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Abstract

Pyrimidines are amongst the most common heterocycles found in biological systems,
they are constituents of nucleic acids and countless other biologically significant molecules,
including many pharmaceutical and agrochemical products. They can be prepgred b
annulation or direct functionalisation of the preformed ring, but stable intermediate
pyrimidines bearing organometallic functionality are rare in the literature. Such intermediates
allow for potential production of numerous analogous pyrimidines foeaing purposesia
e.g. crosgoupling reactions without the need forde novosynthesis each time.

We addressed this gap in the literature by preparing (amino)pyrir8ejhtrifluoroborate
salts from the corresponding ynone trifluoroborate salis an operationally simple and
chromatographyfree condensation procedure. The (amino)pyrimi@hyl trifluoroborate
salts were amenable to classic boron chemistry at the trifluoroborate unit, including Suzuki
Miyaura cross coupling, oxidation and halodeborbora In addition, transformations that
were orthogonal to the trifluoroborate unit allowed the further elaboration of these
intermediates while keeping the boron functionality intact for later derivatisation.

Fluorine is the most abundant halogen fouady G KS 9F NI KQa ONXMza i
organofluorine compounds are almost nemistent in biological systems and are created
almost entirely by synthetic methods. Trifluoromethyl {0Fsubstituted (hetero)aromatic
compounds are a privileged substructurenedicinal chemistry and can be accessed by direct
(Gl = aAYyYFGSeé¢00 ONRFEd2NRYSGKeflGA2Y BN 68 04d
functional group such as a halogen or organometallic. Lessstuelied are cycloaddition
approaches to theipreparation, which sidestep limitations in both innate and programmed
methods.

We developed a directed cycloaddition approach to fluoroagkydstituted (hetero)aromatic
compounds that is mild, regiospecific and affords stabilised boronate products teat a
amenable to further functionalisation. This was achieved by preparing fluorealkgtituted
alkynyl trifluoroborate salts and subjecting them to substituted dienes/dipoles in the
presence of a Lewis acid promoter. DFT calculations were conductededstigate further

the influence of the GFgroup on this process.
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Introduction& design of this thesis

The topics covered in this thesis fall into two main sections, each laying out and addressing the
synthetic challenges associated with preparing two distinct, important molecular fragments. Both
parts, however, fall under the theme of utilising reactiorisatkynyl trifluoroborate salts to achieve

this. The first section, comprised @hapter one introduces the importance of pyrimidines as a
privileged class of heterocycle that is commonly found in life saving medicines and functional
materials.It then gaes on to concisely review part of the enormous research effort that has been put
into accessing pyrimidines synthetically, covering a diverse range of strategies and exploring the
advantages and disadvantages in each case. The Harrity group has receeslygated ynone
trifluoroborate salts as powerful intermediates for the synthesis of valuable heterocyclic boronates
which can be further functionalised under the right conditions. While investigating this strategy
further, we envisaged the use of ynon#ltioroborates as a means to access novel (amino)pyrimidin
6-yl trifluoroborate salts, which might themselves offer a platform for efficient pyrimidine synthesis
via cross coupling of the boronate moiety. The experimental work in this chapter thus foomsed
establishing the synthesis of (amino)pyrimidityl trifluoroborate salts and investigating the scope of

this process, followed by an investigation into the capability of these intermediates for downstream
functionalisation. An important aspect of thlatter experiments was to learn more about the
reactivity of the boronate moiety, as this underpins the functionalisation potential of these
intermediates and, hence, their ultimate value to synthetic chemistry.

The second section of this thesis, compdisé chapters two and three, focuses on the synthesis of
fluorinated small moleculevia a mild cycloaddition proces€hapter two begins with a brief
introduction to organofluorine chemistry: its virtually abiotic nature, the discovery of its importance
to medicinal chemistry and the subsequent explosion of research interest that has taken it from a
marginal pursuit to a vast industry of its own. This chapter then outlines the various ways in which
organofluorine compounds can be prepared, from monofluation, through to fluoroalkylation,

then an overview of methods that employ intermediates already laden with fluoroalkyl substituents.
The experiments presented come as part of an ongoing investigation in the Harrity group, nhamely,
that of borondirected gcloadditions which display phenomenally quick reaction times compared to
related nondirected cycloadditions and some of the products of which have been investigated as dyes
for confocal microscopy. Inspired by the apparent lack of mild cycloadditioresaiat fluoroalky
substituted aromatic small molecules, we sought to address this gap in the literature by invoking the
rate enhancements offered by the boratirected cycloaddition by choosing, synthesising, and testing
suitable fluoroalkykubstituted pecursors.Chapter threepresents a computational approach to
rationalising the disparities in reactivity in the bordirected cycloaddition for different alkyne
substituents, particularly those observed in the experiments presented in the preceding chapte
relating to the incorporation of a trifluoromethyl group in the alkyne starting materials.

Chapter fourcontains full experimental details for all procedures, alongside characterisation data,
beginning with those for the (amino)pyrimidByl trifluoroborate salts before providing those
obtained from directed cycloaddition studies of fluorinated alkynyl trifluoroborate salts.



1. Alkynvltrifluoroborateapplied to(aminopyrimidine synthesis

1.1. Introduction

1.1.1.Early isolatio. significant history of pyrimidiise

Brugnatelli, 1818

0
HN)J\NH
—_ " »
o NH o//‘\r(go
o)

Figurel: First recorded synthesis of a pyrimidine derivative

¢ KS LJ& NA YRMR N)yiSG $sdane of the oldest known and significanttérecyclic ring
structures in organic chemistry, with the earliest isolation dating back to 1&48n article by Luigi
Gasper Brugnatli published in theltalian Journal of Physics, Chemistry, Natural History, Medicine,
and Arts Brugnatelli treated uric acidl, figure 1) with nitric acid and obtained a new acidic
compound whichK'S R dzo 6 SR & Sdudtd theNkdChuel it(pvodRiéed upon heating. The
compound he isolated was alloxan, which was nametMoyler? and Liebig while investigating the
reactions of uric acid further, 20 years lat&€hediscovery of alloxan was followed closblyfurther
synthetic discoveries, such as the synthesis ofdiéyl-5-methyl4-pyrimidinamine3 (figure 2) in
1848 by Frankland and Kolbe, who treated propionitrile with potassium metal and obtained the
organic base which was named Cyarie¢ (Kyarithin) at the timedue to its cyanoethyl parentage.

Frankland & Kolbe, 1848

K(s) N
3x /\\\N

|
then H:,’OJr HzN%

Figure2: Early pyrimidine synthedi®m propionitrile

\




Grimaux, 1879

0
U + i POCl, HNJ\NH
— = >
HO OH HN"NH, o, HOl (ALK
4

Figure3: Earliest known example of a Pinstgpe pyrimidine synthesis

Biginelli, 1891

o o}
i
O O 0 + HNJJ\NH

H

i | (.
EtOM HoN™ "NHz  EtOH, heat ©)f\
O~ ~OEt

Figure4: Biginelli's multicomponent pyrimidine synthesis

An important development in the synthesis of pyrimidine derivatives came in 1879, when Grimaux
reported* a synthesis of barbituric acid,(figure 3) by POGpromoted condensationof urea with
malonic acidThis pyrimidine formation strategy {&N fragment + €-C fragmenktis named after
Pinner’ s K2 LINRLI2ZaSR (KS yI YS fistL® dipreciatdRthey/sBucturé ah®R & | &
reactivity of this important class of heterocyctoon after these developmentSigineli reported his
gamechanging multi component synthesispmprising a mixture (in one pot) of a ig&arbonyl, an
aldehyde and a urea/thioureander Brgnstead acid catalysiigure4). This reaction allowed the facile
production of decorated dihydropyrimidinones/thiones from simplecursors, and it has been used
and improved on continuously ever since it was discovéiedRecent reports have offered
improvements in thereaction conditions including thelevelopment of novel catalyst&!? and the
discovery of alternative starting materiafsThe Biginelli reaction has been used in total synthésfs,

and it is used today as a means to access and develop promising therapeutic t&t§ets.

1.1.2. Applications of pyrimidindéoday

Pyrimidines are constituents of nucleic acids and other important biological molecules that are found

in abundance in the natural world, perhaps leading them to become convenient starting materials for
use in furthersynthetic transformations andgniting the rich history introduced in the preceding
paragraph. The synthesis of pyrimidine derivatives as nucleobases has gathered significant interest in
recent years? not just from asyntheticichemical biology standpei, but also as a means of
understanding how these moleculesuld have been made abiotical¥? LINR 6 Ay 3 f AFSQa
origins.

Despite a rich history of research, synthetic methods to access pyrimidines are still soogter to
satisfy demand in multiple fields of research and technology. The most corapplication of
research in pyrimidine synthesis is medicinal chemigirgording to a 2014 studi pyrimidines were

3



the 10" most common heterocycle in FDA approved pharmaceutiaatsin 2019, 4 out of the 33
small molecule drugs that gained FDA approval contained a pyrimithiisefigure rose to 8 out of 35
for 2020, demonstrating the continued demand for this privileged substructure.

Pyrimidines are found in drugs and treatments tepain avastrange of medical field&%including
antibiotics, antivirals, antifugals anticancers hypnotics, vasodilators and treatments for high
cholesterol One example of the way in which pyrimidine drugs are making a huge difference to lives
today, is in the field of antibioticesistan infections The family of antifolate and ilydrofolate
reductase (BIFRR) inhibiting drugsconsising of 2,4diaminopyrimidines, including Brodiprirfigure

5), Iclaprim, Trimethoprim and Pyrimethamingave provided clinicians with an increased arsenal of
antibiotic agents to tackle, for instanaaethicillinresistant Staphylococcus aureus (MRSA) infections.
Additional to their ubiquity in the bimedical sciences, pyrimidines have also found numerous
applications as building blocks for functional materials, including supramolecular assethbbies,
linear opticg’-?2and organic electronic®.

Cl

N.__NH, N._ _NH,
v v
NH, NH,
~0 o~ ~0 o~
Br _0O
brodiprim iclaprim trimethoprim

Figure5: Dihydrofolate reductasahibiting (DHFR) antibiotic drugs

Due to the value of the pyrimidine substructure to numerus fieldseohnology as outlined in the
previous section synthetic studies have seen a proportionate amount of attention and the
construction of highly substituted pyrimidine derivatives in an efficient manner is a constantly active
area of research%*? In order to concisely introduce the currestate-of-the-art in pyrimidine
synthesisthis part of the discussiowill be separated into two sections: the first beiagurvey of the
methods that have been discovered to construct the pyrimidine ring itself, and the second will deal
with the reactivty of various pyrimidines and how this translates inftoeir postannulative
functionalisation potential.



1.1.3. Current methods for pyrimidine ring synthesis

The number of ways to construct the pyrimidine ring from simple or acyclic precursors
commensurate with the amount of research effopand commercial valyesurrounding the product
heterocycles. A retrosynthetic analysis such as that showigure 6 that represents literature routes
to pyrimidines over the years will show thaany of thepossiblestrategieshave beenrealised

N/§N
:

Strateay A

R4 /v\
A :

NN

Strateay E )H)\ Strateay B
/
Ry R,

N™SN N™SN
1) 1
1 1
Strateay D Strateay C

Figure6: Possible retrosynthetic disconnections towards the pyrimidine ring

The most important route, however, is the Pinner synthestsafegy A, figure 6). This includes
condensation of an amidine with a ¢carbonyl (orappropriateelectrophiic surrogate vide infrg
and constitutes the most common methtd*é & ( K Spal RIRJ f &®Efdrmding the pyrimidine
ring. Recent developmenis this type of process have centf@dn increasing the scope of functional
groups that can be attached to the pyrimidine comng the ring synthesis reaction, and increasing
the availability or convenience of the precursor materials.

Pinnertype synthesis of pyrimidisé ¢ N2 dzi S | £ 0

While searching for an operationally simple procedure to obtaamy? and 2alkylpyrimidines, Wang
and Cloudsdale fourieithat by heating thecorresponding amidine hydrochloride salt with the stable
malondialdehyde surrogatei,1,3,3tetramethoxypropane, in a sealed tube, they could obtain the
desired pyrimidine in good yielfigure 7).

is



0" O
R \o)\)\o/ R
H,N™ SNHHCI > N)§N
sealed tube |
175°C, 16 h L

5 examples, 65-82%

Figure7: Use of malondialdehyde surrogate in Pinner pyrimidine synthesis

An intriguing class of alternative malondialdehyde surrogates, are vinamidiniunbdéitisire 8),
used in an elegant synthesis of ZiBubstituted pyrinidines® by condensation with amidines
producedin situfrom the corresponding nitrile. It is a powerful process for the synthesisaty2 and
2-heteroaryl pyrimidinesdrising fromreactive nitrilestarting material}, but the scope suffers from a
lack of electrorrich aryl groupsforming stabilised parent nitriles) in the-osition and limited

diversity in the 5position @ result of thechallenging production ahe corresponding vinamidinium
salt).

/N\NN; X
(i) HCI, MeOH
N (ii) NH3 H,N__NH 5 X
Il 7 .

- N N
R concentrate R NaOMe/MeOH, rt, 3 h \f
R

9 examples, 68-86%
R = alkyl, aryl, X = Ph, CI

Figure8: Vinamidinium salts as reactive id&arbonyl surrogates

Another highly useful classf d,3-dicarbonyl surrogates that have been used finnertype
pyrimidine synthess?” are enaminone¥ (6, figure 9). These intermediates are easygeepareand

are easier to handle than-ketoaldehyde derivatives. Although not strictly applicable to most Pinner
type reactions, enaminones also providemarkable regioselectivity enhancements in heterocycle
synthesis through amine dislocation or transaminafif? Numerous recent reports of pyrimidine

syntheses have utilised similari -unsaturated carbonyl compounds to access highly substituted
examplegqvide infrg.

z
O x//I\Y XY
—~ > |
RJ\/\'}'/ -Me NH, -H,0 R)\%

Figure9: Enaminones as I@carbonyl surrogates for heterocycle synthesis



Adapting conditions that efficiently produce quinazolines and quinazolinones fr&m
halophenytarbonys and amidine4® Cho and coworkers showed thatbromo-h i>unsaturated

ketones7 (figure 1) can be reacted with amidine hydrochloride salts in the presence of copper
powder and a bas#.

o]

R! NH HCI Cu(s) (10 mol%)
|
Br HN" "R K3PO4 DMF )\

110°C, 24 h

~

13 examples 23-77%
R', R? = alkyl, aryl

FigurelO: Cucatalysed synthesis of fully substituted pyrimidines

The reaction is quite general for acetamidine and benzamidineayithic precursor ketones, affording

the corresponding bicyclic pyrimidines in good vyield, however, the yields when acyclic precursor
ketones were used were moderat&notherh i -unsaturated carbonytlass that has been employed
recently in the synthesis glyrimidine derivatives, are-trichloromethytd dzo a { Al GudsatGaedh >
ketones8 (figure 11) .*>*¢These intermediates react under mild conditions with amidines to afford a
range of 2,4diarylpyrimidines in good to excellent yield.

Ar? 2 2
%\ Ar Ar
= — » HO - >
Ar' CCls ~
toluene,rt2h  Ar CCl3 CH,Cl,, reflux,12h  Ar CCls
8
9 10

3:1 mixture of
isomers

Oy_: N)\lN KOBu
ArN THF,1t, 4 h

u

Figurell: Synthesis of 2;disubstituted pyrimidines, usirgytrichloromethyleaving group

0 (i) (Het)ArB(OH), )R\
| Pd(PPh3)4 cat., K.CO
R ~
© (i)
12 H,N"">NH, DBU (Het)Ar

24 examples, 35-85%

Figurel2: Onepot tandem Suzulgondensation procedure for the synthesis of 2tdgubstituted pyrimidines



The isolation of intermediated and 10 rule out a precyclisation elimination of chloroform ithe
reaction mechanisnthat would otherwise fornmthe terminal ynonell.

A report describinghe synthesis ofhe alternative4,5-diarylpyrimidines utilises easily obtainable 3
iodochromone12 (figure 12), in a tandem Suzuldliyaura/condensation proces$.An extensive
family of 2,4,5trisubstituted (aminopyrimidines were synthesised iname-pot process and after
minor modifications, were evaluated for inhibition against the human hepatocellular carcinoma BEL
7402 cancer cell line. A simil@cyclicintermediate i -n-butoxyenonel3 (figure 13) was synthesised

by Skrydstrup and eworkersby a carbonylative Heck reactifrand was shown to react smoothly
with benzamidine hydrochloride under mild conditions to afford the pyrimididén excellent yield.

CO (2.2 eq)
from "COgen"

[(cinnamyl)PdCl1], Q

|
i
/©/ + Z0mu HEF 4P"Bus, Cy2NMe oy
~o dioxane, 100 °C, 17 h ~o

13,87%

Ph

HoN /&NH.HCI

Ph
N)§N
l ~
NaOMe/MeOH
~o 50°C, 20 h

14, 83%

Figurel3: Carbonylative Heck reaction towards far¥-unsaturated carbonyl compound for pyrimidine
synthesis

An interesting way to accesk-n-alkoxyenones for pyrimidine synthesifsom saturated 3-
ethoxycyclobutanonesi5 (figure 14) was publishedrecently by Song and coworkerS. The i -
ethoxyenone 16 is released upon théewis acidiaction of BR.ELO, which can then undergo a
transaminationtype process, leading to the enamir/, which may condense rapidly to the
corresponding pyrimidine. Alternatively, the amidine may first react with tyelobutanone
(activated carbonyl), forming imin&8, which is broken down under Lewis acidic conditions to
intermediate 19. This intermediate could feasibly produce the pyrimidine directly by trapping of a
transient oxocarbenium by the second amidine ogen.

R!
i A A
N K3POy, BF3.0Et, NN
EtO O 7 HN"SNHHCI ——————> gs )|
MeCN, 80°C,17 h
R? under air R4 R2

15
15 examples, 0-89%
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o X
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R M
2
or R 15 R¢ R?
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2! EtO N BF3.0Et; R3 _ E(OH
H,0 —_— OEt -Et
2 R? 18 +/- H* R4 RZ 19

Figurel4: Lewis acidmediated GC bond cleavage of cyclobutanones towards pyrimidine precursors

Proton transfer and elimination of EtOH then provides the desired pyrimidirether important
aspectof the Pinner synthesis that was realised recently by Dominguez and cowétksrthat
accessing pyrimidinols/pyrimidinoneg1 (figure 15) by reacting | -ketoesters 20 instead of
diketones/dialdehydeswith amidines via sonication of the reaction mixturgrovides, through
subsequent activation, a useful synthetic handle that can be transformed into a phenyiaiegy.
cross coupling.

¢CKAE adNIGS3e 2F GUNIYYAT2NNANVHAARAURE &@¢Q0obHYRY I dzk GBI
the corresponding tosylate and performing catalytic reactions been found to be applicable to:
SuzukiMiyaura cross coupling$®® Kumada cross couplirt§,Sonogashira cross couplifigand GH

activation®®

R3
3
o 0 i K2COs N)§N
RAJ\)LOEt * HNTSNHHCI — — |
) H20,))),5-15mins Rt OH
R R2
20 21
PhB(OH),
Pd(PPhs)s, K2CO3 TsCl, DMAP

H,0, 80 °C, 16 h CH,Cly, ))), 5 mins

3 examples, 64-89% 22

Figurels: Transformation of pyrimidinone oxygen into useful handle for further synthesis

The final example of unsaturateddicarbonylsurrogates that have been exploited in pyrimidine
synthesis to be presented in this section, are the highly versatile, and emé&tdirigacetylenic
carbonyl compounds (ynon&s, for the corresponding ketondigure B). There are numerous ways
of making ynonesbut the forging of the carbonydcetylene bond via a catalytic cross coupling
reactiorsis among the most efficient
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—=R?

R!
[0]”

o) 1,2-addition| O. TM cat. R?_
RIM + Y——=—R? —— }%Rz — or:
X

R!
23

CO + RLX + —R?

1,2-addition H

0
WX + M—=—R?
R1

Figurel6: Summary of methods to obtain ynones, with the oxidant/harsh organometallic free catalytic method
highlighted

This strategy of ynone synthesis represents one of the oldest applications of the Sonogashira
reaction?”58but was only recently used ian efficient (including the use of stoichiometric amounts of
E&N, rather than as the reaction solvent) opet procedure to prepare pyrimidines byMer et al.

(figure 17).5%60

(i) (PPh3),PdCl,, Cul
EtsN

THF 3[1 1h iy
o .,
>_CI + —R3 N|)§N
]
R (il /Fi R1J\7KR3
: HN™ ~NHHCI 12 examples, 17-84%
Na2003
THF or MeCN
reflux,12h
2 R?

' Ro-
- RP=TMS, 24 N/g

not observed
6 examples, 30-81%

Figurel7: Catalytic access to ynones for pyrimidine synthesis

This procedure proved to be quite general, allowing the introduction of aliphatic, aroraaii
heteroaromatic side chains in the resulting pyrimidine from every reaction compoaeidt¢hloride,
terminal alkyne and amidine hydrochloride salt). Heteroatoms could also be incorporattiee use

of Smethylisothiouroniumchloride and guanidinium chloride in the ultimate cyclocondensation step.
The products were obtained in moderate to excellent yields after purification. A noteworthy
observationthat was made by the authors was that when ethynyltrimethylsiladdfigure 17) was
used in this ongoot procedure the product thatwasobtainedwas the protodesilylateghyrimidine

25. This procedure was extended to produce a small family ofdkdbstituted pyrimidines, which
were obtained in moderate to very good yield.
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An inproved catalytic synthesis of ynones towards functionalised pyrimidines involves a carbonylative
cross coupling between an aryl halide and a terminal alkyne. This avoids the need to prepare moisture
sensitive acid chlorides antthus could improve the fun@nal group tolerance and operational
simplicity of the process. Carbon monoxide gas is commonly used as the carbonyl source in this type
of process, such as that published by Feher and cowd¥kevhere ferrocenyl pyrimidined6 (figure

18) were prepared from ferrocenyl iodidegathe carbonylative cross coupling procedure, followed

by condensation with an amidine or guanidine.

