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Abstract

Acyl carrier protein (ACP) is an essential, universal and highly conserved
cofactor in the biosynthesis of a number of key components in mammals, yeast,
bacteria and plants. Inetabolic pathways ACP carries out iten€tion using the
essential 4phosphopantetheine prosthetic group attached to a serine.

In Mycobacterium tuberculosi@Mtb), ACP plays a fundamental role in the
biosynthesis of fatty acids linking insoluble internagds bya thioester bond.
Recently, a novel ACHependent cyclopropanating enzyme, PcaA, was found
essential forthe virulence and persistence dtb, and is considered a promising
target in TBdrug discovery. PcaA substrate is a laigin fatty acid,cis,cis
diunsaturatedmeromycolic acid, linked t@an acyl carrier prota (AcpM); this
substratdas a fundamentélinction in the interaction witPcaA

For biological and medicinal purposes the following achievements have been
reached:

- synthesis of cis,cisdiunsaturaté U-meromycolic acid Two different
retrosynthetic strategies have been ugedcrupulousstudy of sidereactions
was conducted during all steps, leading toitleatificationand understanding
of unexpectedeactions.

- expression and purification of @M. The protein was expressedHn coli and
purified by Ni**-affinity column and kdrophobic interaction chromatography
The impurities of thes purifications were identified.

- development of a novel methodology for thehemical siteselective
thioeserification of proteins with fatty acidsn aqueous solution.The
methodologyis based on the activation of fatty acids by the convensitm
sodium acyb-sulfobenzimidazole (acyNaSBI), and ona catalytic system
where sodium 5-sulfo-benzimidazole (NaSIB is responsible for the chemo
selective activation of sulfhydryl compoundgia base catalysis.The
methodology was validated by reactions with model compounds using NMR

spectroscopy, and by reactions with AcpM.
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CHAPTER 1

1. GENERAL INTRODUCTION



1.1 TUBERCOLOSIS

Tuberculosis (TB) is an infectious disease caused llge bacillus
Mycobacterium tuberculosigMtb). Recently, traces of the diseashave been
deteded in a hominid fossilthat dates backbout500,000 yearsiga® In addition,
genetic studies shad thatthe progenitor speciegrom which theMtb clonal group
evolved is as old as 3 million years, suggestihgt our remote hominid ancestors
may well have already suffered froB.%> ® However, despite the we ancient
origins of Mth, TB is nowadays avery currentdisease TB is second only to
HIV/AIDS as theleading infectious cause of dealilling nearly 2 million people
each yeaf

From 17 to 19"-century 20/ 30% of deaths in Europevere caused by TB
The mortality due tothis diseasdegan to fall as living standards improved at the
start of the 20trcentury, and particularly, withthe advent of antibiotickom the
1940s. For few decaddasseemed as thougfB would be eradicated, at least among
the wealthy, butseveral factors contributed the re-emergence of the disedse
Nowadaysnearly10 million of new TB cases are expected each year, whake

this disease more widespread today than at any other time in Ristory.

Figure 1.1.Symbol chosen fofiworld TB Day 200.” A flower that dispels petals through
breath of wind, symbol of aevy contagiousliseasga grey flower just outlined, emblem of

a disease not always well perceived and often forgotten.



STAGE 1 STAGE 2 STAGE 3

[Active Inf ection]

Initial Infection Reactivaction

[ Latent Inf ection]

Figure 1.2.Schematic representation of the three stages of TB infection.

TB is achallengingdiseasewhich is characterized by @omplexinfectionthat
can be divided in threseparatestages(Figure 1.2.2 In the first stageof the Mtb
infection,the mycobacterium is inhaled aresideswithin the lungswhereit infects
phagocytic cells (macrophages and dendritic elilsnonocytesMtb has developed
numerous strategies that allow it to surviaed multiply within host cells.The
second stage involves the acquired i mmurl
response. In the case of immunocompromised host, the mycobacteypically
resuls in the establishment of an acute infection characterized by uncontrolled
bacillary proliferation and dissemination of the organism to distal sites.
Symptomatically, people become gradually weaker; develop fever, night sweats and
coudh. Conversely i f the i1 nfected host IS I mmun
system will typically resolve the initial infection, or alternatively, hold the infection
in check using mechanisms that prevent further bacillary proliferation, limit the
disseminabn of the organism, and concentrate the immune response directly to sites
of infection. Nevertheless these individuals continue to be persistently infected by
bacterium although they do not exhibit overt disease symptoms and are not
infectious. The thirdstage of infection can appear months or years later; it is



characterized by reactivation of the bacterium from latency, and subsequent initiation
oftheacute infection in the host. The reac
immune status, which nabe suppressed by factwachas HIV infection, steroid

therapy, age and malnutritiom particular the increasing spread of HIV infection

during the lasthree decadess doubtless an important factor that has contributed to

there-emergence of TB.°

Mtb aerosol

0,
/ 5% 95%
, (DS-TB)

Son oo //N

l 30-70%
. Cure
(XDR/MDR-TB)

50%

0% A
(HIV/TB) “x-_(CDRfTB)_.—"

30%| (MDR
50% TB) 60%
(untreated (XDR
patients) TB)
Yy
Death

Figure 1.3.Stages of TBinfection and related transmission, progression and cure of the
diseaseMtb is generallyinanonh nf ect i ous Al atent o state, whi
factors such as the HIV eonf ect i on. The infective fdactiwv
correctly treated, and the success of the therapy depends on theudepgbility of TB

infection (DS: drugsusceptible, MDR: mukdrug resistant, XDR: extensivelgrugresistant

CDR: completely drugesistant) This Figure was modified from Koet al'° and based on

the data previously reportéd



The stages of th&ltb infection, described above, are highly interrelasesd
shown inFigure 1.3 In particular, the ability oMtb to exist in a latent state, which
can reactivate, imposes a long treatment time since that, in this state, the bactericidal
drug actionis extremely low The standard TB therapy igr@atmentwvith a cocktail
of drugs forat least six monthavhich isprescribed under DOTS (directly observed
treatment, shortourse) Specificallythe t her apy consi sts of art
treatment with four firstine drugs: isoniazid (INH), rifampin (RIF), pyrazinamide
(PZA) , and ethambut ol ( EMB) for 2 mont h:
with INH and RIF for further 4 monthéIn order to allow the complete eradication
of mycobacterium, the therapy must not be interrupiespite the apparent
disappearancef symptoms. Indeed, poor adherence to therapy by patients, as well as
incorrect treatment, drug malabsorption and poor drug quality led tentleegence

of drugresistant strain§"



1.2DRUG-RESISTANT TUBERCULOSIS

As discussed in the previossction several factors haveddo the emergence
of drugresistaniMtb strainsthat are responsibfer high mortality rates.n particular,
thesestrainshave been reported with an increasing frequesheyng the Iat 20
years® '° Importantly in 2006, a report of 53 TB patientsrom South Africa,
infected with drug resistant strains and with a high prevalence of human
immunodeficiency virus (HIV) canfection, showed an aiaing case fatality rate of
almost 100% with a median survival of 16 dayShese data were immediately
presented byhe scientific community tgoint out the alarming mplicationsof new
drugresistantMtb strains for global public health”® Specifically, Mtb strains
resistant to at leadNH and RIF, the two most peerful first-line TB drugs, are
known asmultidrugresistan(MDR) strains(Figure 1.4.2° MDR Mtb strains,with
further resistances to any fluoroquinolone (class of antibiotics that has been

2123 and at least one of

demonstrated as indispensaivighetreatment for MIR-TB)
the three injectable secotide drugs (amikacin, kanamycin and capreomyeirg
termedfiextensivelyr e si st afi?0 ( XDR

The worldwide proportion of patientsith MDR-TB is 4i 5% among all TB
cases?® *whereas the pralence of XDRTB is 7i 8% among all MDRTB caseg”
28 The treatmenbf drugresistant TB becomes more complicated as the antibiotic
resistance profile dMtb strains broadensesulting in high mortality in the sas of
MDR- and XDR-TB. However, the prudent use of combinations of drogs
increase the probability of successful treatnfént® Recent guidelines for the
therapyof patientswith MDR- and XDRTB have been repted by World Health
OrganizationfWHO).3' The recommended therapy is basednatividually designed
regimenswith at least fourdrugs to which theMtb strains isolaté are likely to be
susceptibleNeverthelessthe coss, the limited efficacythe poor tolerability anthe
possibility of toxic adverseventsdue tosome of these drugs, and the long therapy
duration (at least 2 yearsjften makethis treatmentmpracticable inefficacious or

toxic.



MDR=TB prevalence new cases
B <3%
] 3-6%
[ =6%
[ ] No estimate
® XDR-TB reported

Figure 1.4.Distribution of MDR-TB and presence of XDRB in theworld in 2006%° By
the end of September 2009, at least one ca¥®8&-TB had been reported by 25 countries
in the WHO European Remi.

Even more remarkably, more recestidieshavereported TBcasegesistant to
all drugs currently available to treatthe disease confirming the existence of
completely drugesistant TBstrains(CDR-TB).3* £ The analysiof these strains by
transmission electron microscopghowed bacilli with a cell wall that is
extraordinaity thick in comparison with drugusceptibléacilli; this modification is
consideredresponsible for thedrugresistance ofCDR strans3* Indeed, it is
important to notdhat, despite drugesistancas generallyaccompanied by écosb
that leads to bacteria with minor virulence in comparison to the original $tiain,
cost or no cost mutations have been reported in the cadebdf *° Thesefindings
highlightthe ugent ned to develop new drugs that may be efficacious against drug

resistantitb strains.



1.3NOVEL TARGETS FOR NEW TB DRUGS

Despiteseveral achievements dftb research have been reachedhe last 20
years,the current chemotherapy is still based orf bahtury old drugs® The only
drugs developed ithe last decadg4980s)and used in therapre fuoroquinolones
which arehowever secorine drugs Despite this class df n e avugswas initially
consideredessentialn treatingMDR-TB cases™* its usehasbeenmore recetly
reducedwith the emergence of XDRItb strains®” In general, the current TB therapy
shows several drawbacks, due to the long treatment durationps$bethe limited
efficacy, the poor tolerability andhe possibility of toxic adverse eventd is

essential and urgent to develapandrugsthat may*°

be cheap, potent and wtllerated;
shorten the current long therapy duration;

be efficacious against drugsistant strains;

< < < <

have no druglrug interactions

In particular, in order to increasiee patient compliance and reduce the therapy
duration, it is essential that the new dugs have a strong bactericidal activity against
the mycobacterium in the latent stage. Moreowerprder to treat drugesistant
strains, it isessential that th@ew drugs inhibit new targetsTo this end, ti is
encouragindo note thathe availability of the genome sequencévith since19983®
has largely driven the identification of new T&rgetsin the last year?’ In fact,
several targets have beegcentlyidentified, validated and pved to be valuable for
the development of new dru@sigure 1.5.
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Figure 1.5.Scheme ofMtb illustrating targets inhibited by existing drugs (left) and new
targets (right) as reported by Lamichh&he.

1.31 The Mtb cell wall

The mycobacterial cell envelops composed of the plasma membrane, the
periplasma, the cell wall and the outer lay®iThe cell wall ofMtb has a unique

40, 41 \which makes itan ideal and well

composition of lipids anctarbohydratg
established target for the development of new TB dttidSIndeed, i is interesting

to note that among the afftB agents used in therapy or under clinical tri&1§3
several compounds inhibit targets involved in the synthesis of components of cell
wall. Speifically, three of the five firstine TB drugs,isoniazid, pyrazinamide and
ethambutol, and other compounds such as thiolactomycin, tricldsanetazone,
ethionamide, isoxylPA-824,0PG67683and SQ10%re inhibitors of mgobacterial

cell wall biosyrhesis'® ** % Indeed it is known that the cell wall oMtb is
associated with its pathogenicity, virulence and ergistanceln particular, the

distinctive thickness of theMtb cell envelope contributes tounusually low



permeabilityto therapeutic agents, and the drugresistancan MDR, XDR and
CDR strains” For these reasons, drugs that inhibit targets involvédtincell wall
biosynthesishave generally potenbactericidal activity and are important also to
improve the efficiency of otleantibiotics used in combinatiancreasing the cell
permeability

The Mtb cell wall presents extraordinaritigh lipid content, containing
characteristidCggl Cqp fatty acids callednycolic acids.These veryjong-chain fatty
acidsare the major constituenbf cell envelope andonstitute40i 60% of the dry
weight of the mycobacteriuftt Mycolic acids are &amily of compounds constituted
from the fimeromycoli® b-hydroxy fattyacids (up to Ge) with U-alkyl side chain
(Ca4i26), Where the stereocentresthe - andb- positions relative to the carboxylic
group haveR-configuration.In Mtb, four distinct structural classed mycolic acids

4 which are

have been foundd}, hydroxy, methoxy and ketemycolic acid
present as series of homologue compouitfering by two methylene unit€:*® In
par t i emydole mcidardkis,cis-dicyclopropyl fatty acid (Figure 1.6, which
represent the most abundant ferwf all mycolic acids (>70%)and the major

homologue is shown iRigure 1.6**°

meromycolic chain

D P
OH
(R)
R,
“COOH

alpha branch

Figure 1.6. Structure ofthe most abundant form d-mycolic acig in Mtb. It is constituted
from the meromycolich-hydroxy fatty acid (G,) with a Ualkyl side chain (Gg and

containing two cyclopropane rings (D: distal, P: proximal)
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1.3.2Biosynthesis of mycolic acids

Although, in the last 30 yes, ax impressive number of works hawestigated
the biosynthetic pathwaysf mycolic acids inMtb, only recently a clear and
complete scheme it has been propdSéthe biosynthesis of mycolic acids occurs by
numerous enznes via metabolic pathways that remain to be clearly elucidated.
However, it is generally accepted that the biosynthesis of mycolic acids can be
virtually divided into three stages:
1) the synthesis and elongation of the precursors of théMdranch and the
meromycolic chain
2) the introduction of functional modifications
3) the condensation of the functionalised meromycolic acid an@xhie-branch.
Specifically, the biosynthesis of mycolic acids starts from ad@t@ by the
fatty acid synthse | (FASI). FAS-| is a large multdomain protein that is capable of
performingde novos ynt hesi s of fatty acids corresp
branch and to (1s precursors of the meromycolic acid. Theeés fatty acid
intermediatesynthessed by FAS are therlinked to an acyl carrier protein (AcpM)
and elongated by the fatty acid synthase Il (FAS a complex of dissociable
enzymeswhich synthsises the diunsaturated meromycolic chain. The diunsaturated
meromycolic acid is generally nsidered the common precursor of themethoxy,
and ketemycolic acids which are synthesised by different enzynidse modified

meromyecolic acid is then condensed to @gU-branchby Pks13 and other enzymes.
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Figure 1.7.General scheme for théosynthesis bmycolic acids in mycobactexi
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1.33 PcaA: a promising target for TB drug discovery

Among the enzyes involved in the modification of menycolic chain the
enzymes responsible for the formation of cyclopropane (ogdopropane mycolic
acid synthasg CMASs)play a fundamental rol@ pathogenesis of the final mycolic
acids® In particular, in 2000, a key enzyme in the biosynthesis of cell watlslipi
PcaA, was identified and found responsible for the cyclopropanation of the proximal
double bond of thd}meromycolic acid.Specifically, this enzyme catalysess-
cyclopropanation at the proximal position of the unsaturated meromycolate, which is
linked to a carrier protein (AcpMia a thioestetbond igure 1.8. Thereaction is
carried out using-adenosyl methionine (SAM) as cofactor, which is convertesl in
adenosylhomocysteine (SAH). Remarkahiy200Q gene knockout studieshowed
that thedeletion ofpcaAcouldi s wi t ch of f 0 mycobacteri al |
in a mowse model of infection, and that this enzyme weaglired to establish a lethal
chronic TB infections? Specifically, Glickmanet al. proposed that the remdvaf
such molecular functionality ietfered with serpentine cording between the
mycobacterial cell wall and the host immune systeéar.these reasons, this enzyme
has beeronsiered an attractiviarget in TB drug discovenr.
In contrastknockoutstudies of othemethyltransferasdsave given different results.
Specifically, theselective loss of CmaAZ2 led to hypervirulence and hyperinflamatory
innate immune activation in macrophagésyhile the Iss of MmaA4 results in
excessive |12 productiorr> However, more recently, Glickman and-workers
have reported thatthe nonselective inhibition of methyltransferasessing
dioctylamineas a tool compoungesuled intheloss of cyclopropanation, cell death,
loss of acid fastness, and synergistic action with isoniazid and ciprofloXdeiior
studies from Alahari, Kremeand ceworkers indicated that the antitubercular
thiacetazone affestyclopropanatiorandthat MmaA4 is required faihe activity of
this secondine drug®® ®" These results strongly encourage the discovery of more

potent norselective PcaA inhibitors as promising TB drdgys.
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cis,cis-diunsaturated meromycolatei AcpM

PcaA product

Figure 1.8.PcaAreadion.
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In order to develop inhibitors for PcaA, firstly it is essential to develop a
biochemical assay to quantity the reaction of this enzyme. Colourifietic
fluorometri®® methods to quantify SAH are known in literature. Nevertheless, to this
end, itis important to use the native PcaA substrate, which allows essential
interactions with the enzyme. In particular, the prateintein interactions between
PcaA and AcpM are essential for the enzymatic reaction and a simulation of these
interactions isshovn in Figure 1.9 The essential role of acyl carrier proteins in

enzymatic reactions where they are involved is discussed in more detail in Chapter 4.

Figure 1.9.Interactiors between PcaAwhite), containingSAM (blue) and AcpM (red)

bearingcis-cis diunsaturated meromycolafgreen)via phosphopantetheir@osthetic group
(yellow). The simulation was kindly performed by Dr. N. Anthouging Insight 2 and

prepared by PyMdt*
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14 AIMS

The overall aim of this thesis was sgntheise the PcaA substrate for future

applications in TB drug discoveryhe specific aimsare shown irFigure 1.10and

were:

U the gnthesis oftis,cisdiunsaturated-meromycolic acidChapters 2 & 3;

0] the expression and purification of AcpNChapter4);

a the development of a novel methodology for tiseemical siteselective

thioesterification of proteins with fatty acidsagqueous solutioffChapters).

16
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Figure 1.10.Schematic presentation of the key chapters of this thesis according to aims of
this work.

17



CHAPTER 2

2. SYNTHESIS OF THE CIS,CIS-DIUNSATURATED
MEROMYCOLIC ACID

18



2.1 INDRODUCTION

2.11 The synthetic strategy forthe cis,cisdiunsaturated meromycolic

acid

The rtrosyntheticanalysisof the cis,cisdiunsaturatedmeromycolic acidl
(Scheme 2J)1 shows twocis-double bonds as points of disconmect for two
stereoselective Wittig ol efinations of
(proximal), the C201C31 fragment (intern
proximal fragment isa n -tisubstitutedC,o alkane too long for commercial
availabiit y and thus requires a further CiIC ¢
which may be prepared by the Negishi couplfiga Ci;,compound. The same; £

compound could be derivagisd t o f orm the internal C2071 C

[Negishi coupling J

[Wittig oIefinationJ \

Scheme 2.1Schemat disconnective analysis tfe cis,cis-diunsaturateeneromycolic acid
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It is important to emphassthat the sequence of transformations in synthetic
strategiedowardscis-olefins is limitedascis-trans isomerisation may occur during
the synthetic pathay. Indeed, although this possibility is not often considered,
several reaction conditions tend to convert d¢iseolefin to the thermodynamically
more stabletrans isomer. Isomerigtion of the C=C double bound occursia
photacatalyse® or thermal® processs or mechanisntatalyse by grong acids* ®°
nucleophilicor electrophlicreagents, ich as phosphin&sor iodine®” and inorganic
salts suctas Pd(0f2 Pd(l1),*° and Ni(0)"°

The synthetic strategy used to prepare disgcisdiunsatuated meromycolic
acid is discussed in detail ichapter 2and will be preceded by an overview of the
two key reactions: the Wittig olefinatiaand the Negishcoupling The efficiency of
the synthetic strategy, in terms of stereoselectivity and overall yield, will depend on
the successful choice and application tbé conditions for cis-olefination and

alkyl T al k ycbupliog reastisn.

20



2.1.2 Stereochemistry and mechanism of the Wittig reaction

The synthesis of alkenes is one of the most common and investigated reactions
in organic chemistry. Compounds with double bonds, or those derived Hfierm t
(e.g. epoxides and cyclopropane rings) are frequently found in nature and have
attracted the attention of synthetic and medicinal chemists. Examples may be found
human (prostaglandins), animals (sex pheromones), plants (terpenes) and bacteria
(mycolic acids).

Since Wittig and cavorkers discovered the method to obtain a double b@nd
the reaction of aldehydes or ketones with phosphonium yilidée early 19508" "
the olefin synthesis has changed radycaHowever, a clear explanation of this
reaction, which permitthe preparation of alkenes with unambiguous positioning of
the double bond, was not evident. Thi s
reaction mechanisms and find ideal conditionsawtrol stereoselectivity.

