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Abstract

Prodigiosenes, dipyrrins akdBODIPYs are relad pyrrolic compounds that
share a common, conjugated backbone structur@ased of an adhered pyrrole and
azafulvene unitProdigiosenes atteipyrrolic compounds isolated from tlgerrantiaand
Streptomycegenus of bacteria. In addition to possessimgt@ay of immunosuppressive
activities, they also exhibit the capacity for the induction of apoptosis in malignant cells.
Dipyrrins are a main component of a varietypofphyrinbasedbiologically relevant
moleculesincluding many precursors along {b&hway to molecules such as heme and
vitamin- B12. They are themselves very strong chromophores, and have historically been
utilized as dyed--BODIPYs are boron complexes of dipyrrins, and possess highly
fluorescent character. These molecules are sogmfiy more stable than their dipyrrin
precursors, enabling their use in a \@sintityof important active fields of research.

The first project investigated involves the synthesis of several prodigiosenes
containing shorthain, estesubstituted moietis. The anticancergperties of these
molecules werdetermined utilizing the NCI 66ell line screen. One molecule
containing a pentyester chain showed promise as an anticancer agent, and was further
tested in a toxicity assay as well as using a hofibve assay. The crosaembrane ion
transport properties of this compound were also examined using -3kl
phosphatidylcholine modehnd these results validated via competitive protonation of a
native prodigiosiranalogueln addition to the syntlsgs of these prodigiosenes,
preliminary work examining the use of decarboxylative coupling as a replacement for the
low-yielding Suzukicoupling steps also reported.

The second projeatvestigatedocuses on theynthesis and characteriza of
compounls arising from dmethylated dipyrrins. Microwave heating under pressurized
conditions facilitates deuterium labelling of thenethyl group using protic, deuterated
solvents. This reactivity is deactivated by the presence ofsatgtitutionat the adjaent
2-position. Conjugate addition with-phenylmaleimide has generated a new class of
dipyrrins bearin@,5-dioxo-1-phenylpyrrolidin3-yl pendant groups at tHemethyl
position. Moreover, the first isolation ofla(methylenedipyrromethanelpyrrin, an
unstable intermediate in the formationlefvinylpyrrolyl)-dipyrrins, is also described.

The final projecinvestigatedlescribesyntheses pertaining to BfBODIPYs.

The first portion of the report foses on substitution reactiongla¢ boron atonof the
simplest, unsubstitutedg-BODIPY. Attempted alkylation, alkoxylation and arylation
reactions of this framework are reported. Chlorination to fornCtH@ODIPY is
described, as is decomplexatioom this form to generate ttstable salt of the otherse
unstable unsubstituted dipyrrin core. The second portion of this project focuses on
aulfination reactionsof Knorr-type 1-ester pyrroles. Crystal structures of thieesier
pyrrolesare discussed, as is the first reported itBi@aphospholderivedfrom pyrrole.
The generation df-BODIPY productdrom alkyl-substituted, Knortype 1-ester
pyrroles under microwave heating conditiamalso reported. Thigaction represents a
four-step, onegpot process (averaging approximately 65% yield per stepyro high
valueF-BODIPY products from simple starting materials.
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Chapter 1: Introduction

Section 1.1: An Overview of Pyrrole

Pyrroles are a weBtudied class of chemicals that are found in a varietivefse
and syntheticallylistinctconstructs. The earliest repoftpyrroledescribessolation of a
red-oil from coal tar and isdated to 1834;the structural formulaf the compounavould
later be determineith 18702 The discovery of pyrrole as a fundamental component of
many important biologically relevant compounds sucheaae® chlorophyll* and
vitamin Bi2,° propagated researa pyrrolic syntheseduring thefirst half of the20"
century.The role ofpyrrole as the major building block for porphyrins has resulted in
pyrrolebeingone of thebeststudiedheterocyclic frameworks of the past hundred years.
As a result, pyrroland its extended framerks continudo be used in garietyof fields
of research that span beyond sitepeof this introduction.

IUPAC naming of pyrroles dictates assignment of the nitrogen atom as position 1,
with subsequent numbering continuing around the ring, with aanoedto functionality.
I n the case of symmetric systems, a 2:206 a
differentiate identical or related carbon positiddse ofa- andb-designations to
describe the 2 and 3 positions are ubiquitous in the literandestem from historical
syntheses of porphyrin species.
Figurel-1: Pyrrole and its resonance forms
B—p — — - -
R

H H H H

H
1-1



The chemistry bthe pyrrole ring arises as a function of the resonance forms present
within the ring due to delocalization of the lepair electrons present on the nitrogen
atom Figurel-1). Delocalization of the electroriacilitatesan aronatic, 6p-electron
structure increasing stability of the pentacyclic rirglative to the isoelectronic
cyclopentadieneAlthoughpyrroleis best described aneutral, norewitterionic
molecule contribution from the resonance forms bearing formal charge sesult
significantelectron density at both tlze and b- positions. As a result, electrophilic
addition at both tha- and b-positionsis enabled with reaction ofthe a-position
occurringpreferentidly. This phenomenon can be explained through calculafion
electron densities by theoretical me&mewever electrophilepyrrole cation complexes
can also be used to rationalize this prefereragufel-2).