@|

Fe

i)

CO (15 bar)
(PhsP) 2PdCI2/CuI —

THF, 60 °c 12h
NH HCI N NHR
2
Fe \ 052003 Fe N
_—
@ THF, reflux, 24 h @ R
R 26

4 examples, 32-50%

Figurel8: Preparation of ferrocenyl pyrimidines from the corresponding ynones

Alternatives to CO gas have been sought for carbonylaiuglingsin recent years, owing tthe
inherenttoxicity and the potential requirement for special equipment in ugimg gas Stonehouse

and coworkers employedVo(COj as the CO source for a related reactf@myhich was successful in
producing the desired pyrimidines by condensation of the intermediate ynone with amidines.
However, the ongot process was not amenable to the production chr@inopyrimidines or
pyrimidin-2-onesviareaction with guanidine or urea, respectively. An important recent development
in this chemistry came with the desigri the CO generator molecul€€Ogen bykrydstrup and ce
workers. This commercially available and safe reageas appliedo the synthesis ot*C labelled
pyrimidine derivative27 (figure 19) by carbonylative cross coupling, using th€Ogen reagent,
followed by condensation with benzamidifie.

An interesting alternative to carbonylative production of ynone intermediates for pyrimidine synthesis
was explored in a 2011 publication bytilér and ceworkers® Exploiting the nucleophilicity of
azulenes?8 (figure 20), a glyoxydhloride group was inserted at therBembered ring using oxalyl
chloride to produce the corresponding glyoxalyl chloride derivatR@sThese intermediates were
subsequently found to undergo smooth decarbonylative alkynylation undesaldysis to prowe

the ynone intermediate80, which could be transformed into pyrimidines by cyclocondensation with
the appropriate amidine. This ofgot, four-component procedure was able to provide a range of
disubstituted azulenylpyrimidines in moderate to good yield.

11



(Het)Ar—Br + —Ar
+ 1¥COgen

°C,16h

PdCly, Xantphos | dioxane
EtaN 80
Ph

H N/gNH HCI Ph
o]
Na,CO.
A Ar L» N|)§N
(Het)Al“‘ MeCN/H,0, 80 °C, 16 h (Het)AMAr

2 examples: 87, 90%

0 o
o LPd_ ‘\/ «C
%anve
LPd® H
L P
~\,

Cl
elimination
HCI _H
LPd"
~N,

Cl

Figurel9: Synthesis of 13l@belled pyrimidines via carbonylative Sonogashira cross coupling

(i) (COCI),, dioxane, rt, 4 h

iy =—R! R?

R R )\

- (PPhg3)2PdCl,, Cul, NEt3 G N” >N

\ rt,Th \ L
\ N\ R’
Rz
(iii) 31
HoN NH HCI 6 examples, 33-68%

K,CO
2-| methoxyethanol 100°C,48h

COCI
(coci), Parcy %

Figure20: Preparation of azulenyl pyrimidines via decarbonylative cross coupling

Gevorgyan and cworkers discovered an elegant method to regioselectively produt&? Salkyne
substituted pyrimidine34 (figure 21) from the 2,3,4,&diynone 33,°° which was obtained by gold
catalysedO-transposition in the parent skipped diyno2. Pyrimidines bearing an acetptotected

aldehyde in the $osition(35and 36, figure 2) can be synthesised by reacting the acetabstituted

ynone with an amidine or guanidine. The acetal can be situatidcant to the carbon§t* or

attached directly to the alkyné&

12



Ph

Ph
o)
0 (ArO);PAUCI / AgSbFe HaN" ~NHHCI )§
P “ cat. Z R2 Na,COs NI N
ZZ > - =
R R2 (CHLCl)o, rt,2h R’ // MeCN/H,0, 80 °C, 16 h TIPS/\/LPh
32 8 examples, 79-93% 33 88% 34

Figure2l:Preparation of a TIR&kyne substituted pyrimidine from a diyren

o Me Me

N =t
HiCE N o HN" " SNHHCI . P
~ ~~ j)\/szHﬂ
Na,CO3
o~ MeCN/CHCls, reflux, 3 h ~_0
35,87%
Me
o NH,
° BN A
~ S HoN” SNHHCI NI N
AN (0] —
~.© H NaH ~ \NH
EtOH, rt, 1h ~_©
36, 95%

Figure22: Preparation of pyrimidines with protected aldehyde substituents

Although not strictly a strategy A pyrimidine synthesis, Campagakdiscovered that Cbprotected
propargylic hydroxylamine37 (figure 2) could be transformed efficiently into the caspondingCbz

i -enaminones38 by a basecatalysed isomerisatioff. These intermediates reacteditiv aromatic,
heteroaromatic and also aliphatic amides in the presenc800K to afford the expected pyrimidine
product in good to excellent yield. Even acrylamide was a successful reaction partner (provided
TEMPO was present as a polymerisation inhibyigbarder), providing the corresponding -2
vinylpyrimidines in good yield. Interestingly, the unprotecteénaminone(no Cbz groupjlid not
produce any of the pyrimiding9. The authors suggest that final aromatisation of the pyrimidine may
be facilitatedby the elimination of Cb®©H(rather than HO), by analogy to that proposed by Ta&ti

al.”® (potentially viathe oxazetidine40) who were using similar systems to access pyridines

OH

CbzN i H
— R Via @ 07/ r3
> — Z: 7 0
R' 37 N |N
40 R1MR2
NaOH (10 mol%)
MeCN, 50 °C, 1h R3 l
o//J\NH2 RS
T 'BUOK N&N
I
N\
R1J\/U\R2 4 A MS R1J\7KR2
38 toluene, 130 °C, 1h 39
17 examples, 0-90% 20 examples, 49-89%

Figure23: Synthesis of trisubstituted pyrimidines from ©€baminones
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Oxidative Pinnetype reactiondased on saturated starting materials

Pinner 1,2dicarbonyl surrogates need not begin at the required degree of saturation, provided that
the means to produce therim situ are present. For instanc&agley and cavorkershaveshown’"2
that pyrimidines could be prepared from an oxidative procedure using the correspondingtynol
(figure 24) and an amidine, in the presence of a suitable oxidant (IBMnO,"* or BaMnQ’?) under
microwave irradiationOverall, the optimised (BaMn@romoted) reactiordemonstrated a promising
scope of tolerable aryl/heteroaryl side chains, however no aliphatic examples were shben.
potential of the principle ofoxidising to the required Pinner intermediate situ is an attractive
prospect, andseveral oxidative Pinner pyrimidine syntheses have been published*i@ageand co
workers demonstrate® that the same transformation figure &) could be carried out aerobically
using a catalytic quantity of transition metal or pasinsition metal Lewis acid. The catalyst that
provided the desired pyrimidine in the highest yield was Cug®2® mol%)and the procéure was
able to produce a range of arylheteroaryt and alkeny substituted pyrimidines in good yield
however, the methyl substituted ynol ¥RVle) failed to produce any of the expected product
presumably due to the high oxidation potential of the pémate 1,6dihydropyrimidine 46,
compared to the other successful substrates.

BaMnO4
Ph Ph
HO, HN//J\NHZ NJ§N
y——=—Ar |
Ar’ EtOH/ACO AN a2
M cOH
u-wave, 150 °C, 45 mins 43

20 examples, 49-89%

Via
BaMnOg4 0
Q W—=—nr2
Ar!
42

Figure24: Oxidative pyrimidine synthesis starting from propargyl alcohols

Ph

HN%\ NH,

Y]

h

HO: e Cu(OTf), (10 mol%) NTSN
R1 _ air R1J\7I\R2
44 PhCI, reflux, 1.5-24 h 45

11 examples, 0-91%

Ph
0
HNTSN o1
+
NN

46

Figure25: Catalytic aerobic synthesis of pyrimidines from propargylic alcohols

1,6-Dihydropyrimidineshearing aryl groups at the-gositioncanbe oxidised aerobicallyhisled to a
series of papers demonstrating that pyrimidines could be proddiced chalconeor cinnamaldehyde
derivatives under an air or @atmosphere. Guo investigated the feasibility of this process, using an
atmosphere of @as the terminal oxidantfigure 26).”* The reaction conditions were tolerated by a
extensiverange of cinnamaldeyde derivativeg7 and one chalconéAr = Ph, R= H, R= Ph, R= Ph)
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RS

N R?
0 HN®NH,HCI
KOH N/gN
AT OR? |
R 0z (1atm) Ar R2
DMSO, 120 °C, 12 h Rl

27 examples, 57-83%

Figure26: Aerolic pyrimidine synthesis starting from cinnamaldehyde and chalcone derivatives

R3
2 R
HN NH2.HCI
Cs,CO3 N™~N

~
Ar R? |
/\RT\ 0, (1atm) ArJ\7kR2
R1

DMSO. 120 °C, 24 h
A E

Via
[0]|
©/\¢ ¥
B D
Figure27: Aerobic pyrimidine synthesis starting from simple allylic compounds

producing di or tri-substituted pyrimidines in good to excellent yield. The only alkyl substituents that
were tolerated could be incorporated in the &nd 5positions.A more recent report by Jiareg al.”®
shows that a simple allyl fragmeAt(figure 2) can act as thé,3-dicarbonyl surrogate in pyrimidine
synthesis under an atmosphere of. @ontrol experiments suggest that the allyl radical that is formed
by oxidation ofA is trapped directly byan amidine species, such as the radi€aforming the
intermediateD, as opjsed to initial oxygenatiofollowed by amidine condensatioA set of reaction
conditions using chalcones and aerobic oxygen, instead of a puatm@sphere, was published by
Chaskar and ecworkers(figure B).”® The reaction is promoted by choline hydroxide (ChOH), which is
also used as the reaction solvent. Numerous-andstituted pyrimidines were successfully prepared
but notablyalkylsubstituted pyrimidine$1 and52 were also prepared in excellent yield, suggesting
that the ChOH plays a role in lowering the oxidation potential of ldssreactive aliphaticl,6-
dihydropyrimidine intermediats
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ChOH =

P =] P
Q HNA\NHZ.HCI N/gN NJQN NJ§N

s

R1JJ\(\R3 | I |

k2 air, ChOH _ R1J\7kR3 PN =
60 °C, 30-90 mins R2

49 50 51, 86% 52, 82%

19 examples, 82-93%

Figure28: Aerobic pyrimidine synthesis, showing notable akistituted products

More recently, a report that uses propiophenones as reduced Pinner intermediates for pyamidin
synthesi$’ (figure 29 has been published. This procedure demonstrates a very extensive scope and
functional group tolerance, including numerous aliphatic substituents that can decorate the product
pyrimidine.The reaction is proposed to procegh Cucatalysed -oxidation of thepropiophenone
followed by elimination of TEMPB, providing the key chalcor’, which reactgjuicklywith the
added amidinegn a manner similar to that described abovée reaction temperature is rathdsigh,
but to start from such an inactive precursor as propiophenone is a highly desirable ouitcdenms
of starting material accessibilitgnd represents a significant leap forward in the field of pyrimidine
synthesisA similar, irorcatalysed proceskas since been published by Han andnakers’® A yet
more attractive, recenyl developed Pinnetype synthetic strategy towards pyrimidine derivatives
would be to assemble the carbon backbdnesitu from simple building blocks in a muttomponent
reaction (MCRJ}*8 where the fragments that make up the igicarbonyl surrogate are sequentially
connected and the intermediate is raised to the required degree of unsaturation by a series of
oxidative processes. The oxidised intermediate chalcone would then react with an amidine or
guanidine, affording the desired pyrimidine as described above. A crucial development towards this
goal came in 2015, when Kempe andveorkers invoked the versatileegeral oxidative ability of
iridium catalysi® in an acceptorless alcohol dehydrogenative (RABCR involving 3 components
towards trisubstituted pyrimidines, and 4 components towards tetraitbited pyrimidines (figure
30)8
R3
HN//I\NHZ.HCI "

o) Cu(OAc),/bpy cat. /k
JJ\/\ 4-OH-TEMPO, NaOAc NN
¥

air R!
DCB,140°C, 24 h

R2
53
54

19 examples, 82-93%

ia

53

CU”
air ( Base R®
cu

) g FS® P,
4-OH-TEMPO RAH)\H 0 [o]
R1JJ\/\R2 —_— éoy [ 4 5 > 54
. N -[4-OH-TEMPO]" R” ™*"R

-B-H
55 56 O 57

Figure29: Aerobic pyrimidine synthesis starting from propiophenones
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Since this report, numerous variations and improvements to this kind of process have been disclosed.
Different transition and post transition metal catalysts have been found to catalyse the
dehydragenative coupling of acetophenones and aldehydes for pyrimidine synthesis, including
catalysts based on: BB Pt8” Mn, 88 Re Cu! F€? and Ni%*% These processes are efficient and
allow the product pyrimidines to be isolated in good yields, showing dwactional grouptolerance

and promising scope. The recent use of Eattlindant Fe and Ni catalysts increases the value of these
reactions and throuly experimentation of altering metal/ligand combinations, a promising reduction

in the required temperaturéo 80°Cwas realised?

R3
HZN/&NH R3
OH OH Ir cat. (1mol%) N)QN

KOH or KO'B
R1J\ + kRz or u M CF,

tamyl alcohol, reflux, 24 h

58 59 60
Ir cat. (1mol%) | dioxane I cat. =
KOBu 125°C,4h rcat. = NN
RS |
oH OC' Y R® NS
+ 0 | Iy
R4 HaN™ ~NH N)§N IProP e lpeeePIPr,
Interrupted synthesis R! > I CcoD
tetra-substituted pyrimidines tamyl alcohol, reflux, 24 h R! = R4\
R? , ,
(open system) R2
61 62

Figure30: Ir-catalyseal MCR synthesis of pyrimidines from alcohol precursors

Other oxidative Pinner syntheses

An interesting preparation of 2;diphenylpyrimidine from a propargylamine and benzamidfimgufe
31) was reported by Starr and aworkers® The propargylamine is transformed iném enaminone
intermediate via oxidative rearrangement to thesoxazolinium intermediate, which then undergoes
basemediated NO cleavage. Only one pyrimidine example was presenttdkireportbut based on
the efficient production of the key enaminone intermediateisone-pot procedure is expected to be
more generalhyapplicable
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g (i) peroxyacetic acid Ph
N

‘BUOH, rt, 5 mins )\
_/— then 85 °C, 30 mins NN
——Ph I
(i) KO'Bu vah
63 Ph 36%
HoN" NH

BuOH, 85 °C, 48 h

Figure31: Oxidative reaiangement of porpargylamine towards 2diphenylpyrimidine

Non-Pinner pyrimidine synthesiga strategy A, cycloaddition approach

In 2011, Bogeet al. discovered that 1,28iazines64 (figure 2) underwent an extremely efficient
inverseelectronrdemand [4+2] cycloaddition with amidines, affording pyrimidines after elimination
of nitrogen gag® Imidates 66 were also amenable to the reaction conditions, providihg same
pyrimidine product This providegvidence forthe mechanism of [4+2] cycloadditiofgllowed by
elimination of NHHOR however the temperature required for imidate cycloadditions was significantly
higher than it was for amidinesA series of publications by Boget al. followed %% including a
systematic study of the effect that®&substitutents on the 1,3-triazine had on the rate of the [4+2]
cycloaddition®

RZ

RZ
NN H2N/&NH 65 P
NN .
| _ | P 20 examples, 40-99%

CH3CN or dioxane \)

R! -20°C to 60 °C R
S5minsto6h
64 67
2
RO NH 66 N )§N
| _ 6 examples, 16-94%
CH3CN or DMF
rt to 100 °C R
15 minsto 24 h
2
g i
X XN AN
N/ EESN [4+2] N/(’\/'Ji N retro[4+2] N [N\/ H
: - Q R — | _— —>» 67
-N> y -HX
R2 R2

Figure32: Cycloaddition approach to pyrimidine synthesis
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In generalstrongerelectronwithdrawing substituents accelerated the reaction rate compared with
lesswithdrawing examples, as is expected for an invateetrondemand DielsAlder cycloaddition.
1,2,3Triazines with ester substituents at4IC-6 were obtained in a subsequent publicat®and
found to undergo smooth cycloadditions at room temperature with amidines to afford the desired
pyrimidines in moderate to excellent yields. A family of H#i&ines bearing electredonating
substituents {SR-OR,-NHAc) at & were then preparet and reacted with amidines, affording the
corresponding pyrimidines in moderate to excellent yield albeit under slightly more forcing conditions.
This chemistry has also been applied to the total synthdsiseopyrimidine subunit of the important
anticancer agent Bleomycin. figure 33)*® demonstrating the usefulness and functional group
tolerance of this process. More recently;nitro-1,2,3triazine has been prepared and shown to
undergo anextremely rapid cycloaddition with aryl heteroaryt and alkylamidines at room
temperature

TrtHN Boc

O
9y N TrtHN\’//O y Bﬁc
NVT\/O 7, N O

~ N\
N” SN N steps
| _ | _ ——— > (-)-pyrimidoblamic acid
EtO,C CO,/Bu CH4,CN EtO,C CO,/Bu
5°Ctort,39h

68, (2.0 eq) 70

54%, single diastereoisomer

Figure33: Cycloaddition of 1,2;Biazine with amidine ithe total synthesis of pyrimidoblamic acid

Pyrimidine synthesigastrategy B

An example of a pyrimidine synthesis following strategfidsire 6) was disclosed by Muchowski and
coworkers® (also separately, at a slightly earlier date by Ibnusaud and cowotawb)o found that
isolable 1,2diazal,3-butadienes71 (figure 34) underwent a [4+2] cycloaddition Wit electron
deficient alkynes, such as dimethgétylenalicarboxylate (DMAD) and propiolatesters. After
subsequent elimination of dimethylamine, the corresponding pyrimidine products could be obtained
in moderate to excellent yield. DMAD underwent the most efficient cycloaddition in most cases,
allowing the reaction to proceed at room tempeuag. The scope of this process was investigated
further in a separate report®demonstrating the usefulness of this reactiondtain a range of fully
functionalised pyrimidines, albeit in modest yields for some examples.
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24 examples, 7-98% yield

Figure34: Alkyne cycloaddition approach to pyrimidinés disconnection stratedy

(o}

ROQC\/COQR RLN CO,R
Py | 2 examples, 35-60%
o

NaOMe/MeOH, reflux N~ “R2
7d H
R! N 0
~ 2
NH R X_COR RL N
X//I\N/)\O/ N | 5 examples, 40-80%
NaOMe/MeOH, reflux x//l\N R2
X=0,$ 16h H
73
NH.
N N 2
\\\/// RlN //N
AN
NaOMe/MeOH. rt X%\N/ R2 . 7 examples, 20-89%
14h

Figure35: Condensation of fdmino(thio)carbonyl imidates with malonic acid derivatives towards
pyrimidin(thi)ones

An example of pyrimidi2-one synthesisiastrategy B was realised brechlet al.,*°*who found that
isolableN-amina(thio)carbonyl imidates3 (figure 3) could function as the CNCN fragment for this
strategy in condensation reactions with malonic acid derivatives including malonitriiérile esters
and malonic esters. This reaction allowed the isolation of a range of diversely substituted
pyrimidinones, pyrinmdin-diones, aminopyrimidinones amyrimidin-thiones in moderate t@xcellent
yield. However, the reactions often required extended periodsebtingto reach high conversion.
Nitriles are highly important precursors to pyrimidines and are oftensource of one or more of the
ring nitrogen atoms, not least as they are the precursors to amidirethe Pinner reactiod® A
method to synthesise yimidines from nitriles and ketones/estevsa strategy B was published by
Martinez and ceworkers, who utilised the Lewis acidity of trifluoromethanesulfonic anhydrid®|Tf
to activate the carbonyl compound& and 76 (figure 36) which reacted with 2qeivalents of a
carbonitrile to form the corresponding 2,4tfisubstituted or 2,4,5,&etrasubstituted pyrimidines®
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74 75
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Via
(0]
R{)LRZ
Tf,0
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= ~N
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RS \N/kRe’ -HOTf R3 \N)\R3

Figure36: Lewis acid mediated synthesis of pyrimidines from ketones/esters and nitriles

Theuse of such a chemically powerful reagent a®©Tdllowed the reaction to proceed efficiently at
room temperature, providing a fair range of highly substituted pyrimidines in moderate to good yield.
Notable in this study was the ability to produce alkpyymidines upon the use of the corresponding
ester, allowing a potential handle for further functionalisation. The reaction is believed to occur in a
stepwise fashion, forming the nitriliustype compoundr8 after Lewis acigmediated addition of two
equivalents of nitrile

Another efficient cycloaddition approach tgyrimidine synthesisvia strategy B was realised by
Neunhoeffer and Bachmarifiy who discoveredhat 1,3,5triazines ated aseffective dienes that
undergo [4+2] cycloadditions with ynamines and enamines, providing the expected pyrimidine
regioselectively after elimination of HCN and the amine. The scope of this process was subsequently
expanded by Bogeet al.,'®® and an organocatalytic variant was disclosed recently by Wang and co
workers, allowing the process to begin from easily handled ketdigs¢ 37).1%°
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Figure37: Organocatalytic synthesis 4f5-disubstituted pyrimidines from ketones and 1;8j&zine

Pyrimidine synthesigastrategy C

An interesting procedure for obtaining X¢isubstituted pyrimidinones and pyrimidihiones from
unsaturated thioamides and iso(thio)cyanatesspectively was developed by Deniaud and-co
workers igure 38).11° The thioamide is first converted to t®@methyldiazadienium iodide saft9,

then it is reacted with an isocyanate or isothiocyanatich produces amolecule of MeNH.
Formation of the urea5 by the rapid reaction oin situ generated MeNH with the isocyanate was
dealt with by using two equivalents of RNCO/RNCS. The reaction worked well for aromatic
iso(thio)cyanates and aliphatic isothiocyanates, forming the corresponding pyrimidinones in good to
excellent yield However, when alkyl isocyanates were used under the same itmms$, the
intermediate adduct did not cyclise to the desired pyrimidinone. A second;miadiated cyclisation

step was adapted for these substrates to afford the afiydstituted pyrimidinone84from the acyclic
speciesB3in good yield. In the case ofethyl isocyanate, the correspondificommercially available)

methyl isathiocyanate was employed tb @2 A R

i KS

F 2 NI S NI &thiodeBEWa®O A (1 & ®

obtainedvia the usual method, then it was transformed to the desi@dierivative82 efficiently in

54% yield over two steps.
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Figure38: Synthesis of pyrimidinones and pyrimidinethiones from diazadienium iodides and iso(thio)cyanates:

Pyrimidine synthesis via strategy D

1
R EtO OEt )R\
PN SN HMe NZ N
NZ > NH, | g
A NS - > Ar H/Me
r 86 140 °C, 2 h
019,
o Q _\ 7 examples, 80-91%
N= N

R1

EtO OEt )\
Et0” “OEt N= N

X~

Ar OEt
toluene, reflux, 65 h

[

\

N=— 80%

Figure39: Condensation of olefinic amidines with orthoesters and formamides towards pyrimidines

Strategy D comprises one of the less vetlidied approaches to pyrimidine synéisis, due to the
exotic nature of the CCNCN fragment that is required. Nevertheless, &aklaccesselefinic
amidines86 (figure 39) to fit this purpose and published an efficient method to access pyrimidines by
reacting these extended amidines withthoesters or formamide surrogate$! This reaction was able

to provide a small family &,4,5triaryl pyrimidines in excellent yield, however aliphatic side chains
were absent on the vinyl amine component. Also, theptimised method to obtain the vinyl amidine
allowed only an isoxazole side chain in the pyrimidif@oSition. The method was later expanded
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upont'2 to include more examples and to investigate the potential of the isoxazole substituent for
further organic synthesis.