For many years it was believed that the Wittig reaction involved the formation
of a betaine intermediate and that the stereoselectivity was linked to formation of
thesestructures accordingp a syn or anti approach of the yliel onthe carbonyl
group Scheme 22"

0 -
® © _ H R
@® o — H_”H“_Rv —_— . R _—
PhyP—C ./ = H ")—Ln RN R> <H
\R R H R H
syn trans trans
1 ;
PPhs
@
R O S R AT O
R O@ Heon ||n-lH Hem muH K o
R R R R' .
anti cis cis

Scheme 2.2The old ionic mechanism (betaine intermediatesumed) for the Wittig

reaction commonly accepted in 1970s and 1980s.
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Several mechanistic investigations were published between 1970s an&*1990s
and nowadays it is generally acteg that the Wittig reaction occurs by [2+2]
cycloaddition mechanism between the ylide and the alde{8ademe 28"

Ph  Ph 0
\P/ * )J\
R—Z “Ph H R
e
1,3 interaction
m 1,2 interaction
H R
Ph‘ ' Ph 0
IR Ph s\ '
Ph.n\\\P\\ MR LT R
X H
Ph © Ph H
1,3 interaction
Planar trans TS Puckered cis TS
H R
Ph3P:ﬁR PhgpriH
|
O :: R' O ::- Rl
H H

R H H H
H R' R R'
trans alkene cis alkene

Scheme 2.3Interactions during the waition states for the Wittig reactiomia [2+2]

cycloaddition mechanism.
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Recently, Aggarwal, Harvey and eworkers have published an elegant
computational study on the Wittig reactithin this studyfor the reaction of non
stabilized ylides with aldehydes, the transition states (TSs) investigated are those
postulated by Vedejs on the basis of experimental re<uffsThese TS structures
have planar and puckered geometries, respectively for the formaticansefindcis
alkenes Figure 2.).

In this model, the stereoselectivity is explained by an interplay of 1,2 and 1,3
steric interactions respectively between the ylide substituent and the aldehyde
substituent, and between the aldehyde substituent and the phosphorusesibstit
the case of the reaction between ethylideiphenylphosphorane and acetaldehyde,
thecis TS is 3.3 kcal/mol lower in energy than the corresponding TS leading to the
trans oxaphosphoethane and this difference is in agreement with the expeftimenta

high Z-stereoseleatity of this reaction Figure 2.).

Ph )\/Ht

Ph 07 “Me Me

91\ TS2

0 kcal.r"mo
Ph;PCHMe :
_+_
MeCHO
CIS/ Z e
trans / E —
-51.7
-52.5
MeCH=CHMe
+
Ph;PO

Figure 2.1.Comparison of energy during theWittig reaction between ethylidene
triphenylphosphorane and acetaldehyde disrand trans transition states aseported by

Aggarwal, Harvey and eworkers’® (TS: transition state; OP: oxophosphoethane)
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The stereoselectivity in the synthesis of ftamjugated alkenes is regulated by

different factors including:

Substituents to phosphorus;
temperature of reaction;

salteffect

= =2 =/ =2

solvent of reaction.

The role ofsubstituents at phosphorusas investigated by Vedejs, showing
that bullky groups, such as phenyl, lead to haigstereoselectivity, while small alkyl
substituents favour the formation tfans alkenes.” This experimental investigation
has been confirmed by the computational studyAgbarwal, Harvey and eo
workers® and justified by the different 1,3 interaction between the aldehyde
substituentind the phosphorus substituents.

Schlosser and eworkers showed theritical role of the temperature inz-
selectivity during the synthesis of neonjugated alkenes for the Wittig reaction
(Table 2.).” The behaviocan be explained by the difference in energy between the
transition states involved in the synthesisrahsandcisisomers.

Table 2.1. Relationship between the temperature and ZhE ratio during the Wittig
reaction betweethe ylide generated fromthyltriphenylphosphonium bromide and sodium
amide and pentanal’

Temperature Z:.E ratio
25°C 87:17
0°C 90:10

125°C 87:13
150°C 94:6
175°C 96:4
1100° C 97:3
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The stereoselectivity of the Wittig reaction is aloonglyinfluenced by the

presence of lithium salts in solution. It has been reportedagyanoff and ce

workersthat during the synthesis of n@onjugated alkenes, th&E ratio deceases

as the concentration dfium cationincreasesTable 2.2.%°

Table 2.2.Relationship between the concentration dfdnd theZ:E ratio during the Wittig

reaction between the ylide generated from propylitriphenylphosphonium bromide and
lithium hexamethyldisilazane, and pentanal z8° C2°

Concentration of Li* Z:E ratio
0.03 M 90: 10
0.07 M 85:15
0.25 M 80:20
0.31 M 82:18
0.90 M 78:22

| n order t o

dieucrm eafB £ ectthoi,s

h#ii | gi htl hy

st

reactions were carried out using hexamethylphosphoramide, HMPA (sporadically

abbreviated as HMPThexamethylphosphoric triamiylein solutions where lithium

ions were present. This additive is an useful polartegpsolvent, which has a highly

polarized P=0 double bond that captures lithium ions and consequently increases the

Z/E ratio®! The same csolvent can similarly form complexes withaNons and for

this property is generally employed in stereoselective Wittig reactions \sbeiem

hexamethyldisilazanéNaHMDYS) is used as a base (the effect of Na ions on the

stereoselectivity is however legsrominent in comparison to lithium iong}.

NeverthelessHMPA has been shown to induce nasal cancer in rats even at low

concentratiorf® and it must be considered asubstance potentially carcinogetoc

humans by ihalation®* &
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HMPA TPPA DMI DMPU
Figure 2.2.Some highly polar aprotic solvents used in-&l& conditions.

Useful alternativein this sense arll N 6 {{tig(tetramethylae)phosphoramide
(TPPA), 1,3dimethyl2-imidazolidinone (DMI) and 1;8limetyl-3,4,5,6tetrahydre
2(1H)-pyrimidinone (DMPU)(Figure 2.2. Although TPPA has the highest known
electrondonating powef? the high cost of this solvelimits its use, while the two
tetrasubstituted ureas (DMI and DMPU) are widely used aobe@nts for their high
dipole moment’ Neverthelesghe 2:1 mixture of THF and DMI has been shown not
to be completely soluble &80 °C® unlike a 1:2 mixture of DMPU with THF which
has been reported to give clear and homogeneous solutici80stC% These
findings allow considering DMPU as the best alternative to HMPAh@ Wittig

reaction where thg isomer is required.
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2.1.3 Transition-metal-catalysal crosscoupling reactions

The construction of carbonicarbon

organic synthesi s. Al t h o u g tyntheses vttee rcrads

bond

reac

coupling reaction, a reaction between an organometallic reagent and a carbon

electrophile Figure 2.3, has a fundamentatlevance? °*

[M]-catalyst
R—X + M'-R’ > R—R'
additive
solvent
others

X=1, Br, Cl, OTf...
M= Li, MgX', ZrCICp,, AlX's, ZnX', SnX'3, SiX'p, BX'...

[M]= Ag, Fe, Cu, Ni, Pd...

Figure 2.3.General scheme for transitionetalcatalyse crosscoupling reactions.

Initially, this coupling employed organolithium or Grignard reagents by
catalysis of a variety of transition metal halides (generally Siveoppe® or iror™®.
These harsh conditiondue to the reactivity of such organometallic reagerable
2.3), however, limitel the presence of functional grougalthough nowadays
functionalied organdithium® andi magnesiurt® ¥ intermediates are widely used
in total synthesis despite their low stabilityj addition these catalys led to the

formation of homo coupling andlisproportionation byroducts reducing the

applicability ofsuchtransformationg®
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Table 2.3.Typical metals used in organometallic reagents #ralr relative reactivity
reported as the difference of AllrédRochow electronegativity values between carbon and

metal (adapted from Knochet al ).

M aLi 12Mg 20Zr 1Al 30ZN 509N 145I 5B

1.53 1.27 1.22 1.03 0.84 0.78 0.76 0.49

Increasing reactivity of M1 R reagents

Only in the 1970s withthe applicationof, at first, nickel® and, subsequét
palladium as catalyst, the cressupling reactions began becoming common and
essentiatransformations in laboratories of synthetic and medicinal chemistry. These
namel reactions couplein presence of nickel or palladiurnarbon electrophiles
(generdly halides) with organic derivatives of magnesium (Kumadeamad®,
Corriu™®), boron (SuzukMiyaura)®® 1% tin (Stille'®, Migita'®), zinc (Negishi®),
or silicon (Hiyam&”"). The mechanism involved in these reactions is similar both in
the presence of palladidffi and nickel®, and it can be generalized as shown in

Figure 2.4
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M = Ni, Pd

R—R’
R
LM~
\
R’l
A
4 N
M1=X ©  or M'=X
’ ©
or M'—A X

MgX'
ZnX'
SnX'3
BX',

SiX,

Named Reaction:

Kumada-Tamao-Corriu

Negishi

Stille

Suzuki-Miyaura

Hiyama

LM

R—X
R
Lnl\/l\/
X
N
N
M'-R’ ©
/ or M'-R'
A

Additives (AY)

LiCl

Br, CI

F, OH

OR’, F, OAc, CO3, PO,%, EtsN...

==

Figure 2.4.General catalytic cycle in palladiumor nicketlcatalysel crosscoupling

reactions that starts with oxidative addition (OA) of the electrophilgaosition metal,

followed by transmetalation (TM) step and final reductive elimination (RE).

The catalytic cycle starts with the oxidative addition of the electrophile to a

coordinatively unsaturated lewalent transition metal to give an organonickel

organopalladium compound, to which the second organic group is transferred from

organometallic nucleophile by transmetalation. The diorganomme¢giesindergoes



reductive eliminatiorvia a concerted mechanism to yield the organic product and the
low valent metal that restarts a new catalytic cycle.

It is important to emphasize that the all the named aospling reactions
mentioned above differ only in the transmetalation reaction, which represents the
most peculiar and controversial step of teaation'’® The transmetalation may
proceedvia open or cyclic mecmism'®® and although it depends on the reaction
conditions, it isimportant to highlight that transmetalation takes place only if the
organometallic regent is sufficiently nucleophilicThe role and importance of
additives in the activation of the organometallic speciesasscoupling reactions is
a currentheme ofresearch.

In the study of reaction between organoelectieghand boranes it w&uzuki
102.1%3\yho observed that an additional base was required to accelerate the coupling.
Nevertheless, the role of the base was not clear for two déthates it was shown
that hydroxide ion forms a hydrglorate complex that permits the
transmetalation** However, nore recentlyexperimental andomputational studs
of crosscoupling reactionsvith vinyl**? and ayl*****® boronic acids havehowed
thattransmetalatioin SuzukiMiyaurareactionmay occurvia alternative pativays.

In particular, it was suggested that thransmetadtion may proceedvia initial

replacemenbpf the halide with the hydroxidéalkoxide ionto form a nucleophilic
(oxo)palladium(ll) complex that undegoes reaction witlthe neutralorganoboron
species.

In theHiyamacoupling the additive is a fluorine souritet activates the silane
via pentacoordinate silicerate compleX*® Similarly to organailanes, tinderivates
undergo crossoupling throughthe activation ofa fluorine ion via a hypervalent
fluorinated organotin specié$’. Moreover, it was reportethat alkyt, aryt, and
vinyltrichlorostannaned derivatives react in aqueous solution to affosscoupled
productsvia hydroxide ioncatalysis-*®

Althoughin the casegreviously described thenportance of thectivation of
organometallic reagents the transmetalation step is nohexpected, due to low
reactiviy of thereagentsand to low ionic character theC1 M b Gabld 2. it
is somewhatsurprisingthat also organozinc and Grignéasgpe reagents undergo

transmetalation under catalysis of an additKnochel has recently showhat the
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presence of lithium dbride facilitates the preparation of Grignard reagents, and
results in the f or mat i onhiglef reaativitg towamsd e x (|
electrophiles® These activated Grignard reagemisown as Knochelype Grignard
reagentshave been also used in KamakmaoCorriu reactions?® %! Similarly,

Knochel has also demonstrated that the use of lithium chloride in the preparation of
organozinc derivates vyields RzZnX¥ALi ClI
Subsequently it has been reported thatpiiesence of lithium chloride is essential in

Ni- or Pdcatalized crossoupling reactions of organohalidgseudohalidesr CO,

with organozinc compound§®*?

The importance of lithium halide in the activatioh organenagnesium and
organomc reagents in crossoupling reactions is not completely clear. Knochel
attributed the LiXbased reactivity to the breaking up of polymeric aggregates
these reagents by lithium halide salts. More recently, the needeatcass of lithium
chloride for the activation of alkyl zinc bromide in the Negishi reaction was justified
for the formation of a higher order zincaf&,**°due to the complex between a
molecule of organozinc and two molecule of lithium halide, which was postulated as
the reactingspecies™! The activation of organozinc reagents hilim alide salts
clarified the different ractivity observed using reagents prepared diyerent
methods. In particular, commercially available organozinc reagents, prepared using
Ri e k e 6 s are ordmnochetallics with higher reactivity fdret presence of
LiCl as byproduct™®*

The next sectiodiscusseshe practical differences between the crosspling
reactions mentioned previously, initially introducing the SudMlyaura reaction

and then the Negishi reaction.
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2.13.1 The Negishi reaction

Among thenamed crossoupling reactionsnentionedn the previoussection
the SuzukiMuyaura reaction is doubtless the most poptfalr® by virtue of the
stability of organoboron reagents teat, oxygen, and water, which permits very
mild reaction conditiongnd userfriendly handling. Indeechis reaction permits a
very high tolerance to most functional groups, especially in comparisoheto t
KumadaTamaeCorriu reaction, whichshould however be considered as the first
option®> 3% Moreover organoboranes are generally romic compounds,
especially in comparison toehvery toxic organotin reagentiat permit greefi’
aqueous and protein cressuplings™® Additionally the wide commercial
availability of boronic acids and estetsave made it acommon reactionin
combinatorial and medicinal chemistry.

Conversely, the stability afrganboran reagents, due to the covalemtne of
Ci B b oTalde 2.3, occasionally makes these organometallics poor
transmetalating agentsOrganozinc reagents however, r e pr es ent n a
c o mp r o¥hbetveed reactivity in transmetalation and tolerance to functional
groups. In recent years the interest and application of the Negishi reaction have been
increasedy the development of highly efficient preparations of organozinc regents
possessing unmasked functional grotfsysing direct insertion of zinc metal,
activated by iodin&* or lithium chloridé®? ort hr ough a hal ogenT zi
reaction using dilithium tetrtert-butylzincate*** **3 or via direct zincation by
mixed-metalbasé* 12

In the nextsectionit will be discussed a transformation where organozinc
reagents are generally more efficient than organoboranes: the-corgdsg

reactions between unactivatsgf carboncentres.
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21.3.2A 1 k y kylicdds-coupling reaction

Although between 1970s and 1990s several ecospling readbns of a wide
variety of organeelectrophiles (such as aryl, alkenyl, benzyl, allyl and alkynyl
halides) with various organometallieagents have been successftdiyorted, such a
transformation was considered for rapplicable to the crossoupling of dkyl
electrophilesb e a r thydgpgerts with alkyl organometallics. Indeadhtil first
years of 1990s only uaoulingswersrepbried® al kyl 17 al
The difficulties +oeplings are dael rkainly toaldwk y | c
reactivity of alkyl electrophiles and nucleophiles, which influencesalteytic cycle
of such as transformatioS¢heme 2.Yin four pointst*’ 148
1) slow oxidative addition of alky halides to the transition metal;
2) r a p4hydirid® elimination from the alkiPd(Il) complex;
3) slow transmetalation by alkyl nucleophile;

4)  slow reductive elimination.

Slow!
L
R \Y
\ \
X
LM

1 \‘//\\R
X
Slow! e /A
LMZ
K’ X/ R

1/\/R1 [B—hydride eliminationj
M

Fast!

Scheme24Cat al yti ¢ cycl ecoupling reattibng.l 7T al kyl Cross
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The reluctance of haloalkanes to undergo oxidative addiioimomparison
with the widely useallyl, alkenyl and aryl halidess the initial issuéFigure 2.5. In
this reaction the transition metal is considered the nucleophile and the organo halide
the electrophile. Ligands attached to the transition metal, which increase the electron

density,alsoincrease the rate of the reaction.

R
R—X . LnM\/

Reactivity of R-X and M in OA
M: generally Ni > Pd
R: Alkenyl > Aryl > Benzyl > Alkyl

X: 1> OTf, Br> Cl > OOCR > OR > OSiR3

Figure 2.5.Approximate general order ofthe reactivity of electrophileswith transition

metalsduringoxidative addition.

In the case of the oxidative addition of aryl halides to transition metal
occurs smoothlyia a concerted mechanism. Here, the readofacilitated by a’
backbonding interaction betweethe d orbital of metal and h e  A'roibidl in
the transition state. Conversely, a similar interaction is not possible oxithative
addition ofalkyl electrophile to the transition metal and conseqglyetite activation
barrier ismuch higher®® Indeed Fuet al. showed that the oxidative addition for
alkyl substrates occurda a §y2 mechanism, where the polarity of the solvent and
the nature of leaving group have a substantial effect on the rate of the ré&ction.
The reactivity of the electrophilalso depends on the leaving group and diual.
havecalculated the ratesf reactionfor oxidative addition $cheme 2. 108 136 150
These data justifythe initial employment of iododei v at e s in al kyl

coupling reactions.
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LnPd;~ 5"
“Ar /Br
LnPd: +  Ar—Br » LnPd(
Ar
® o
~ LnPd—R X x
LnPd: R—X >  LnPd]
Solvent R

|> Br>0OTf>Cl>F

THF > t-CsH4;,OH > NMP > DMF

Scheme 2.5Mechanisms ofthe oxidative addition of aryl and alkytelectrophiles to
palladium. For alkyl substrates the effect of the solvent and the leaving group on the rate of

the reactiorhave beerreportecby Fu et al**°

A second, and maybe more challengingissue t he tendency of
Ni derivates to undergo degradatiora b-hydride eliminationbefore undergoing
transmetalation with the organometallic reagents. This concern is due to the high rate
o f -hyfiride elimination, but also to the low reactivity alkyl organometallics,
which are poor transmetalating agents in comparison with unsaturated réagents.
Finally, the redutive elimination of the couplg productformed from the
dialkylmetal complex is slower in compson with the same process from
unsaturated substrates.
The reluctance of dialkyNi and-Pd complexes to undergo reductive elimination is
dueto thehigh electrordonor ability of Cspcentres, which providean electrorrich
organometallic intermediatkess prone to reductively eliminate thkkyl coupling
product!®?
Despitethese problems, in 1992 Suzudi al. reported thefirst successful

al kyl 17 al-doyplings betwesn®doalkanes and alkylborane$-#lkyl-9-
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BBN)™* **in the presencef tetrakis(triphenylphosphine)palladiums catalyst
(Scheme 26"°

3% Pd(PPhs),

| R 3 eq K3POq, R
RS + 9-BBN” > RN
Dioxane
60 °C 20-24 h
1.5¢eq 45-71%

9-BBN: @B ¥

Scheme 2.6F i r st successf ubupliregd reppried byl Euyuki antddreo s s

workers®®

Although this achievement represents an important milestone, the yields
reported for crossouplings of alkyliodides were not higindunder these conditions
alkyl bromidesfailed to provide theexpectedcoupling productsSuccessivelyin
order to overcomehe low reactivity of alkyl electrophileto undergo oxidative
addition nickel was preferred to palladium as transition mieyairtue ofits higher
reactivity!®® In 1998 within the Knochel group, Giovanniet al**" **®reportedan
efficient Ni-catalysed a lalkyy drass couplingof alkyl iodide and diorganozinc
compoundsin presence of a cocatalyst to promote reductive elimination. In this
protocol nickel catalyst affords a fast oxidative addition ofyhliodide and the
resulting organonickel complex smoothly undergoes transmetalation without
degradationvia b-hydride elimination. Finally the reductive elimination of the
dialkylnickel complex ispr omot e d -adeeptor digand, such asn
trifluoromethylgyrene or acetophenone, which removes electron density from the
nickel atom facilitating the synthesis of crassupling product and the regeneration

of active catalys(Scheme 2)7**°
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CF;

m-trifluoromethylstyrene

L,,NiZ
n< R > ROA~CR + L
.
N
/\D —>-RE R o LND
L NP2 \/W N
"/ ), n SN
Scheme27Reductive elimination of the-aaept@ml kyl ni

ligand via an external promoter aia intramolecular coordinatn. *°* **°

Interestingly, the same group showed that theatalyst isnot necessary if a
remote unsaturation (double bond, carbonyl group, cyano group) is predést in
dialkylnickel complex, facilitating the cros®upling reactionvia intramolecular
complexation(Scheme 2)/**? **°n 2002, Knochel extended the saprnciple to
the Nicatalysd crosscoupling of alkyl iodides with less reactive and more
functionatgrouptolerant alkyl zinc iodidé® In this methodologyalky! zinc iodides
are activatd by tetrabutylamonium iodide and the reductive elimination is promoted
by 4-fluorostyrene-®?

Al t hough the application of nickel i n
and remainsrelevant'®® it has recently been surpassed by palladium chemistry. In
general, palladium catalysts offer adiages for the higher stability and lower
reactivityin comparison with nickebased systeméacilitatinga wider tolerability of
functional groups and a lower tendency to generate homocouplingrsidects->
148

More recently, Fu and eaorkersat the Massdwisetts Institute of Technology
and Organ and eworkers at York Univesity have separately developed general and
efficient protocols for alkylalkyl cross coupling reactionsatalyse by bulky and
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electron rich palladium species. Théxbasedcatalysts contain stericallyindered
a n ddonor ligands, such as phosphines fPéhd N-heterocyclic carbeng@NHC)
(Figure 2.9, which show high catalytic activity for a wide range of crosapling
reactions>> *** Gener al | y, | i g adondrspropeitigs hfavosrttmleo n g |

oxidative addition step, while bulky groups favour théueive elimination step.