Figurel-2: Resonance forms o&- and b-electrophile-pyrrole complexes

+
{J} - H ~\_H
/,.\‘\\_)(E’r _>©(H  —— @( 4—»4—@(
N N N e N
H E H

H H E
H H
X f E E
/.,.\\ B+ o i) < U.)
N N N
H H H

Three contributing resonance forms stabilizeakaectrophile intermediate, while attack
at theb-position results in only twdn general, a mixture of boti-(major) andb-
(minor)substituted products is obtained when pgrie reacted with an electrophile.
Exclusive formation of the-substituted product can be achieved, but requires either
substitution of th@-positions with norhydrogen functionalities, or the use of a specific
stericallyhinderingN-protecting grougsuch as TIPS Like most aromatic rigs,the
reactivity of pyrrole is heavily modified by the presence of eleewithdrawing and
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electrondonating functionalities appended to the riRgrthermore, many synthetic
methodologie$or making pyrroles introduce electravithdrawing groups in th process.
This is due, in part, to these syntheses being defieedthefirst synthesiof pyrrole
reported by Knorin 1884(Schemel-1).8

Schemel-1: Knorr pyrrole synthesis

0
M EtO
M “CH,COOH / \\  OFt
(glacial) N
H O
1-2 1-3 1-4

Due to the convenience with which tinésaction can be modified and scaldte 2,4
dicarboxylate and 3;8imethyl substitution pattern is pervasive in syntheses utilizing
pyrroles. Indeed, nearly every pyrrole reported in this thesis is derived from a modified
Knorr reaction.

Modern synthesesf pyrrole arean active field of research brief literature
searchwill return numerousnethodologiesieveloped within the past seveyahars %8
Many of these procedurese specializednolecules as startingaterials and complex
reagentdo facilitate the transformatiors pyrroles are oftethe central building blocks
for more complicated molecules, especially in drug desigrgdpacityto introduce
complicated substitution patterns has become incrglgsiital in pyrrole syntheses

Schemel-2: Ruthenium-catalyzed pyrrole synthesis developed by Bellatal.

1 mol %
R' Ny, HO [RuCly(p-cymene)l; Rt R: Ph, Me, Bn
l NH; j\ 2 mol % Xantphos j\)\ R': Ar, NHBz,
R" - OMe, OPh, Me
R0 HO™ "R 0.2eqkotBu R ON7TR™ R:alkyl, H
t-amyl alcohol R" R": H, Ph, alkyl
1.5 Eq. 2.2 Eq. 130 °C, 16 h



Multi-component reactions, such as the one developed by Bedlle(Schemel-2),1°

are now commonly employed when a small amourtsyfeciallysubstituted compound
is requred. Furthermore, the rise of metedtalyzed reactions has hadignificant
influence on pyrrole syntheses. Although bpeemoted reactions have historically been
preferredfor making pyrrolesmuch of the new, higimpact literaturehasutilized
metatmediated transformationfs an example, the iridiwatalyzed synthesis
developed by Kempe and Michlis¢hemel-3) makes use of simple moleculgsrived
from renewable feedstockS.

Schemel-3: Iridium -catalyzed synthesis developed by Michlik and Kempe

H
Ph. _N__N_iPr

Y\Y/‘

| P
N__N,
ALS
HN\P/ R". alkyl, Bn, Ph
Pro /@\ R": alkyl, Ph
j\ ‘ R' N R"
H

H,N

R' HO™ R
1.1 Eq. KOfBu

A full description of the sque of pyrrole synthesegould begratuitous provided the
intended usef this documentHowever,it is important tarecognizethe significanceof

pyrrole synthesis as an active field of research.

Section 1.2: Prodigiosene, Dipyrrin and F-BODIPY Pyrrolic

Scaffolds

The work reported in this thesigduses on molecular scaffolds composed of two
and three pyrrole unit3.he specific frameworks studied are called prodigiosenes,

dipyrrins and=-BODIPYs(Figurel-3).



Figurel-3: Prodigiosene, gyrrin and F-BODIPY

O/
XN\ S XX\
\_NH N= \_NH N= \_N___N=
= Fs
HN
PRODIGIOSENE DIPYRRIN F-BODIPY

All three of these moleculgmssesa central,fully conjugated, plana2-azafulvene
pyrrole or dipyrrin,unit. This central core is responsible &rong absorbance bands in
the visible regiorof the electromagnetgpectrum consequenthythese compounds are
intenselycoloured ranging between yelloto deeppurplecoloration