Pyrimidinesynthesis via strategy E

Another synthetic strategyor accessing pyrimidinega the only other possible combination of 3
atom synthonscomes in the form ofstrategy E(figure 6). Holtschmidtet al. found that N-
(dichloromethyleneirichlorometharimine 88 (figure 40, R = Cl)could act as an effective CNC
& I O O Sftaljim@midnd exploited the binucleophilicty of acetidriles in an intriguingsynthesis of
2,4,6trichloro-5-substituted pyrimidines® The reaction proceeded at a reaction temperature of 200
°C in the presence of a catalytic quantity of e@ffording a range of aromati@and aliphatie
substituted 2,4,&richloropyrimidines in mostly gab yield. Mechanistically, the acetonitrile is
expected to react through the methylene to afford the adduB8 which were isolated in some
instances, which then presumably underwent adéectrocyclization followed by elimination of HCI
to afford the pyrinidine.

Cl__Cl R?

2
R’ he FeCl RGN N
=N+ R%N — L\% — > R/ Vol
20 [o} 1 J—
cl cl 0°C R Ry, o N 12 examples, 5-94%
87 88
89 90

Figure40: Lewis acid mediated cyclisation of (dichloromethylene)dichloromethanimines with substituted
acetonitriles

Alternative binucleophiles that react witthe dichloromethanimine92 (figure 41) to produce
pyrimidines include enamine®l, which are easily accessed from the parent aldeligelmne. For
instance, Heitzer and Grolieund that treatment 0f92 with the enamine 91 under basic conditions
afforded the corresponding pyrimidir@8in good yield'**allowingadditional diversityR) compared
to the previous synthesis.

R1
CO,R? CI\(C| CayCO5(1.1eq) N
JI + N R0,c—~ \—cl
HoN R’ ClC” benzene, =N 10 examples, 45-80%
o}
(2 eq) 40 °C toreflux, 2-4 h c
91 92 93

Figure41: reaction of (dichloromethylene)dichloromethanimines with enamines under basic conditions

Enamines were also found to react with acyl isothiocyanateéfigure £) by Dorfmanet al!*® to
access a good range of fully substituted pyrimidiithiones in moderate to good yield. The reaction
of enamine94 with benzqg/l isocyanated5s, Oinstead ofg resulted only in the formation of the linear
product 97 and none of the pyrimidiid-one could be obtained, even after heating for extended
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periods of timeln order to access highly substituteeafhinopyrimidines, Maccidret al. found that
the enamine98 (figure 43) reacted with cyanamides of ty[@9 to provide the products of typ&00
with a range of alkylaminmr alkoxysubstituted aminopyrimidines in excellent yiéfd.

Ji
HN" Ph
(i) Et,0,5°C S
COEt ) (ii) EtOH, reflux, 6 h N EtO,C o
JI + JJ\ C//S R,0,C \ \>—R2 |
HN” ~Me R2° N~ N HN” ~Me
R Me R Ph 97
94 95 18 examples, 15-77%
9%
Figure42: Reaction of enamines with acyl isothiocyanates
X =-OR, -NR;
MeS
CN SMe K,CO N
2 3 -
| N < N NG S—NH,
HgN/[X MeS)\N/ DMSO, t, 24 h \ N>_
X 7 examples, 78-86%
98 99 100

Figure43: Reaction of enamines with cyanamide derivatives

1.14. Reactivityof pyrimidine derivatives

Transition metatatalysed cross coupling reactiafdunctionalised pyrimidines

Traditionally, preformed pyrimidines witthalide substituentgaccessed by a considerable number of
established transformationsY have been used to access highly substituted/arylated pyrimidines by
Pd-catalysist’® SuzukiMiyaura cross coupling has allowed the arylation of halopyrimidines &°¢&2,
C4M™%and C52%12Even allowing access tedylated uracils through the use of suitablep@tecting
groups*?* The use of pyrimidinyl halides as the electrophilic component of Sivtiykiura reactions
dominates this particular strategy of ring functionalisation, with only very few successful examples of
pyrimidin-(2 or 6)yl boronates Pyrimidinr5-yl boronates, however, are widely used and effective
nucleophiles for the Suzukiyaura reaction in the form of: boronic aci¢fé;'2®boronic esters?*
organotrifluoroborate$?126and MIDA boronatéd’'?(vide infrg.
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Deprotonative functionalisation of pyrimidiriés

A more attractive pyrimidine functionalisation strategy comprises the dire¢t &ctivation of
unsubstituted pyninidines. Deprotonative metalation of pyrimidines has achieved'fAidue to the

lower pKa of pyrimidine hydrogens compared to azine or benzene derivativesslowering of pKa

is considered to be caused lire lower degree of aromaticity, and thus higher acidity compared to
the latterX* The higher degree of electron withdrawal of diazines compared to azines or benzenes
also provids further rationale for the higher acidity of ring protodetalationof diazines, although
possible, is challenging due to the competing -setiction/dimerisation that the metalated
intermediates undergofigure 44).

5 NN RILi
Ihd >
'\%\H R'H

A

Estimated pKa(DMso)Z 38.9

Figure44: Issue of dimerisation when perfoing deprotonativé®! functionalisation reactions on pyrimidine

Early attempt$®133at pyrimidine GH lithiation at the 4and 6positions weresuccessful in producing

the electrophiletrapped products, but in modest yields due to the competing inherent dimerisation
reaction. Kondoet al. sincepublished a highly selective and mild zincation of pyrimid#feyhich
employed a hindered phosphazene base, providing the C5 electretpdyilped productin moderate

to excellent yield with no mention of the formation of any pyrimidine dimer. A highly selective
procedure for C4/6 deprotonative functionalisation of pgidine was disclosed by Mongin and
coworkers!*® This was achieved using argandithium-mediated zincation reaction in the presence
of TMEDAf{gure %b).

(i) LiITMP (1.5 eq)
ZnCl,. TMEDA (0.5 eq)
NN THF, rt, 2 h NN

| |
v (ii) Electrophile, "E*" K%\E

Electrophile =1, Electrophile = CIPPh,

Nl/§ N|/§N
~ ~
L -
57% 42%

Figure45: Sdective C4/C6 deprotonation, followed by trapping with electrophiles. TMP = 2,2,6,6
tetramethylpiperidide, TMEDA = tetramethylethylenediamine
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The reaction was extremely selective for C4/6 monofunctionalisation andraekysof the pyrimidine
dimer was oBervedunder the stated conditionsallowing the trapped products to be isolated in good
yield. A highly significant deprotonative metalation procediamethe switchable C5 (magnesation) or
C2 (zincation) functionalisation of pyrimidines was publishedemecently by Knochelt al 2% (figure

46). The process is not limited to 4disubstituted pyrimidines and the corresponding pyrimi@hyl
zincates underwent smooth trapping reactions with a range of electrophiles andpar&aipatedin
Pd-catalysed crossoupling. The only example of C5 magnesation/iodination was on 4,6
dimethoxypyrimidine, suggesting that the selectivity is dictated bydelgrdination of the adjacent
pyrimidine alkoxy substituentsn a similar fashion to the directemlipration of arenes disclosed by
Uchiyama and coworker$’ For the more general C2 selective ztian, BEis expected to coordinate

to the ring nitrogen, increasing the acidity of the adjacert.GHowever, selectivity between C2 and
C4 deprotonation when feasible was not discussédrther details pertaining to the direct
(deprotonative) metalatiorof pyrimidines will be discussed later, in the context of the synthesis of
stable pyrimidine organometalliotermediates

z
»
z

\

MgCl 85%
R—\) E— 2-selectiv
I (1.3 eq) /L
~N

(i) BF3.0Et;(1.1eq)
THF, 0 °C, 15 mins ZnCI

—_— NN
THF, -20 °C, 5 mins V

Ph 7%

(i)) TMPZNCLLICI (1.5 eq) | NTSN

Cb5-selective NN o~

TMPMgCI.LICI (1.1eq) R\% (2.0 eq) NI SN
—_—

THF, 0 °C, 40 mins THF, rt, 25 mins MeO%OMe

THF,-20°C,1h ]

©\Br (1.5eq)

CuCN.2LiCl (1.1eq)

N

THF,-20Ctort,12h o
R \) 2 examples, 71-92%
| /s
=N (1.7-2.0 eq)
Pd(dba) (3 mol%)
P(o-furyl)s (6 mol%)
THF,1t,15h N ~N

/ 5 examples, 66-89%

Figure46: Deprotonative functionalisation reactiorallowing selective metalation of either C2 or C5

Radical €1 functionalisation of pyrimidines

A milder and more functional grodplerant approach to &1 functionalisation comes in the form of
radical addition. An example of heterocycleHGunctionalisation that utilisethis is the powerful
Minisci reaction, which is the reaction ofld) (heteroaene with afree radical under acidic conditions
(figure 47).
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Reactive (electrophilic) site
adjacent to ring N

Figure47: General scheme describing the concept of radical addition to a proto(d@i)adine (the Minisci
reaction)

The selectivity of radical addition is unique to each heterocycle (e.g., reactive sites on pyridine are the
2-and 4 positions) but is sometimedictated by the identity of the attacking radical its@lhe Mnisci
reaction has been widelgtudiedin recent years and adopted in numerous fields for heterocycle
functionalisation for its potential as a mild, rapid and selective tool fot @versifiation.*® The
pyrimidine ring is no exception to this, and has featured prominently in the development of this
proces. An interesting example @he Minisci reaction applied to the synthesismyfrimidines indrug
molecules wasdisclosedby Liu and Zhantf? who inserted the alkyl chains @& precursor of
rosuvastatinl01 (figure 8) andpyrimethaminel02efficiently, allowing the Célkylatedproducts to

be isolated in good yield.

R—B(OH),
O
l z NH, /"{'2
NH, [ ‘R l NH, N|)§N NI ~N
N N
A Tagameen” T N P
62%; 101 70%;102 ¢

Figure48: Miniscialkylation reaction applied to the synthesis of medicinally significant pyrimidines

Another highly useful feature of this type of process is the mild and functional group tolerant late
stage functionalisation (LSF) potential of unsubstituted heteroegmigaining drugs#° LSF provides

the opportunityfor creating drug analoguesiftesting, without the need for denovosynthesis each
time. For LSF viability, the chemical modification process must be mild and selective enough to only
react at the desired site and not interfere much with other functional groups on the molecule in
guestion. An example od pyrimidine drug molecule that has been a case study for a lot of the
development of LSF reactionsth® antifungalvoriconazolg(Table 1)4%4which features two sites

of potential pyrimidine € activationthat are electrondeficient and so are expected to reastth

alkyl radicad. Indeed, several published iNscitype procedures found that alkyl or hydroxyalkyl
radicals react primarily with voriconazole to produce thedli4/lated product, with some of the €4

C2 dialkylated product also observed. This is ctergisvith the innate C4 reactivity preference of
alkyl radical addition to pyrimidin&¥?and is also predicted by the Fukui functierich describes the
electron density of frontier molecular orbitaésxd hasa largepositive(LUMO)alue at thepyrimidine

C4 figure 49).1*® This innate preference foreaction at C4 can be partially overridden by steric
hindrance, exemplified by the alkylation of fenarimi@le 2 which provided a mixture of adducts
for methyl and cyclopropyl radicaléwhereas in the case of the slightly nedsulky isopropyl radical,
only C2 was alkylatetd?
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Figure49: Calculated Fukui indices methylpyrimidine C4 and C5 for nucleophilic attack, indicating that the
C4 is largely favoured over the C5

/—N //—N //—N
NG D NG D . 5
o d NN Hod NN Hod NN
S IlRlll N
. Qrrye a
F F F F F F F F F
Voriconazole A B
103 104
R Yield A Yield B reference
+Me 37% 21% (Tudge, 2014)
§—< 57% - (Baran, 2013)
= 38% 36% (Tudge, 2014)
H
g_/o 44% 13% Krska (2016)
%—<_\~OH 68% - Zhu (2018)

Tablel: LSF radical addition to voriconazole studies, displaying the preference of the pyrimidine for C4

alkylation
R R
N|/§N N)§N NN N)§N
| I |
Z ~ —
cl "R™ “ o , R ¢, R cl
SLe SEONNOLYNCLS
cl cl cl cl
Fenarimol A B c
105 106 107
R Yield A YieldB Yield C reference
FMe 9% 6% 30% (Tudge, 2014)
}—< 21% - . (Baran, 2013)
§—< - - 49% (Tudge, 2014)

Table2: LSF radical addition to fenarimol, displaying the pyrimidine's mild C2 preference
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In fact, Bararet al1*?found that the presence of conjugated electrarithdrawing groups attached

to the C2 or C5 posith of pyrimidine scrambled the selectivity of isopropyl radical addition
significantly. In an earlier publicatio&!® other (fluoro)alkyl radicals were found to add to 2
cyanopyrimidinevith marginal selectivity for C4 over C5 until the 1;ttifluoroethyl radical was used,
whereupon the addition was only at Cbhe trifluoromethyl radical displaypboth electrophilic and
nucleophilic behavioudding efficiently to the pyrimidine C4 where available, but also attacks other
accessible nucleophilic sites on the compound when the pyrimidine C4 is not available or is less
activated. This is exemplifiday trifluoromethyl radical addition to trimethoprinfigure ),142which
occurs on the adjacent trimethoxybenzene instead of the diaminopyrimidim® interesting,
transition metalfree GH arylation of (amino)pyrimidines and quinazolines believed to proceed via an
aryl radical was publed recently by Singét al. (figure 51).26 This reaction proceeded efficiently to
produce the C4 arylated pyrimidines which were isolated in moderate to very good yield. When the
postion was unblocked, the C&ylated pyrimidine was isolated in trace quantities.

Zn(OTH),

iTBHP
NH; CF4

NH2 v ['CF }
3
o o i -
_ CHCl3,50°C, 2h |
HN" N7 OMe * HZNJ\N/ OMe
X OMe

OMe

35%

Figure50: In the absence of a strongly electrophilic heterocycle, the trifluoromethyl radicaot as an
electrophile itself

B(OH),

(1.5eq)

NN K2S,05 (3.0 eq) NN
1

R
acetone/H,O —
160 °C, 45 mins @

20 examples, 21-67%

Figure51: Radical €1 arylation of pyrimidines at C4

Preparation andunctionalisation of stable pyrimidinyl metal spetiés

One wayto avoid the selectivity problems posed by homolytiel @unctionalisation of pyrimidines, is
to access a persistent/stable metalated pyrimidine which is poised to react only at that po$hien
advantage of having a bendable intermediate organometiid is the synthetic convenience of being
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able to produce multiple analogous compounds from a common point, without the need for cryogenic
or other special experimental conditions.

Stannylpyrimidines

Organotin reagents are known as eagiyepared and stable organometallics, which undergo
numerous useful transformationge.g. Stille cross couplinglPespite their potentiafor synthetic
chemistry, safety considerations surroundingitttexicity andthat of their by-products have limited
their use in certain applications, and so have been investigated considerably less in recent years

(i) TBAF (ii) BnBr

R R @iy R-X o o
i) BuLi (PhgP),PdCl,
N|)§N TH(F) -95°C N)bN (10 mol%) )J\ NIJJ\N/\Ph
~ (i) RaSNC L 12-DCE ~ Z _
reflux,12 h 87% (Stille) 81% (Stille)
Br SnR3 ~
R =-SMe, -OTBDMS 3 examples, 70-82%

Figure52: Nucleophilicstannylation of C5 bromopyrimidines, along with furtfienctionalisation via Stille cross
coupling

(i) BuLi N/ﬁ
(iNCISnBuy ) 108

R s S BuS N
N x=1 .~ THF.-95°C ’ 10% (GC)
X)l\N/ \
X=cl LiSnBus /j
THF, -78 °C Bu3Sn)\

84% (GC)

Figure53: Electrophilicstannylation(bottom) provides an alternative means to access stannylpyrimidines
regioselectively

& (9 i) 4-fluorobenzoyl
chloride N .
L'SnBUa THF,-78°C,3h .
~N 0 ~N
| THF f\ (i) HCI, EtOAc, 0 °C :f\
P 0°C,3h
N)\C /LSnBU3 NG
109 1 ©
2 examples,15-42% 2 examples,44-92% (2 steps)

Figure54: Pyrimidine stannylation applied to the synthesis of medicinally relevant compounds
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Nevertheless, Undheinget al. prepared stannylpyrimidines byucleophilic stannylatiort*® from
halopyrimidinesvia Lrhalogen exchange, followed by quenching with trialkyltin chiaifigure 52)
This procedure allowed the isolation of -€@&annylated pyrimidines, which underwent smooth Stille
coupling reactions with aryland vinyl bromides, as expected. Thigategywas also successful in
preparing a C4tannylated pyrimidine in good yieldaiodine-lithium exchange, followed by trapping
with BusSnCFE*® Nucleophilicstannylation of Zodopyrimidine was less sucesful, with the product
108 being obtained in low yieldfigure 53). However,electrophilic stannylation by BsSnLion 2
chlorapyrimidine was comparatively more efficient, providib@8 in 84%yield. Pyrimidines karing
stannyl groups in the C2, C4 anfd fidsitionscan beprepared byelectrophilicstannylationand are
amenable tatin-lithium exchangeand Stillecrosscoupling More recently,electrophilicstannylation
of chloropyrimidines109 (figure %), followed byacylation was used in the synthesis dfvael
pyrimidines as potential treatments for Gastroesophageal Reflux Did&ase.

Silylpyrimidines

Organosilicon functional groups have gained minthrest and are researched widely, due to their
stability, accessibility, versatility* and the benign nature of their process-pyoducts in terms of
toxicity and sustainability. In recent years, aghd heteroarylsilicon compounds in particular have
attracted attention as intermediates ingbyaryl synthesis, thanks to a host of new transformations
made possible by transition metal catalysis.

Early methods to prepare glipyrimidines relied upon the electrophilic trapping ofiasitugenerated
pyrimidine organometallic with the corresponding chlorosilane. Sloan and Mattson published a
method of directeddeprotonationof methoxypyrimidinesfigure %)% by using LiTMRhat allowed

the isolation of @- and C5silylated pyrimidines after trapping thatermediateorganolithiums with
TMSCI in moderate to excellent yield.