R.:_R [T\
R .
PR, NHC
R: Rv_

Figure 2.6.Examplesof bulky and electrodonating ligands for Pd(0)Ln complexes.

Phosphindype ligandswere the first to be exploited n al kyl ral kyl
coupling reactiongndwereinitially reported bySuzuki aml coworkers in 19922
However only a decade later these ligands had been thorpughdstigated after the
screening of differentphosphines by Fu and -weorkers. They reportedhat
compounds with alkyl substituents at the phosphorus atom lead to ligands with
hi gh@onditi ng properties and rnoouplingsief fi ci e
comparison with triphenyl phosphi iyield Il n p
crosscouplings of primary bromide'$? chloride$®® and tosylate®§® with B-alkyl-9-
BBN. In these protocols the reacting palladispeciess generateah situ from air
stable palladium source: Pd(OAYY or Pd(dba),**® ***and phospimes: PCy or R-
Bu,Me.
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4% Pd(OAc),
X = Br 8% PCy3

1.2 eq K3PO4 Hzo

THF RT
66-93%
R/\/X
4% sz(dba)3
+ X=Cl) 20%PCy; R
- R/\/\/
1 1.1 eq CsOH
/\/R
9-BBN THF 90 °C
65-83%
1.2 eq

4% Pd(OAc),

16% PtBu,Me

1.2 eq NaOH
Dioxane 50 °C
55-80%

Scheme 2.8Protocols of alkylalkyl Suzukitype crosscoupling reactions developed by Fu
and ceworkers.

Successively, Fu and Zhou have reported the first general and efficient protocol
for palladiumcatalyse Negishi couplings of primary iodides, bromides, chlorides
and tosylatesnlthis protocol the catalytispeciess generated in situ from Rdba)
and PCyp and the alkyl zinc bromide reagents are activatet\dmyethylimidazole
(NMI) *°1t is important to note thahithis workZhou not only showedhe essetial

role of the ligand, but also the importance of NMP assa@went and NMI as
activating agent for alkyl zinc bromidé&®: *"*
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2% Pd,(dba)s

1 1
R/\/X + Ban/\/R > R/\/\/R
1.2 eq NMI
13eq 2:1 THF/NMP
(o]
X = I, Br, Cl, OTs 80°C 14 h
52-90%

Scheme 2.9Palladiumcatalysd alkyll alkyl Negishi crossouplingreported by Zhou and
Fu in 2003.

Contrary to phosphine ligand$y-heterocyclic carbenes (NHCs) have been
developed as ligands in fdediated crossouplings and related transformations
only in the last 15 yearg? Although these compounds have been initially considered
onl y @phos phheynhave nmeceimedcircreasing attention due to their
superior performance compared to the more traditional phosphine Iitfdnds.
These | i gan ds-dohoapropertiesxhatepérmitefatite oxidative addition
even in challenging substrates, while their steric bulk facilitates the reductive
elimination step. In addition h e ¢ a t MHC\ydmiplexesRue tharacterizeday
strong metaliligand bond that contribute
high temperatures, preventing the formation of black palladium and catalyst death.

2% sz(d ba)3
1 8% IPr-HCI

;02
@
+
w
N
32
Y

R1
N
R
2:1 THF/NMP
RT, 24 h
61-92%

@(_.\
NVN
o
Cl

IPr-HCI

\. /

Scheme 2.10Fi r st al ky |l T adodpling reabtiergutilizich i a chR disMHC cat al
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Despitethese advantages and the successful applications in a variety of Pd
catalyse reactions, NHC ligandsalisedonl y | i mi t ed succ-ess in

couplings until 2003%: 170 17>

when Organ and eworkers published an efficient
protocol for the Negishi crossoupling of alkyl bromides, where the catalygecies

is generatedn situ from Pd(dba} or Pd(OAc) and the NHC ligandN,NNpis(2,6
diisopropylphenyl)imidazeR-ylidene  (Pr)}"® 7 The same group has
contemporaneously reported a combined experimental and computational study of
different NHC ligands, showing that IPr carbene has a superior efficiency in
al kyl 1T a lcauplihgs,whiclo is aconsequence of a strong influence of the
steric topography around the metal centre on catalytic ¢{ftlEhese conclusions
were confirmed successively by Chassal. showing thawith IPr ligand, in contrast

to other NHC ligandshasfour hydrogen atoms frorthe isopropyl groups stabilize

t he a l'TNKQ comfptex by coatinatively saturating the metal asdppressing

t h enydfide elimination-"

The application of the NH®ype ligands to crossoupling reactions has bauoe

more popular since 2006, when Orgatnal. reporteda general protocdior cross
coupling reactionsy novel air- and moisturestable PENHC complexeg?:
These complexes, commercially available from Aldrich, are based on stglile Pd
species bearing one NHC ligand, two anionic ligands (Cl), and a fourth ligand: 3
chloropyridine. The pyridine ligand&sfit h4awmaw 06 | i gand t hat pl ay
at different stages otatalytic cycle, andy virtue of this effect these complexes

were named PEPPSI (pyridiemhanced precatalyst preparatistabilization, and

N/:\N N/:\N
T T
Cl—Pd—Cl Or-Fd=cl

N

|
N

initiation).

< | (J\
X Cl X Cl
PEPPSI-IPr PEPPSI-IPent

Figure 2.7.Examples of PEPPSI (pre)catalystsoduced by Organ and -aeorkers.

42



These precatalysts are easily converted to Pd(0) spegaesdouble
transmetalation rad reductive elimination®® Among this class of precatalysts (two
examples areshown inFigure 2.5, PEPPSIPr was shown to be superior to the

others for alkyl alkyl Negishi couplings, due to the abeventioned advantages of

the activecatalyst form (IPr). However, the use of the precatalyst was demonstrated

to give extremely higher raté8 in comparison with the protocol that generates the
cat al yt i speciPsa sitNfrd@ Pd(dbayand the NKC ligand. Indeed it was

reported that PEPPS$IP r per mi ts -a&duMinglraadiong ¢f liodides, o s s

bromides, chlorides, tosylatesnd mesylatewith alkylzinc halides in high isolated

yields or quantitative G€onversions$cheme 2.1)1*?3

1% PEPPSI-IPr
3.2 eq LiCl/LiBr

Ph\/\/X + BrZn—nBu » Ph\/\/\/\
Solvent
1.6eq RT, 24h
X: Solvent: GC yields:
Br THF/NMP 2:1 100%
I THF/DMI 1:3 68%
Cl THF/DMI 1:3 88%
OTs THF/DMI 1:3 100%
OMs THF/DMI 1:3 100%
1% PEPPSI-IPr
X R 1
RNT Bz N N e T
THF/NMP or THF/DMI
X: Br, ClI, OTs 1.6 eq 3.2 eq LiCI/LiBr 70-87%
RT, 2h

(Isolated yields)

Scheme 2.11Schemel. Palladiumcatalysel a | ky | T al k ydoupliNg rgporged i
by Organ and cavorkers'®

It is important to highlight that in this protocol, halides and pseudohalides
undergo PEPPSiatalysé Negishi crosgoupling reaction by a judicioushoice of
solvent. Indeedalkylbromides are smoothly cressupled using THF/NMP 2:1
mixture, while alkylchlorides, iodides, tosylates and mesylates require a more polar

solvent mixture with DMI. In particulait is suggestdthat sulfonyl compoundare
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converted to alkyl halides in situ before undergoing oxidative additidfi.
NeverthelessOrganet al. did not provide a full explanation fathe necessity of this
solvent dependence. It is impant to highlight that Orgaret al. have also
demonstrated that thase of different solvents for crossoupling reactionsof
alkylbromides and chlorides permits interesting synthetic selectivity.

More recently, a novel PEPPSI catalyst, PERP8ht Scheme 2) was
found superior to other members of the same family for erogplings of sterically
hindered and heterocyclic substrat&s!®whereasPEPPSIIPr continus to bethe
pef erential catal y¥&%' %nd Sumukiduyduidddrdssy | Neg
couplings.
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2.2RESULTS AND DISCUSSION

2.2.1Synthetic strategy towardthe cis,cisdiunsaturated meromycolic

acid

According to our retrosynthetic analysiS¢heme 2.1 the synthesis othe
cis,cisdiunsaturateadneromycolic acid could be synthesisad Wittig reactions of
three fragmentsrom cheap and easilgvailable starting materialga convergent
strategy. The synthesis starts with the preparatidhese three fragments: the distal
fragment, Inonadecanal, was prepared froreitosene $cheme 2L3); the internal
fragment, a & phosphonium salt, was preparednr 1,12dodecanediovia halo-
dodecanol derivate, which was used also for the preparatibe pfaximal fragment,
a Ggphosphonium salty the Negishi reaction with-6yanohexyl zinc bromide and
subsequerfunctional groupnterconversios

The distaland the internal fragments were assemhliedWittig reaction to
form the distalcis double bond of the diunsaated meromycolic acjdwhich was
derivati®d to an aldehyde intermediate. Finally hi s di st al Tinternal
coupled with the distal fragment to prep#re proximalcis double bond and achieve
the target compound.
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1

ﬂ @ O
(|3 PhsP X

\M) kM/COOH
17 17
@O .
Distal fragment PhsP X Proximal fragment

J o \
o

1-eicosene

Internal fragment

N

ﬂ 10 4
%egishi reaction
X7 oR
10
N
/ Ban\M//
6

6-cyanohexylzinc
bromide
HO™ {70 OH

1,12-dodecanediol

Scheme 2.12Retrosynthetic analysi the cis,cisdiunsaturated meromycolic acid.



v
17
1-Eicosene
HO/\M:O\OH

\\ 1,12-dodecanediol
“MJ
17

Distal fragment

@0
PhsP X OR X OR

10 10

(Internal fragment)

N
Ban\M//
OR 6
W 6-cyanohexylzinc
17 10 bromide

0]
W
17 10

Distal-Internal
fragment

® O
PhsP X

X
kwcoona - LWCOOH
17 17

(Proximal fragment)

\j
\M/:M/:\M,COOH
17 10 17

Scheme 2.13Synthetic strategy towardhe cis,cisdiunsaturated meromycolic acidia

Wittig reactions.
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2.2.2 Preparation of the distal fragment

2.2.2.1Synthesis of tnonadecanal

The synthesis of nonadecanal was obtainet 1-eicosene using two ddfent
synthetic routesScheme 2.14 The first strategy included a series of oxidation
reduction reactions where the initial terminal alkene wabjectedto oxidative
cleavageby permanganatender phas#¢ransfer condition$o give thecorresponding

cartoxylic acidwith one less carbon atorf?

KMnO,

; OH
Cetrimide \(\aji\ LiAIH4 W
- OH >
H,SO, AcOH 17 THF 17
CH,Cl,, H,0 90%
88% 2 3
\MJ PCC
17 CH,Cl,
19
1-Eicosene 91%
)
H5lO0g
MCPBA EtO, ')
CH,Cl, \MPO - \Mﬂ
- 91%
quant.
17 (after 2 steps) 7
5 4

Scheme 2.14Synthesis of nonadecanal via two routes.

The acid2 was then reduced by lithium alminium hydride (LAH) to the
corresponding primary alcohol in good yieldevdrthelessfrequently especiallyin

large scale, the reductiomsth LAH offer pooryields due to difficulties in workip.
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Indeed, during extractiopsthium aluminium salts form emulsions that are diffic
to break. Although there ardifferent methods to breakhese emulsions €.g.

Rochelle's salt), the procedure initially reported from Micovic and Mihaif$%iand

nowadaysften known as Fieser worlap,*®° which consistsn the addition of water
andaqueous @ution of sodiumhydroxide(see the synthesis of 1;idtradecanediol
34), was foundo behelpful.

The alcohol3 wasthenoxidized to aldbyde usingpyridinium chlorod&iromate
(PCC)*®’ The oxidation ofl-nonadecanol by PCC wasnductedusing anhydrous
dichloromethane to avoid tifermation of the aldehyde hydrate and the subsaque
oxidation of this intermediateto carboxylic acid® Purification of the reaction
mixture was obtained simply by dilution and filtration throumkilica gel pad to
yield the aldehyde as white solid Attempts to catalys the oxidatn and increase
reaction yields by addition of molecular sieves (3 A) as reported by Antoatkis
al.,'®® were unsuccessful and gasimilar yields.

This routeto nonadecanabffers almost quantitative owersions with no
detectable byroducts and without the need of chromatography purification.
alternative route to-honadecanal was applied following the protocol of Cogbn
al.®®*where the aldehyde was obtairfeain 1-eicoseneria the epoxideintermediate
5 (Scheme 2.14 The epoxidation was obtaineglantitatively by excess of3-
chloroperbenzoic acid (MCPBAY? The correspondingepoxide was subjected to
oxidative cleavage by periodic acid to yield the nocadal in high yield$® %4
Parallel conversianof epoxide to aldehyde in anhydrous or aqueous diethyl ether
gave similaryields.

Aldehydes are known for tireinstability and the tendency toe oxidisedby
atmospheric oxygen during storageor these reasonsonadecanaivas generally
used immediately orst or ed at 120 AC under ni trocg
Neverthelessno oxidation wagletectedoy NMR after storing of thealdehydein a

sealedvial at oom temperature for two months.
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2.2.3 Preparation of the internal fragment

2.2.3.1Synthesis of thalo-12-(2'-tetrahydropyranyloxy)dodecanes

In order to synthesise He internal fragment ofthe cis,cisdiunsaturated
meromycolic acidScheme 2.13 which will form after reactionwith noradecanal,
the distal double bondwo C,, akyl halides were preparedT heseintermediats will
also conveniently be used to form thg €agment utilizing a Negishi coupling with

a G alkylzinc bromide.

Br/\M/\Br

10
7
aq. HBr (wr DHP, p-TsOH Br OTHP
toluene CH,Cl,
70% 10 98% 10
6 8
Ho” M SoH
10
1,12-dodecanediol
l,, PPh
DHP 2, PPhg
p-TsOH X OH OTHP  Imidazole N | QTHP
THF-CH,Cl, THE
67% \ 10 909, 10
\ 9 o 11
THPO/\MTO\OTHP
10

Scheme 2.15Synthesis of alo12-(2-tetrahydropyranyloxy)dodecanes from 1,12

dodecanediol.
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These alkyl halides wergynthesisedrom 1,12dodecanediol§cheme 2.15%
using a2-tetrahydropyrany(THP) group to protect the remaining alcoholic moiety.
The choice of this protecting group is due to its wealbwn stability in alkaline
solution and its common use in the syntheses of phosphonium salts, Wittig
olefinations and Negishi reactions. Conversely, the THP group is also generally
labile to acidic conditions and its deprotection proceeds in high yields.

The synthesis ol-bromao12-(2-tetrahydropyranyloxy)dodecarveas obtained
via bromododecanob and subsequent protection of hydroxyl group as THP ether.
The bromination was accomplished by heating of a mixture of dodecanediol in
toluene in presence of agpus hydrobromic acid. Since HBr is a toxic gas, it was
used (and highly recommended especially in l@gpde reactions) @ap containing
aqueous N@H solutionconnectedo the extremity othe condenser. Although the
bromination using th®eanStark appratusproceededo a satisfying yield of 70%,
it was noted that Amos Smith Il and-earkers achieved *Bromodecari-ol from
the corresponding diol in 86% vyield by continuous extraction of the product with
heptane in order to avoid the formation of diio derivate®®

Finally the alcohol6 was protected quantitatively b¥,4-dihydro-2H-pyran
(DHP) in presence of a catalytic amounpafa-toluenesulfonic acigp-TsOH).

The synthesis af-iodo-12-(2-tetrahydropyranyloxjdodecanavas obtainedia
protection of a hydroxyl group of dodecanediol as THP ether and subsequent
iodination of the remaining alcoholic group. The synthesis of alc@hals obtained
treating a solution of the diol inanhydrous tetrahydrofuran THF) ard
dichloromethane with DHP an@-TsOH The protection of the diol follows a
statistical distribution that limits the yields and, in this case, excess DHP results in
lower vyields for the formation of diprotected derivate. Indeed Nishinal.
reported tle synthesis of compouriilin yield of only 53% using 1.1 equivalents of
DHP. Inthis work, instead, 1.0 equivalent of DH#as usedand 1.4 equivalents of
diol achieving the monoprotected dodecarolin a satisfying yield of 67%.
Nevertheless, it is impontato report thatn one occasion under these conditions the
use of norreshly-distilled THF resulted in a lower yield due probably to formation
of by-products of DHP in presence of water and peroxides.
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In the preparation of alkyliodid#l the conversiorof hydroxyl group into the
iodo group was accomplished in high yields using triphenylphosphine, imidazole and
iodine in anhydrous THF. Purification by flash chromatography afforded the iodide
11 as acoloutess oil, which was stored under nitrogen in &damtainem t 1C2 0 A
Indeed, it is important to highlight that, as all alkyl iodid®st is light and moisture
sensitive, andtorage upon exposure to light samples did develop a yellowish tinge
caused by the formatioof iodine’®” ***0On the occasions this happened, a solution
of the iodide in petroleunether was washed with aqueous sodium thiosulfate
solution to remove the iodine impurities and yielcbéouiess oil.

The purity of the iodidell is particularly important during the subsequent
Negishi reaction, as the presence of iodine could affecori@nozinc reagent and

palladium catalyst.
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2.2.3.2Synthesis of phosphoniunhalidesand unexpected removal of the

THP group

The organohalides8 and 11 synthesisd above were used tpreparethe
corresponding phosphonium salts. Generally the synthdésghasphonium salts
from primary alkyl halides proceeds smoothha an $2 reaction of the soft
phosphorus atom of triphenylphosphine with the methylene group adjacent to the
halide.

The reaction of bromid8 with triphenylphosphine in refluxing toluenene,
after cooling to room temperature,y&llow oil, which was insoluble ithe reaction
mixture. After removal of the supernatant, the resulting oil wadissolved in
dichloromethanend precipitated by addition of diethyl ether to yield a sticky ail,
which, nevertheless, did not correspond to the ergdephosphonium bromid&2
(Scheme 2.16

Proton NMR spectra indicated the presence of aromatic protons and a multiplet
at 3.8 ppm, consistent with the successful formatfoa ghosphonium salt. However
the expected peaks related to the THP group were absent, while twolikiplet
signals were detected 8t62 and 3.37 ppnfFigure 2.®). High resolution rass
analysisconfirmed that theroductcorresponded to the phosphonium bromide but
without THP group in the alcoholic moietffound/Calculated= 447.2829/447.2811
Da).

These results lead us to conclude that the sticky oil generated by the treatment
of alkylbromide 8 with triphenylphosphine in rkfxing toluene was the
phosphonium sali3 in equilibrium with the form14 due to an intramolecular
coordination of the hydroxyl group on phosphorus atom of phosphonium bromide
(Scheme 2.16 This conclusion allows to attributiee triplet pealat 3.62 ppnto the
methylene ofthe free hydroxyl moietyand the triplelike peak at3.37 ppmto
methylene ofthe hydroxyl group when it is intramolecularly coordinated with the
phosphonium moietylt is important to report that proton MR spectra ofthis
phosphonium bromiden deuterated chloroform at higher concentrations showed a

marked shift in comparison to the values previously mentioRigdie 2.8).
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Scheme 2.16Preparation othe plosphonium salt from thalkylbromide and unexpected

removal of the THP group.
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Figure 2.8.Proton NMR spectra of the attempt to convert the bronmdga) to
corresponding phosphoinum salt by treatment with triphenylphosphiredluing toluene.

The resulting phosphonium bromide was purified by precipitation from diethyl ether, and
checked by NMR in deuterated chloroform at concentration of ca. 1lm@) and 50
mg/mL (c). All the spectra were recorded on JEOL 400 MHz speeter and calibrated

using residual undeuterated solvent as an in

In orderto synthesisehe distal double bon@dttemptsvere maddo couple the
phosphonium bromidé&2 with the Gg aldhehyde, but afforded the expected alkene
in low yields and unsatisfactory stereoselectivity (these reactions are reported and
discussed in the nesectior). The presence of similar observations reportethén
literature, led us to focus our attention on this sekection and conditions thatay
lead to the desired phosphonium dalt

Initial attemptswere madédo reprotect the recovered phosphonium bromigle
with excess DHP in presence of acid catalysT§OH or Amberlyst 15) in
anhydrous dichloromethane. Nevertheldbe protected phpsionium bromidel3
was isolated after column chromatography only in low yields (<10%). Morgthwer

treatmentof the resulting salt in refluxing toluene for 14 hours resulted again in the
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complete deprotection of the THP group. In addition, it was notlmedMR
experimentghat also the storage of the phosphonisait 12 at room temperature
caused an increase of thepuotected fornwithin few weeks.

These observations support the hypothesis that this deprotection takes place
only after the formation othe phosphoniummoiety, which is responsibléor the
liability of the THP group(Scheme 2.1)7 In light of these postulations, our efforts
focused on the study of the synthesis of phosphoniumi2alhder conditions that
could prerent the deprotection of THP group during the reaction.

During this work it wasfound that the use of acetonitrile as solvent decreased
considerably the deprotection of THP groliye believe that thigffect may bedue
to the coordinating affinity of nile group on phosphorus ato@®cheme 2.1)7
Conversely the presence of calcium carbonate, used previously in a similar reaction,

did not reduce the formation of sigeoduct.

