesis of guanidines and copper coupling chemistry allows a type of
umpolung reactivity in comparison to the typical methods of guanidine synthesis. As opposed
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