() LITMP
NTXIN THF, -78 °C, 15 mins
MeO—= MeO— .
\% (i) TMS-CI /\J.
THF, -78 °Ctort, on SiMes
OMe OMe
N|/§N N&N N|/§N N|)§N
|
Kfgsuwe3 Kl//kc)Me MeO”™ N “OMe MeO” N “OMe
OMe SiMe, SiMes SiMe;
12 13 14 15
47% 68% 76% 99%

Figure55: Slylation ofmethoxypyrimidines via directed lithiation

The lithiationsilylation example that was directed at the pyrimidine C4 provided the lowest yield of
product (112 47%).Radinovet al. disclosed a similar set of conditions, using LDA as the base, for
polychloiinated pyrimidineslin this case, the major product was the-€ifylated pyrimidine. Thgield

was low for the @-unsubstituted pyrimidines and improves upon addition of more chlorine atoms to
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the ring, suggesting that the chlorine substituents stabiliseintermediate organolithium® or block
undesired potential reactivity at C¥Vhile investigating the direct metalation of pyrimidines without
pre-attached directing/stabilising groups Queguiner andrarkers noed the formation of significant
levels of pyrimidine dimergvide supra'®? Nevertheless, they were able to obtath C4silylated
pyrimidines in moderate yield after quenching the organolithium with T0lL& a later publicatiort?®
they found that simultaneous addition ttie pyrimidine figure %) and TMSCI to the LiTMP solution
suppressed the formation of dimers, allowing the-<iiglated pyrimidine to be isolated in 96% vyield.

CFs CF4
N LiTMP
N stwsa b—nr——» NS
P THF )\
MeS N -100 2to5-r35 °C MeS SiMe;
imultan ition ' e

96%

Figure56: Insitu quenching of reactive pyrimidinyl lithium species provides an efficient method of
functionalisation

There are very few successful direeHGnetalationsilylation strategies at the C2 position, for this
reason Yoshidat al. opted for a tinlithium exchange procedure of the stannylpyrimidih@8 (figure

57), followed by quenching with the chlorosilad&7.%® The pyrimidin-2-yl silaneproduct 118 was
found to bea highly useful directingactivating group for Pauselkihand type reaatins with alkynes.

A further example of Cg&ilylpyrimidines as directing groups was published more recently by
Gevorgyaret al,*” who installed the silyl group onto the C2 of the pyrimiditk9 (figure 3) by
magnesiumriodine exchange usinPrMgCILiC! Thesilane was then further functionalised by a-Rh
catalysed arylatiod®® affording a range of pyrimidi@-yl(diisopropyl)arylsilane&20 in up to 95%
yield.

(|) BuLi
(if) /\ CI
BU SnJ\/j THF 78 OC 25h /\SO
108 118

48%

Figure57: Tinlithium exchange applied to the synthesis of a pyrimiin silane

—( SR
_ R
Ny () PMgCLLCH /j Rho(OAC)s cat. % N/j
(o]
/l'\j THF,0°C,1h  4_ )\ PO, _ Si)l\N/
N7 (i) CISIHr(tIP(%Z 'Pr Pr dioxane, 80-100 °C Pripr
19 120
85% 23 examples, 28-95%

Figure58: Pyrimidin2-yl silane synthesis via magnesiimalogen exchange

33



In a significant devepment, Knocheeét al. utilised the magnesium amide bases TMPMgCI-LiCl and
TMBMg-2LIiClI as powerful and regithemoselective reagents for themild deprotonative
functionalisation of pyrimidine$°1¢°By trapping the intermediate magnesiopyrimidine with THIS,

a range of C4ilylated pyrimidines could be isolated in very good to excellent yield. Ebeon2o-6-
iodopyrimidine was functionalised with a TMS group in 93% yield, indicating that the halogen
substituents on the pyrimidine remained untouchd®lecently, Martin and coworkers published an
intriguing procedure for the mild, selective anahfitionalgroup tolerantG-H silylation of(poly)azines,
using a combination of TE®Rin and KHMD@igure 59).1%* 3 Pyrimidine substrates, including the
parent heterocycle and 2 currently marketed pyrimidin@sed drugsvere efficiently silylated at C4
with good vyields of isolated product. In the case of unsubstituted pyrimidine, this process seemingly
favoured C4 silylation over C2 or.@5Ss thought that the TES group is rendered nucleophilic by the
action of KHMDS on BPin.

Et3;Si—BPin

SiEts

o 0
> Et;Si-BPin + KHMDS 121
N (e}
> ) 0 ~ .
N
solv
NN N)§N N)§N -y

K.
| | I NN N(SIMes), A~
“Arse, Ao, “Fse NS A

— B~
. [ —_— "\ .
121 122 123 EtsSi o\( -K* K/kSEtg,
- HMDS-BPin

from buspirone from pirbedil
72% 63% 78%

¢
é

Figure59: Mild silylation of pyrindine C4, mediated by KHMDS and-BEH

Transition metakcatalysed €H silylationhas gathered much research interest in recent yé&rén
example of this in which a pyrimidine was used as a substrate was published by Harali§® 2-
methylpyrimidine was silylated selectively at the pyrimai@5 over C4. A milghotocatalytic €H
silylation of heteroarenes was recently disclosed by Zhang and coworkers, one pyrimidine substrate
was silylated in the only accessible positiomoderate yield (figure 60

HSiMe,Bu
Cl [Ir(ppy)2(dtbbpy)]PFs
(1mol%)

1
NTSN Na,S,0g NTSN
PP DMSO/DCE, 30 °C CIr N SiMe,Bu
air, 23W GFL, 24 h
124
43%

Figure60: Photocatalytic € silylation of substituted pyrimidine
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An interesting application of silylpyrimidine chemistry was investigated by Tanaka and cowétkers,
who prepared the Abromoalkyl)silyl uridind 26 (figure 6L) by treating uridinel25andthe required
chlorosilanewith LIHMDSThe less basldaHMDS was favoured over LDA due to potential competitive
silane destruction by the latter. The products of typ26 were subsequently investigated for their
intramolecular radical cyclisation reactions, leadingnt@ hydroxymethylated nucleosidd27which
were to be investigated for their antibacterial properties.

Recently, Gargt al. prepared pyrimidinyl silyl triflate$30and 134 (figure &) in an attempt to access
pyrimidyne131 for cycloaddition reaction&®® 2-Slylpyrimidine 129 was obtained in good yield after
deprotonatingthe parent heterocycle using LiTMP anasitu quenching with TESI, whereas the 5
silylation only allowed the isolation of the produtB83in low yield (starting from pyrimidi2-one).
Pyrimidine silyl triflatel 34 underwent nonspecific decomposition, along with reversion to pyrimidin
2-one when subjected to typical benzyne cycloaddition conditions. The other silyl tdfl@¥& A Ry Q
reactas an aryne either, but in this case it underwent a-ffiges rearrangement to the sulphod&2,

which was isolated in 75% vyield.

While many methods exist for the synthesis of silylated pyrimidines by functionalisation of the pre
formed heterocycle, a@ssing the sameia annulation of silylated starting materials is significantly
more challenging. As notedifle supry, Miller et al.reacted TMS ynones (figure 17) with amidines
and obtained the corresponding protodesilylated pyrimidines in quantitatisield®® This
protodesilylation was also observed by Bagétyall®’ However, a recent report by Age and
coworkers detailing the catalytic cyclotrimerisation of nitriles with alkynes, prepared the C4 silylated
pyrimidine 135 (figure 63) in 96% vyield after chromatography on silica gel, by using
ethynyltrimethylsilane as the alkyri€®
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Figure62: Preparation ofilylpyrimidine precursors of pyrimidyne
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Figure63: Zrcatalysed cotrimerisation athynyltrimethylsilane and benzonitrile
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Borylpyrimidines

As noted previously, pyrimidinyl halides are by far the most common fragment used to functionalise
pyrimidinesviametal (Pd) catalysiS® however, the need for alternative reagents to produce similar
products has driven reseeh in the direction of accessing borylpyrimidines as versatile substitutes
that display an umpolung character to the former. Among the borylpyrimidines that have been
synthesised and studied in most detail are pyrimigliyl boronic acid derivatives. Theproducts are
typically prepared by thalogen exchange with the corresponding pyrimiligl bromide figure 64),

followed by quenching of the organolithium with trialkyl borate esters (B{@R} Me'Pr,"Bu)47:16%
173

(i) BuLi

NN (i B(OR')3 XN
= > R—
= (iii) H* =
Br B(OR),

Figure64: Generally successful strategy for the synthesis of pyrirbiglirboronic acid derivatives

Reideret al. found that the synthesis of pyrimidisyl boronic acid gave a higher yield when the
organolithium was quencheid situ by simply adding butythium to a mixture of Bbromopyrimidine

and triisopropyl borate, as opposed to adding the borate electrophile after the butyllithium addition
step. The yield of the corresponding boroxine anhydride was 76% whein #itel trapping method
was used, and dy 28% using a stepwise proceddréPyrimidin5-yl boronic acids have been used in
SuzukiMiyauracrosscoupling reactions extensivelysually producing the corresponding products in
good yield*’*1>They have also been successfully applied in obweon functionalisation studies,
including oxidatiort/®””ChanLam coupling®'"°and alkene hydroarylatiot®

Molander and coeworkers prepared potassium pyrimidbyl trifluoroborate salts from the
corresponding boronic acids by the action of K{fiure &) in good yield?® These salts were shown

to undergo smooth Pdatalysed cross coupling with aryl halides with excellent yieldbiaryl
products. The same trifluoroborate salts were also amenable tadtilysed Suzwhiliyaura cross
cougding with aryl halide¥®and even alkyl halide'$! providing the products in very good to excellent
yield. Pyrimidir2-yl boronates are rare ithe literature, in comparison to the-borylated congeners.
There is only a single, recent, rep@ftthat outlines the preparation of one such pyrimieznyl
boronate figure ). The boronic ester was subsequently shown to undergo smooth cross coupling
with an aryl bromide to produce the pyrimiding38. The successful outcome tifis coupling may
originate fromthe slow addition of the aqueous base solution to the reaction mixtpogentially
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Figure65: Pyrimidin5-yl trifluoroborate salts astable surrogates of the corresponding boronic acids
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Figure66:. Rare example of the synthesis and cross couplng of pyrigdigiboronates

providing a controlled release ofi¢ reactive boronic acjdminimising protodeboronatiof® There
are only a handful of other publications that show successful functionalisation of pyrigydin
boronates, and few experimental details are typically provitféd® Pyrimidin6-yl boronatesare
similarly rare in the literature, present as intermeidia where the source is unstated and few
experimental details presenteti?190.198202.19%198 Although rare, they are not completely absent, and
can be prepared from the correspondiigoromopyrimidine by Ehalogen exchange followed by
guenching with B(OR)asperthe method of Prusofét al.t’22,4-Bis(benzyloxy)pyrimidi6-yl boronic
acid139(figure 67) was obtained in 57% yield after the borylation/hydrolysis sequence, wWizsidho

be carried out at-95 °C. After atalytic hydrogenation, §dihydroxyboryl)uracil40was obtained in
34% yield. The authors state thik40was stable to acidic conditions, but decomposed in the presence
of base or DMS¢currence oprotodeborylation and oxidation, respectively). Moezent, catalytic
methods of borylation at the pyrimidine6Ghat do not involve cryogenic metalation have been
attempted without success, such as Miyaura borylatidand GH activation?®* Pyrimidin6-yl boronic
acid derivatives such a&39 have been used successfully in Suddifaura cross coupling
reactions?°®>2¢put the reactions often require at least 2 equivalents of the boronic amid,high
catalyst loadings. The pyrimid@ayl trifluoroborate saltl41 (figure 8) was iododebavnated by an
FeG-mediated process published by Kabadital. but the product was obtained in modest yield.
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Figure67: Synthesis of pyrimidiéyl boronic acid derivatives viaRiexchange
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Figure68: Elaboration of a pyrimidig-y! trifluoroborate saltoy FeGtpromoted iododeboronation

The relative lack of pyrimidiB-yl and pyrimidiné-yl boronates inthe literature, compared to other

aryl boronates and to pyrimidi®-yl boronates fits with the weknown instability of boronic acids
and boronates in which the boron functionality lies adjacent to azine nitrogen atoms. In addition to
potentially faciledecomposition routes involving tHenitrogen, there is some evidence that suggests
pyrimidin-2-yl and pyrimidir6-yl boronic acids are inherently less stable than pyrimgiri boronic

acid, as their calculated homolytic bond dissociation energies arerland equilibrium bond lengths
longer figure 69).207

BDE (C-B), kJ mol Bond length, A

: B(OH), :
: 472.8 1591 ¢
! N)§N '
H v E
: Nl&N 5
: 480.1 1.584
' K)\B(OH)Z ]
: N|/§N

5 =

: 508.1 1.57

: B(OH),

)

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

Figure69: Calculated @ bond lengths and bordissociation energies (BDE)
pyrimidinyl boronic acids
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As a testament to how innovation solves lestgnding technological problems, a paper was published
very recently by Lewori et al.describing a novel strategy fortChorylation of azin&$®and what looks

to be a promising general solution to the synthesis and functionalisation of these otherwise
unworkable intermediatesThe authorsited the selectivity and stability issues for accessing certain
N-heterocyclidboronic acid érivatives by existing-8 borylation strategiesialr/Ru and Pd catalysis,
and how the product boronic esters are unstable to the very conditions that create tAsnan
intriguing solution, they proposed exploiting radical addition to azirfigsire /), which has been
studied in great detail in recent years in the context of azine (fluoro)alkylatida uprg, to the mild

and selective synthesis of borylated azines. For this strategy to be realised, a boryl radical is required
and this could be gemated from several source€¥?!! including NHC boran&$’ phosphine
boraneg®®or amine boranes!4?°

(i) ROR' (i) R\B/R'
~~p-H " o~ H R"
XI ~N ~ R U -mild conditions
~ R ™ ~ N -rapid addition
K/S( (i) -e",-H (i) -e7, -H -high selectivity
R R"
144 [ Known, predictable ] 143 Unknown 145

Figure70: Concept of (Minisci) radical addition to azines applied to azinyl boronates

boryl radical source:

H. R

/B\ 4 e
Yoy (4eq)
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\
N
H\] 148 0
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Figure71l: Radical borylation of lepidine using trimethylamiberane
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However, specifically for this application as a Mirigpe boryl radical addition to azine heterocycles

a highly nucleophilic radical is required. The widely studied-bibi¢l radicals are suggested to be of
low nucleophilicity, due to the delocalisation of the unpaired electron into the NHC ligand. Indeed,
attempts to borylate lepidine fijgure 71, a substrate that readily undergoes Minisci alkylation at
C21&218) ysing NH@orane 148 resulted in recovery of the starting material. PHborane 149 was

also subjected to the conditions to no avail. The amine boEs®@was then used, and the product
was subsequentlyobtained in high yield. The reassfior the successful addition of thboryl-
ammonium radicalvere investigated by a DFT study of the structure of the boryl radik(figure

72) and an intriguing comparisomnith the isoelectronic neopentyladicall51

151 152
-
H // 1H
m-radical o-radical

Figure72: Calculated energetic and structural features of neopentyl and boryl radicals

Notably, the configuration of52was predicted as beingmetalloid radicalith a SOMO of high-
character whereas 151 resembles a ~-radical, suggesting thatl52 would display higler
nucleophilicity Another parameterthat suggestsl52 is a highly nucleophilic (more so thdb1)
radical is the ionisation poteial (IP). The higher IP d61 (8.14 eV) compared td52 (5.65 eV)
suggests thatl52 could donate an electron more readily, in e.g. radical additiorl46-H". The
reaction of boryll52with 146-H"* was then studied by DFT and was found to have the loyve8by

far, compared to the reaction df46-H" with neopentyl and NH®oryl radicalsThis ism agreement
with the nucleophilicity arguments above, but also with the observation that tielH®nd distance

of 152(1.602 A) is significantly longer than th&C®ond distance df51(1.503 A)figure 2), leading

to minimal steric interference by theoordinated NMe group. The Miniseborylation process was
applied to an impressive array of azine heterocycles, leading to high yields of the stable
trimethylammonium coordinated boranes. Among the examples tested, were seyRradd)
pyrimidine ringsf{gure 73) which could be borylated at C253-157) and ® (158-161) in useful yields.
Several challenging functional groups, such as phenols, anilines and alcohols were toleratssl and
LSF potential of this procedure was demonstrated on pyrimidine megidiy selectively borylating
voriconazole and famiclovir in good yield (see proddé8and161).
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Figure73: Radical €1 borylation applied to the synthesis of pyrimi@iand6-yl boronates

Importantly, after the borylated heterocycles were obtained, their usefulness as synthetic
intermediates was put to the test. Efficient procedures for Sublilgauracross coupling, oxidation,
ChanLam amination and Chdram etherification were found for many of the products obtained. Of
the (fused) pyrimidine products carried forward to the product elaboration section were the
guinazolinonel55 (figure @) and the anmnopyrimidinel59, which underwent oxidation and Suzuki
Miyaura cross coupling respectively, providing the products in useful yield.
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Figure74: Functionalisation of pyrimidi and -6-yl amine boranes via SuztMiyaura cross coupling and
oxidation
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1.1.5.Experimental design & key objectives

The publication summarised in the context of pyrimidine synthesis above is an example of how well
known andestablished chemistry (Minisci alkylation) is used as a foundation to solve unrelated and
pressing problems thatsearch irsynthetic chemistry is currently faced withe( the incorporation

of boron functionalityh to azine nitrogen atoms). To addredgetspecificproblem of synthesising
pyrimidin-6-yl boronic acid derivatives, which are rare in the literature, we sought to apply the same
principle. Namely, to exploitlassicakcondensation chemistry (Pinndflller synthesis) in a novel
preparation ofthese elusive intermediates.

A A
The problem Potential solution
(pyrimidin-6-yl boronates) (Known Pinner synthesis)
HoN R’ '
2 \Hz N B
O, O, R— 2™ N-R RN
— — N
}—_ B] = >\—_ BF K \<:< *
R ®l R ° conditions \<\—/<
BFaK BFaK
! R'
HS._R
R~ s
conditions BFK

Figure75: Proposal for approaching the problem of pyrimifiigl boronate synthesis

To realise this, we required a boronic acid derivative that would survive the condensation step, but
that could be activated under suitable conditions, allowing traditional boron chemistry to be carried
out when desired on the resulting pyrimidine. Ynom#luoroborates have proven themselves in
recent years as the perfect candidate for this endeavour, allowing access to pyt&Zdland
thiophene???trifluoroborate salts thaire amenable to standard boron functional groupmipulation
(figure /). Trifluoroborate salts have allowed the isolation of stable pys#din boronic acid
derivatives figure 7®), however, their subsequent elaboration in SuzMkyaura cross coupling
reactionshas met with mixed success. Molandgral. carried out an extensive screen for coupling
conditions for potassium pyridir2-y! trifluoroboratet?-?>3put obtained none of the desired product.

Wu and colleagues found suitable conditions for the SulAikaura cross coupling of pyridRyl
trifluoroborate salts?®*but the conditions were not so generals a substituent at the-position was
required. The SuzidMiyaura cross coupling of (amino)pyrimiebryl trifluoroborate salts has not
been disclosed and so we were keen to discover whether this could be a useful strategy for pyrimidine
synthesisThe objectives in the following section are as follows (istaleishan efficient and scalable

44



procedure for the production and purification of pyrimieltayl trifluoroborate salts from ynone
trifluoroborates and amidines/guanidinegi) to assess the scope of the conditions by running
substrates containing diverse functionality and substitution, and (iii) to explore the potential of these
pyrimidin6-y! trifluoroborate salts as intermediates for further organic synthesis, partigular
assess their viability in traditional boron functional group manipulation, e.g. oxidation, Sdizakira
cross coupling.

-Molander (2003, 2009)
-Wu (2012)

X-Ar
R_-/§N [Pdn],base - R AN
, — > RIL
\/)\BFsK conditions M\Ar

-Few published examples
-Mixed success

[ -Absent in literature ]

X-Ar
RN—QN [Pd"], base NN
I > iy - R_I
\)\BF::,K conditions \/\Ar

Figure76: Azine trifluoroborate salts have heenet with mixed success when their Sudikiaura cross
coupling potential is explored, however this has not been attemfatiepyrimidin6-yl trifluoroborate salts
specifically
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1.2.Results and discussion

1.2.1.Synthesis of ynone trifluorobses

Some of the experiments described in this chapter were performed in collaboration with Mr Elliot
McColl during his MSc research project at the University of Sheffield

As show, ynonetrifluoroborates have proven themselves in recent yé&r&°2?2as versatile and
robust intermediates for heterocycle synthesis. In ordernwgeistigate the feasibility of producing
useful pyrimidinewviathese intermediates, we applied the publishegt@p procedure to obtain the
model trifluoroborate166 (figure 77). This is a convenient synthesis starting from widely accessible
aldehydes, using commercially available reagents. Wilieand a number of other angubstituted
ynones were smoothly producedliphatic and heterocycliesubstituentson productsl7land172
were more challenging to incorporate

(i) BuLi

_ (if) ‘PrOBPin
Q =MgBr HO _  (iyKHF(aq) HQ
\> - > — —  — " >TBF3K
R THF R odHF R
-78Ctort, 2h 164  -78°Ctort4h 165

R : yiel (@) — ek MnO,
R acetone, rt, 16-48 h
———
O s —_—
47% R : challenging
§ O substrates
169 10
e =
167 0] 171
21% g_@ -%
170
CF 7 |
§ <:> ’ 6% g_(le!l

168 172 /
29% A

Figure77: Synthesis of ynone trifluoroborate salts from aldehydes, following the three step literature procedure

The failure to oba&in the ynonetrifluorobrate 171 after MnG; oxidation of the corresponding ynol
trifluoroborate stems from both the higher oxidation potential of the aliphatic (propargylic) alcohol
(compared to benzylic substrates66-170) and the potential for undesiredeactivity of any
intermediate radical at the distal benzylic positi®totential undesired reactivity of the pyrazole ring
in substratel72 with butyllithium likely hindered access to the desired ynol trifluoroborate, which
could not be obtained in highn®ugh purity to continueNonetheless, the chemistry did allow us to
produce a broad enough range of ynones to continue the study.
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1.2.2.Synthesis ofaminopyrimidin-6-y! trifluoroborate salts

With a range of ynonérifluoroborate salts in hand, we sought to subject them to commercially
available benzamidindJsing conditions investigatieby a ceworker, 100% conversion df66 (figure

78, as judged by°F NMR spectroscopy) was observed and the pyrirdihtrifluoroborate salt173
was obtained after precipitation from acetone 3% yield. This reaction was subsequently scaled to
4.2 mmol, allowing analytically pur&73to be obtained in85%yield, The structure of whictwas
unambiguously determined by single crigist-ray analysisfigure 79 and appendix).