56



©
O S

PhgP
10 10

_ _® _ _®
Ph\P/Ph
Ph Ph,P
! o
|N| Br@ 4; Of} 0) Br
CH5CN O/J
THPO

I ® Br
Ph_
o S
b ° Y O
H_/
' QO
@,Ph
Br ph—P
P

Scheme 2.17Plausible mechanism of thphosphoniurmediated deprotection of THP

group and role of acetonitrile on the protection from thistiea.
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Attempts to couple the alkyl bromidewith triphenylphosphine were however
accomplished with a partial removal of THP group, due to the thaloi the
protecting group contained in the product. In order to increase the stability the THP
in the formed phosphonium salt, the alkyl bromdgas replaceavith the iodidell
(Scheme 2.18 which has higher reactivity inhé 2 reaction with
triphenylphosphine and permits shorter reaction times. This would enable isolation of
the freshlysynthesisé product before itindewent degradation. Indeed the reaction
of the alkyl iodidel1l1l with 1.05 equivalents of triphenylphospbi in refluxing
acetonitrile for 36 hoursScheme 2.18yielded the expected product with high purity
(Figure 2.9.

o
™ o — Ph3P/\M/\o

O (0)
10 CH3CN 10
80 °C
" 1.5 days 15

Scheme 2.18Synthesis of phosphonium salt from iodidé and triphenybhosphine in

acetonitrile.

Nevertheless, phosphonium iodidg, similarly to phosphonium bromid&2,
showed storage instabilityFigure 2.9 and thus it was used in the Wittig reaction
immediately after its @paration.The apparent instabilitgf these phosphonium salts
suggests that thereviouslyreported®® °° unexpectedieprotection of a THP group
during a Wittigreaction was probably due to a previous degradatidhe protecting
group contained in the phosphonium bromide rather than to the conditions of the

olefination.

58



Tl

|

‘ ! \ r
| IRE R L VoY
[ I ) i IR i ) Y 1

80 78 76 74 72 70 6852 50 48 46 44 42 40 ﬂa;gpm)z‘.s 34 32 30 28 26 24 22 20 18 16 14 12 10
Figure 2.9.Proton NMR spectra of the conversion of the iodide(a) to corresponding
phosphoinum salt by treatmentith triphenylphosphine in refluxing acetonitrile. The
resulting phosphoniunodide was purified by precipitation from diethyl ether, and checked

by NMR in deuterated chloroform (byhe phosphonium iodidgtored at room temperature

for some weeks showed undergo degradatiqge). All the spectra were recorded on JEOL

400 MHz spectrometer and calibrated using residual undeuterated solvent as an internal
refe. ence (U 7.26) .

59



2.2.4 Preparation of the proximal fragment

2.2.4.1SynthesisoftheC1 1 C1 9 f bysPGRPE8Hoatalysal Negishi

reaction

The proximal fragmen{ C1 1 C 1 thg cis,asdiunsatuated meromycolic
acid is a Gg bifuntionalized chairthat wassynthesisd byana |l ky | T al ky | N e
crosscoupling reaction using PEPRBIr as a catalyst (Scheme 2.13 For this
reaction the bromide 8 or the iodide 11 were usedas electrophile and -6
cyanohexylzinc bromide as ganometallic reagent mechanism for this
transformation is shown icheme 2.20

Initial attempts of crossoupling between the bromid& and 1.6 eq. of 6
cyanohexylzinc bromide in the presence PEPPSIn anhydrous and dagsed THF
andNMP (Scheme 2.19 asreported by Orgaet al,'?® afforded the @ product in
poor yields (O 25%).

N
BrzZn =
5 (1.6 eq.) N
THPOM,Br . THPO\M// . THPOMCI
18

12 1 mol% PEPPSI-IPr 12
3.2 eq. LiCl

8 THF/NMP 2:1 16 17

RT, 25h

Scheme 2.19Synthesis of the nitrilel6 by PEPPSIPr catalysé Negishi reaction in

presene of lithium chloride.

It is important to report thainderthese conditions, after woikp, no starting
bromide was detected by NMRut the chloride derivatd7 was isolated in high
yield. The conversion of the starting alkyloromides to alkylchloridas previously
reported in Negishi crossouplings by Zhou and E{? and justified by the presence,
in commercially available alkylzinc halides, of lithium chloride aspbyduct of the

Rieke® preparatiornt>?
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In their protocol, Zhou and Fu reported that high yields of etcospling
products may be isolated using indifferently both organobromides-cmarides,
and that in the case ofldromo6-chlorohexane the moroinctionalizationmay not
be achieved Table 2.4. Conversely, in the protocol of Orgaet al. the cross
coupling reactions of bromides and chlorides require two different conditions,

reporting also the selective single crassipling of Xbromao-6-chlorohexane.
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THPO\(\/)/Br
12

Scheme 2.20Mechanistic scheme of the synthesis of the proximal fragment by PHEPPSI

catalyse Negishireaction.

62



Table 2.4.Reactivity and selectivity of alkyloromides and alkylchlorides in Negishi eross
coupling reaction using the praims of ZhouFu and Orgaet al

2% Pd(dba)s

X BrZ 8% PCyps
R/ + r£n > _ .
Mg Cross-coupling product
1.2 eq NMI
2:1 THF/NMP
80°C,14 h
Halide Eq n-BuZnBr Isolated yields

\(\/TBr 1.3 eq Ms 90%

9

\(\j’C' 1.3 eq ™ et

9 13

e 26eq \M/Q 70%

6
1% PEPPSI-IPr
6 4 NN THF/NMP 2:1 10 SN
RT, 2h

1.6 eq 81%

Although it is generally known that the presence of lithium halide salts fewour
the transmetalation in the Negishi reaction, and that LiCl and LiBr are equally
effective in the activation of organozimeagentsthese findings suggeshat the
unexpectedly fast transhalogenetationthod alkylbromide by lithium chloride may
be thecause of the poor yields observed. Nevertheless the simple replacement of
lithium chloride with lithium bromide failed to @& high yields, showing that also
other factors influence the final reaction yield. After an extensive investigai@s
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found that the bromide3 could undergo crossoupling reactiorin high yieldif the

catalyst and the alkylzinc bromide were usethrgeexcess $cheme 2.21

THPO

<

TVZZ THPO

0 R N
. 5% PEPPSI-IPr . THPO\M// .
9.6 eq LiBr 18
16

THF/NMP 2:1

THPO

12

BanWN RT, 20 h
;

THPO, N\

@?

(Traces)

Scheme 2.21Synthesis of the proximal fragmeté performed under optimized conditions.

Under these conditionsninor by-products were isolated and analysed by H
NMR and GC-MS?**, ascribableto transhalogenation and reductinof the
organobromide, or tb-hydride elimination ofhe organopalladium specié&’

Nevertheless the reasons for the need of this modification to the protocol are
not clear. Zhou reported in his PhD théSithat some alkylzinc compounds failed to
under@ crosscoupling reaction under the conditions published in 2d®Bloreover,
among the very few examples of reluctant reagents, was repoedgahdbutylzinc
bromide Gcheme 2.22 The anal@y of this ¥-cyanoalkylzinc bromidewith the
alkylzinc bromide used in our studhaslead tothe conclusiorthat the same pathway
could be involved in the reaction.
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Although no kinetic investigation waenductedor thisreaction it is plausible

to suspect that #hnitrile group may interfere in the transmetalation @éwedreductive

elimination.
2% sz(dba)3
8% PCyp
X N o R N
N Ban\M// AV \/\M/
4 4
1.2 eq NMI
2:1 THF/NMP
0,
1.3 eq 80°C14h
Scheme 2.22Example of unsuccessfulcrossc oup |l i ng r e acyamoallyleinc usi ng

bromide reported by Zhot’*

Despitethatthe transmetalation is considered a facile process in Neg@ts
coupling, recent publications have reported that it may be thdimatiag step’’® 2%
Moreover Organ and eworkers have reported that the alkyl zinc halide reagents
require activation to undergo transniaten, suggesting that a higherder zincate
may be the reactingpecies In this scenario an intraneular coordination of the
pendat nitrile groupon the zinc atom could interfere on the reactivity or the

activation of alkylzinc bromideScheme 2.23
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Scheme 2.23Role of lithium bromide in the activation ofdyanohexylzinc bromide and

thepossible interference of the pendanitrile group.

An additional effect of the nitrile group on the pess of the reaction is the
possible intramolecular coordination of this group to the Pdigitre (Scheme
2.242°42% Recently it was reported that acetonitrile may coordinate the
diorganopalladium intermediate, increasing the electron density of the transition
metal, and interfering with the reductive elimination £¥pThis possible
intramolecular coordination woukdsoaffect the reduction of the Pd(Il) precatalysts
to Pd(0), which requiresa double transmetalation and subsequent reductive

elimination®’
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18

Scheme 2.24The intramolecular coordinatioof the nitrile group to the Pd(Igentreand
influence on the reductive elimination steps in the actimatibthe precatalyst and in the

synthesis of crossoupling product.

The nitrile 16 was alsosynthesisé from the iodid€ell using the same catalyst
(Scheme 2.26 Neverthelessattempts of crossoupling reactiorbetweenthe iodide
11 and 6cyanohexylzinc bromide in anhydrous degassed DMI and THF, in 3:1 ratio
as reported by Organ and -emrkers'® afforded the expect product in yields
generally lower than thosebtained with the alkylbromide. These differences of
yields however, are not connected with the difference of reactivity of these
organohalides towards the oxidative addition, since alkyl i@dige more reactive
than bromide derivatedleverthelessthe lower yieldsof the crosscoupling product
obtained using alkyl iodide in place of brla derivatesvere not totally unexpected.
Indeed, to the best of our knowledge, only one example of alkyliodide was reported
in Negishi crossoupling reactions with BPPSI catalysts, showing in a comparative
study that the bromide derivates affords higher yiEti§he explanation of this
difference is not discussedpwever a more recent papeeported byOrganet al.

hasnot excluded a deleterious effect of iodide.
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1% PEPPSI-IPr

_N 3.5 eq LiCl N
THPO\(\/)/I + Ban\M// - THPO\M//
12
6 THF/NMP 2:1 18
1 RT, 24 h 16
22%

1.75 eq

Scheme 2.25Synthesis of the nitril&6 via Negishi reaction of the iodidil.

68



2.2.4.2Synthesis of the Gg alkyl bromide

In order to synthesise the proximal fragmentof the cis,cisdiunsaturated
meromycolic acigda C;9 phosphonium saltthe alkyl bromidel9 was prepared from
nitrile 16 as shown irScheme2.26

p-TsOH HBr o
/ MSOH / H2804
THPO/\(\/)/ /\(\/)/ Br OH
CHZCIZ 110 °C 17
99% 95%
16 18 19

Scheme 2.26Synthesis ofhealkyl bromidel9.

The tetrdydropyranyl group of nitrilel6 was removed by treatment with
catalytic amounts of p-toluenesulfonic acid monohydrate in methafidl.
Interestingly, the quantitative deprotection of the THP group took place after
overnight stirring without affecting the nitrile moiety. It is impottém highlight that
the complete removal of the sippeoduct of the reactiorB-methoxytetrahydropyran
(Scheme 2.27 may difficultly occur by simple extraction. Alternatively to a
purification by crystallization or flash chratography, it was found that this/-
product (boiling point: 12829 °C) may be easily removed by melting the crude
productat 60 °C and keeping this at low pressure for a short time (70 mbar for 10
minutes). It is interesting to reportathin this reactin technical grade methanalas
usedand that anhydrous solvent is not strictly required, since the presence of water
forms 2-hydroxytetrahydropyrathat is probably removed by extraction.

The deprotection of the THP group in the nitdl@was alsoconduded in the
presence of Amberly3t15, as alternative tp-toluenesulfonic acid® In this case
the reaction wasonductedn anhydrous methanaind afforded, after filtration and
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evaporation, the expected product in 96% vyield as light brownish &akdorobable
that the offwhite colouris due to partial breaking of the resin during the stirring.
The cyanohydrill8 was converté t o -bitorhoecarboxylic acid in one step
and in high yields by treatment with aqueous hydrobromic acid and concentrated
sulfuric acid. The reaction wasnductedat 110 °C overnight, usingtrap connected
to the extremity of condens&r neutralig the toxic HBr vapors In these conditions
the conversion to the expected product was quantitative and the extraction by organic
solvents afforded the product in high purity without the need of further purification.
These resultsnvitingly suggest the intesting possibility tosynthesisethe

bromidel9in one step directly from the nitrilk.

O
p-TsOH or J
Amberlyst® 15

® .
O\ //N H - O\(’D //N
(@) - (@)
17 | 17
H

16

|

(@)

WP / ‘ MeOH v

=

7

OO 0
U . 17

18
2-methoxytetrahydropyran 99% (p-TsOH)
(bp: 128-129 °C) 96% (Amberlyst® 15)

Scheme 2.27Mechanism of deprotection of the THP ether in the presence of acids in

methanol.
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2.2.4.3Synthesis of the Ggphosphonium salt by microwa\e irradiation

The synthesis of phosphonium salts from relative bromidgensrally a slow
transformation, which requires several hours or even days to reach completion. In
order to drive slow reactions to completion in shorter times, the heating by
microwave irradiation habeenan increasingly populaapproachsince 1986when
two pioneering investigatons eported the possibility of
microwave ovens in organic synthesis .

The first synthesis of phosphonium salts under microwave irradiation was
published in 20068 In this study the author perted the synthesis of some
phosphonium salts from relative bromides and iodides, and triphenylphosphine,
either neat owith xylene as the solvent. In all the cases the author reported that the
use of a domestic microwave oven resulted in a remarkatdeaczeleration in
comparison to traditional means. Nevertheless these pioneering studies using
domestic microwave oven, which were comniorthe late 1980s and 1990syere
difficult to reproducecontrol in terms of temperature and pressure, and generall
very dangerous for the flammability of organic solvents.

In the last ten years, the adverfitmicrowave reactof$® reduced the risks and
permitteda better understanding ofh e r e al A mi tbroughmmealyteal e f f e c
and critical studies on the real benefits of microwasagliation?**

In 2004, Loupy and cavorkers reported thain the synthesis of phosphonium
salts fom benzylbromide, -chloride and-trimethylammonium chloride, the MW
effect depended on the leaving graagrordingto the following ordeBr > CI" >>
NMes 2"

More recently, in 2008, Kappe and-emrkers published a critical revaluation
about the supposed MWeffect in four transformations: alkylation of
triphenylphosphine and 1,2{dazole, DielsAlder cycloaddition, direct amide bond
formation?'® The authors casluded that the effect previously reported was purely
thermal, due to a formation of temperature gradients for an inefficient agitation, and
not related to the microwave field. Indeeshsuring an efficient agitation of the

reaction mixturevia magnetic string, no significant differences in terms of
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conversion and selectivityvere reporteetween experiments performed under oil
bath ormicrowave conditions

Although, in the last two years, some mytimcerning theMW effect have
been debunked, many\ahtages of using controlled MW reactors, in place of the
traditional oil baths, remaimdisputable’’

The bromidel9 was converted to the corresponding phosphorsaih using
triphenyphosphine in acetonitrile under microwave irradiafidcheme 2.28 Other

attempts to redudme or temperature of the reaction resulted in lower yieds.

0 PPh, o o
/\(\/)J\ CH4CN B
Br 47 OH > PhsP OH
170 °C (MW) 17
1h
19 94% 20

Scheme 2.28Synthesis of phosphonium &0 using triphenyphosphine in acetonitrile

under microwave irradiation.

The reaction mixture was purifidaly evapoating the solvent and solubilig
the crudematerialin a small quantity of anhydrous dichloromethane. The resulting
oil was diluted withanhydrous toluene, heated to remove the halogenated solvent

and cooled to yielthe expected phosphonium galfpure formas a beige solid.
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2.2.5 Preparation of the distalTl

2.2.5.1Synthesis of the distatis double bond

The distalbond of the cis,cisdiunsatuated meromycolic acidvas synthesised
accordingo the Scheme 2.18%om nonadecanal and thg &hain phosphonium salts
described previously.

Initial efforts were focused on the synthesis of alkeheia a Wittig reaction
using the phosphonium bromidE3 (Scheme 2.29. H o w éhydmxyalkyl ¥
phosphonium salts generate betaylide intermediates that are known to afford the
expected alkenols in low yieldiiring the Wittig reactioA*®

o
Mﬂo Br
©)
* Php OH - T ™ on
17 /\(\j:o\ 17 10
4 13 21
Scheme 229Synt hesi s of the distal cis double b

hydroxyalkylphosphoniuni3.

Maryanoff and ceworkers, during a study on the effect of nucleophilic groups
in the phosphonium ylides, reported that Wittig reactions with- (3
hydroxyprogyl)triphenylphosphonium bromide or (4
hydroxybutyl)triphenylphosphonium bromide yielded little, if any, of the expected
alkenol when sodium gootassiumbis(trimethylsilylyamide(NaHMDS or KHMDS)
wereemployed as basé¥’ Although the reasons for the lack of reactions were not
clear, they reported successful yields using lithium as a celomeof the base,
suggesting the use of these bases for reactions with related phosphonium salts. To
this end, the alkenoRl was synthesisd from the phosphonium bromidé3,
generating the related ylide using two equivalents-btityllithium. Unfortunately,
the expectedis-olefin was afforded with 13% vyield with an isomeric purity of 95%.

After considering the presence oéter in the phosphonium salt as possible factor for
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reducing yield, the equivalents of basere increasedHowever this resulted in a
drastic increase of theansisomer. Specifically, the use of 7.8 equivalenta-&ulLi
yieldedcis-olefin with an isomgac purity of only 85% Although it is not clear if the
unsatisfactory yields are due to a degradation of hydroxyalkylphosphonium bromide
under basic conditiongia phospholanantermediate, it is important to report the
poor solubility of phosphonium brage in THF and the difficulties met in
proceeding the reaction at temperatires wer t han 178 AC. We th
attention on a more efficient amis-selective synthesis of the target molecule using
phosphonium iodidé5.

The protection of hydroxyl rgup as tetrahydropyranyl ethigr phosphonium
iodide 15 solved the prolems connected to poor solubility and suspected
degradation, and permitted also lower temperatures and li#l@ernconditions that
enhanced theis-isomeric purity(Scheme 2.30 Indeed phosphonium iodidéb was
treated with ae equivalent of NaHMDS and the resulting ylide in DMPU and THF
reacted with nonadecanalt T 8yleldidgGhe expectedis-olefin in high yield
and high stereoselectivity (>98%).

o 1) NaHMDS
o | 2) Aldehyde
| ® -84 °C
17 10 THF-DMPU 17 10
4 (step 2) 15 22

Scheme 2.30Stereoselective synthesis of proximal double bond.
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2.2.5.2Synthesisof (Z)-hentriacont-12-enal

In order to synthesisethe digal double bond ofthe cis,cisdiunsaturated
meromycolic acid, the £ aldehyde23 was prepared from the alke22 (Scheme
2.31). Although there exist a number of procedures thatmit the oxidative
deprotection ofthe THP graip to aldehyde, these generally fail to offer efficient
conversion and employ reagents not compatible with the vinyl mdfety?
Thereforeit wasopted for a more efficient twstep strategyia deprotection othe
THP group and subsegnt oxidation of the generated hydroxyl group.

A myriad of different conditions are known for the deprotection of THP
group?* but it is important to highlight that in acidinedig cis-transisomerisation
could occur and affect the stechemical purity of the alkend.o this end, the
deprotection of the alkerZ2 was achieved in high yields using magnasioromide
ethyl etherate(MgBr,-OE%),??® which is a mild Lewis acid that doemt affect the

stereochemistry dhedouble bond?*

OTHP OH
17 10 Et,O 17 10
99%
22 21
o PCC, MS3A
\(\/)/—\(\/)J NaOAc
17 10 CH,Cl,
91%
23

Scheme 2.31.Synthesis of (Ehentriacontl2-enal.

The resulting alcohol was finally converted to aldehyde using PCC in
anhydrous dichloromethane. The oxidation was carried out in the presence of
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molecular sieves as heterogeneocetalyst, as discussed previously for the
preparaion of nonadecanalSince PCC possesses a slight acidity that teagito
cis-transisomerisatiorthe of alkene moietysodium acetatevasaddedas a buffeto

the reactiormedium
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2.2.6Synthesis ofthe cis,cisdiunsaturated meromycolic acid

The synthes of the cis,cisdiunsaturated meromycolic acid was concluded
with the Wittig reactionbetween the phosphonium s&® and the aldehyd@3.
Nevertheless, attempts to couple these two fragmepisying the protocol used
previously for the synthesis of ttiistal double bond, failed to afford thiesired
alkene Scheme 2.3R2 In fact, the reaction between the ylide, generated from the
phosphonium sa0and NaHMDS in THF and DMPU, and the aldehg&edid not
yield the expectedalkene. Unexpectedly, under these conditions the Wittig reaction
yielded the diphenylphosphorylalkylcarboxylic aci# as major product(the term
Aphosphoryl 6 has to be preferrededino comr

the IUPAC recommendatioffs).

PhsP Br
COOH

1) NaHMDS,

20 Solvent \W:M/:MCOOH
17 10 17

* 2)23
(|) THF L
WO A COOH

23 Ph/P\/\M? 7

Ph
Step 2
(Step 2) 24
Solvent Yields
THF-DMPU 24: major product; 1: 0%
THF 24: major product; 1:8%

Scheme 2.32Attempts to synthesiséhe cis,cis-diunsaturated meromycolic acia the

Wittig reaction in the presence of THIMPU or THF as slvent.