Ph

Ph
HzN/&NH P
(@) R (2.4 eq) )NI\\/’\L
>— _—
Pl ’ toluene P N BF3K
166 110°C,16h 173
Scale: %yield:
- 2.1mmol 73
- 4.2 mmol 85

Figure78: Preliminary investigations into the preparation of pyrimi@#gl trifluoroborate salts

Figure79: ORTEP of the crystal structure for the pyrim@lin trifluoroborate potassium salt73(ellipsoids are
shown at 50% probability)

Encouraged by this resulfurther ynones (figureéB0) were subjected to the same conditions, allowing
pyrimidin-6-yl trifluoroborate saltsl75-179bearing a benzene ring at thegsitionto be isolated in
moderate to excellent yieldl oinvestigate the scope of this reaction with respect to thpdaition of

the pyrimidine, we needed access to a range of angiglilMany of these are commercially available,
but most are supplied cheaply as their HCI salts. The reactibenafamidine hydrochlorideith 166
(figure 81) proceeded with 0% conversion under the standard conditions. Addition of stoichiometric

47



guantitiesof bases NEtand NaOEt resulted in complete conversion, but a mixture of compounds was
obtained,comprising mostly the protodeborylatgayrimidine 180.
Ph
HzN/gNH

Q (1.2-2.4eq)
_ . - |
— BFK
/ ° t RMBFsK

R oluene
110°C, 16-48 h
Ph j’\h Ph
NI ~N NI NN NN
|
~ ~
BF2K BF2K 2 BEK
173 175 176
85% Cl 90%  FsC 90%
Ph Ph Ph
N” N N™ N NJQN
| I |
BF3K ~ BF3K BF3K
177 \_0 178 179
69% 38% 70%

Figure80: Scope of pyrimidinBorming reaction, from the ynone trifluoroborate perspective

Ph
HQNANH.HCI (2.4 eq) )P\h
o base additive (2.4 eq) NI SN
—BFK > _
R/ ’ toluene R/I\/kBFgK
166 or 167 110°C,16-48 h
Additive % conv %isol Ph
; 0 )
~N
NaOEYEtOH 100 - N /N
NEt; 100 _ /@)\/‘
K2CO3 100 17 Cl 180
Cs,CO3 100 30

Figure81l: Attemptedin situ freebasingondensation of benzamidine hydrochloride with yrit@6or 167
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0.35 mmol scale, 70% isolated

Figure82: Isolation of amidine freebase prior to condensation

Next, carbonate bases®Q and CsCQ were investigatedfor in situ freebasing The reactions using

both bases proceeded with 100% conversion under the standard conditions, however the product
pyrimidine was isolated in low yield in each case. The low yield is attributed to higher levels of product
protodeborylation and the added pification step to remove insoluble salts. For the case o€Qs

a slightly higher yield dhe pyrimidine productvas obtained after purification. Given the possibility

of K/Cs interchange between the trifluoroborate and carbonate salts and the sogmt
characterisation challenge associated with this, we opted to freebase the angidgitelin a separate

step (figure &). The neutralisation was achieved by either reaction of the hydrochloride salt with
NaOH/KOH then extraction & concentration, duten of the freebase from a catieexchange
column using methanolic ammonia. Reaction of these freebased amidines with y66éralowed
pyrimidin6-y! trifluoroborates 181-187 to be isolated in goodo excellentyield (figure 83) The
heteroaromatic amdine precursor to producfi84was obtained as a commercially available freebase.
Subjecting urea td.66 under the standard conditions resulted in complete recovery of the starting
materials, presumably due to poor solubilitf urea in the reaction solventalong with a low
nucleophilicity A commercial sample of trifluoroacetamidifigure 84) wassubjectal to 166 under
slightly modified conditions (refluxing IPA inside a sealed tube), affording the pyrimi@@ia 58%

yield after purification.
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A study by Castillo and Buchwald in 20béed that out of the FDApproved pyrimidinecontaining
pharmaceuticals, 88% contained an amino group and out of these, 38% veenea@pyrimidines’?®

(1)) KOHgaq), 1t, 2 h
(ii) extract, concentrate

R
HoN /&NH.HCI

R

R
HZN/&NH Pe
o (1.2-6.0 eq) NN
—BFK PN
Pr{ toluene Ph BF3K
110°C,16 h
F cl Br
N
<\
O—
— I — L
181 BF3K PhJVkBHK Ph 183 BF;K Ph BF3K
. 182 184
68% 7% 42% 53%
CFs
N
g
\ I
N” N NTN N”~N
| | I —
PhJVkBFaK PhJ\%\BHK PhJ\/kBFaK
185 186 187
81% 7% 51%

CF3

PY CFs
HoN"SNH Pe
¥ = BFaK (19 eq) P
A PrOH PhJVkBF3K
83°C,16h
Sealed tube 188

58% isolated

Figure84: Condensation of trifluoroacetamidine with ynobg6

Figure83: Neutralisation of arine hydrochloride salts prior to condensation with ynt66

Given the prevalence of {@&minopyrimidines in currently marketed medicines, we sought to access

this privileged scaffold by reaction of ynone trifluoroborates with guanidine derivatives (figré\8

I 02y @Sy REY A RFNES SljdA St Syd F2NI

iKSas

acetylguanidineThe reaction proceeded with 100% convergimthe acetylated aminopyrimidiné-

190, which was isolatedi47% yield
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yl trifluoroborate 189, which was isolated i86%yield. Interestingly, changing the solvent from
toluene to IPA,the acetyl group was cleaved to produce only the aminopyrimidine trifluoroborate
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Figure85: Condensation of acetylguanidine with yndrés

Changing the guanidine equivalentttee pivaloyl guanidind91 (figure &), 190was obtained as the
soke product after refluxing in toluenand wasisolated in56% yield.Upon increasing the number of
equivalents ofl91to 5.0 and scaling the reaction ® mmol 190 was isolated ir91% yield. After
finding optimal conditions for this condensation protocol, we applied it to a small family of ynone
trifluoroborates, representing a diverse scope of substituents including aror(iE®i@ figure &),
heteroaromatic {94) and aliphatic195) side chainsAl of the 2aminopyrimidin6-yl trifluoroborates
could be isolated in very good to excellent yield.

o}
J i
HN™ Bu
191 HNT “Bu NH,
o HaN"SNH NN
(2.50r5.0eq) | 192 + N™ >N
— BFK |
) — 3 )\% M
toluene Ph BF3K
Ph 110°C. 16 h ¢ Ph BFaK
<2% -2.5 eq guanidine = 56% isolated

-5.0 eq guanidine = 63% isolated
-as above, 2 mmol scale = 91% isolated

Figure86: Condensation of pivaloyl guanidine with yndré®
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Figure87: Scope of reaction of ynones with pivaloyl guanidine
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Considering the loss of the pivaloyl group upon creation of the aminopyrimidifiethis may occur

in two ways based on literature precedent. The firsiagformation of the protected aminopyrimidine
196 (figure 88), followed by basepromoted hydrolysis. This is a known transformation fer 2
aminopyrimidine$?® and 2aminoquinazoline$?’” where the acyl/pivaloyl group is hydrolysed by
gentle heating in the presence of NaOH(aq). An alternative mechanism for pivaloyl group loss may
originate from the known acyl transfer process that occurs waithtylated guanidine€?® Specifically,
191 could undergo a disproportionatietype process that would produdas(pivaloyl)guanidindé98
(figure 8) and one molecule of guanidine, which would react répwith 166 under the reaction
conditions due to its higher nucleophitic. Limited evidence for the latter mechanism is provided by
subjection of191 to the reaction conditions without the ynon#&66. 191 was transformed in low
conversionto a compound miture from which198 (figure 89) was isolated i13% vyield

Q HN"SNH NN
>—: BFK ———> M 190

R A R BF3K -PivOH

196

(¢}
JJ\ )OJ\ 197 198 i
HN™ “Bu  HN” “Bu NH, HN™ By
N RSN NS §
HoN™ SNH  H,N” SNH A HANTSNH - H NN
191 191
O~ ~Bu

166

190

Figure88: Rationale for the formation of the unsubstituted aminopyrimidli®2

O (0]
HN)J\fBu NH, HN)J\fBu
HzN/gNH W HNTSNH  + | HaNT SN
110°C,16 h 197 b 198
" 13% isolated

Figure89: Subjection of pivaloyl guanidii®1to the reaction conditions, isolation of bis(pivaloyl) gigame
198

Having investigated the reactivity of acyl guanidines towards ynone trifluoroborates, we then turned
our attention towards alkyland arylsubstituted guanidines. We began by testing commercially
available (4chlorophenyl)guanidine (figur@0) and found that two major products were formed (as
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judged by the crudéH and®F NMR spectrasee appendix)1 LCMS analysis suggested the presence
of two regioisomers of equal mag00and201, along with a product of imine hydrolyst®2assigned
tentatively in figure90. Isomer200 was successfully isolated by crystallisation and identified by
correlating its'®F NMR chemical shift to those of produd®0, 193-195 (figure 87, see appendi®),
isomer201was not isolated and so its identity remains unconfirmed.

HoN

cl

iy °

o oy

ANH 190 HN NH “ o @/C'
N LN * Nl)J\N

O e o K
— BFK
y——BFy P / b
toluene
P 166 110°C,16h PR BF:K  Ph BFaK PH BFK
200 201 202
100% conversion 63% (NMR) 37% (NMR) [M-K]" observed via LCMS

62% isolated

Figure90: Condensation of ¢phloro)phenyl guanidine with the ynoié6

Some alkylguanidine hydrochloridalts are commercially available, but for the sample that we were
interested in testing, a literaturé® procedure starting from cyanamide was employed (figaig.

After neutralising and purifying the obtained guanidine hydrochloride salts, we subjected the
corresponding monosubstituted guanidine freebagé8-215(figure @) to the ynonel66under the
standard conditiongfigure ®B). A mixture of two organotrifluoroorate compounds was formed in
each case, tentatively assigned as the regioisoXarsd Y, analogouso the compound200and201
respectivelf F f 1 K2dzZAK Ay GKA& OF&aS 4AGK -0 &AIGK SNE 2INSE R
(on the basis of corretad 1°F NMR datasee appendix)2which could be isolated from the mixture

by crystallisation in modest yield. Pleasingly, a procedure fantsieu neutralisation of the guanidine
hydrochloride salts followed by condensation with6 was realised thraogh the use of ¥CQ. This
procedure was successfully applied to commercially available methylguanidine hydrochloride and
guanidine hydrochloride06 (figure ), 208 and 210. The regioselectivity was similar when
comparing the use of either the guanidifieebase or hydrochloride, but the latter procedure was
taken forward for further optimisation allowing the produ@$9-222to be isolated in good yield after
crystallisation from the crude mixturén the case of compour2R0, the structure was unambigusly
determined by single crystatidy analysigfigure 95) showing that the benzyl group resides on the
exocyclic nitrogen atominterestingly, subjection of the dialkyl substituted guanidine freeb24ds
and212to 166under the standard conditions resulted in clean protodeborylation in each(figsee

94), providing the aminopyrimidine223 and 224 exclusively, with only trace quantities of the
expected pyrimidire-yl trifluoroborates observablevia LCMS. The stronglbasic dialkylamine
portions of these guanidines may facilitate this undesired decomposition pathway, in a fashion similar
to E&N (figure Q).
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Figure91: Method used itthis work to obtain alkysubstituted guanidine hydrochloride salts

R R. R (iyNaOH (1.1eq) R. R
HN o N H,0,50 °C, Th R N
H2N/&NH.HCI HZN/&NH Hcl (i) acetone, it H N’&NH "y N/&NH
’ (iiii) filter/lyophilise 2 2
I
() T
N N HN HN
HQN/&NH H2N/&NH HzN/gNH HZN/&NH
211 212 213 214
quant. quant. quant. quant.
HN" HN” Hn O HNNF
HZN/&NH HZN/gNH HZN/&NH H2N/&NH
215 216 217 218
82% quant. 95% quant.

Figure92: Neutralisation and purification of guanidine hydrochloride s@tsthylguanidine hydrochloridsas
obtained from a commercial source)
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Procedure A

R
HN"
HoN"SNH
(1.2eq)
Procedure B or
: R A
: HN” : R
+K2CO3 (1.2 eq) -
g HZN/g NHHCI : 'j“\ J\J‘E .
o) . (1.2eq) é NN + NN
e — 9 P
Ph toluene, 110 °C, 16 h PhJ\/kBFgK Ph)\/‘\BFgK
100° nversion isomer X isomer Y
R Procedure Ratio X:Y X isolated
FMe A 31 26%; 219
FMe B 2:1 25%; 219

A 6:1 40%; 220

3 2 B 4:1 72%; 220
N
/

i_\: B 10:1 57%; 221
§ <] B 6:1 70%; 222

Figure93: Condensation reactions of allgdbstituted guanidines with ynorié6
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223 224
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Figure94: Observed incompatibility of the diallgtibstituted guanidines with the production of the
corresponding pyrimidig-yl trifluoroborate salts.



Figure95: ORTEP of compouBa0, ellipsoids are shown at 50% probability.
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Synthesis of pyrazmpyrimidinyl trifluoroborate salts

LY&aLIANBR o0& (KS 20aSNDI (A 2 901(8glired)|we dnidddiexplolR A y 2 v S ¢
the possibility of forming alternative heterocyclic trifluoroborate salts using the ynbé@é 3-
Aminopyrazolederivatives have been used extensively in reactions witkdic&8rbonyl compounds to
form valuable fused pyrazolopyrimidés and pyrimidoindazoles, these heterocycles have a number
of uses including as modular cerdor luminescent materiaf8%2*2 or important bioactive
compounds?®*234We were pleased to find that treatment df66 with 3-aminopyrazole in refluxing
toluene resulted in complete conversion within 16 hours. Analysis of the crude reaction niyttie
and F NMR spectroscopuggested that a mixture of 2 regioisomers were present (fiQecf
appendix 3 for detailg. The structure of225 was confirmed by performing a bageomoted
protodeborylation reaction and comparing the data with those already published for the
pyrazolopyrimidine227, it was assigned as the major isomer after the reactiornl@® with 3-
aminopyrazte based on the high yield of isolated product after protodeborylatiorthese initial
experiments, only the deborylated pyrazolopyrimidir®7 was observed and confirmed, the
presumed alternative isomer resulting from deborylation2@6 was not observd, highlighting the
need for further experiments to confirm the presencetbis saltas the second regioisomén the
condensation of &aminopyrazole with ynon&66.

7
L \
H NH, N\ I ‘N

N s’

(0] N N N™ °N

R +
}—_ BFK ——————> \l I
toluene PhJ\/kBFgK Ph)\)\BFgK

Ph 110°C,16 h 225 226
91% isolated, 3:1

N82C03
H,0,100°C, 2h

62% isolated

Figure96: Synthesis of fused pyrimidiny! trifluoroborate salts through condensatiomoifiBopyrazole with
166
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1.2.3. Elaboration of (amimmyrimidin-6-yl trifluoroborate salts

With a range of pyrimidinand aminopyrindin-6-yl trifluoroborate salts in hand, we began exploring
the potential of these intermediates for further organic synthesis and the production of valuable,
highly-substituted pyrimidines. W& were intrigued to investigate how we could exploit the borate
functionality at C6, but also how the aminopyrimidine cofel90 could function as a template for
modular reactivity, due to potentially reactive sites at #mino groupand the nucleophili€5(figure

97).

€ Aniline - Cross couplings
- Deaminative transformation
NN - Nucleophilic addition
|
PR G B < Organoboron - Cross couplings
‘z. - Halodeborylation
N - Oxidation

e C-Nucleophile - SgAr

Figure97: Identification of reactive sites di®0for further elaboration

Functionalisation studies on tlanino group of the aminopyridin-6-yl trifluoroborate salts

Alkylation
~ acetone, 55°C,16 h ~
Ph BFsK  100% conversion Ph BFsK
190
R X Yield
}-Me | 94%; 228

§—\: Br  50%;229

Figure98: Ring alkylation 0190and isolation of the corresponding azopyrimidinone product

We began functionalisation studies by considering the potential for reactivity at the aminopyrimidine
-NH of trifluoroborate salt190(figure98). Exploitation of the nucleophilicity of the anoitnandle was

first investigated through alkylation using traditiona2®hemistry with alkyl halide3 hustreatment

of 190with iodomethane undeestablished® condtions for methylationresulted in 100%
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Kikelj. 2014

-HI Me
NH; NH HN'
I gl >
= acetone — EtOH/H20 =
v 55°C,15h K) J 80 °C, 30 mins K)_,so/
(]
Via
N,_?%H A Dimroth -H,0
2 rearrangement o H*
NH NH C Ve

Figure99: Published twestep method to obtain the product of exocyclialMylation via baseatalysed
(Dimroth) rearrangement

Figurel00: ORTEP of azopyrimidino228

conversion, providing the ring methylated azopyrimidin@28. While it is notable thating alkylation

of aminoheterocycliccompounds is known to occur in favour of methylation at the exocyclic
nitrogert®%241 (presumably due to a higher basicity and nucleophilicity residing on theitiogeny*?

the praduct of exocyclidN-alkylationcan beobtainedvia subsequent translocation of nitrogen atoms
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by a basecatalysed(Dimroth) rearrangemerit>243244(figure 99). However, the harsh conditions
necessary folN-translocationare not suitable for relativgl sensitive basnate functionality, and
substituted pyrimidines are known to undergo a slow Dimroth rearrangerfféin. fact, attempts to
protodeborylate the methylpyrimidine228 by a base promoted procedure resulted in a complex
mixture of products, due to the multitude of reactions that this product could feasibly undergo when
subjected to such conditionsf(hydrolysis, protodeborylatiorDimroth rearrangement)Methodsto
alkylate the exocyclic nitrogen directly an@ore rare, but a few notable examples of radtt¢aand
transition metatcatalysed@*“?*° alkylations have been published.

Pleasingly, the azopyrimidinor228 could be isolated in excellent yield after recrystallisati8ngle
crydal Xray analysis (figurelOQ) and an ensemble of 2D NMR experiment$s dpperdix 4),
respectively)onfirmed the position of the methyl group to be adjacent to the trifluoroborate unit.
The aminopyrimidind90could also be alkylated with allyl bromidader similar conditions, allowing
the azopyrimidinone229to be isolated in good yield after recrystallisation (the regioselectivity was
assigned b2 D NMR spectroscopic experiments, andabylogy to228). Interestingly, the products
228and 229 (azopyrimidinones) were also observed in the crude reaction mixtures of alkylguanidine
condensation with166 (figure 93, see appendix2 for a comparison of NMR data between
condensation and methylation routes £28) as minor productsGiven that no base vgaused during

the formation of228and 229, it was surprising that we did not obtain the correspondir¥silt (HI

in the case 0228, HBr in the case @29). Presumably, this is due to a universal lowering of the basicity
of the pyrimidine ring by the tiluoroborate groupvia anionanion repusionfrom its conjugate acid
(although there is limited evidené€to suggest that the trifluoroborate group is actually an electron
donor, which should increasethe basicity of the heterocycle it is attached tdjhe question of
alkylation selectivityvith respect to the two ringN atomsremains (figurel01), but this is expected to

be due to larger steric hindrance of the Ph group in carigon the the-BR (cfa report published by
Harperet al.?**the authors note that 2amino-4,6-diphenylpyrimidine could not be alkylated under
the tested conditions).