In order to prevent this side reactidaring this reactionsome modifications

to the previous protocalvere made;n particular, the removal of DMPU as-co
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solventallowedthe isolation ofthe desired productvhich was validated by NMR
analysesand high resolution mass spectroscaggwever the poor yields obtained
during this Wittig reaction lead us to studyn more detailthis unexpected side

reaction.

2.2.6.1 Unexpected conversion of phosphonium salt to phosphoryl

derivate during the Witti g reaction.

The conversion of phosphonium salts, containing Homain ¥-carboxyalkyl
group, to corresponding phosphine oxides was previously reported by Narayanan and
Berlin?®® This procedure is based on treatment of phosphonium salts with two
equivalents of sodiurhydride in THF and DMSO for several dagcheme 2.33

1) NaH2eq.
e, P DMSO, THF
X PhsPH/COOH 1.5 -4 days Ph—llil‘ COOH
n = P \M:m
2) (Optional):
ArCHO
X=Cl,Br;, n=3,5,10, 11 THF Isolated yields:
13 % (n = 3)
32% (n=5)

75 % (n = 10)
62 % (n=11)

Scheme 2.33Conversion of phosphonium salts to corresponding phosphine oxides reported

by Narayanan and Berlf3®

The authors reported also that the addition of aromatic aldehytiesréaction
mixturefailed to affordthe expected alkenklowever in this work, the aldehyde was
added only after some days from the addition of sodium hydride to the phosphonium
salts and it does not demonstrate rigorously that this-remldion is sictly
competitive with the Wittig reaction. In addition, this study lacks of a reasonable
mechanism or rational suggestions to avoid this side reaBiespite this interesting

work beingpublished in a prestigious jourrfdl,it hasreceived limitel attention and
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to the best of our knowledge, no successive shaljinvestigated in more detail
such reactios

Successively to the work of Narayanan and BeMayyanoff and ceworkers
have reported aletailed study of theeffect of pendat nucleophlic groupsin
phosphonium salt®on stereochemistry of the alkene product during the Wittig
reaction?’® Specifically the presence of a pemdacarboxy group in the ylide
increases th& isomer formation duringhe Wittig reaction. This effect depends on
the number ofmethytene unis between the carboxylic group attte phosphonium
moiety, andt is especially relevant in reactions with aromatic aldehydes.

In this work Maryanoff and ceworkers focused their att@tion only on the
effect of the carboxylic group on stereochemistry of the product, without considering
a possible effect of this functional group on the yield of the isolated prdduert,

a critical reexamination of these data haighlightedthe existence of aelationship
betweerthe structure ofhe startingy-carboxyalkylphosphonium saléd the yields
of thecorresponding alkengroducts Specifically,the plotting of the valueseported
by Maryanoffet al. for isolatedyields of Wittig producs highlighted thexistence of
a negative effedrom the carboxyalkyl groupf phosphonium salt on the olefination
reaction(Figure 2.10. In particular this effect is momaarked when the are more
than 6 methylene units letenthe carboxylicgroupandthe phosphonium moiety,

and when the counter iaf carboxylatas less oxophilicsuch as potassium
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1) LIHMDS
or KHMDS
(2.1 eq.)

o ©®
Br PhyPy , COOH —, ,COOH
™h > thJ_\M:M

2) PhCHO

n=3,4,6,7

—4— LIHMDS —=— KHMDS

Yield (%)

0 1 1 1 1
3 4 5 6 7
Spacing value, r
1) LIHMDS
B(? Ph3PG3M/ (()1r-2<22/-l)DS ‘:\M/
3 2) PhCHO Fh 2

Figure 2.10.Effect of a pendat carboxylic group in phosphonium salts during Wyitt
reaction with benzaldehyde usifithium or potassium hexamethyldisilazane as base. The
yields reported are extracted from Maryaneff al?*® and plottedwith relation to the
methylene units between phosphon and carboxylic groups. The Wittig reaction with
butyltriphenylphosphonium bromide reported in the samwmk was used for reference

purposes and it is shown in the graph as horizontal dotted line.
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24

MeOH
Amberlyst H+

( ) QA /\C)J\
Br Phﬁ/\MﬁOOH Ph/P\Ph )1yo<
04 1) Cs,CO4 .
Con /\M](;OOMG 2)KTB Cpn 2 /\ch;oonvle
25 25
L J

Scheme 2.34Preparation of a mx t u r e -carthoxydlkiglghosphonium sa4 and its
methyl ester derivatgs to monitor the instabilityinderbasic pH.

In order to check the stability of-carboxyalkylphosphonium salts, a mixture
of the compoun@4 and its methyl ester derivate waiepared by esterification with
methanol and amberlygiScheme 2.34 This mixture was used to monitor the
instability of the compoun@4 and to correlate with the methyl ester analogue under
basic conditionsThe treatment wih cesium carbonate resulted in the positional
change of the triplet (3.36 ppm) related to the methylene group adjacent to the
carboxy group, and of the multiplet (3.76 ppm) related to the methylene adjacent to
the phosphonium group. After 14 hours, noeotbhanges weraletected and a
stronger base, potassium tbrttoxide, was added. The addition of this base resulted
in a rapid formation of a singlet at 7.36 ppm and a multiplet at7.83 ppm, and in
the disappearance of the triplet previously formed.

These results support strongly the mechanism report8dheme 2.35where
the first equivalent of base forms the phospholane intermediate. In the presence of a
strong base, the phospholane intermediate undergoes degraddtom the phenyl
anion, the phosphoryl group and a ketene intermediate. The phenyl anion is promptly
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converted into benzene, whereas the ketene is converted into esters (or carboxylate)
in the presence of alkoxides (or watdt)s interesting to note #t the triplet at 2.29
ppm, related to methyl ester did not change during tharesdtwith bases, showing

theinstability of 24 depends on the carboxylic moiety.
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Figure 2.11.Instability of the compound 24 in the presence of [sitas tertbutoxide. The
mixture of compounds 24 and 25 (a) were treated with excess of cesium carbonate for 5
minutes (B, 3 hours (c) and 14 hours)(drhen an excess of potasa tertbutoxide was
added (®and monitored after 20 min)@&nd 90 min (g).
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Scheme 2.35Proposed mechanism
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2.3 CONCLUSIONS ANDFUTURE WORKS

In this Chaper, the cis,cisdiunsaturated meromycolic acidas synthesised
using a convergent synthetic scheme from cheap and easily commercially availabl
starting materials. The key steps in this strategy are the preparatsCseifC bonds
using stereoselective Wittig reactions, and the formation ofi@ Bond by the
Negishi reaction.

An akyli alkyl Negishi crossoupling reaction was carried out usiRgPPS]

IPr as catalyst. This reaction was studied in detail reporting high yields only using
lithium bromide as additive, and alkyl zinc bromide and PEPPSI catalyst in large
excess. In particular, the results reported in this thesis and recent litdradimgs
suppat the hypothesis that the pemdanitrile group may be responsible for the low
yields observed. Plausible mechanisms have been proposed, but further
investigations are needed to confirm such conclusions. In geregadiudy of the
effectsof pendat groups on palladiurnatalysed reactiongpresents amteresting

non exploited research theme fature investigatios

Interestingly, the preparation of the phosphonium salt fr@a(12-
bromododecyl)oxy)tetrahyds@H-pyran and triphenylphosphe resulted in the
unexpected removal of the THP group. Conversely, the reaction using the iodide
derivate in acetonitrile showed to afford the desired product in high yields. Highly
stereoselective Wittig reactions were carried oui & °C using DMPU & co
solvent.

The Wittig reaction for the synthesis of the proximal double bond dfitheis
diunsaturated meromycolic agioceeded successively, although in low yields, only
using THF as solvent and removing DMPU assotvent.In particular, it wasote
t hat l ow vyields reported ar e du-e t o
carboxyalkylphosphonium salt intaiphenylphosphorylalkylcarboxylic acidA
meticulous study of similar Wittig reactions reported literature showed that
generally this reaction ffrds the desired product in low yields. Although, the
conversion of ¥-carboxyalkylphosphonium salt into
diphenylphosphorylalkylcarboxylic acidising anhydrous bases was previously

reported in literature, the present work shows that this reaction is fast a
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competitive with the Wittig reaction. In addition, a plausible mechanism for this
unexpected reaction was proposed on the base of experimental studies and literature
results. Further studies are necessary to confirm the proposed mechanism and
establishpossible modifications that may reduce this sigiction during the Wittig
reaction.

The low vyields obtained for the synthesis tife cis,cisdiunsaturated
meromycolic acidhave impeded the quantification of the geometrical purity.
However, from proton ahcarbon NMR analysis, the sample appears constituted
only by the Z isomers and no evidence of other geometrical impurities was detected.
Further analyses are required and are currently in progress to establish the
geometrical purity of the sample. In pediar, it is interesting to report that during
the preparation of this thesis a recent article has reported the quantificatioZ i the
ratio by Hi *C-HSQC experiment$?® Other approaches based theuse of the
reversegphase higkperformance liquid chromatography are also currently

considered?® 23°
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CHAPTER 3

3. SYNTHESIS OF THE CIS,CIS-DIUNSATURATED
MEROMYCOLIC ACID: A FLEXIBLE ALKYNE STRA TEGY
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3.1 INTRODUCTION

3.1.1Thealky ne strat egy

Total synthesis is an art characterized by refinemantsimprovementshat
come one after the other with the intent of reaching ide®fity° In the synthesis of
the cis,cisdiunsaturated meromycolic acia the strategy previously discussed,
some unexpected sigdleactions have limited the overall yield and stereoselectivity.

In order tosynthesisdahe target compound in a larger scale and with higher
stereoselectivity, a different synthetic route wasisk. This strategy is based on
the synthesis of the relative acetylenic fatty acid and stereoselective reduction of the
alkynyl groups tocis double bondsAccording to our retrosynthetic analysis the
acetylenic meromycolic acid could b®ynthesisé via akyne-bromide coupling
reactions of two alkynyl compounds, named proxianad distal alkynyl fragments,
with organohalides, which constitute the internal fragmesthéme 3)1 The
internal fragment is prepared from terminabldi and the possibilityof using
substrates with different chain length permits an easy synthesis of different
homologues of thdiunsaturated meromycolic acifpecifically, his chapter repts
the preparationfahese tinee fragments and the studytbéir assembly to afforthe

cis,cisdiunsaturated meromycolic acid
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\M/:M/:M,COOH
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1-Bromooctadecane 1,n-Terminal diols

1-Octyne

Scheme 3.1Alternative retrosynthetic analysis dhe cis,cis-diunsaturated meromycolic

acid: the alkyne strategy.
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3.2 RESULTS AND DISQJSSION

3.2.1Synthesis of the proximal alkynyl fragment

3.2.1.1The alkyne-bromide coupling reaction

We envisioned constructing the proximal alkynyl fragment from the
isomerisationof an internal alkyne prepareth alkynebromide coupling of a cheap
commercially available terminal alkgn loctyne, and an organohalide prepared
from dodecanediolScheme 3.2

The alkynebromide coupling reaction requires the initial deprotonation of the
terminal alkyne, which is generally performed by a strong base such as
butyllithium, to form the correspondirglkynide that is coupled to the halidia Sy2
mechanism. The lithium alkyne derivate however reacts very slowly in THF and a
more polar cesolvent is required to proceed satisfaitjo?™* 2*° The cosolvent
traditionally used in this reaction is HMPA but the carcinogenic properties of this
solvent have more recently encaged the replacement with safelternatives.
Alkylations of terminal alkynes with organohalides are reported to proceed in the
presence oN , Mifmethylated ureas such as D¥land DMPU>® while the acidity
of DMSO limits the reaction only to relatively acidic stabilizgklynes?>°

Despite the use of these-solvents is common anaften reported as essential
in this reaction, recently it was reported a simple and high yielding protocol for the
alkylation of alkynyllithiums with organohalides irefluxing THF and in absence of
co-solvents**® Using these conditions it was possible to couplectyne with 12
bromododecanl in high yields in the presence of anhydrous sodium iodide as
catalyst Scheme 3.2 where the iodide source permitsnasitu conversion of the

alkyl bromide to more reacting iodide derivate.
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1) n-BuLi (2.55 eq.)
-60 °C to RT

= THF OH
+ BI’/\(\/)/\OH - M%M
5 10 2)6 5 12
anhydrous Nal 9%;
1-Octyne 6 Reflux THF 28
(2.65 eq.) (step 2; 1 eq.) 79%

Scheme 3.2Synthess of internal alkyne28 via the coupling of Joctyne with 12

bromododecanol.

It is important to highlight that, despite the protocol mentioned above reported
the coupling only if alcohol moieties were protected as tetrahydropyranyl ethers, we
demonstrate that this protection is not necessary, by virtue of the low reactivity of
lithium alkoxide intermediate generatigdsitu by one extra equivalent of base.

It is interesting to report that attempts to conduce the same reaction, generating
the alkynyllithum byn-butyllithium or lithium diisopropylamiden THF, and adding
12-bromododecanol in DMPU yielded, after two days at room temperature, little, if
any, of thedesiredproduct. In these reactions, after acidic wopk it was possible
to isolate startig materials in large quantities and minor impurities due probably to

side reactions involving DMPU.
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3.2.1.2Synthesis and purificationof terminal alkynes

The isomerisation of alkynesvia migration of triple bond is a basatalyzed
process that was glied initially from Favorskii more that 120 years &QoThe
migration of triple bond takes atethrough allene intermediatesd isconductedy
a wide range of basé¥ This process may convem internal alkyne to dalkyne or

occur in reverse direction with the fornaat of the terminal alkyné€Scheme 3.8

Termodynamic
Isomerization

R
M B JRE—
// . ase ( =

Contratermodynamic
Isomerization

Scheme 3.3Basecatalyzedsomerisatiors of alkynes

Initially, the most investigatetsomerisationwas the conversion of terminal
alkynes to internal alkynes. In partiay theisomerisationof 1-alkynes to Zalkynes
is a relative fast process, which is driven by the formation of more
thermodynamially stable isomers as shown $theme 3.2ind Scheme 3.4* This
isomerisation occurs smoothly by the use ofeak bases, such gsotassium
hydroxide®** but also by stronger bases such as sodium affiidte this last case it
is important to report that sodium amide convealkynesto the thermodynamically
more favoured?-alkynesonly if all the components are in solution. Indeed, strong
bases may result in the formation of acetalydes, which may precipitate and shift the

equilibrium in the direction of the-alkyne.
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BH 4 BH

H;C
S
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Scheme 3.4Mechanism ofisomerisatiorof 1-alkynes to 2alkynes and approximate values
of standard enthalpies of formation as reportetiéiiterature **®

However, a high yielding multiposition&omerisation of internal alkynes to
l-alkynes was possible onlyn 1975 when Brown and/amashitarepated the
preparation of potassium daminopropylamidg KAPA) and its application in this
reaction”®® The authos suggested that this super base is responditiethe
migration of triple bondvia a frandomwalkd processduring which a series of
allené alkyne interconversiontake place along the carbon chain until the terminal
acetylidesalt is formedScheme 3. The same authors reported subsequently that
this extremeée¢gygctfiacho iwappalrso useful to i
alkyn-1-ols, permitting are a s y s y n,tscetyenicalcahdlg’’ U

The preparation of KAPA, as reported by Brown aramashita, required
howeverthe wse of psassium hydridewhich is an extrentg reactiveand flammable
base?*® ***andwas also found to generatesitu a particularlytroublesome foaming
problem®® These drawbackked several groups to investigate alternative bases for
this reactiorf>®*® Several alternative protocols wemgroposed, including the
preparation of sodium -8minopropylamide (NAPA) by sodium hydrid® the
addition of diaminopropane to potassium or sodium amide in liquid ammonia

251
a

followed by evaporation ofammoni the use of lithium to prepare lithiurg

92



aminopropylamideand the subsequent ion exchange by potassirbutoxide®?

Neverthelessalso these protats present drawbacks due to the minor efficiency of
sodium and mixed alkali metat&ninopropylamiden comparison to KAPAor the

useof averyinconvenient solvent such as liquid ammonia.
HN.® _NH,

K
Hﬁ/\> Hﬁ/\>
\ \
H N ‘H/ H\N\
HsC O ~ H — mcM o~
n \\ n \é

R R

I
)
/Z
®
Z
I
N

m
m
R=CHjor O
K@ C@
X
\\/\(\/)/\/\R <« H,C o %
n+m-+1 m R

Scheme 3.5Mechanism of KAPA-me di at ed a | nteeanweisianl duyng ehe i
Aranwdalmk 0 p sonersaticto terminalalkyne.

We, therefore, opted to convert the internal alk®8¢o terminal alkyne by the
KAPA-mediatedsomerisation preparing this superbase througtifferent protocol
previously reported by Kimmel and Beck&F This protocolrequiredthe treatment
of 1,3-diaminopropaneavith moltenpotassiumn the presence of ferric nitratender
ultrasonic irradiation since ultrasound and ferric nitratencreasethe rate of the
heterogeneous reactidetween the metal and the solvefihe mixure heatedto
90 °C for 1-2 hours,turned initially to blue andubsequently to gredmrown. When
all the potassium disappeared solution of internal alkynen THF was addedo
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KAPA, the mixturebecameaed-brownand was left stirring for two day$hetime of
reaction was longer than those reported initially by Brown, as suggested successively
by Pabon and eworkers®™* The reactionmixture wasthenquenched and extracted

with diethyl etherto yield a crudematerialwhere the expected terminal alkyne was

the major productScheme 3.6as shown byroton NMR spectraHigure 3.}

Y

U _ ”OH KAPA \\(\/)/OH \‘ A
5 12 ¥ —

2 days 18 X y
96%
28 29 traces

1.00 gram

1) AgNO3 in EtOH,

\ OH NH4OH in EtOH

X y 2) Filtration

135 mg ]

18

Ag
\\(\TOH - HCl \(\/)/OH
,/ 18
29 AgCl 30
680 mg non-dry white solid

Scheme 3.6Synthesis ofthe terminal alkyne via KAPAmediated isomerisation and
purification via precipitation of the silver sahd swacessive reprotonatiomhe acetylide
intermediate are known to be unstable and a complete evaporation of the solvent should be

avoided.

The purification of the crude from isomerisationreactions is generally
conducted by distillation. In the casetbis longchain alkyne, however, we opteal
purify the terminal alkynevia formation of the relative silver salin fact, slver
acetylides arepromptly formed from terminal akynes in the presence of ammoniacal
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silver nitrate in ethandt® where precipitate as white solids diffetignto internal
alkynes that remain in solution. Tipeecipitatedsilver acetylide may befiltrated

and reconverted to alkynes via acidification with strong acids. It is important to
highlight that the filtration of silver acetylidesust be conduetlwith extreme care,
avoiding completelydrying these solids, sincthey are known to be unstable and

explosive decompositions have been previously rep6ited’

a)

b) ‘j’ ‘

c) }\

/
JER N oS \J L

d |

T T T T T T T T T T T T T T T T T T T T T T T T T T T
60 58 56 54 52 50 48 46 44 42 40 38 36 “ (3.4 ) 32 30 28 26 24 22 20 18 16 14 12 10 08
ppm

Figure 3.1.ProtonNMR spectra of the conversion of internal alkyne to terminal acetylene
via KAPA-mediatedsomerisationand silver salimediatd purification. The internal alkyne

30 (a) was treated with KAPA id,3-diaminopropandor 2 days. The reaction mixture was
quenched and extracted with diethyl ether; the crude (b) was purified by treatement with
ammoniacal silver nitrate in ethanol antteessive filtration. The filtrate was removed, (c)
while the precipitated silver atgide 30 wastreated withhydrochloric acidto afford pure
terminal alkyne29 (d-e).
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Silver acetylidesarehoweverextremely stabléoward hydrolysisThis stability
Is related to several factors, such as the strength of the sijvearbon bond and the
tendency to form polymeric structures. The hydrolysis of these compounds takes
place only by strong acids suak HCI, HNQ or triflic acid?*’ The silver acetylide
30 was convertedto alkynein the presence of hydrochloric adqich. 10% aqueous
solution) with concomitant drmation of insoluble silver chloride. The terminal
alkyne was extracted with diethyl ether to yield the compdfhioh pure form as a
white solid.

It is important however,to report that, in one occasion, the use of nitric acid
(ca. 50% aqueous solutipfor the conversiomf the silver salB0 to alkyne29 on a
gram scaleesulted ina rapid decomposition wittihe evolutionof a red gasnd the

impossibility to recover the terminal alkyne.
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3.2.1.3PDC-mediated «idation of the alcoholic moietyto carboxylic acid

Oxidation of primary alcohols to carboxylic acids is a common transformation
that may be conducted by a wide numberredgent$®® In order to prepare the
proximal alkynyl fragmentalcohol29 was oxidisedy pyridinium dichromate (PDC)
in DMF (Scheme 3./ The use of PD@ the oxidation reactions to carboxylic acids
is generally known as fith¢é® Hfhatstigidy o f
chemoselectiveoxidizing agent which efficiently converts primary alcohols to
aldehydes®® when employed in DMF asolvent affords norconjugated carboxylic

acids inhighyields.

R PDC _
OH > OH
17 DMF 17
14 h
* 30
A
: 1) NaOH
0 : H,O THF
AN = : 2)PDC
0 ee----. DMF

17 17

31 (6%

Scheme 3.7Synthesis of theroximal alkynyl fragmenthe proximal alkynyl fragmeria via

oxidationby PDC in DMF, and isolatioof the dimer as major sidgroduct.