B w, F NH

k:N)%N/ N)J\N/E+
! | .
Ph)\%BFg PhMBFs

Single product

FigurelOZL1 Steric hindrance of the Ph group could direct the electrophile to the other N

Other N-functionalisationreactions

With reliable access to pyrimidine alkylation products in hand, we then investigated whether the
aminopyrimidin6-yl trifluoroborate salt190 could be selectively arylated #te exocyclimitrogen.
While traditionally N-arylation of aniline derivativeshas been achieved by direct nucleophilic
substitution with aryl halidg the conditions necessary for this transformation are often harsh and
they typically require activated electrophilic arenésninoheterocyclege.g. aminopyrimidinesare
particularly inet examples of anilines when it comes to reactivity of this $&th recent years, much
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attention has been given to metal promoted/catalysed amine arylation agl@mnative to SVAr
chemistry. Notable examples incluttee use ofPd catalysig*which has revolutionised several fields
where complex, highly substituted anilines are required. Another highly useful reaction that has
allowed the formation of not only substituted amines/anilines, but also ethers and thioethers under
mild, aerobic conditioa is the Chatham reactiorf>?>® We wanted to iwvestigate whether the 2
amino handle of our pyrimidi8-yl trifluoroborate salt could be arylated selectively while keeping the
borate unit for later functionalisation. Given that our model substra®@is a trifluoroborate salt, we
needed a reaction thatmeets a few requirements in order to provide useful results. Firstly, the
reaction should proceed with 100% conversion, so that purification of\Hfienctionalised product
may be achieved without the need farduousrecrystallisatiorprotocols Secondlythe reaction must
proceed in a manner that is orthogonal to the activation of the trifluoroborate functional group, so as
to avoid undesired side reactions causing the logmténtial for further functionalisation Lastly, due

to the polar nature of tifluoroborate saltsthey are not amenable to column chromatography on silica
gelandso the reaction must proceed to provide a mixture that can be separated without the need for
such gpurification method

HO, C
B Cl
HO cl
(2.0 eq) 232 /©/
HN

—— M=K NH Cu(OAC), (1.5 eq)
190 PR
N"Bu,Br NN EtsN (2.0 eq) NTIN
| —_— |
— N Bus PhMBFsM (CHCl 1t t Ph)\%\BF3N”Bu4
48% 230 4A MS, air 233
t Comment Conv
6 h ) 33%
portion-wise
16h addition of RB(OH), 33%
16h 4A MS omitted 0%
60 h - 33%

Figurel02 Attempted Chasiam coupling 0230

With the preceding requirements in md, we attempted to functionalise the-@mino handle using
aerobic ChasLamtype conditiong>32%(figure 102). Wedeployed the tetra"butylammoniumsalt230

to eliminate the question of solubility of the starting material. The reaction proceeded 8%6~3
conversionovernight and unfortunately ceased at this poilto change in conversiowas observed
after leaving the reaction for 60 hours. It was expected that the boronicZ82dvould be degrading
(via protodeborylation or oxidation) under the aerobic conditiorsy we tried to maximise the
chances oft reactingproductivelyby adding it portioavise over a period of 6 hours. Interestingly,
the same result (<6 conversion) was observed, indicatithgit other factors were causing the
reaction to slow downConducing the reaction without 4 MS resulted in recovery ¢30. The
further optimisation of thidN-functionalisation process will form part of future work for this project.

61



N*\N (1.1eq) N)§N 233
N IS . |
M AcOH, 0 Ctort, 1h =
PR 90 7 thenCubr (1.1eq) ™" BFaK
t,16 h
SM recovered
AN o’
| o N | -
+O BF4 N BI:4
(1.5eq) N)§N 234

SM recovered

Figure1l03 Attempteddeaminative functionalisation reactions on the aminopyrimidi®é

Another attractive way to functionalise aminoheterocycles is Kactivation, followed by
deamination. This is exemplified by the wialown Sandmeyer and Schiemann reactiamsere the
amino handle is first diazotised by a nitrite salt or an alkyl nitrite, thesdisplaced by metal catalysis,
SVAr or homolytic fissionAnother deaminative functionalisation principle has been developed by
KatritAy and coworkergfigure 103), allowing the formation of highly useful pyridinium salts from
simple amines/anilines. We attempted to transform the amino handle 180 into the 2-
bromopyrimidine233 (figure 103) in situ, by treatingl90with isopentyl nitrite in AcOH at @C, then
adding CuBr followed by overnight stirrinthe starting material was recovered, indicating that the
diazo intermediate was not formed@he slubility of 190in the reaction solvent at 8C wasrery low

thus further work on this transformation wdd includedeployment of the corresponding tetril-
alkylammonium salts df90(e.g.230, figure102). In an attempt to access thé-activated pyridinium

G Yl G NR G234 weétreadiet 10Aiwith the required pyrylium tetrafluoroborate, however only
unaltered starting material was recovered after overnight heating, indicating that the pyridinium
RARY QU F2N¥I 2N KI (190Anier thelréastiSrjcoa8itoisf & NB OS NB SR

Functionalisation of the pyrimidine C5

2-aminopyrimidines are well known to tmmenable to S\rreactionsat the 5position, driven by the
strong directing effect of the amino group. A range of electrophiles can be used to forge new bonds
at this position, including-Cand GHalogerbonds To begin our investigations on the potentiall&0

to carry out established-aminopyrimidine 8Ar chemistry while preserving the borate functionality,

we attempted to selectively formylate® it using traditional VilsmeieHaack conditions (figuse10t

and 1(®). Whik high conversion 0190 was achieved, LCMS analysis of the cmedetion mixture
(figure 105) gave two majorassignablepeaks, tentatively the formylation produ@36, and the
intermediate dimethyliminium235. The apparent occurrence @35 suggested thathe agueous
workup consisting of 2 hours of stirring in the presence & was not sufficient to hydrolyse the
iminium completely. Thus, the workup reaction was left to stir for 16 hours and pleasingly all trace of
the intermediate235disappearedAfter scrutinising the product left after workup, we concluded that
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Figurel04: Literature formylation of 2 4liaminopyrimidine using the Vilsmeier reagent
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(i)POCI3 NH,
DMF
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236

-Slngle product via LCMS (-ve mode)
-Crude NMR complex

Figurel05: Attempted formylation 0o190using the literature procedure

although aformylationreactionhad taken place, it was not at the expected C5 positi@sed on the
observation of a pyrimidin€H peak in the*C NMR spectra)The material left over consisted of a
complex mixture and regrettably, none of tliesired product could be isolatedWe turned our
attention to C5 halogenation, which has been used extensivepetform diverse chemistry at th
position in 2-aminopyrimidines. Accordingly,we subjected190 to N-bromosuccinimide under
conditions similar to those publish&d(figure 1®) and were pleased to find that a very rapid reaction
took place, reaching completion in less than 30 minufesingle product was obtained, which was
confirmed to be the bromopyrimidin237. It was subsequently found th@B87 could be conveniently
separatal from the reaction mixture just by dilution with &£ and filtration, providing analytically
pure material after drying the precipitai@ vacuo Encouraged by this result, we attempted to apply
the same principle to other electrophilic halogenation reaige Subjection 0190to 1.1 equivalents
of N-chlorosuccinimideesulted inlow conversiorafter 3 hours of stirringalong withan unassignable
mixture of products The equivalent use ®¥-iodosuccinimide led to very low conversion190.

In order to extend this principle to electrophilic fluorination at C5, Ye#lowed literature precedent
by departing from less readily availaibefluorosuccinimide (one example of 188 in favour of the
established bencistable and cheaply available reagent Selectfluor. Armstetrag?8
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N-halosuccinimide
N|)§N (11eq) N|)§N
MeCN, rt,0.5-18 h ~
PhMB&K © Ph)\H\BFsK
X
190 237 (X =Br)
X Time Outcome
Cl 3h Complex

Br 30mins 100% conv, 86% 237 isolated

I 18 h <2% conversion

Figurel06: Screen of succinimide electrophilic halogenation reagents for reactivity anttmopyrimidine C5

Nl XN F*source, addltlve= N| N
— MeCN, 70°C,3h —~
Ph)\)\BaK PhJ\(kBFg,K

190 F 238
F* source Equivs Additive Conversion
-Selectfluor 12 - 58%
-Selectfluor 2.5 - 48%
-Selectfluor 12 Ag,CO3 (0.5 €eq) 71%
-Selectfluor 12 Ag.CO3 (1.0 eq) 78%

(-Selectfluor 12 Ag.CO3 (2.0 eq) ‘IOO%]
-NFSI 12 Ag2CO;3 (2.0 eq) <2%
-1-Fluoro-sym-collidinium 1.2 Ag,CO3 (2.0 eq) <2%
tetrafluoroborate

Figurel07: Optimisation of conversion in electrophilic fluorination of aminopyrimidine C5

found that 2,4diaminopyrimidine was selectively fluorinated at C5 using 1.5 equivalents of Selectfluor

at room temperature within 6 hours. The product was isolated in only 24% aftematography on
silica gel, reflecting the low conversion of the stagtipyrimidine. We tried these conditions with
pyrimidin-6-yl trifluoroborate 190 (figure 1) and found that a new trifluoroborate compound
formed (as judged by new peaks in the crdd€ NMR spectruinthat could correspond to the
fluoropyrimidine 238 (figure 1), however, the new trifluoroborate peak wapresent in

approximately equal intensity with the starting pyrimidine, so we sought ways to drive this reaction

to completion Use of silver carbonate as a promoter in this reaction has been shown ta@erogh
yields of some amino-5-fluoropyrimidines?* thought to form a silver complex which facilitates a
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Figurel08: °F NMR (376 MHDMSQ®) overlay showing (top) the material obtained after optimisation of
pyrimidine fluorination to 100% conversion, and (bottom) the starting mateB&lis largely from Selectfluor
derived salts.

redox event leading to thimcorporationof fluorine at C5. Use of AQQ was indeed highly useful for
the fluorination of190 (figure 1(¥), leading to full conversion within 3 hours. Both heat anelCAg
were necessary for the reaction to reach completion and no reaction was obsethed alternative

G € & 2 NESKaBdifluoro-symcollidinium tetrafluoroborate were usetf° Once the reaction had
reached completion, our attention was turned to the purification2¥3. Regrettably, attempts to
separate238from residual Selectfluor and byproduct salts including precipitation and recrystallisation
were unsuccessful. Further work on this reaction Wothus include a further optimisation of
purification methods, and perhaps a review of the starting mateaals reagents

Functionalisation of the C6 trifluoroborate

Having explored the potential fd©0to undergo transformations at positions around the pyrimidine
core while leaving the -Boryl functionality intact, we then looked thow the borate itself can be
successfully activated for functional group interconversion. StMiyaura (SMross couplig has
become a hugely important transition metehtalysed process in industry and academia for
synthesising biaryls and polyaryls and is synonymous with organoboron chemistry.

Thus, our first priority was to assess the reactivity of our pyrirédjh trifluoroborate salts under
variouscrosscouplingconditionsand work towards a viable procedur@/e began by preparing the
expected products of the cross coupling reactiod-@fromobenzonitrilewith the trifluoroborate salt
173(figure 109) in order toobtain a complete picture of the reaction products by comparing TLC and
NMR analytical data Specifically, the cross coupling produZ9 itself and the product of
protodeborylation 240 were obtainedvia independent routes. Protodeborylation & weltknown
undesired side reaction that was anticipated to occur on a significant scale duriogtir@sation of
thesereactions
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Ph (1.3 eq) Ph
(PhsP),PdCl, (6 mol%) HO (():Mnglz (rtZ?Geﬂ)
0,
| oN Cul (7 mol%) ) — < :> CN 2012,
<:> EtsN,rt, 16 h Ph (iiy Ph
/& (2.4 eq)
HoN
7% EtOH, 78 °C, 2 h 30% (2 steps)

— H,0,100°C,2h - Protodeborylation product
BF3:K
173
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NN Na,CO3 (1.5 eq) N IN - Cross coupling product

Figurel09: Preparation of expected products of Suadkyaura cross coupling as analytical references

Initial studies attempted tause SuzukiMiyaura cross coupling conditions that were successful in
couplingpyrazot3-yl trifluoroborate saltd'222(figure 1D). The conditions that were utilised in the
cross coupling of pyrazolyl trifluoroborates resulted in low conversioa78 and where higher
conversion was attained through changes to the conditidestries 1-4, 8-9), the product of
protodeboronation predominated with only trace quantities of desired coupling product being
observedFurther examples afrosscoupling procedures of heterocychoronic acid derivatives from
the literature?®>2%failed to provide high conversion &#3. Aprocedure developed by Molander and
coworkersfor the SM coupling of potassium vinyltrifluoroborate with (hetero)aryl electroptitesgms
then utilised for the coupling 0173 (figure 111), and the crudéH NMR spectrum seemed to show
selectivity for the coupled produ@39over protodeborylation produc240(albeit in low conversion).

This was a promising start and showed tihatget productive conversion ofl73into 239 via Pd
catalysed cross couplintije choice of solvenivascrucial andvater waslikely a requirement. Upon
increasing theoroportion of water in the reaction solvenffigure 1), a higher conveisn to 239was
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(2.0-4.0 eq)
[Pd] (10 mol%), Ligand (27 mol%)
NI N base (2.0 eq) N :N . N| :N
@/K%kBaK solvent, 80 °C, 16 h W
173 240 239 CN
Product | Product Il
Entry Pd source Ligand Base Solvent X Conv  Yieldl Yieldll
1 Pd(OAC), XPhos EtsN MeCN/EtOH Br (2.0 eq) 38% 38% -
2 PdCl, XPhos EtsN MeCN/EtOH Br (2.0 eq) 41% 41% -
3 Pd(OAC), RuPhos EtsN MeCN/EtOH Br (2.0 eq) 33% 33% -
4 Pd(OAc), SPhos NayCO3 PrOH Br (2.0 eq) 64% 57% 7%
5 Pd(OAc), XPhos NayCO3 MeCN/EtOH Br (2.0 eq) 0% - -
6 Pd(OAc), XPhos K2CO3 MeCN/EtOH Br (2.0 eq) 0% - -
7 Pd(OAc), XPhos EtsN MeCN Br (2.0 eq) 0% - -
8 Pd(OAC), XPhos EtsN MeCN/EtOH Br (4.0 eq) 33% 33% -
9 Pd(OAc), XPhos EtsN MeCN/EtOH 1(2.0 eq) 17% 17% -

FigurellQ: Initial optimisation studies towards SuzMiyauracross coupling conditions for trifluoroborate
salt173. Unless stated otherwise, yield was estimatedthpNMR spectroscopy

Br@CN

(1.0eq)
(Ph3P)2,PdCl; (10 mol%)
NTXIN Cs,C03 (3.0 eq) N| SN N| SN
+
& BF.K THE/H,0 (9/1) Z Z
73 0 90°C,16 h 240 239
CN
4% conversion Traces 4% (NMR)

173 173 173

82 81
1 (ppm)

Figurelll Adaptation of Molander's organotrifluoroborate coupling conditions, affording a maréymt
selective procedureas observed in the crude NMR spectrum (400 MHz, DM&®)
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Br—@CN
(1.0eq)
(Ph3P),PdCl, (10 mol%)
NN Cs,CO3 (3.0 eq) NN
l — o + | _
@)\/kBFSK 90°C,16 h
‘ THF, x% vi/v inH. O O oN
Product Il

(1.3 eq)

Entry X Conversion Yield | Yield Il
1 90% 4% - 4%
2 80% 7% - 7%
3 70% 8% - 8%
4 60% 1% - 1%

(s 50% 25% 1% 24% )

R > Product Il isolated in 36% yield
(separate experiment)

Figurell2 Investigation into the effect of20 concentration on conversion of the starting trifluoroborate salt.
Unless stated otherwise, yield was estimatediyNMR spectroscopy

O
Br—<: :)—4
NH,

[M+H}* observed

Figurell3 Product of substrate aryl bmide hydrolysis, observed in crude reaction mixture via LCMS

observed while keeping the relative amount of protodeborylation low. Use of 50% water in THF as the
reaction solvent,239 was subsequently isolated in a separate reaction with a yield of 36
scrutinising the crude material left over after subsequent (unsuccessful) optimisation attétf)pt=,
noticed the formation of4-bromobenzamide(figure 113) which is the hydrolysis product of 4
bromobenzonitrile. Assuming that this potential background process might interfere with product
formation and isolation, we changed our aryl bromisigbstrate to one that is more resistant to
hydrolysis, namely, -bfromobenzotrifluoride(figure 1#). Through employment of this electrophile

and upon increasing the reaction time to 48 hours, we were able to isolate the desired cross coupling
product in upto 64% yield after purification. Attempts to use microwave radiation to speed the
reaction up resulted in complete conversion within 2 hodigufe 15). However, the produc241

was isolated in only 48%, along with a significant portioprotodeborylated pyrimidine240 (23%
isolated).Judging that the microwave heating compromised the selectivity between cross coupling
and protodeborylation, we decided to proceed with conventional heating for a longer period instead.
With this result in had, we attempted to extend the conditions focrosscoupling to the
aminopyrimidinel90 but obtained the desired coupling product in only 11% yaker purification

Along with the coupled product, the product of protodeborylation (aminopyrimididg, figure 116)

was obtained in 29%, indicating thB®0is more prone to decompositiotman 173under the present
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Br@ CF3

(1.0 eq)
(PhsP),PdCl, (10 mol%)
N| IN Cs,C03 (3.0 eq) NI :N
@)\%BHK THF/I-gé)O(éE‘Ot% vIv)
(1.0eq) 173 241 CFs

Figurell4: Use of an alternative, hydrolysissistant aryl bromidén SuzukMiyaura cross coupling reactions

(1.0 eq)

(Ph3P),PdCl, (10 mol%)

Nl N Cs,C0O;3(3.0eq) NI NN + N| ~N
— —
— BF.K THF/H,0 (50% v/v) O O
-wave, 200 W 240 241 CF
(1.0eq) 173 15096 2 h . ' 3
23% isolated 48% isolated

Figurell5: Use of microwave heating in the SuzMiyaura cross coupling reaction 73 provides a
significant shortening of reaicin time, at the cost of a slightly diminished yield

Br@CFg

(1.0eq)
NH NH
)N\Hz (PhsP),PdCl, (10 mol%) )\2 2
NI SN Cs,C0O;3 (3.0 eq) NI SN + NI SN
~ ~
¥ THF/H,0 (50% V/v)
©)VKBF3*< 90°C, 48 h
(1.0eq) 190 242 243 CFs
29% isolated 1% isolated

Figurell16: Application of the optimised SuztMiyaura crosscoupling conditions to aminopyrimidinyl
trifluoroborate salt190

conditions.Next 2.0 equivalents of the trifluoroboraté90 was used, and a screen of reaction
condition parameters was undertakefgure 117) to maximise cross coupling efficienGratifyingly
the use of AgD as an additive Hged to suppress thandesiredprotodeborylation reactior{compare
entries1 and 2), relative to productive cross couplinhe use of A® as anadditiveis commonfor
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enabling the Suzuki coupling of challenging boronic acid derivafti&s. The reason for this is
believed to be due to a facilitation of the

I—Ar (1.0 eq)
)N\Hz (Phi'g)ég%%-g 1 2qn)qo|%) )Nl—lg )N:iz
NN 2C03 (3.0 eq) NI SN + N| SN
PhMBF3K THF/H,0 (50% viv) th PhJ\7LAr
190 90 °C, t 242
(2.0eq) m nd | m nd Il
Entry Ar t ofcr?rb\é%s%)rgte Ratio L:ll NMR Yield Il Isolated yield Il

1lal Ph 16 h 80% 5:1 20% 3
2 Ph 16h 56% 1:4 28% -
3] Ph 16h 63% 1:2 4% -
4l Ph 24h 26% 1:3 18% -
5 3,5-Me,CeHs 16 h 100% 1:4 26% -
6 3,5-Me,CeHs 24h 100% 1:3 72% -
711 3,5-Me,CeHs 24h 100% 1:5 42% )
8 3,5-Me,CgHs 48h 100% 1:3 63% 56%
glel  3,5-Me,CeHs 16h 100% nd nd 1%
10 3,5-Me,CeHs 48h 100% nd nd 59%

Ph 100%

z;—

[a] - Ag20 additive was omitted, [b] - K.CO3 was used instead of Cs,COg, [c] - Addition of Phl and 190 in 2 portions
[d] - Addition of (PhsP),PdCl, in 2 portions, [e] - Reaction mixture more concentrated (0.24 M)

Figurell7: Optimisation of reactioparameters for cross coupy of aminopyrimidind90with aryl iodides
Stated conversion and NMR yields were determined by H NMR spectroscopy, usittqrie®)6xybenzene as
an internal standard

NH, NH,
N™ ~N N)bN
SRAE SRRe
244 245
Isolated in up to 61% yield Isolated in up to 59% yield

Figue 118 Cross coupling products obtained after optimisation pf reaction conditions

transmetallation event®®2%°presumably byriving the formation of ArP@®H(believed to be the key
intermediate for transmetallation in Suzuki coupling under similar conditféhgp precipitation of
Agl. Furthermore, this enhancement is expected to work better for Suzuki coupling of aryl iodides
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compared to otherarylhalides due to the decreased affinity that AfPéhs for 1compared with e.g.
Br,2"along with the opposite preference for the softer Agn. Chaging the base to &Q caused

the amount of protodeborylation to increase and the NMR vyield ofdhsired product to decrease
(entry 3). To assess whether or not a slow addition of trifluoroborate and aryl iodide would be
beneficial in terms of productofmation over protodeborylation, we added thegeagents in 2
portions with heating over a period of 24 h (en#); in this case the protodeborylation rate was still
sufficiently low but the conversion of the trifluoroborate was also diminished leadiagdw yield of

II. The most significant difference in product yielime by simply heating the reaction mixture for a
longer period of time (compare entriégsand 6), when the reaction mixture was heated for 16 h, the
product was observed in 26% vyield hever, when the same mixture was left for 24 h the yield
increased to 72%both judged by NMR spectroscopyhe high conversions of the trifluoroborate salt
probably reflect formation of intermediate species, such as trifluoroborate hydrolysis products und
the reaction conditions, thus compounding the accurate analysis of the conversion of this boronate.
Addition of the catalyst in 2 portions over a period of 24 h resulted in a lower yield of the desired
product (compare entrie§ and7), suggesting thahe catalyst remains active throughout the reaction
time period. Increasing the reaction time to 48 h allowed the isolation of the desired product in 56%
yield (entry8) and increasing the scale of the reaction from 0.08 mmol to 0.24 mmol allowed the same
product245(figure 11.8) to be isolated irb9%yield (entry10). In order to try and reduce the reaction
time, a more concentrated reaction mixture was heated over a period of 16 h (8ntthie product

was only isolated in 11% in this case, suggesting that higher dilution for longer time periods favours
the formation of the desired cross coupling product. Under the optimised reaction conditions,
iodobenzene also reacted in a similar fashion, allowing the progdidto be isolated in 61%ield

after purification (entryll).

With an acceptable protocol fazrosscowling in hand, we then sought to investigate further the
potential of the trifluoroborate group for functionelation at the pyrimidine C&nother mainstay of
organoboron chemistry is the potential for facile oxidation using simple reagents, leading to th
corresponding alcohol or phenol. This has often been a strategy of choice when dealing with relatively
sensitive boronic acids/esters, simply to work the reaction up with an oxidising agent susb andH
recover the expected alcohol in its place.

NH. NH.
26 1 o ML
NN Ty NZ >NH

RM\BF?,K RMO

Figurell9: Investigation of known organoboron oxidation chemistry for the synthesis of medicinally significant
pyrimidin-2-ones

NH, NH,
N)QN H202 (30%, 1 eq) NZ > NH
| >
~
PhJ\/KBFaK ACOH, rt, 24 h or Mo
190 100% conversion 248

63% isolated

Figurel20: Synthesis d?-Amino6-phenyt3H-pyrimidin4-onevia oxidation ofL90
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NH,

N~ "NH [O] C-5 SgAr
~ NJQN

Ph)\fgo > >l
=
Br Ph/K/kBF3K

Bropirimine
——

Figurel21 Proposed synthesis of the exijpgental anticancer drug, bropirimine from the trifluoroborate salt
190

There are humerous methods and reagents that have been shown to be fisefbe oxidationof
boronic acid derivatives and we wanted to establish a set of conditions that would facilitate this
transformation in aminopyrimidi®-yl trifluoroborate salts246 (figure 119) to afford pyrimidinones
247, which are constituents of important biologicabfacules, such as nucleobases and barbiturates.
Beginning with an operationally straigftrward procedure, we attempted to oxidise the pyrimidine
190 using HO/AcOH (figure120).2’? Pleasingly, the oxidation was complete within 24 hours,
furnishing the aminopyrimidinon®48 in 63% vyield aftempurification. As an application of this
chemistry, we envisageal concise synthesf the experimental anticancdwropirimine from190by

C5 bromination \ide supra, followed by oxidation (figure 121). Thus, bromopyrimidié-yl
trifluoroborate 237was sijected to theH,O,/AcOH conditiongfigure 12) but they were unsuitable
due to the lower solubility 0237in AcOH thari90and the former was recovered unchanged.

NH NH;
Nl)bN H202 (30%, 1eq) N NZ > NH
= AcOH,rt,24 h ~
Ph)\H\BF?’K 0% conversion Ph)\/&o
Br 237 Br bropirimine
--% isolated

Figurel22 Unsuccessful oxidation of trifluoroborate s2&7viathe per-acetic acid procedure.
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A [O]

R=BrorH N| ~N > N NH
= Conditions ~
Ph BF3K PH 0
R R
Entry [O] reagent +Conditions Outcome Reference
1 NMO (1.2 eq) <2% conversion Falck (2012)

CH,Cl,, 40°C,16 h

2 a%’ggﬁe(1ﬁ1 ?g)h <2% conversion Molander (2011)
UHP (1.1eq) o .
3 MeOH, rt, 16 h <2% conversion Kandasamy (2016)
NaBO3.4H,0 (4 eq) 0 .
4 THF/H,0, 40 °C,16'h 33% conversion Walsh (2009)

H202 (30%, 10.0 eq) low mass recovery
5 Na,COs3 (1.1 .
DNagta S)C’ sl 27% ieolated Harrity (2017)

Figurel23 Screen of oxidation conditions towards bropirimine. NMOmelthylmorpholineN-oxide, UHP =
Urea hydrogen peroxide adduct

After a brief survey of boronate oxidation conditidf&*’® for the aminopyrimidine trifluoroborates

190 and 237 (figure 128), we found that theuse of excess hydrogen peroxide in a basic solution of

warm EtOH provided bropirimine in 27% yield after silica gel chromatography @#athraking these

conditions for further optnisation, it was found thatxtensiveextraction §6 x) of the crude reaction

mixture from water with ethyl acetateprovided a significantly improved mass balance (figuré),12
RSY2YAGNI GAYy 3 0 NERLIA N Ivickegsh@the séake BdnZBstd 0163 Minchahd dzo A £ A |
leaving the reaction to run for 24 h provided bropirimine after purification in a very good yiékp6f
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)NEZ H,05 (30%, 10.0 eq) NH
NN NayCO3 (1.1eq)

! . >
Ph)YkB&K E(OH50°C,1624h MO
B

r 237 Br  bropirimine

N

t=16 h, 0.14 mmol, 3 x EA extraction
27% isolated

t=16 h, 0.28 mmol, 7 x EA extraction
50% isolated

76% isolated

t=24h,0.63 mmol, 5 x EA extraction]]

\,

Figurel24: Adaptation and optimisation of oxidatioconditions for the isolation of bropirimine. EA = ethyl
acetate.

Heteroaryl halides are present in several naturally occurring moleéUlasd the traditional methods

of preparing them have often relied updmalogenation reagents that exploit the innate nucleophilicity

of the arene in question. This has the disadvantage that if there are multiple nucleophilic sites on the
substrate (hetero)aryl, then halogenated mixtures are inevitable and can lead to ptioifidssues.

An alternative to electrophilic halogenation is to replace agxisting functional group, which allows

the halogen to be introduced selectively to the desired position on the substrate molecuigeful
functional group interconversion thiéhas emerged in recent decades, is the halodeboronation of
boronic acid derivatives. Kabalka andworkershave undertaken significant research in this area
particularly, halodeboronation reactions of organotrifluoroborate salt&€8? Inspired by this work,
lododeboronation ofl73was attemptedusing the Fe@Nal systen®? (figure 125). After 18 hours of
heating, the reaction returned starting material, protodeborylation el and the iodopyrimidine

249, which was isolated in 28% yield. In an attempt to drive the process to completion, the reaction
was repeated with 24 hours of heating, but in this case, the product of
protodeborylation/protodehalogenatioff*240dominated the crude mixture and was isolated in 77%
yield, along with only 9% d249. At this point, we decided to explore alternative functionalisation
processes
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FeCls (2.2 eq)

) :N M:zlr\i1;oejc)t 1\ :N * )
BF3:K ' ' N
173 240 249
Compound | Compound Il
t lisolated llisolated
16 h - 28%
24 h 7% 9%

Figurel25: Iron(ll1) chloridgoromoted iododeboronation of pyrimidiyl trifluoroborate saltl73

Noting the prevalence of aminopyrimidines as a privilegeterocyclic core among FDA approved
medicines?®® we sought a transformation that would replace the trifluoroborate unitl@3 with a
nitrogenbased functional group. Inspired by the establisi&é’ reactivity of boranes and
haloboranes towards organic azides forming secondary amines after aqueous workup, we attempted
this transformation usin@53and 5.0 equivalents of Siglfollowed by addition ofl..3 equivalents of
commercially available benzyl aziddter heating the reaction at 88C forl6 hours, the only products

that were detected in the (NMR, LCMS) analysis of the crude mixture were the starting trifluoroborate
salt and the product of protodeboronatioGsiven that the proposed intermediate requitdor the
reaction to work is the difluoroborane resulting from a fluoride abstraction event by, SuGher
investigations into this transformation should include a screen of (less sensitive) fluoride abstractors
(Bx%, TMSOTf, TMSCI, TMEMn alternatve, Cucatalysed method for C6 azidonation was also
attempted on the pyrimidinel73 (figure 126). This procedure has been shown to be successful in
installing an amino group at the C5 of pyragell trifluoroborate saltd'® via azidonation then
subsequent catalytic hydrogenation. Regrettably, the pyrim@in trifluoroborate salt deborylated
guantitatively under the same conditions and no trace of the desired 25@svasobserved.

N(\©
Ph (1.3 eq)

ji 250 Ph 251
NS scuGed) NI . Ay
............ X P |
RMBF3K toluene ’BMNHBn ’BJ\%
= 80°C,16h u
R =Ph (173)
or ‘Bu (253) not detected quant.
NaNj3 (1.5 eq) Ph
Cu(OAc); (10 mol%) s 252 Ph 240
teaeeas MOH5><50016h> Nl JIN . NTXN
eOn, ) |
o~ LA
not detected quant.

Figurel26. Attempted C6 amination and azidonation reactions, using known boron chemistry
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1.3.Conclusions

Pyrimidines haveeen the subject of activievestigation forover 200 years. They are seen extensively

in medicinal applications and are also useful building blocks for functional materials. For these
reasons, the develapent of new ways to access pyrimidines and novel pathways for their
functionalsationis an ongoing field of research.

Thanks to this research interest, the number of established ways to synthesise the pyrimidine ring
from simple precursors enormous. The pyrimidine ringan also be readily functionalised and in this
respect, pyrimidinyl halidesare known to participate efficiently in crossupling reactions. In
contrast,pyrimidinyl boronates hae seen relatively little attention, particularly when borylated at C6.

Ynone trifluoroborates were found to be highly useful for th@dquction of novel pyrimidir6-yl
trifluoroborate salts, whichwere stable under ambient conditions andud be stored without
precaution. The aminopyrimidif-yl trifluoroborate salt190 could also be prepared frorh66 by
reaction with an appropriate guddine reagent, paving the way fa new intermediate with
potentially useful modular reactivitySubstituted guanidineand even 3aminopyrazolealso reacted

with the ynone 166 to provide regioisomeric mixtures of intriguing pyrimidiryl type boronate
products. Importantly, the pyrimidis-yl trifluoroborate saltl73was found, after optimisatioro be
amenable to Suzuliyaura crosscoupling in good yield. The successful optimisation of this eross
couplingprotocolwas enabled by the discovery that a high water content in the reaction solvent was
crucial for high conversion of the starting trifluorobora0was also amenable to cressupling
under similarconditions andcould be alkylated at the rinly selectivey. Additionally,190 could be
efficiently brominated at the pyrimidine C5 and also oxidised at B to provide the experimental
anticancer compound bropirimine in good yield.

Further studies on these systems should include a deeper study of the condenssatatiom of166

with substituted guanidines and-&ninopyrazoles, aiming to gain a fuller understanding of the
product composition and insight into the reaction selectivity. The elaboratiodaff has been
investigated to an extent here, but further expegmation on its potential for modular reactivity
including at the-NH and also the pyrimidine C5 should be considered in order to maximise the
application of this intermediaté the synthesis of valuable pyrimidine scaffolds.
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2. Alkynvltrifluosoborates applied to organofluorine synthesis

2.1. Introduction

2.1.1. Occurrence and chemistry of fluorine

Fluorine isthe 18Y2 a4 02YY2y St SYSyd IyR GKS Y2a@® O02YYz2y
Despite this, organofluorine compounds are almost +saistent in nature, with only a handful of

known fluorinated natural products discovered so far (figli2g).28%2% The most simple example of

a fluorinecontaining naturallyoccurring compound is the potent poison, fluoroacetmd. This has

been identified (sometimes highly concentrated) in tropical andtsapical plant specie’*?%°and is

potentially accumulated as a defence against insect pests.

OH
O,
o ) OH O 0.0 oH O
NH, H
Fluoroacetic acid 4-Fluoro-L-threonine (2R,3R)-2-Fluorocitric acid
NH
%0 i
HN-S” 7 77N F N
0 N !
W N HO
F
\s« 0” O
HO OH
Nucleocidin w-fluorooleic acid

Figurel27: Fluorinecontaining compounds of known biological origin

Thereasons for this dearth in the natural occurrence €8C 6 2 Y R4 ' NB Tl aO0OAY Il GAy At ¢
properties, which distinguish it from the other halogens (ta®)leThe hydration energy of the fluoride

ion is (at 117 kcal md)***the highest of all the halogens by far and thashwo main implications for

its reactivityin viva Firstly, the nucleophilicity of aqueous fluoride is significantly attenuated due to

its strong interaction with water. Secondly, the high energy of hydration is partially responsible for its
prohibitively high oxidation potentialif vivd. The high oxidation potential restricts access to highly

NBI OGA PSS &LISOA 8 BIENGE dafyKhave atheri€e facilitated the biosynthesis of
fluorinated products
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BDE CHX / kcal Bond Hydration Pauling Standard oxidation

mol? length CX energy, X/ electronegativity potential, 2X-> %
1A kcal moft + 2e/ kcal mof*
F 110 1.39 117 4.0 -3.06
Cl 85 1.78 84 3.0 -1.36
Br 71 1.93 78 2.8 -1.07
I 57 2.14 68 25 -0.54
H 99 1.09 - 2.2 -

Table3: Summary of key halogen propert@@SBDE = Bond Dissociation Energy

Once incorporated inside organic compounds however, the other properties of fluorine that set it
FLI NG FNRY fFGSN) KIFIf23Syas &adzOK Fay -FSlbrOGNRYyS:
length/strength can affect the final properties of the compound enormously. Consequently,
organofluorine compounds have been widely researched and used for their novel material
properties?* For example, perfluoroalkyl chains can impart impressive theamaichemical stability

on the resulting substance and for this reason, such compounds have found application in numerous
fields of material science as: Elastomers, 4stink/inert coatings, specialty lubricants, solvents and
surfactants. The simplest parfiroalkyl chain possible is the trifluoromethyl group {Ct#hich is a
special case. The £ffoup is hugely common in currently marketed medicines, and the incorporation
of Ck and other C1 fluoroalkyl groups (&K CHE OCE, SC§j into leadcompounds during medicine
development has come to be an indispensable tool for the modulation of key propéfie#8 The
explosion of organofluorine compounds within the field of medicinal chemistry in recent years can be
rationalised by their scarcity in the natural world and the corresponding novelty of each
organofluorne compound created henceforth. The properties of these novel organofluorine
compounds turn out to be highly useful for lead development, and the main considerations in this
regard are summarised below.

120 A 147 A 152 A

Figurel28 Van der Waals radii for H, F a@¢’

Fluorine, being the most electronegative of all the elements forms highly polarifeldo@ids and the
resulting ionic attraction caused by this polarity contributes to dineat strength of this bond. In fact,

the CF is the strongest single bond known in organic chemistry. The consequence of this, is that
fluoroalkyl groups display high chemical stability towards metabolism (by €2¢5Q) where a non
fluorine atom such akydrogen would otherwise be transformed. Another consequence of the high
electronegativity of fluorine, is that the pKa of nearby or adjacent acidic functional groups can be
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lowered by its incorporation, due to inductive attenuation of the negative chaegiding on the
conjugate basgthe opposite argument applies for basic functional grodpee siz€figure 128)of a
fluorine substituent (F, vdW radius: 1.472%)s only slightly larger than that of hydrogen (H, VdwW
radius: 1.20 A) and close that of a hydroxyl group (oxygen, vdW radius: 1.52 A), therefore the
replacement of a substituent with F may cause only a minor steric disturbance while impacting the
electronic nature of the compound significantly. Finally, another important consideratib
organofluorine chemistry in lead development is that fluorine substituents may increase the
lipophilicity of a lead compountf° One potential consequence is that if you were to replace a polar
functional group such as O or NH with F, you may keep a degree of functional group polarity, but the
lipophilicity of the compound would be greatly enhanced. Greater lipophilicity is important for the
modulation of the PK/PD profile of the lead compoumpadtentially leading to e.g. enhanced cell
penetration. The oldest and most famous example of the importance of medicine development by
FEd2NAYS AYyO2NLRNI A2y ¢l a4 GKS AYUNBRdAzOGAZ2Y 27
Fried and Sabmil954(figure 129)°! This gemingly small change in the structure of cortisol resulted

in a tenfold increase in glucocorticoid potency, massively improving the safety window for this
treatment.

9a fluorine incorporation ,g
. o” ~0

hydrocortisone acetate 9a-fluorohydrocortisone acetate
10-fold increase in potenc

\\

Figurel29: Fluorine incorporation into the hydrocortisone acetate backbone confers a tenfold increase in
corticosteroid potency

2.1.2.0rganofluorine synthesigadirect fluorination/fluoroalkylation

In 2010 it was found that approxirtely 20% of all prescribed medicines and 30% of the top 30 drugs
by sales contained fluorin€?The percentage of all prescribed drugs containing fluorine was predicted
to have risen to at least 30% by now, due to the numbermoke that were going through the later
stages of approvaf® Indeed, the portion of newly approved (small molecule) pharmaceutical
produds has risen significantly in recent years. In 2015 the portion of new approvals that contained
fluorine was 349%% in 2018 the number was 50% and in 2019 it was 43% These figures only help
reveal the extent to which organofluorine chemistrgshcontributed, and continues to contribute, to
curing disease and improving quality of life for millions.
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The above expansion of medicinal organofluorine chemistry is of course a product of the immense
research effort towards developing synthetic stratgyito obtain such compounds. Due to its
exceptional nature, fluorine is classically difficult to install selectively and conveniently and the
development of reagents to achieve this has been the subject of much research. Nevertheless, the
source of fluorie required to prepare these reagents must be considered as the foundation of this
chemistry. Most fluorine insertion is achieved in one way or another using aqueous hydrofluoric acid
(HF) or fluorine gas {F which is obtained almost exclusively by prateg naturally occurring CaF
(figure 130), which is found in the mineral Fluorspdr°¢Although useful for certain large scale and
dedicated processes, HF is highly corrosive and hazardous, making it unsuitable for routine laboratory
applicdion. The same applies fop,Rvhich is extremely reactive and requires specialised equipment

to work with safely. In the early days of organofluorine chemistry however, fluorinated precursor were
more difficult to come by than they are today and so mamgresting laboratory processes were
developed using HF. For example, the Simons process includes the fluorinative electrolysis of organic
compounds in HF solutions. Another, much older process using HF that was developed is the

Fo
‘ ~ | fluorine gas

—
Y

CaF2 HzSO4

fluorspar

HF (aq) R-F
—
hydrofluoric acid organofluorine chemist
aHF
anhydrous HF

\

Figurel30: Processing of calcium fluoride, found in the mineral: fluorspar, for application to the field of
organofluorine chemistry

Swarts fluorinatior?®”*%which was invented to produce organofluorines from more easily obtainable
organohalides such as bromides and chlorides (figld4). The Swarts process caroduce
benzotrifluorides by the reaction of the appropriate substrate with HF or a Lewis acidic metal fluoride,
such as ShKprepared by treating antimony trioxide with HF) and has since been a reliable method
to obtain such compound®? In fact, subsequent patent¥3obviated the need for ShFallowing

the procedure to be carriedut using just HF.

CCls CF;
i SbF;or HF
_—
(0]

Figure131: Swart's synthesis of benzotrifluorides from the corresponding benzotricifride

Cl
95%
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In recent decades, a host of new methods and reagents have been investigated to address the key
issues of fluorination or fluoroalkyliain chemistry, namely: safety, reactivity, selectivity and cost. The
introduction of a single fluorine atom can be approached using different strategies, such as
nucleophilic fluorination by the strategic use of fluoride (HALEX, deoxofluorinationS&mmann

etc) and electrophilic/radical fluorination through the use of specialised reagents (Selectfluor,
pyridinium fluorides, NFSI etc)

Nucleophilic fluorination strategies

Direct nucleophilic fluorination using fluoride is a common strategy for intcoty radiofluorine '€F)

into tracers for minimally invasive imaging procedures, such as Positron Emission Tomography
(PET§12313Although an attractive strategy, fluoride typically displays low activity as a nucleophile in
bimolecular displacements, due to two maircfars. The first is that fluoride forms stronglidnding
interactions with protic solvents / impurities so in protic solvents, their lone pairs are lowered in
energy compared to when aprotic solvents are employed. In some cases however, the presence of H
bonded ligands to the fluoride can be beneficial for reactivity and selectivity between nucleophilicity
and basicity?»%%7|f care is taken to remove water from the aprotic solvents and the fluoride salt itself,
the dissolved/slurriedf f dz2 NA RS A& O2yaARSNBR al OGAQI GSR¢
interactions. In this case however, fluoride is typically a much better*fdban it is nucleophile and

is thus oty suitable for fluorination under certain circumstances.

When the reagents and solvents have been scrupulously dried, fluoride can be used to substitute
chloride substituents in aromatic systems in a halegeohange (HALEX) process, providgtase
transfer catalyst is present and enough thermal energy is suppiidah address the prohibitively low
solubility of most metal fluoride salts in organic solvents, tetraalkylammonium salts havgetas
convenient alternatives. Due to the fluoride hydration issue mentioned previously however, the most
common use of one such reagent, TBAF, is not for nucleophilic fluorination but for silane deprotection
(figure 132) viafluorination of the silicondaving group?®-32!