It is interesting to note that, although often this oxidation is reported to take
place in anhydrous conditions, in the presence of dry solvent and molecular sieves, in
other cases itvasreportedto succeed in the presence of wat8iConsidering that
the presence of water is responsilite the formation of aldehyde hydrate

intermediates, which are subsequently oxidized to acid, we decided taltaaol
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29 with PDC in noranhydrous DMF These conditions yielded the expected
carboxylic acid inhigh yieldsand in the presence of the dimeric eteas the only
isolable sideproduct The formation of a dimer was previously report&tand it is
probably due tothe oxidation of hemiacetdbrmed by reaction of thetarting
alcohol withthe intermediatealdehyde.This sideproduct was isolated only in very
low amountdy virtue of theuse ofanexcess of PDC and DMHowever whenthe
presence of the ester dimemas more significantit was hydrolysel and oxidized

againto complete the conversianto the desiredacid.
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3.2.2Synthesis of the distal alkynyl fragment

In order to prepare thdistal alkynyl fragment othe cis,cisdiunsaturated
meromycolic acid 1-eicosyne two different strategies were followagsing cheap
and easily commercially available starting mater{&sheme 3.8 The firststrategy
pursued was a twstep route from 1l-eicosene, consisting in bronation and

dehydrobromination of the terminal olefin.

Br2
W - WBr
16 CH,Cl, 16 g,
1-Eicosene 32
KOH
® 0O
(n-C8H17)4N Br
Heptane
NH<
®
[ /Li C=CH
NH,
W\Br - \M/\\
16 16
DMSO
1-Bromooctadecane 33

Scheme 3.8.Synthesis of Zicosyne.

The startingplefin wastreatedwith a slight excess of bromine in stabiliZeze
dichloromethanefor 30 minutes,then the excess of brominating agents was
neutraliséd and washed. Ae expected 1;@ibromoeicosanewas quantitatively
formedin pure form ascolouiless oil. It is important tdighlight that despite the
presenceof water in the solvenit hasonly a limited effect onthe reaction, the
common presencef amylene usedas stabilizer could affect the purity fothe
product In fact, amylene (pentene)under the conditions describeglould be

converted in 1,libromopentane, which due to high boiling poaduld be difficult
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to remove.For these reasons dichloromethane was distilled from calcium hydride
before se.

The dehydrobromination df,2-dibromoalkanes to-alkynes may be conducted
by the use of a number of organic bases. Neverthélegas reported thahe use of
a weak base, such as potasstent-butoxide inrefluxing THF, yielded the desired
alkynesonly in poorto-moderate yieldsdue to contaminationf 2-alkynes®®* As
discussed previously, thes¢hermodynamically favoured impuritiesare a
consequence ahemigration of the triple bond.

We opted thusto dehydrohalogenate tdbromoeicosane&ia phase transfer
catalysis(PTC). Unfortunately when we tried to reproducepaeviouslypublished
procedure using powered potassium hydrexiéind catalytic amounts of
tetraoctylammonium bromid&? it was isolated a complex mixture of organohalides
and unsaturatedompoundsKinetic studies about thenechanism anthtermediates
of this PTC reactioran be foundh literaturé®*%°9),

Therefore weurnedour attention t@n alternative route to-dicosyne, using-1
bromooctadecane as starting mialerThe preparation of terminal acetylenes is
traditionally accomplished from alkyl bromide and sodiwawvetylide in liquid
ammonia. Therocedure however requires a very inconvenient solvent such as liquid
ammonia, and it affords lonchain alkynes only ta high temperatures and
pressuré®’

We decided to conduce the preparation-eicbsyne using-bromooctadecane
and theethylenediamine compleaf lithium acetylide This commercially available
ethynylating genthas high stability by virtue of the compl&ith ethylenediaminge
which avoidsdisproportionatn of monolithium acetyliddo acetlyne and dilithium
acaylide?®® This compleng agentcontributesalso to reactivity of aceylide as
nucleophile and to solubiity in organic solvents.The treatment of -1
bromooctadecane with 2.5 equivalentdithium acetylide ethylenediamine complex

afforded pure eicosyne asvhite solid inan excellenyield.
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3.2.3Synthesisof the internal linking fragment

According to our retrosynthetic analysi&Scheme 3.1 the internalfragment
has the role téink the proximal ad the distal alkynyl fragment3.o this enda series
of U , -halohydrins were prepared fraime correspondingJ , -atkaneliols. However,
while 1,10decanediol and 1,1@odecanediol are easily commercially available in
multigramscale 1,14tetradecanediolis more expensive. For this reason
tetradecanediolvas preared fromtetradecanedioic acidy reduction with lithium
aluminium hydride $cheme 3.0

As anticipated previously for the synthesis efidnadecaol, these aluminium
hydride reductions may generate grey esimiswhich aredifficult to break. In this
case he workup wasconvenientlyconductedquenchingthe grey mixtureby the

% method (initially reported bylicovic and Mihailovi¢®). This allowedn

Fiese
grams of LiAlH, to be quenchethe dropwise sequential addit of n ml of water,n
ml of 15% aqueous solution of sodium hydroxide andr® of water. The mixture
was then stirred for 1 hour and allowed to settle overnight to produce a white

granular precipitate easy to filter and wash.

o o 1) LiAIH,
THF
HO)L(\/)/U\OH > HO/\(V)/\OH
12 2) Fieser Work-up 12
90% 34

Scheme 3.9Synthesis of 1,14etradecanediol via reduction of tetradecanedioic acid.

T h e -alkanediols werghenconvertedto U , -halohydrins intoluene and in
the presence of aqueousydrobromic acid(Scheme 2.36 The yields for this

transformation are higas discussed previously theChapter 2
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Aq. HBr

HO/\(V)/\OH Br/\(\/)/\OH
Toluene

n n
Reflux
67 - 70%

Y

n=8 35
n=10 36

Scheme 2.36Synthesiso f -fJalkohydr i ns b yakaned®ls witmaqueouso f U,
hydrobromic acid.
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3.2.4Assembly of fragments

We envisionedassemblingthese thredragments the proximal and thelistal
alkynyl fragments and the internal linking fragmemnia alkynebromide coupling
reactionsaccordingto the sequenceshown inScheme 3.10This synthetic strategy
starts with the couplingf the distal alkynyl fragment with the internal linking
fragment, which are the easiest fragments to prepare. This coupling is expected to
proceed smoothlyhroughthe conditions applied for the coupling ofityne with
12-bromododecanol.

1) nBulLi
4 2) Nal
+ Br OH """ -- > / OH
\(\/){ /\(\ﬁ o = -2
Reflux 17
Distal alkynyl Internal linking
fragment fragment
(step 2)
NBS !
(CHs)zs or PPh3 E
\J
g Br
~ Z n-2
\\(\/)/COOH 17
17

Proximal alkynyl .
fragment

Y

n=10,12, 14

Scheme 3.10Synthetic strategy for thgreparation of acetylenic fatty acid via thgsembly
of three fragments.
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The resulting alkynyl alcohol may then be converted in bromid€his
transformatiormay proceed efficiently ithe conditions used consider the gmece
of an alkyne groupEfficient methodologies for this conversion include the treatment
of alcohol withN-bromosuccinimidéNBS) in the presence of dimethyl sulff@or
triphenyphosphiné®, and the Appél* reaction using tetrabromomethane and
triphenylphosphiné’?

The resulting bromié will then be used in the coupling with the proximal

alkynyl fragmentThe study of this reaction is the theme of the isextion
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3.2.41 Coupling of the proximal alkynyl fragment with organohalides

The proximal akynyl fragment represents challeging substrate for the
alkyne-halide coupling reaction due too-presence of the carboxylic group the
molecule This reaction requiremitially the conversion of h eacetylenic acid30
to dilithium derivateand then the couplingiith the organdnalide In order to study
the reactivity of this alkyne, the iodidel was used as organohalide in this reaction
(Scheme 3.111

\\(\/)/COOH

17
30
(Proximal alkynyl 1) nBuLi (2 eq.)
fragment) 2) lodide THPO
. X > 10 X, _COoH
THF 17
THPO/\(\/)/\I Reflux 37
10
11
(step 2)

Scheme 3.11Unsuccessful attempt to couple the proxim#kyayl fragment with an

organohalide via lithium acetylide intermediate in refluxing THF.

Unfortunately, theattempt to conduct the dilithiation tfe substrate30 by two
equivalents oh-butyllithium in THF and the following coupling with tHealide 11
in refluxing THF was unsuccessfuln fact, he purification of reaction mixture
allowedonly the recovery ofinreacted starting matesaln addition no sidgroduct
was detected from the crudeaction mixture by proton NMR experiments. In
particular noevidence of the formation af-butyl-lithium-mediatedaddition or
elimination productérom organoiodidavas detectedScheme 3.12

Since the couplingoetween acetylide and iodide is supposed to proceed

smoothly in refluxing THF, we believe that the formation of the dianion intermediate
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may represent the key step in this reaction. The absens&legproducts of the
organoiodidedemonstrates however thafutyllithium was probably consumed at

the moment of the addition of the halide.

_ THPO/\(\/)/\I
nBuLi 10

(2eq.)

X o0 11
\\(\/TCOOH THF coch;
17 THF Reflux
17
30 ?

~®

{//@

( \
ZoH
THPO
AM:_Z\(\/TCOOH
/\/\OH 17
N / 37 (coupling product)

Decomposition products

of THF by nBuLi
THPO/\(\/)/\n-Bu
10

nBuLi addition product

THPO X
9

nBulLi elimination product

Scheme 3.12Possiblesidpr oduct s i n the f-acetylemidaci@®@ando | i ng

organohalided 1

Difficulties in theformation ofdi-lithium intermediatesand in thesubsequent
reaction with electrophilesre reported in literatureNotably, Stanettyand co
workers showed that th@eparation bdilithium N-Boc-aniline depended rigorously

on several factors such as lithiation temperature, condentrdithiating agent, and
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solvent’”® In particular the decomposition of tetrahydrofuranrblyutyllithium is a
relevant sideprocess during the dilithiation ofnsoluble substrate. Despite
tetrahydrofuran is aomonly considered an inert solvent, its unstability the
presence of lithium alkanes iisported inthe literature?’*%’® In particularthe half
life of this solvent in the presence ofbutyllithium is 10 minuts at 35 °CG’®
Specifically, Clayden reported recently the mechanisms involved in the
organolithiummediated degradation of tetrahydrofuranth@ lithium enolate of
acetaldehyde and lithium bBten-1-oxide via deprotonation of the ringt éhe U or
b-position?’”

From theseresultisweoncl uded t hat t he -acetylediced att
acid 30 andiodide 11 usingn-butyllithium as basenay bedue tothe low solubility
of the monoanionntermediatan THF at low temperaturet fact the addition oh-
butyllithium to the¥-acetylenic acid0at T 20 AC generated a wt
we postulated tobe the monoanion intermediate. The precipitatiorof this
intermediate hamperedthe formation ofthe reacting dianionspeciesand the
subsequent coupling productThe remaining equivalent ofn-butyllithium
presumably decomposed reactimigh THF before theaddition of iodidel 1.

Therefore weturnedour attention tcan alternative procedure to couple these
two fragments.Interestingly, it was found that a previous coupling reactioh
v ar i eaceg/lenmcracids with organobromidesn a mole scalevas reported by
Osbondet al.in 1961, usinghe ethyl Gignard reagenas base and cuprous cyanide
as catalyst’®

The synthetic applications of organocopper chemistry are ancient and precede
the use of more modern transition metals such aadiaih and nickel. In particular,
the advent of copper in thetabysis of nucleophilic reactions of carbanions is dated
back to 1941, when Kharasch and Tawney discovered that the presence of catalytic
amounts of copper iodide could catalyze the chemoselective 1,4 addition of the hard
centre of isobutylmagnesium bromédto benzophenorfé® Since then, numerous
studies havexpandedhe applicability andmprovedmechanistic understanding of
processes involving this transition met&.

Despite the contribution of organoqmy chemistry to the field of total

synthesis is decided, some transformations involving copper salts are challenging and



difficult to reproduce in small scal&he difficulties in these transformations are due
to the tendency of organocopper derivate malargo homocouplingia oxidative
pathway The oxidativedimerisationof copper acetylides under air exposition is
known as Glaser reaction and it dates back to ¥86¢>

The tendency of organocopper reagemtsuhdergo oxidativedimerisation
during crosscoupling reactions wagvestigated by Whitesides and House, who
showed thathis byreactiontakes placeat low temperatures bgifferent oxidant
species such oxygen (from air), nitrobenzene and Cu(ll)*8a1t&*It is important to
highlight that the decomposition of organocopper reagents may belgod¢o
significant amounts of Cu(lisaltimpurities inair-sensitive Cu(latalyst.In order to
avoid possible containations from Cu(ll) salts, House proposed to use copper(l)
bromidedimethyl sulphide compleas convenient precursor of organocupraies.

Neverthel ess, i n our h aacetybnjc acidd0&ithc o u p | i
organobromides$ usingthe ethyl Gignard reagenas base andopper(l) bromide
dimethyl sulphide compleas catalysivas unsuccessfyScheme 3.1)3 Analytical

experiments of therude reaction mixturdeteced only unreacted starting materials.

X, . COOH
17 1) EtMgBr (2 eq.)
30 2) CuBr Me,S
3) Bromide
THPO
+ x e 10 \\ COOH
THF 35 17
THPO Br

M

8
(step 3)

Scheme 3.13Unsuccessful attempt of a copmatalyzed couplingeactionbetween theli-
Grignar d daetylemiaatid®Owithdahieorganobromide.

It is important to reporthowever that differently to the preparation of the-di

l'ithium i nter medi-adtykenic atidOevithttire ethyt Grignard o f ¥

reagent yielded a precipitate, showing thathe diGrignard intermediate was
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completely soluble in THF at room temperature. This behaviour excludes that the
failed coupling may be due to problems of solubility. We believe insteadhéat
possibility that somexygen (fran the air) may h& reached the reaction mixture
cannot be excluded, in spite of our efforts to maintain an oxyfgematmosphere
The application othe reactioron asubmillimole scalehad doubtlesgncreased the
susceptibility of organocopper reagémioxidation byunwanted oxygen

Alternatives to these reactions include the use of less basic base, such as LDA,
or the application of Sonogashira conditiéffsrurther investigations wer however,
interrupted due to the unexpected loscaf5 g of the proximal alkynyl fragment

due to the degradatiaf the silver acetylide under treatment with nitric acid.



3.3 CONCLUSIONS AND FUTURE WORKS

In this chapter, a convergent syntheticattgy forthe cis,cis-diunsaturated
meromycolic acidis proposedpased on the preparation of three fragments: two
alkynyl fragments and an internal linking fragment. The key reactions in this strategy
are thealkynebromide coupling reactioand theisomeisationof internal alkyne to
terminal isomer. Attempts to optimise talkynebromidecoupling led to find that
the use ofn-butyl lithium as base deprotonatesodtyne and allows the direct
coupling with the notprotected bromalodecanol in refluxing TH. It was found
that theisomerisationof the resulting alkyne proceeds in high yields using KAPA.
The consequent pidication by silver salt yieldedhe proximal alkynyl fragment in
high yields and purity.

The distal alkynyl fragment and the internal iimdk fragments were prepared
smoothly from cheap and easily commercially available starting material. The study
of the assembly of these fragments was interrupted for the unexpected loss of
proximal alkynyl fragment due to the degradatiaf the silver acstide in the
presence of concentrated nitric aditbwever, this strategy remains promising and

potentially important for large scale preparatiohsinsaturated meromycolates.
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CHAPTER 4

4. EXPRESSION AND PURIFICATION OF MYCOBACTE RIUM
TUBERCULOSIS ACYL CARRIER PROTEIN
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4.1INTRODUCTION

4.1.1 Acyl carrier protein (ACP)

Acyl carrier protein (ACP) is an essential cofactor involved in the biosynthesis
of a number of molecules that are key cellular components in mammals, yeast,
bacteria and plants. ACP balgs to a broad family of small acidic proteins with a
sequence that is generally constituted bylTO residues and is highly conserved
among specie€’ ACPs (or ACPlike protein domains) play an essential rolehe
biosynthesis of fatty acid8®*®® lipo-oligosaccharide®®> 2% polyketides and

nonribosomal peptidéS? and in the postranslational acylation of proteils’

HS- 4-PP
0 Acyl-ACP
AcpS synthase
—_—
apo-ACP
holo-ACP
o (6] O
final product modified-acyl-ACP

Scheme 4.1Cartoon representation of a typical metabolic pathway that involves ACP.
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In metabolic pathwaygScheme 4. ACP carries out its functions using an
essential prosthetic group,-g'h o s p h o p a n-PR),tattachedhte a dodsérved
serine. ACP is initially expressed apo protein and successively undergoestpos
translational modification téorm holo-ACP. Thisreaction occurs in the presence of
coenzyme A (CoA) and is catalyzed by a phosphopantetheinyl transferase
(PPTasef termedholo-acyl carrier protein synthase (AcpS).

The functional form of the proteimolo-ACP, contains a sulffdryl group in
t h e-PP4ntiety, which represents the site of attachment of the acyl group. The
acylation ofholo-ACP is mediated by broad family of enzymes termed aeylyl
carrierprotein synthasé&”’

The lipid of acylated protein (aaplCP) may thus béhe substrate of a myriad
of specific enzymes, and kthe subjectof further modifications, transferred to
saccharides, peptides, protei or released to form fatty acids, phospholipids or
polyketides. In these metabolic pathways ACPs allow the adequate solubility of the
attached substrates and the preveftfonf ther degradation. Moreover, ACPs
recognise the partner enzyme allowing the enzymatic reaction.

All the enzymatic reactions that involve ACP are allowed by its structure and
high flexibility that allow to have dynamic conformation changesvittue by this
structural feature, ACP interacts with a number of enzymes, alternatively
sequestering and releasing its covalently attached acyl moiety to the active sites of
partner enzymeS’ The structure of ACP is essential fmoteinprotein interactions
with partner enzymes. In particular, sitieect mutagenesiS’>%* crystallographit®™

7. 38 stiidies have shown that some residues of ACP are

308 and computation®
crucial and their substitution results in a drastic reduction of the enzymatic activity.
In addition some residues have been shown tonpgortant for maintaining the

conformational stabilit of the protein%°: 3%°
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Figure 4.1.Crystallographic analysis of hexanedCP from E. coli as reported by
Roujeinikovaet al®'®. The arrow indicates he t hi oest er -PPomoidtyankt we e n

the acyl group.

The structures of ACPs determined so far dyiIRN or x-ray analyses have
showna common AACP f od4dhelix buadtes Thisstructarg is o f
characterized by thremaj or U hel ices, where helix I
IV, whereas helix Ill is a short;gor 43( U) hel i cal segment. St
different partner enzymes have shown that the acidic residues in helix Il are essential
for proteinprotein interactions and the catalytictivity (Figure 4.3.°**® NMR and
crystal structures of acACPs have demonstrated the presence of a flexible
hydrophobic bindingpocket for the fatty acid, which allows interaction with

hydrophobic residues in helices Il and 33
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Figure 4.2.Proteinprotein interaction betweei. coli acyFACP and a partner enzyme
(Fabl), based on a combinatiof x-ray crystallography and molecular dynamics simulation
as reported by Faft al®®. Thestructure shows the interaction between acidic residues in

the ACP helix U2 and basic residues in Fabl .
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4.1.2Mycobacterium tuberculosiacyl carrier protein (AcpM)

In 1998, Clifton Barry Ill and cavorkers identified an acyl carrier protein
(AcpM) in Mycobacterium tuberculosisby the isolation of upreguled
hexacosanoyPAcpM after treatment with isoniazid? AcpM showed higthomology
with other ACPs and its function was supported by the locatiacmi (Rv2244) in
an operon that @odes enzymes involved in fatty acid biosynthefably, kasA
kasBandaccA).*® 34In the same year, the same group confirmed the involvement of
AcpM in the pathway to mycolic acids byn vitro experiments with
cyclopropanating enzymé¥® indicating that AcpM links growing mero acid during
modification and synthesi¢® 3°|n 2001, AcpM was over expressed i coli, 3"

318

and in the following year, its solution structure was studied by NMR

spectroscopy®

apo-AcpM Sequence: VIPVTOEEIAGIAEIIEEVTGIEPSEITPEKSFVDDLDIDSLSMVEIAVQT
EDKY GVKIPDEDLAGLRTVGDVVAYIQKLEEENPEAAQALRAKIESENPDAVANYVQARLEAESK

W Hydrophilic:3z2
" Hydrophobic:30%
M Others:372

apo-AcpM Isoelectric Point: 3.74
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Figure 4.3.Properties ofapo-AcpM calculated byonline peptide property calculator
(http://www.genscript.com Acidic (D, E and Gterminal), basic, (R, K, H and -N
terminal), hydrophobic uncharged (F, I, L, M, V, W and &3idues are reported in red, blue

and green respectively.
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The sequence of AcpM is constituted by I&SiduesKigure 4.3 and shows a
high degree of similarity with the other ACP4.3°The solution structure of AcpM
h a s -helicedand the superposition with other structures of the same family reveals
t he conser v tevérthedin domtrastwith the other bacterial ACPs,
the protein fromM. tuberculosigoresents a unique carboxgrminal extension that
has arelaxed unfolded structure rich in hydrophobic residues. Although the function
of this unique extension is not clearcduld accommodate the very long chain of the
growing fatty acid. However, it is also plausible that this domain may have a role in
the interaction with partner enzym@es.

Wonget al. conductedalso a comparative study between the solution structures
of apo and holo-AcpM, reporting that the two forms have essentially the same
structure Figure 4.4. However it was 0b s-BR moety createsa & t he
chemical shift perturbation in residues close to&erwhere the prosthetic group is
covalently linked, and in the loop region between helices Il and Ill. The authors have
suggested that the prosthetic group could be in rapid equiithbetween two states,
one where it is bound to the hydrophobic pocket and another where it is exposed to

the solvent!®

Figure 4.4.Solution structure of AcpM accordirig the studyof Wonget al.?*. (The figure
was prepared by PyMd).



4.1.3Methodological consideratiorsin the analysis of AcpM

During the last two decades, analysis and study of proteins and, more recently,
proteomics?® have been established as new disciplines for the understanding of
biological processes. The rise of this field of research was connected to the
development of powerful techniques fomtein identification and characterization.
Mass spectrometryas, doubtless, thenalytical method that allowed the solvin§
technicalandchallenging problems connected to proteorift??

The study of ACPs by mass spectrometry represented one of the first
challengesn protein analysi&?* More recently,electrospray ionizatiofESI) and
surfaceenhanced laser desorption/ionizati@ELDI) mass spectroscopyere used
in analysing AcpM'" 38 Despite nowadays the validation of the recombinant
protein expression is generally based on the analysisnhys spectrometry>
sodium dodecyl sulfatpolyacrylamide geélectrophoresi$SDSPAGE) is an other
analytical method that tsistorically and currently important.

SDSPAGEwasintroduced in the late 196@sdis a technique widely used to
analyse protein¥® It is based on the ability of SDS to denature and solubilise
proteins forming SB-protein complexes. These complexes, when put into an
electric field, migrate towards the positive electrode (anode) for the presence of
negatively charged sulfate groups. Since SDS binds generally to all protein samples
in a constantveight ratio(ca. 1.4 g of SDS/g of proteji*?’ the migration of SDS
protein samples under an electric field depends on the mass of the protein.

Nevertheless, not all the proteingorously respect the SDS/protein ratio and it
complicates the analysis. In the case of the expression of AcfiMdali a mixture
of apo, holo- and palmitoylAcpM was obtained. It was reported that, despite these
proteins have a similar molecular \ghi, it was possible to visuaésthree different
bands. In fact, t he pr es ePRaneietyodsultaain g hos p |
minor migration of holo-AcpM in comparison withapo form3?® whereas the
presence of a lipid in the protein leads to bind more SDS and, consequently, to have

a lower apparent molecular weigt.
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4.2 RESULTS AND DISAJSSION

4.2.1 Expression of AcpM inE. coli

In order todevicea method to allow the selective thioesterificationhofo-
AcpM (Chapter 5), AcpM was overexpressedEincoli and, subsequentlypurified.
The overexpression of AcpM ifE. coli was firstly reportd in 2001 by two
independent group8” *'® They reported that the expression of AcpM yielded a
mixture ofapo-, holo- and acylAcpM in variable ratios. Schaeffet al3'’ favoured
the expression odpo-AcpM in E. coli BL21(DES3) cells using short induction time
and treatment with phosphodiesterase. In addition, the authors reported that the
expression of AcpM had a mildly toxic effect, decreasing the growth rates upon its
induction, asreported previously folE. coli apoACP?*° This toxic effect had
probably lead Kremeet al®'® to express AcpM in theéE. coli C41(DE3) host
strain®** which is effective in expressing toxic and membrane proféing’

In the present work we overexpressed AcpM in Ehesoli Tuner (DE3) host
strain using a pET vector. The Tuner strains are lacY deletion mutants of BL21,
which allow a more uniform uptake of IPTG into all selin the population,
enhancing the production of recombinant proteins in soluble fdmfact,
recombinant protein overexpressiontncoli frequently generates protein inclusion
bodies instead of producing soluble and active profénsuner cells, under the
control of the T7 promoter system and in the presence of IPTG, allow a slow
expressiorensuring that resmbinant proteins fold correctly.

The pET28bacpM plasmid was kindly provided by L. Krenté} and used in
the transformation of competeft coli cells by heat shock® Successively, an
overnight culture of. coiDH5U cel |l s was used taoMprepar
plasmid byWizard® Minipreps DNA Purification Systert?

Overnight cultures oE. coli Tuner cells carrying the pET28acpM plasmid
were inoculated into LB broth containing kanamycin, and incubated at 37 °C until

mid-log phase (optical density at 600 nm =i@5). Then the expression of AcpM
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was induced by adding isopropyb-D-thiogalactopyranoside (IPTG) (final
concentration = 1 mM) and the cultures were incubated at b¥éight.
Cells were harvested, resuspended and lysed by French pressure cell press. The

soluble fraction was purified by fast protein liquid chromatography (FPLC).

apo-AcpM sequence from expression of pET28b::acpM

GSSHHHHHHSSGLVPRG%:H MPVTQEEIIAGIAEIIEEVTGIEPSEITPEKSFVD
DLDIDSLSMVEIAVQTEDKYGVKIPDEDLAGLRTVGDVVAYIQKLEEENPEAA
QALRAKIESENPDAVANVQARLEAESK

Chemical Formula:
C(ES3OH1008N174021782

Molecular Weight:
14555.98

Isoelectric Point;:
4.24

Hydrophilicity Analysis:

Peptide Charge | Attribute

GSSHHHHHH
SSGLVPRGSH
MPVTQEEIIAG
IAEIIEEVTGIE
PSEITPEKSFV
DDLDIDSLSM
VEIAVQTEDK
YGVKIPDEDL
AGLRTVGDVV
AYIQKLEEEN
PEAAQALRA
KIESENPDAV
ANVQARLEAE
SK

M Hydrophilic:3dE
= Hydrophobic ;288

. = Others:3o¥
-11 acidic

Figure 4.5.Sequence ofapo-AcpM yielded from the expression of the pET28bpM
plasmid.The native sequence is in violet and the thrombin recognition cleavage site (Leu
Val-Pro-Arg-Gly-Ser) is in pink. Properties of this protein are calculatedrdine peptide

property calculato¢http://www.genscript.com
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4.2.2 Purification of AcpM by Ni**-affinity chromatography

The AcpM protein obtainedy the expression of pET28acpM contains a
polyhistidinetag (Histag), which is constituted by sixistidines Figure 4.5. This
short tag has a strong interaction with transition metal ions, and it akows
purification of the protein by Ni-affinity chromatography>> ®*®In fact, following
to the Freoh pressure cell press, the soluble fraction was purified T AE FPL C
systemusing a Nf*-based column. The fractions eluted from this column were
successively analysed by SIPAGE and electrospray ionization (ESI) mass
spectrometry.

Specifically, SDSPAGE analysis of purified fractions was carried out using
both NUPAGE® 4i 12% BisTris gels andNovex® 18% TrisGlycine ges, and run
according to Laemmili’. In both cases, the gels showed two separate bands
corresponding toca. 15 KDa (Figure 4.§ indicating that the Ni**-affinity
chromatography was successful. ESI analysis confirmed thePHNEE results,
indicating that the two bands corresponde@po- and holo-AcpM consisted with
the expectedequenceKRigure 4.7. In addition, this technique has reported also a
minor presence of the acylated forms, which probably showed similar apparent
molecular weight on PAGE. SBBAGE analysis and ESI analysis have showed that
the ratio between these protein forms \aps-AcpM > holo-AcpM >> acylAcpM,
although tail fractions from Ki-based column containdtblo-AcpM as the major
protein.

The expression of AcpM i&. coliyielded this carrier protein in acylated form,
due to covalent bond with a series of fatty acids. Previous wepated that the
expression of AcpM inE. coli yielded a mixture of acylated AcpM where the
attached fatty acids were predominantly C16:0 and C18:0. In the present work, the
identification of the fatty acids linked to AcpM was complicated by the low pcesen
of this acylated form, in comparison &apo- andholo-AcpM, and by the tendency of
these proteins to form adducts with a large numbesodfum ions Figure 4.7. A
meticulous dialysis of the fractions comtimig acytAcpM allowed, surprisingly, to
identify that a C16:1 fatty acid, presumably palmitoleic acig--hexadeceno)¢®*®

was the lipid mostly linked to the carrier proteligure 4.8. Although the reasons
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for this difference are not entirely cle@ could be due to the incubation at 16 °C. In
fact, it is known thathe fatty acid composition dE. coli changes as a function of
growth temperature and that the proportion of unsaturated fatty acids increasing with

lower growth temperatur&’ **°in order to maintain an appropriate lipid fluidifi}:
342

e
i

<« holo-AcpM

..- < apoAcpM, palmitoleoyl-AcpM

15 KDa -

'@
_

Figure 4.6.SDSPAGE analysis of purification by Riaffinity chromatography using
NUuPAGE® 4i 12% BisTris gels under reducing conditiorEhe figure showsrude extract
(lane 1),column flow through(lane 2),column wasHhlane 3, washed column (lane) 4peak

fracton (lane 5 & 6) and tail fractioiflane 7).
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Figure 4.7.ESI analysis of the mixture aiipoAcpM (MW: 14555.3 Da), holo-AcpM

(14895.9 Dapndacy+AcpM after purification by Ni*-affinity chromatography. Peaks with

difference of +22Da are due to the exchange .
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Figure 4.8.Deconvoluted spectrum of AcicpM. The major peak represents palmitoleoyl
AcpM (calculated mass: 15132 Da)
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4.2.2.1Yield of AcpM

Following Ni2+affinity chromatography, protein quantificatfSiby Bradford
assay™* showed thata. 20 mg of AcpM were expressed and purified pear lof
recombinantE. coli culture. It is important to report that attempdsoptimise the
conditions of expressiorof pET28b:acpM, using different temperatures and
incubation timesproved fruitlessas shownby SDSPAGE analysis of the cellular
lysate(data not shown).

4.2.2.2 Identificationof protein impurities after the purification by Ni2+ -
affinity chromatography reveals a possible ACPribosomal protein

interaction

Purity analysis of recombinant proteins has acquired an increasing importance
during the last two decades. In particular, analgsiprotein impurities is crucial in
the preparation of biopharmeuticals produced byecombinant DNA technologi/®
%7 |n fact, it is possiblghat, even after sofsticated purification steps, significant
levels of host cell proteins remain present in the final purified produttafinity
chromatographyepresents one of the most powerful, selective and widely employed
tools to purify recombinant proteifi¥” ***and & reported in the previousection
this technique allowed an efficient purification of Atp

Neverthelesspn one occasionduring the purification of AcpM bii**-based
columnit was possible tasolate among tail fractions, one sample contairsioge
protein impurities. SDSAGE analysis showetheseimpurities as bands between
10 and 20 KD4Figure 4.9. ESlanalysisshowedthat, in addition tdolo-AcpM and
apo-AcpM, were present other proteins having molecular weighs equ&B#5.3,
10137.4, 14363.4 and 16018.Bigure 4.10.
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34.6 KDa =

20.0 KDa-=

14.3 KDa= |=+ :ﬁ holo-AcpM
apo-AcpM

6.5 KDa-

Figure 4.9.SDSPAGE analysis of a tail fraction froMi**-based colummontaining some

protein impurities Analysis was performeoh NovexX® 18% TrisGlycine Gel

Checking the detected mass values on the ExPASy sé&tvéPjt was possible
to noticethat theycould correspond tthe sequences four ribosomal proteind:28,
S15, L17 and L13The mass values detected were confronted with the values
reported in literature by MALDP® and EST®! analysis. All the values detected in
this work were found in the range of the values expectepreriously reported
(Table 4.).

3 28 1-8875.3
Es
E s15 holo-AcpM
] 10137.4 14896
g ] apo-AcpM
— m: L17
] 14555.2
: ] \ 14917.4
g5 ‘
3 7
= ]
107
5
O: T W W I O L i L. i JA, A thn 1
T 1| rr 11 r+trtrrrror 1+t r1 11711
8000 9000 10000 11000 12000 13000 14000 15000 16000

Mass, Da

Figure 4.10.Deconvoluted spectrum showing protein impurities corresponding to ribosomal

proteins.
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Table 4.1.Comparisonof the ESI value®f the protein impuritiegound in this work and

the mass values calaiéd or previously reported for some ribosomal proteins.

ritI)Eo.sCoorIr:al Theoretical Experimental Experimental deEt)g():ie\:;Iilrjletiis
: NERS MALDI mass®®  ESI mas$™
proteins work
L28 8875.3 8875.3 8875.5 8875.4
S15 10137.6 10137.6 10137.1 10137.4
L17 14364.7 14364.7 14364.2 14364.4
L13 16018.6 16018.0 16018.5 16018.0

The analysiof the sequences of these ribosomal proteins, howeverssaaw
consecutive histidine residuesgopport the hypothesis of a direct binding with the
transition metal of the column. Conversely, ribosomal proteins are rich in lysine and
arginine residuesnd it suggests that the presentéhese impuritiesouldbe due to

electrostatic interactions with the acidic residueaiM.

A 50S ribosomal protein L28 (Chain: 2-78, pl: 11.42):
SRVCQVTGKRPVTGNNRSHALNATKRRFLPNLHSHRFWVESEKRFVTLRVSAKGMRVI
DKKGIDTVLAELRARGEKY

A 30Sribosomal protein S15 (Chain: 2-89 pl: 10.40):
SLSTEATAKIVSEFGRDANDTGSTEVQVALLTAQINHLQGHFAEHKKDHHSRRGLLRMV
SQRRKLLDYLKRKDVARYTQLIERLGLRR

A 50S ribosomal protein L17 (Chain: 1-127, pl: 11.05):
MRHRKSGRQLNRNSSHRQAMFRNMAGSLVRHEIKTTLPKAKELRRVVEPLITLAKTDS
VANRRLAFARTRDNEIVAKLFNELGPRFASRAGGYTRILKCGFRAGDNAPMAYIELVDR
SEKAEAAAE

A 50S ribosomal protein L13 (Chain: 1-142, pl: 9.91):
MKTFTAKPETVKRDWYVVDATGKTLGRLATELARRLRGKHKAEYTPHVDTGDYIIVLNA
DKVAVTGNKRTDKVYYHHTGHIGGIKQATFEEMIARRPERVIEIAVKGMLPKGPLGRAMF
RKLKVYAGNEHNHAAQQPQVLDI

Figure 4.11.Sequences and isoelectric points (pl) of s&mneoliribosomal proteins.



In this context, theoccasional and margingresence of ribosomal proteins
could be due to high concentration of proteins in the cellular lysate. In thislvase
variation of ionic strength of buffer during the purification by?Niffinity
chromatography could decrease the electrostatic intemactand remove these
impurities 3% 33

It is interesting to note thathe presence of ribosomal proteirould be
interpreted as a consequence of an interaction that is presenh als@. In this
scenarig the inhibition ofcell growthdue to ovengpression of ACP$™ **"could be
connected with the putative imgetion with ribosomal proteinsAlthough the
interaction between ribosomal proteins and ACPs could have a relevant biological

role,these effectbave not been investigatedthis thesis.
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4.2.3 Purification of holo-AcpM by hydrophobic interaction

chromatography

In order to purifyholo-AcpM, the fractions from Ni-affinity chromatography,
containing in particulanpo-AcpM as major protein, we purified by hydrophobic
interaction chromatography using an octyl sephamsamn Figure 4.12. The
protein sample was load using aqueous 1 M ammosiulfatein order to increase
the hydrophobic interactns between proteins and octyl groups of the column. The
proteirs were then eluted decreasing the ionic strength of the buffer. It is interesting
to note thatholo-AcpM was obtained as last fraction despite it does not contain a
particular hydrophobic groupRock and Garwinin their study on hydrophobic
chromatography oE. coli ACP reported that the activation of column matrix by
CNBr could create positive charges that were principally resporfsibtee binding
with acidic protein$>* However, personal communications from the manufacturer
(Dr. Hui Xie, GE Healthcare) have excluddte presence of positive or partially

positive charges in the column matrix.

R
\O/\/\O/\/\/\/\
OH

Figure 4.12.Type of ligand inOctyl Sepharose 4 Fast Flow.

It is important to report, however, that the purification®gtyl Sepharose 4
Fast Flow las shownonly a mild binding capacity, which could be dueatdow
degree of substitutiorF{gure 4.13.3°** It has excluded the possibility to purifplo-
AcpM in large scale by this methodology.



34.6KDa T [,

20.0KDa'

14.3KDai — < holo-AcpM
N <+ apoAcpM

6.5 KDat1

Figure 4.13.Purification of holo-AcpM by hydrophobic interaction chromatogrgpiThe
figure shows the starting crude containaqgp-AcpM andholo-AcpM (lane 1), the fraction
after purification containindpolo-AcpM as major proteirflane 2) and the molecular weight

marker (lane M). Aalysis wa performed omMNovex® 18% TrisGlycine Gé.

4.2.4Dialysis by centrifugal filter units: unexpected dimerisation of holo-
AcpM

The removal of organic and inorganic impurities is essential in the ESI analysis.
In the present work, the protein samples were dialysed using Mi¢t@emirifugal
filter units withnominal molecular weight cudff of 3 KDa. The dialysis and the
consequent ESI analysis were generally efficient. Nevertheless, it is important to
report that the desalting process for fractions containolig-AcpM tended to result
in the reovery of the corresponding disulfide dimer, as validated by-BRSE
(Figure 4.14 and ESI analysifound/calculated mass values: 29788/2979Q Dag
important to note that, on SBFAGE, the dimer was promptly convertedhalo
form if loaded by reducing Laemmli buffer. The band corresponding to the dimer
was visible on SD®AGE, only removing the reducing agent from the loading

buffer (Figure 4.13.
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42.7KDai
<«—— dimer
34.6 KDai
20.0 KDai
143 KDaT ho|o_AcpM
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Figure 4.14.SDSPAGE analysis of hold\cpM after the dialysis by Microcon® centrifugal
filter units (Lane 1) and subsequent treatment with DTT (Lgndi2e lane Mreportsthe
molecular weight marker, the lane2lwere run in nomeducingloading buffer.Analysis

was performed oNovex® 18% TrisGlycine Gel.

In light of this unexpecteddimerisation the desalting process was
generally carried out in the presence of 2@ mM DTT atca. 4 °C and avoiding to
reduce the solvent to less thangd0 These modifications have allowed detewstof
holo-AcpM without the presence of the dimer.

The complete conversion diblo-AcpM to the corresponding dimer during the
dialysis bycentrifugal filter unitmay be due to the increase of protein conceptnati
thatconsequently increased also the rate ofdingerisationreaction.To the best of
our knowledge, this drawback has not been highlighted or reported previously.
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4.3 CONCLUSIONS ANDFUTURE WORKS

In this chapter Mycobacterium tuberculosiacyl carrier protein (AcpM) was
overexpressed i&. coli Tuner(DE3) host strain using a pET vector. The purification
of the cellular lysate by Ki-affinity chromatography vieldkthree different forms of
this protein: apo-AcpM, holo-AcpM and acyWAcpM. The fam acylated of this
carrier protein was constituted predominantly by palmitoleic acid.

The purification by Ni*-affinity chromatography was efficient to separate the
three forms of recombinant proteifihis process allowed purification almost to
homogenday with the detection of some minor protein impurities, which were
identified ask. coli ribosomal proteinsThe putative interaction between AcpM and
ribosomal proteins represents an interesting research theme for a future investigation.

The holo form wasseparatedrom the other two AcpM forms by hydrophobic
interaction chromatography. Interestingly, the dialysi©i@b-AcpM carried out by
centrifugal filter units yielded the disulfide dimer as unique product. The dimer was
then reconverted promptly toanomer by the treatment with DTT. These results
suggest thattractivepossibility to purifyholo-AcpM from the other forms, through
the conversion to the corresponding dimer, consequsiteexclusion

chromatography and treatment with DTT.
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CHAPTER 5

5.CHEMICAL SITE -SELECTIVE THIOESTERI FICATION OF
PROTEINS WITH LONG -CHAIN FATTY ACIDS
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5.1 INTRODUCTION

5.1.1Semtsynthesis of proteins

In the last 40 yearsthere has been a growing interest in the chemical
modification of proteins. Initially, this ntlrodology represented the most powerful
method to study enzymatic mechanisms and identifyréisedues involved in the
catalytic activity of enzyme¥>Nowadays, the chemical modification of proteins is a
sophisticatednethod that finds application in variofislds. This method allows the
development of biocatalyste® **" drug delivery system$® gene delivery
therapeutic§® andtherapeutic protein conjugates. In particular, protein conjugates

have been investigated for the therapeutic treatment against tandév, 3¢ 362

malaria®®® and mthogenic bacteri®! The discipline that allowshe creation of
novel protein entitiegia chemical modification of recombinant proteins is known as
fiproteinsemis y nt 8% i s o .

Although the chemical modification of proteins is a powerful technique, it is
characterized by challenging limitations. In fact, the conditions used during this
process must consider the tendency of the substrate to undergo denaturation at acidic
or basic pH values, at high temperatures and in the presence of organic solvents or
surfactant$®® Anotherimportant issue during this process is the need to modify a
specific residue in spite of the presence ahdreds of competing groups with
similar reactivity. In fact, protein chemistry does not permit the application of a
synthetic strategy based on introduction and cleavage of protecting groups. A
specific selectivity during the reaction with proteins canabhieved only by an

accurate study of reagents and conditions.
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5.1.12 Chemical modification of proteins at sulfur atom

In light of these challenging needs, the chemical modification of proteins has
been based on rigid protocols and selective reag®hAmong the residues that
undergo selective modification, the cysteine has attracted an increasing attention as
anideal point of attachment for the synthesis ofcbigjugates’® This aminoacid

, 372

provides two remarkable feaes:a low natural abundang and its unique

reactivity.