M TBAF (3 eq) M
TBDMSO 25 °C 40 mins

>99%

\/
\ / -gf
SLO}H~ . — >‘/|S':I\&O;E D —— HO/IHL
>( then H30O*
N"Buy -TBDMS-F
— + N
F NBu transient
pentavalent silicate

Figurel32 Mild deprotection of a bulky silane ether using soluble fluoride. TBDMSQ = tert
butyldimethylsilyloxy, TBAF = tetnsbutylammonium fluorie
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For silane deprotections, hydrated ordéfined samples are usually sufficient for most applications.
Anhydrous TBAF and related alkylammonium fluorides are difficult to obtain, due to the inherent
background Hofmann eliminatiomvhich occurs upon atmpting to dry the reagent after its
synthesis®?? Anhydrous TBAF can be prepared by carefully excluding water from its sy#ffasis

has been shown to perform much more effectively inA$ fluorinations under much milder
conditiong?432%

The nonviability of aHF for nucleophilic fluotiioa applications in the lab can be bypassed in some

cases through its complexation with organic bases suditzeterocycles and amine’$®32’Reagents

such as EN.xHFfigure 133)and pyridinepoyl C 6t t 1 CX | ftaz2z 1y2z2e¢éy la htlK
relatively convenient alternatives for nucleophilic fluorinations by aHF (figure). An example of the

early appliation of these reagents is the fluorinative ringening of epoxides, which was found to be

useful in the synthesis of fluorinated derivatives of shikimic acid (fita#e328

@ *OHF Et3N+3HF
7

N

\ triethylamine
Olah’s reagent trihydrofluoride

Figurel33 Examples of nucelophilic fluorination reagents

CO.Me CO,Me
F
o HF/pyridine N
o> HO"Y ™ OH

o) OH
ﬁ’ 49%

methyl 6a-fluoroshikimate

Figurel34: Utility of HF/pyridine ("Olah's reagent) as an effective nucleophilic fluorination reauenat
demonstrating fluorinative ringpening of an epoxide

Several reagest for deoxofluorination (figure 135 have been developed, such as
diethylaminosulphur trifluoride (DAST) and Bis{8thoxyethyl)aminosulphur  Trifluoride
(Deoxofluor),the Ishikawa reageniand difluoroimidazole (figure 136) These reagents work by
simultaneously activating the leaving O functionality, while providing a viable source of nucleophilic
fluoride in-situ.32°
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Fol N

! -HF

activated oxygen

=

deoxofluorination
product

>S.
HO Y ——= RNTOTY —— RN

|

-R,NSOF

Figurel35: General mechanistic scheme for thbaSed deoxofluorination of primary alcohols

Genl Genll
FF
/\NX(CFS N-SF. N—ar -
) I / 8 O "N=SF;BF,
DAST y (0]
Ishikawa reagent Xtal-fluor M 7N\ g,/o
MeO SF3 =N F
F F M\
X N—SF3 —/ Pyfluor
N~ "N /_/ Fluolead *N=SF; BF,
MeO -
difluoroimidazole Deoxo-fluor Xtal-fluor E

Figurel36: Selection of deoxofluorination reagents developed, with later generations pogsgesater

stability and selectivity

Such reagents have been very useful for selectively installing fluorine substituents under very mild
conditions. Converting alcohoi¥;*3! aldehydesi®?-332333 ketones®033* and even thiocarbonyt&®
efficiently into the corresponding higialue organofluorinecompound Concerns surrounding the

cost and thermal stability of DAST and related reagé€htisave been addressed by the later
development of next generation reagents, such as -Mar, PhenoFluor, CpFluor, PyFluor and
others3¥ Pyfluor (figurel36) can be preparecfficiently on multigram scale, from commercially
available materials. It can be stored without precaution for extended periods without decomposition,
in stark contrast to DAST. It has been deployed successfully for the radiofluorination of tetrabenzyl
glucose by itself*® and redox active esters under visible light photocatalgtinditions33°

Electrophilic/radical fluorination

ly20KSNI AYLRNIFyd adNy Gas3e

T2 NJ &S ¢S ONIB\IZBS yFif ad72 NAK

have seen much development parallel with the nucleophilic reagents described in the previous
section. In order to replace the utility of fluorine gas, which displays extremely high reactivity with

regards to electrophilic fluorination (figude7)**°but comes with
safety concerng!

significant practical issuasluding
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OTMS

F
“ F2/N2 (5-10%)
O‘ freon -
MeO MeO

-78 °C, 5 mins 12% isol.

100% conversion

Figurel37: Example of electrophilic fluorination usifhgorine gas. Fluorination of estrone enols using diluted
|:2340

Considering the difficulty in handling, Blternative reagents were researched and prepared that could
undergo the same electrophilic fluorination but were much more stable and safe. For example, a host
of O-F reagents were investigated asskrrogates, including acetyl hypofluorite (AcOF) which proved
G2 0S [|*sozécéfidr datariety 6f applications such aarSluorination3#?After research efforts

to find more stable reagents for this transformatiéti;>** electrophilic NF reagents emerged.
Significant developmas included the invention of: sulfonimide reagents NFSI and NFOBS (figure
138), FTEDA (Selectfluor) and varioudluoropyridinium salts.

rCl
R +
0, R=H,Me or Cl N
PhO.S, S, | ) X=OTf,BF, [@j
N-F N-F N N B
PhO,S S RN R X Fooe
02 F
F-TEDA
NFSI NFOBS N-fluoropyridinium salts (Selectfluor)

Figure1l38 Selection of electropldlfluorination reagents

The advantages that these reagents have ovét fuorination reagents (greater stability, shEfdé)
primarily originate from the stronger-R bond compared to the-8 bond. So lower reactivity is seen
for N-F reagents, but thegan be stored quite safely and may not need to be produnesitu as AcOF
commonly is. The advantage of thefluoropyridinium salts shown in figurg38, is that modulation
of the reactivity and thus selectivity can be achieved by altering thestibgtituents34®

Due to the commonly weak-F 02y RX a2YS 2% NGE$ IGNIWRA BSNGI {F 20 |
Sammis and coworket$to fluorinate alkyl radicals readi(figure 139) thus leading to the expanded

utility of thed S NI I 3 Sy (i & doudrced 32 Riafoxh transfel reaiyedts. Since these pioneering
discoveries, methods for radical fluorination have seen huge interest and development, due to their
potential for unprecedented mildness and selectivity of the flnation reaction. These developments

have been reviewed recently elsewhere for radical fluorinatitiéginitiated by thermal energy;°-3%°

visible/UV light***%and more recently, by electolemical mean$>*
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NFSI
WO\OM N NF

o C6D6, hv 9
34% (GC)

Figurel39: Preliminary experiments on radical fluorination using electrophilic fluorination reagent NFSI

Trifluoromethylation

The forms of fluorine most commonly seen in successidicinal chemistry applications are single
fluorine substituents or trifluoromethyl group$? Longer chain perfluorokyl substituents are more
rare, but still present>

Trifluoromethylated arenes and heteroarenes are themselves privileged scaffolds in medicinal
chemistry, this is reflected in the fact that they are the secomsst common fluorinated chemotype
of all fluoro pharmaceuticals registered between 1954 and 2819.

They were traditionally accessed on a small scale by manipulation of thériffloeromethylated
aromatic compound, which was itself prepared by Swanpe HALEX fluorinatioli® Given the atom
economyand environmental drawbacks associated with scaling up routes based on this strategy,
much research has been devoted to the development of alternative methods for direct
trifluoromethylation that address these concerns. Among the oldest methods of direct
trifluoromethylation of arenes is through the reaction of fC&] complexes with haloarenes. This
strategy first appeared in the open literature as a report by McLaughlin and Thrower in 1969 (figure
140),>4in which a series of perfluoroalkyl iodides were found to selectively react at the arene halogen
position in the presence of stoichiometric copper, to afford the expected perfluoresilbdtituted
arenes. The reaction performed much more efficientlyifwoarenes than for bromoarenes, but this
represented a significant leap forward in the field of organofluorine synthesis. Importantly, the
reaction worked for GF providing the corresponding benzotrifluoride upon reaction with the
iodoarene. The exaatléntity of the active [CACFE] reagent was not confirmed at the time.

| CF3|(10 GQ) CF;
@ Cu(3.8€eq) i
DMF, 150 °C,12 h
(1.4 eq)
45%

Figurel4Q The McLaughliThrower reaction is an early example of direct arene trifluoromethylation

Thisparticular transformation was optimised soon after the report by McLaugdtlal. by Kumadaki

and KobayasFi®to include several more examples of@F products. This represented an important
breakthrough in the field, as it opened the door to a potential contender to the Swarts reaction for
the industrial spthesis of AICE compounds.
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Figurel4l Preparation of a welllefined NHE&CuCRE complex and its application to iodoarene

Since these early discoveriespah progress has been made including the preparation of a highly
defined [Cu(NHGZ K] complex by Viciet al (figure 141y%¢which could be prepareih-situ, providing

a highyielding and md procedure for trifluoromethylation of iodoareneBuilding on the success of
CuCEas an effective strategy for trifluoromethylation, many different routes now exist and continue
to be developed for the selective trifluoromethylation of aromatic compds. This includes the
investigation of nucleophilic and electrophilicsGBurces, the latter of which have also served as

bl
C D-ei tu ]
RS

TMS-CF3

THF

g
[N>>—CU-CF3

)\ y
- 19F NMR (C¢Dg) 5 = -33.1 ppm
- X-ray

(e

(5eq)

x (1e

q)
TMS-CF3(2 eq)
D — S

THF, rt,5d

5 examples, 91-99%

trifluoromethylation

efficient Ckradical precursors for radical trifluoromethylation reactions. Nucleophilic sources of the

GNATFfd2NRYS(Ket

I N2 dzisdratsfenffeagefts abRaykayleRaBNGSIRTOR a
known as the RuppeiPrakash reagent, and related perfluoroalkytuses which have been used

al/

extensively for direct nucleophilic trifluoromethylation and also as precursors to various
trifluoromethyl-metal complexes.

Nucleophilic trifluoromethylation using TMSk and related agents is highly useful for addition to

common electrophiles, such as carbonyl compounds. In particular, there has been much development

on the use of this reagent in the field of asymmetric nucleophilic trifluoromethyl&fibithe
favourable stability and modulated reactivity of TME has lead to its widespread use as the CF
source for tlese applications. The €an be added diastereoselectively to an electrophile with an
attached chiral auxiliar§?® or the symmetry may be induced through the use of asymmetric
ammonium fluoride activators such as the reactions investigated by Kob&astd also later by

Larivée (figure 142§>° These trifluoromethylation reactions have been reviewednd will not be

(0}
Ar" “H/alkyl

Figurel42 Asymmetric trifluoromethylation of carbonyl compounds using a chiral counterion for the fluoride

cat. (4 mol%)
TMS-CF;(15 eq)

THF,-50°C to rt
overnight

F3C,_ OTMS
Ar" “H/alkyl

- 9 examples

- 63-100% conversion

- 6-58% ee

Ar =
3,5-(MeO),CgH3

catalysg®®
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discussed further in order to focus on (symmetric) trifluoromethylation reactions of arcnaaiil
heteroaromatic compounds.

Returning to (hetero)arene trifluoromethylation, after @uediated trifluoromethylation of
(hetero)aryl halides became established as a highly useful alternative to the Syymtsynthesis,

the next stage of development fahese processes was the move towards reactions that need only a
catalytic quantity of Cu. Since then, numerous procedures fecatalysed trifluoromethylation have
been published. To achieve catalysis, the Cu species must remain active throughouatctienreme

in order to reform the active CtX catalyst ready for the next turnover. For example, Atréil found

that the amount of Cu could be reduced to just 10 mol% in their catalytic trifluoromethylation of
(hetero)aryl iodides (figur&43).35! The rationale for the apparent efficiency of the Cu species lies with
its stabilisation by the phenanthroline (phen) ligand, slowing down its sequestration from the reaction
mixture by decomposition.

Cul (10 mol%)

phen (10 mol%)
KF (2 eq)
(Het)aryl-l + TES-CF; ———>  (Het)aryl-CF3;
(2 eq) NMP/DMF

60°C,24h 11 examples, 44-99% (NMR)

Figure143 Cucatalysed trifluoromethylation of (hetero)aryl iodid&s

Since then, several permutations of-Catalysed trifluoromethylation reactions have been studiéd,
including the use of a silvéy(additive by Huangt al3®® which allowed the use of the more widely
available TMEE rather than TEEE and produced a good scope of trifluoromethylated
(hetero)arenes. The authors managed to support their hypothesis by obtainisg cfystabtructures

of both -CuCFE and LAgCE complexes. Other improvements to €atalysed trifluoronethylation
include the use of GFsources other than §8iCE. Rocedureshave now been disclosed using
CRB(OMe)K 34 CECQNa*® adducts of fluoraf®® and even fluoroforrff”*% as the Cfdonor. A
fluoroform-derived [CeCE] reagent was used by Grusham al. to prepare (Het)AICE compounds
from anilinesviaa onepot diazotisatiortrifluoromethylation procedurdfigure 144)° The reaction
tolerated a good range of electremithdrawing, electrordonating and protic arene substituents and
several examples of challenging heterocycles were also trifluoromethylated as expected. The
usefulness and orthogonality of this procedure israpéfied by its tolerance of even reactive halides,
including aryl iodidesowing to its mild nature (8C 15 mins, after formation of diazonium salt).
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(i) HF (48%), NaNO,

then MeCN
NHz - c:=3
(i) [CuCF3]

DMF or DMA
0°C,10-15 mins 27 examples, 27-85%

DMF (i) CHF3 T

CuCl+2KO'Bu ——— [K(DMF)][Cu(O'Bu).] - — :
-KClI (i) stabilisation
with EtsN(HF)3

Compatible with Ar-l

| |
Do Do Cer

80% 50% 58%

Figurel44: Trifluoromethylation of anilines via a tandem diazotisatiafiluoromethylation procedure, using
CuCFkobtained from the cupration of fluorofor#t?

Boronic acids have also been shown by @ingl.to be competent reaction partners in €oediated
arene trifluoromethylatior?” In this report, 1,1@henanthroline, TMEFE and [Cu(OT$)uCHs were
used to form a stabilised [@DR] complex, whichreacted under the conditions with the
(hetero)arylboronic acids to form the Ak, The reaction proceeded under mild conditions and was
also amenable to alkenyl boronic acids

Pd catalysis has also been investigated for its potential in cross couplingfitneromethyl group
with (hetero)arene substrateffigure 145) After formation of the APdCEhowever, the strong Rd
CE bond disfavours reductive elimination to provide the desiredCAy and facilitate catalyst
turnover. Indeed numerous APd'-Ck complexes have been prepared by transmetallation from TMS
CR, characterised and shown to be highly sluggish irCRrreductive eliminatiod’<*”> when
compared with their AiPd-CH counterparts in AICCH reductive eliminatior?’83"7Although sluggish,
the reductive elimination of ACE does occur through judicious choice of wide kategle ligands for
the Pd comple¥® (such as Xantphos) and has been shown to work as part of an

AFCF3 y Pd° ArX
. R .
Reductive elimination s o,
typically slow Oxidative addition
Ar-pd' Ar-Pd"
FsC w X
M-X M-CF;

Transmetallation

Figurel45: Cataltic cycle for the Rdatalysed trifluoromethylation of anfpseudo)halides. Reductive
elimination of AfxCR is typically very slow and other undesired processes occur faster
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l OMe
MeQ PCyz O PCy,
Pr l '‘Pr iPro oPr

Pr

Brettphos x Ruphos y

[(ally)PdCI], or Pd(dba),

(6 mol%)
Ligand x or y (9 mol%)
Cl TES-CF; (2.0 eq) CFs
KF (2.0 eq) N
R—Het . > R—Het
. dioxane ~
130°C,6-20h

23 examples, 70-94%

Figurel46: First general Rdatalysed trifluoromethylation of (hetero)aryl chlorides, usingCTk&s the C¥
donor

efficient catalytic procedure that couples FEB with (Het)ArCl to produce (Het)ACk compounds
in good to excellent yield (figure 148%.This is in stark contrast to the efforts to develop adathlytic

approach to Af- bond formatiorvia reductive elimination. Due to the polarised nature of the-Fd
bond, its electron density is not situated for ideal overlap with theAPdinit, making the barrier to
reductive elimination very high. Indeed eviantphos complexes of A2d-F"338would not undergo
reductive elimination where the corresponding-Rd-CFE did. Reductive elimination of Af from a

highvalent P& center was subsequently shown to be possible by Réttexl. %7380

More recently, there has been interest in the selectivel @ifluoromethylation of (hetero)aromatic
compounds®%383 Yy et al. published a directed orthdrifluoromethylation procedure, which
exploitedN-heterocyclic directing groups to facilitatetCactivation ad provide the AICE compound
after completion of the reaction (figurg47). 38
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Pd(OAc), (10 mol%)
Cu(OAc), (1.0 eq)

XN CF3 '~
R+ N N’
— > R
H DCE/TFA, 110 °C, 48 h 20

19 examples, 54-88%

Figurel47. Pdcatalysed € orthodirected trifluoromethylation

The source of the GRyroup was the trifluoromethyl substituted dibenzothiophenium s283

6! YSY2i2 NBF3ISYylGos 6KAOK A& lyz2y3a | Oflaa 2F aS
been developed as convenient sourcds 0 0 2 &K Ay F& d/yR KIF @S 06SSy dziAft Aa
trifluoromethylation procedures published in recent years (figlu@).38%388

~0 CLS o

\ CF3
CF; 0]
X = BF4, Umemoto
Yapoulskii X = OTf, Shreeve ©:/</O Togni
b,

Figurel48 Selection of-S&and hypervalent-based "electrophilic” trifluoromethylation reagents

Although these reagents have proven themselves useful and valuable, as sourcgsleiCEost per

mole is high compared to many other more simple precursors. Betlleal. addressed this by
developing a Pdatalysed @ trifluoromethylation procedure using ¢8%3%° an inexpensive and
commercially available substance that was once used as a fire suppressant (figure 149). The
production of CEBr has since been outlawed in accevith the Montreal Protocd®® however, there

may still be a large stock sfifl existerce that could be used cheaply and
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Pd(OAc); (10 mol%)
PBuUAd, (20 mol%)
CF3Br (3-10 bar)

RS N TEMPO (1.0 eq), Cs,CO3 (2.0 eq) A
e »> R—
~ [
H N2 (15 bar) CF;
acetone, 130 °C, 40-50 h
31 examples, 25-81%
Pr: mechanism

S

H CFs

Figurel49 Pdcatalysed synthesis of €&fenes via a proposed radical pathway

appropriately for chemical synthesis instead of risking future release into the atmosphere.
Nonetheless, Beller found that the role of the Pd catalyst in this case was likely to be homolytic
cleavage of the ®Br bond (figurel49), producing a GFradical,which can add to the arene substrate.
Despite the clear cost reduction by using such a simples@Fce, the process is still plagued with
some issues, including the need for fairly harsh conditions (acetar{@pNar), 130C, 40 hours) and

the commonproblem of radical addition selectivityifle infra) ®

I RRA (&2 yNI2ZRA O fa /i

arene/heteroarene is of course a viable strategy for trifluoromethyl incorporation, provided that the
GH selectivity does not cause a problem with the yield of tleepss. Great advances in the controlled
production of such radicals, followed by addition to interesting substrates have been achieved in
recent years. For example, MacMillahal. found that CESQCI (TfCl) was an efficient reservoir for
the CR”radicd in the presence of a ruthenium photocatalyst and a light 5eliThe procedure was
proven a versatile strategy for (hetero)arene trifluoromethylation, proceeding at room temperature
and providing an excellent sample of functionalised products in good to excellent yield. Significantly
for pyrrole, which underwet facile bistrifluoromethylation under the reaction conditions, the mono
trifluoromethylated product could also be isolated in very good yield by controlling the number of
equivalents of TfCl. The procedure was amenable to the mildslkaige trifluoromehylation of
numerous drugs and commercial products, often leading to regioisomeric mixtures.

Baranet al. made use of the stable and cheaply availableSGiNa (Langlois reageitf as a C®
source3%®the latter of whichcould be efficiently produced through the action of the initia®uOOH
under the reaction conditiongfigure 150) The conditions were mild and highly desirable as an

I 1lj dzS 2 dz&
functionality

52¢ 08y

aeadidsy

0K G

RARY Qi

NB Ij dzA NB NX 32 N
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Figurel50: Radical trifluoromethylation using sodium triflinate (Langlois reagent)

was tolerated. However, the reaction often provided mixtures of products wherever there were
multiple potential sites of reactivity and some substrates proceeded with only nadeleonversion.
Having said that, preliminary investigations into the influence of the solvent identity on the reaction
selectivity showed promising results, suggesting that further optimisation of the selectivity“of CF
addition to (hetero)arenes is pabée. The principle was extended successfully to th&l@ffoup in a
subsequent publicatioi¥*through the use of ZnSCEH), asthe fluoroalkyl radical precursor. Owing

to the mildness of conditions and the promise of new reagents being developed, rbdzd
methods for trifluoromethylation have since become popular targets for research and many studies
have been published irecent years®<*%’ For example, advances have been made in the field-of Ni
catalysed/promoted radical -8 trifluoromethylation3%®3% culminating in the development of a
general procedure by Sanfoed al.for the radical €H trifluoromethylation of electrofrich benzenes

and heteroaromatics catalysed by d'Niomplex3®*F SR o6& | GKAIl yiKNBY A dzY
reagent as the GRlonor. The procedure is mild, tolerated by numerous protic and heterocyclic
functionality and represents an intriguing first step into the field of trifluoathylation by Ni
catalysis.

Another developing technique for radieahsed trifluoromethylation methods s
electrochemistry?®140@402 where the trifluoromethyl radical has been produced primarily by anodic
oxidation of the Cfprecursor, potentially obviating the need for chemical oxidants sucB@9OH.

For examfe in 2014, Baram®t al. carried out their €H trifluoromethylation of heterocycles using
Zn(SQCE): as in figurel50, but this time without TBHP and instead using a divided cell with an
electrolyte solution to produce the @fadical (figurel51). 4% The electrochemical route provided
much better yields in most of the substrates tested, due to a slower and moreatiectproduction

of CE”limited by the delivery of charge as opposed to an excess of TBHP. Importantly, the reaction
could be scaled to gram quantities without any depreciation in the product yield. A modified
procedure was published subsequently by Zenal.,***who found that thei reaction could be carried

out at 50°C, and a more straigtiorward undivided cell could be used as opposed to the slightly more
complicated cell devised by Baranal. The proposed rationale for these advantages was that a
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