RSH

1<~ ~COOH — RS” “COOH
0 0
Q“J R
0 0
,,,Af\\% ﬂ.. #u\_/\.\%
N ==

NO,
HOOC s /Q[ L s
“s COOH s,

R™s COOH
COOH RaH COOH
E—
HO. ,[ j S. ,[ j
H R™7H

9

Scheme 5.1Selective probes for cysteinesidues.
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Indeed, different compounds are known to remdectively with thesulfhydryl
groups of a proteiniodoacetamidé’® iodoacetaté’® *'* N-ethylmaleimide’™
acrylonitrile®®El | mano6s r e*danemmetcuritfeirdald’B The selectivity
of these reagents i s based on faot t hat
nucleophilic centré’® which has different reactivity in comparison to other
nucleophilic residues of a protein. Bytue of this unique reactivity, cysteines react
selectively with the shcarbon of iodoacetamide or iodoacetate, tHecspbon of
maleimide or agylonitrile, the sulfur atom of DTNB, and the heavy metal of
mercuribenzoateScheme 5.1

Converselyl ysi nes, tyrosines, histidines ar
modified from carbonyl compounds suchatic anhydride, diethylpyrocarbonate
and acetylimidazol&®® Unfortunately, this different reactivity between thiol groups
and Ahar d nucl eophil eso ma k eylationdof f f i c ul

phosphopantetheine group of acyl carrier proteins.

5.1.2 Acylation of bioorganic compounds

The formation of amide, ester or thioester bonds plays a key role in the
synthesis of a large number of bioorganic molecules and in particular deptigep
synthesis. In generatiuring these transformations, the carboxylic group is initially
converted in a reacti ve °f and succesgively lefe d fi s
reacting with the nucleophile. A plethoraofcsaa | | ed fAcoupling reag
developed to convert theOH of the acid into a good leaving groti®®
Nevertheless such reagents or the resul t]|
sensitive and require the use of anhydrous organic solvents. Although the conditions
involving coupling reagents are not applicable to the modification okijmytthe
concept of MAsuperactive esterso remains

strategy to form thioester bond in proteins.
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5.1.2.1 Acylation of proteins

Acylation of proteins is often carried out formation of active acylatingseer

by N-hydroxysulfosuccinimide (sulfHS)***

and N-hydroxysuccinimide (NHS}?
(Figure 5.2. In these protocols]l-ethyl3-(3-dimethylaminopropl)-carbodiimide
(EDC) activates the carboxylic groups to fo@racylisourea intermediates, which in
the presence of NHS and sulfiHS are converted into more stable acylating agents.
In the absence of these additives, the aqueous reaction is not eféicieatthe
superactive esteeacts very quickly with water resulting hydrolysis and regeneration
of the carboxyl acid. In particular, SWHHS ester intermediates are active acylating
species, which maintain a sufficient stability in water allowing thepting with the
proteins. In addition, the presence of a sulfonate group ensures a good solubility to
these active esters. Unfortunately, it was reported that-BliHfs-based active ester
reacts at pH 7.4 with histidine and lysine more quickly than wisteine residue¥®
This reactivity excludes the application of this methodology for the formation of

thioester bonds.



N(CH3),
o HCI HCI
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SO3Na
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)J\ NH,R' O
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Moisture-resistant
acylating agent

Scheme 5.2Acylation based on the activation of the carboxylic acid by SuHiS.

An interesting protocol for the formation of a thioester bond easrted by
Cronan and Kalge®¥’ In this work the authors reported a chemoselective
thioesterificationE. coli holeACP was carried out activating fatty acids as acyl
imidazole derivates and in presence of imidaznléfer at pH 66.5 (Figure 5.).
Imidazole buffer allows a selective catalysis of thiol groups towards the
thioesterification with acylimidazo®® Unfortunately, although successful chemo
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selective thioesterification were reported for skobrain fatty acids, reactions with

C16-C18 fatty acids took place in poor and reproducible yields even in presence

of detergats (Triton X1 00 or Brij 35) . The authors |
variability i n t he di spersi on of t hese
connected to solubility of acylating agent excludes the application of this
methodology for the formatio of thioester bonds between proteins and {cimgn

acids. Moreover, to the best of our knowledge, there are no studies that support the
possibility that the thioesterification may take place despite the presence of histidines

in the protein.

T>:
>
T
(02}
\
py
Y
)=o
\
Py

Figure 5.1. Thioesterification according to the method of Cronan and Ké&fges.



5.2 RESULTS AND DISQJSSION

5.2.1 Rational design of a novel methodology for chemical siselective

thioesterification of proteins with long-chain fatty acids

The present chapter reports the development of a novel methodology for the
thioesterification of proteins with longhain fatty acids. This methodology was
designedn order to allow the couplingetween the dinsaturated meromycolic acids
and the sulphur atorof the 4phosphopantetheine moiety ablo-AcpM. Such
coupling represents a challenging example of chemical modification of proteins and
two important factors must be considered:

1.the carboxylic group of thfatty acid needs to be converted into an
active form, which must have a moderate solubility and stability in aqueous
buffer solution;

2.the conditions used need tavour the coupling of the fatty acid
with the sulphuatom of the prosthetic group of Acplhd not with other
nucleophilic centres of the protein.

In light to these considerations and previous reported studies, the strategy that
was devised, was based on the conversion of fatty acids into active esters containing
a permanent ionic charge, whiclould ensure adequate solubility and stability in
aqueous buffer, while the chemoselectivity of the reaction was achieved by the
concept of base catalysis. According to this strategy, fatty acids were converted into
sodium acy5-sulfobenzimidazole (acyNaSBI) and the selective thioesterification
was carried out in acidicsolution and in the presence of sodiumsBlfo-
benzimidazole (NaSBI), a weak base wilcalculatedpK, of 4.42+0.10(value
calculated using Advanced Chemistry Dex@hent (ACD/Labs) Sofvare V11.01
for Solari§ 19942011ACD/Labs. It was thoughthat abuffer preparedn situfrom
NaSBI and standard solution of hydrochloric acmuld form a catalytic system
where thepH valuescould becalculated accordingo the HendersorHasselbach
equation. Specifically, the preparationafsolution ofNaSBIin the presence of 0.15
equivalents of hydrochloric acid yields a solutiwith pH of ca. 5.2 where 85% of
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NaSBlI is in solution as free base, which can provide the base catalysis for a selective

thioesterification oficyli NaSBI (Figure5.2).

® © ® ©
NaO;S o NaO,;S 0O

® © o ® o
NaO,S i NGO o

® 0o NaO3S N/
on s
s A

Figure 5.2.Concerted mechanism of acylation of sulfhydryl, lysyl, histidyl and tyrosyl

residues by acyb-sulfobenzimidazole in presea of 5sulfobenzimidazole.

Indeed, at this pH lysine residues (pKa of 1a@5Y%% 3 are completely

protonatedso that the nitrogen atommof the residug haveno external electrons to
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reactwith acylating agentsjespite a possible -Hond with NaSBI. In fact, Jencks
and Carriuolo showed that in the acylation of amines a base cattdisis place
even at pH of &, encouraging the use of acidic buffer to avoid amide formation.

In contrast with the acylation of thiols and amines, it was reported that the
acylation of tyrosines takes place without increase of rate constant for theqaes$
imidazole®** suggesting the use of base catalysis in the selective acylation of thiols.

The chemoselectivity of thioesterification in presence of histidine residues is a
crucial aspect. It is known thén reactions with acylating agents Iste residues
are more reactivéhan sulfhydryl compounds at pH 7.4. Nevertheless, histidine
residues have pkof 6.4 7.0 @s calculated for relatetiodel compoundd® and at
pH 5.0 5.5 are predominantly in protonated form, yielditige imidazole ring less

reactive
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5.2.2 Synthesis of barium Sulfobenzimidazole

The synthesis of NaSBI from benzimidazole was investigated using different
sulfonating agentéScheme 5.8 In general, the workip consistef the addition of
water, to cavert the sulfonating agent in sulphuric acid, and in the neutralization by
barium carbonate. This useful inorganic base, in the presence of sulphuric acid,
generates gas and insoluble salts, keeping in solution only the benzimidazole

derivatesin nonprotonated form asa barium salt.

SO5-DMF (3-3.5 eq)

CzH4C|2 @N\>
o . N
120 °C (M.W.) 10 N

or 150 °C (M.W.) 30'

N

Conc. Hy,SO, (4 eq) ©[ \>
> N
H

120 °C (M.W.) 10"

SOzM
MO5S N

N N

0y e T (Y
N
H 84°C10h H H
SO;M

H,SO, MO3S N N
<2.2 eq free SO; \©[ \> \>

> N N

90 °C M.W. H H

SOzM

H,SO0,

MO3S
2.8 eq free SO, 3 \@N\> MO3S N\>
90 °C M.W. N N

Scheme 5.3.Reactions of benzimidazo(BI) with different sulfonating agents.
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Scheme 5.4Mechanism of sulfonation and purification of B&BI.
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Initial efforts were focus# on the attempt to sulfonate benzimidazole using
sulfur trioxide (S@) accordingto the conditions described by Bochkareataal 3%

The heterocyclic compound was then treated with three equivalents NSO
dichloroethane at 84 °C for 10 hours. Nevertheless, the -wwrkith BaCQ
generated two barium sulfobenzimidazoles corresponding to the sulfonation at
position 5 and? in ratio 4:1 and in 91% vyield. Surprisingly, the precipitation with a
mixture of ethanol and acetone (1:1) as reported by Bochkatesh yielded 5
sulfobenzimidazole and -dulfobenzimidazoles in ratio 2:1 and in 32% yield.
Attempts were made to findleal conditions tacrystallise selectively the desired
product It was found that the addition of organic solvents (acetone, ethanol or
tetrahydrofuran) to aqueous solution containingadd 5sulfo benzimidazoleded
principally to the precipitation ahe unwanted isomer, whereas the desired product
could be isolated after evaporation of the solvent. However, the yields of this
purification were low, due to the similar solubility of the two isomers.

It is important to report that the reagent used is ®Q-based reaction was
supplied from Aldrich and contained a stabilizer in order to facilitate melting.
Nevertheless, whave encountered serious problems in melting this reagent, which
boils at 44.7 °C. However, the main disadvantages of using stalf@earedue to
the fact thait is extremely reactive, hygroscopic and tend to react with halogenated
solvents with explosive violence, forming toxic or irritating gaSes.

The results obtained using $@nd its dangerous features, hded us to
investigate new sulfonating reagents. In this congexalid alternative is constituted
by sulphur trioxidedimethylformamide complex (SODMF), which is a stableser
friendly reagent. However, since dimethylformamide is a very weak baseDSIB
is highly reactive, even below room temperafiifeNevertheless, attempts to
sulfonate benzimidazole by excess of;HOMF at high temperaturesllowed only
to recovetthe starting heterocyclic compound.

Since it is known that concentrated sulphuric acid is a suitsidfenating
agent under microwave irradiatid?; > such conditions were investigated for
benzimidazole. Nevertheless, the treatment of benzimidazole with 4 egSG} Bt
120 °Cunder M.W. irradiation for 10 minutes yielded only the starting material. In

order to increasthe M.W. effect on the reaction, the sulfonation was carried out in
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the presence of 2.5 eq. ob$D, at fixed M.W. irradiation (100 W) for 1 minute. In
these conditions rapid increases of temperature and pressure were obtained with final
values of 220 °C rad 20 Bar. The purification of therude reaction mixturdy

BaCQ; yielded a mixture of Sulfobenzimidazole,-4ulfobenzimidazole and starting
material.

The low reactivity of S@ DMF and sulphuric acid have lead us to turn our
attention to use fuming quiuric acid containing 30% free $Qnitial attempt to
sulfonate benzimidazole using fuming sulphuric acid containing 1.1 eq. of free SO
resulted in the formation-8ulfobenzimidazole and-gulfobenzimidazole, which
were not separable by crystallizatidhwas noticed that the increase of sulfonating
agent resulted in the formation of barium bistEenzimidazole, which had a marked
lower aqueous solubility in comparison to bariumsufo-benzimidazole.
Interestingly, it was noticed that the disulfonatimccurredpreferentially on the 4
sulfobenzimidazole. This observation lead us to find the ideal conditions to convert
4-sulfobenzimidazole into bisulfonate species, whiohld beneutralise as barium
salt and promptly removed from the desired prodeducing the temperature or
adding organic solvents.

Parallel reations were investigated using fuming sulphuric acid containing
30% free S@ quenching the reaction with barium carbonate and studying the
compounds by NMR and mass analyses. Specificallyvas noticed that the
disulfonation occurred only at high temperatures (160 °C) and that the use of a low
number of equivalents of fuming sulphuric acebulted in the presence of 4
sulfobenzimidazole, which could not be removed successively. Conveesely,
excess of sulfonating agent (3.3 eq. fofe SQ) resulted in the isolation of
bisulfonate species as major product. The ideal conditions were individuated when
benzimidazole was heated fuaming sulphuric acid with 2.8 eq. of free $@t
160 °C undemicrowave irradiation. The reaction mixture was diluted with dropwise
addition of cold water andeutralise with portionwise addition of barium carbonate.
Inorganic barium salts were removed by filtration and the filtrate was evaporated to
yield barium 5sulfobenzimidazole in high purity and in moderate yields.

It is important to report that the study of the conditions to sulfonate

benzimidazole and to purify bariumsbilfobenzimidazole was complicated by the
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unexpectedfact that *H-NMR analyses of thisadt in deuterium oxideyielded
different outputs in relation to the concentration of the sar(flgure 5.3. This
remarkable concentratiestependent variation ofH-NMR chemical shifts of
aromatic protons in some heterocydimmpoundsvas reported for the first time at

the end of 1998 and has crudiaplications for structure elucidation’

165 mM JJ

80mM J

8.2 8.0 7.8 76 7.4
ppm

Figure 5.3.Concentratiordependent variation dH-NMR chemical shifts othe aromatic

protonsin BaSBI.



5.2.3Preparation and properties ofNaSBI

Barium 5sulfobenzimidazole obtained as reported in the prevsegtionwas
solubilisedin water and converted inta sodium salt by the addition of sodium
sulfate (Scheme 5) The resulting barium sulfate is insoluble in water and was

removed by filtration.

o ®0e

0,S N Na O3S N
\
2® \©: > Na,SO, \>
Ba N > 2 N
H

H H,0

BaSBI NaSBI

BaSO,

white precipitate

Scheme 5.5Conversion of barium-Sulfobenzimidazole into NaSBI by sodium sulfate.

It is important to report that NaSBI was found to be very hygroscopic, and it
was generallythoroughly dried before its use in the synthesis of abk@SBI.
Conversely, in order to ftha stable form, it was found that NaSBI could form a
stable trihydrate (NaSBI-38) when it was crystallized from watéihe structure of
the NaSBI-3HO was validated by elemehtanalysis (Table 5.} and X-ray
crystallography(Figure 5.3.

Table 5.1.Elemental analysis of NaSBI-36.

Element C H [\
Expected (%) 30.66 4.04 10.22
Found (%) 30.48 3.94 10.07
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Figure 5.4.Crystal structure oNaSBI-3HO. The unit cell (a) and the hydrogemnruded
network (b)are showralong the eaxis (hydrogen bonds are denoted with dashed red lines).

The X-ray analysis was performed and processed by-BrAdin.

NaSBI-3H20 was also used to firekperimentallythe pKa value of this
benzimidazole derivatby the method of the hafjuivalent point. The value of pK
found was equal to 4.52, very close to that predicted.
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5.2.4Synthesis and purification ofnonanoyli NaSBI

In order to study and confirm the putative chesetectivity of this protocol,
two fatty acids were activated using the NaSBI concépe formation of acyl
NaSBI bond was obtained treating the corresponding acyl chloride with NaSBI.
Specifically, nonanoyINaSBIwas prepred heating a mixture of nonanoyl chloride
and NaSBI imnhydrouDMF. The crude reaction mixturezasthenpurified by C18
flash chromatography showing that the presence of two isomers correspontling to
nonanoylbenzimidazole sulfonated at positiondd 6. These active esterwere
obtained in good to moderate yisJdvlich were affectedy thetendencyof NaSBI

to absorb watein light of this drawbackiNaSBI waghoroughly driecbefore use

®0 \(\/)J\cn

Na O3S N 7 o
T
N DMF

NaSBI Na O3S N
T
N

)

I

nonanoyl-NaSBI

Scheme 5.6Acylation of NaSBIby nonanoyl chloride in DMF.
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5.2.5Synthesis and purification oftri acontenoyl NaSBI

In order to study the reactivitgnd chemeselectivity of the NaSBicatalysed
thioesterificatiorof long-chain fatty acidscis-triacont11-enoic acidvas synthesised
and activated as a¢WaSBI. The synthesis of this fatty acid was acpbshedvia
Wittig-basedstrategy using transforrtians exposed in the Chapter th particular,
in light to the previouslyreported basecatalysed degradation of ¥-
carboxyalkylphosphonium saltsl1-bromaundecanoic acid was converted into
methyl ester by the treatment with methanol in the presence of sulphuric acid. The
resulting bromide38 was converted o correspondinghosphonium bromidey the
treatment withtriphenylphosphine in acetonitrile under microwave irradiation. The
phosphonium sal89 was used in the Wittig reaction undeis-stereoselective
conditions as discussed in the Chapter 2. The regukilkene 40 was then
hydrolysed using aqueous NaOH in Fidthanol.
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Scheme 5.7Synthesis otis-triacont11-enoic acidand activatioras acyl NaSBlL
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The Gy fatty acid41 was then converted into acyl chloride by treatment with
oxalyl chloride and triethylamine in anhydrous dichlororaeth Finally, the Gg-
acyli NaSBI was prearedfrom the acyl chlorided2 by treatment with NaSBI in
anhydrous DMF and 1;@8ichloroethane. The purification of the crude of reaction
was carried out by1,O/AcOEtpetroleum etheextraction where the product vga

recovered byiltration as white solid.

152



5.2.6Chemo-selectivity of NaSBtbased thioesterificationon model

systems

The reactivity and chemselectivity of the NaSBbased thioesterificationf
proteinswas validated by NMR spectroscopy using elodystems. Initially, the
study was carried out using nonaridyaSBI, which is a water soluble active ester.
The reactivity of the two forms of nonandiaSBIwasfirstly investigated by NMR
spectroscopy in deuterated water, where the two isomers shawiga $idf life
time (ca.24 hours).

The systems used to study reactivity and chesiectivity of the NaSBI
catalysed thioesterification included reactiofsnodel compoundwith acylif NaSBI
in deuterated waterSpecifically, mercaptoethanadr thioglyceol were used to
mimic the sulfhydryl residues of a protein, wherepkenol, imidazole and
propylamine oethanocaminewere used to reproduce nucleophilic groups in tyrosine,
histidineandlysineresidues respectively

Exploratory experiment was carried towsing mercaptoethanol, phenol,
ethanolamine and imidazole as model compounds in a solution containing NaSBI
and HCI inD,O (Scheme 5.8 Nonanoyi NaSBI was added and the experiment was
monitoredby proton NMR experiments jpresaturationSuccessive analyses showed
progressive selective decrease of the peaks relative to the active ester and
mercaptoethanol, showing their invelment in the thioesterificatioAs expected,

the resultinghonanethioatavas not detectedue to itsvery poor solubility in RO.
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Scheme 5.8Investigation of the reactivity and chermelectivity in the NaSBbased

catalytic system by NMR analysis of a model reaction carried d@n
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Figure 5.5.The reaction ohonanoyi NaSBI withthe model compounds (imidazole, phenol,
aminoethanol, mercaptoethanol) in the presence of the Na&d catalytic system was
monitored by HNMR at pHta. 5.3, at 25 °C in BD. The reaction mixture is reported before
the addition of acylatingagentandaé r 56, 506 and 2.5 hours. Af
agent, the triplets corresponding to mercaptoethanohandnoyi NaSBI decrease as shown

by the green and red arrows respectively.
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In order to validate the chenselectivity of the catalytic sysin, additional
experimentswere carried ouusing model compounds water, from where the
products were successively extracted in organic solvents and analysed in deuterated
chloroform by NMR spectroscopgScheme 50 These &periments showed the
selective formation ofhe thioester bondSpecifically, in a reaction of nonanayl
NaSBI with thioglycerol, phenol, propylamine and ethanol in the presence of the
NaSBlbased catalytic system, only theharacteristic peaks o0fS(2,3
dihydroxypropyl}nonanethioate werdetected by COSY experime(fFigure 5.6.

No peaks related to the formation of ester or amide bonds were deféct®dhe
only impurity detected @as the corresponding carboxylic acid due principally to
impurities in the starting nonan®yaSBI.
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® 0 A\
HO NaO;S—- | >
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Na 038 N HO
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\ J - J
13.6 mM H,O NMR analysis

Scheme 5.9Investigation of the cherselectivity in the NaSBbased thioesterification in
H,0 by NMR analysis of ACOEt extract
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Figure 5.6.COSY experiment of the organic extract from the reaction of model compounds
with nonanoyi NaSBI in the presence of NaS&t pH 5.27
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