Although all three motifshareunderlyingphysicalsimilarities,the subtle
structural changes prodigiosenes ang-BODIPYsresult insigrificant modificationsto
their chemistry and practical uselative to dipyrrinsProdigiosenegossessing an
appended tertiary pyrrole ring and alkoxy substituaat as efficient ioftransporters in
cellular environments. This activity garners sigrafit anticancer propertieoiRthis
reason, modern chemiaasearch on prodigiosene frameworks is based on improving the
methodologies for synthesizing the tripyrrolic framework with various functionalities
appended around the ridgResearclimprovingthe syntlesis of dipyrrins has not
significantlyprogressed in over fifty years, dsect modificationof thecore is hindered
by reactivity for both nucleophéks and electrophiles in tldecomplexed or freebase,
state. Regardless, dipyrrins and their metal dergs continue to be a topic of modern
researcht? They arefrequently synthesized aistermediatesor porphyrins®3 corroleg*
and chloring® andaresynthesized for a variety of modegsamposes For example,

dipyrrin-metal complexes have recently been utilized to devedmpslkeetmaterials?®
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and have found usa catalyticN-group transfer chemist®/.Although many dipyrrin
metalcomplexes exhibit fluorescené&horondipyrrin complexes, oF-BODIPYS, have
exaeptional fluorescence qualitiasdrugged chemical stability relative to many other
regularlyused fluorescence scaffoltfsFor this reason, synthesis of these frameworks is
a remakably active field of researckdpzens ofirticles using--BODIPYsarepublished
each morit, as ofJune2017.

Research focusing on all three of these frameworks is presented in thisDbesis.
to the relative chemical diversity of thessaffolds each subsequent chapies been
individually dedicated to research focusing specificallypoa of the three frameworks.
Each chapter containg antroductionto the substratdeing studied, as well sections for
results and discussion, conclusion andezimental Chapter 2 focuses dhe synthesis
of several progjiosenes containing esteinctionalities bearing linear chains of three to
six carbonsThese compounds were synthesized and characterized, anghtiwgncer
propertiesnvere then determineda submission to the National Cancer Institute for
analysis using thBICI 60-cell line screen. Onef these moleculesxhibited sufficiently
potent properties as to be selected for testingaxiaity assayand was also subjected to
testing in ahollow-fibre assayAs an excess of this compound vegsthesizedthe
crossmembrane ion transport properties of this compound were also examined using an
eggyolk 1-phosphatidylcholine model, and these results validated via competitive
protonation of a nativprodigiosin analogue. In addition to the synthesis of teheet
alkyl chainprodigiosenes, preliminary wokkas performed examining the potential for
use of decarboxylative coupling as a replacement for thejiedding Suzukicoupling

step is also reptedwith the chapter. This involved testing the process on an assortment



of electronpoor pyrroles, as well as attempting the procedure on a dipyrrin and
dipyrromethane.

Chapter 3 focuses datipyrrins, or more specificallyhe reactivity ofl-
methylatedree-basedipyrrins thesynthesis and characterizationngiw compounds
arising fromthis reactivityis explored The isolation of a Amethylenedipyrromethane)
dipyrrin, an unstable intermediate in the formation-g¥ihylpyrrolyl)-dipyrrinsthat
ariseshrough reactivity of the-inethyl functionality is explored Furthermore,
microwave heating under pressurized conditivas used to facilitatdeuterium
labelling of the Imethyl groupn the presence girotic, deuterated solvents.
Regioselectivity irthis reaction was induced by the inclusairacytsubstitution at the
adjacent Zositionof the dipyrrin; this inhibition is not global, and does not affect distal
1 -@nethyl functionalities. Furthermoregnjugate additiomeactions to the-inethyl
postion with N-phenylmaleimidavere explored, andsetof dipyrrins bearin@,5
dioxo-1-phenylpyrrolidin3-yl pendant groupwasgenerated.

Chapter 4ocuses orsynthetic workpertaining toF-BODIPYs. The firssection
discusseseaction=f the fully unsubstuted F-BODIPY. This molecule was only
recently characterized, angjpresentethe only stable form of the unsubstituted dipyrrin
core.Attempted alkylation, alkoxylation and arylation reactions of this framework are
reportedn this thesisChlorinationof theF-BODIPY was performed to generate Ge
BODIPY, as waslecomplexation from this form to generate @l salt of theparent
unsubstituted dipyrrin cor@ his salt was stable to ambient conditicarsdfacilitated the
first characterization of theipyrrin core The secondectionof thischapterfocuses on

sulfination reactionsof Knorr-type Eester pyrrolesand their utility in the generation of



F-BODIPYs Crystal structures dhe starting materiadhiono-ester pyrrolesre
discussed, as is tlsade product of their generation: 8 P-thiazaphospholderived from
pyrrole. Thesynthesiof F-BODIPY productdrom alkyl-substituted, Knortype 1-ester
pyrroles under microwave heating conditiamshen discussed hisreaction represents a
four-step, onepot process (averaging approximately 65% yield per séem) generates
high-valueF-BODIPY products from simple starting material$ie thesis is then

concluded with a conclusion chapter, reiterating the conclusions of Chapters 2 through 4.



Chapter 2. Prodigiosene -Based Antic ancer Reagents

Section 2.1: Background Information Regarding Prodigiosin

Prodigiosin is a red pigment belonging to a family of tripyrrolic alkaloids first
isolated from Serratiand Streptomycedsacterial straingn 1929%° In the early sixties, a
complete structwr was conclusively derived via total syasisby Rapoport and Holden
(Figure2-1).%°

Figure2-1: Prodigiosin

The term prodigiosene was coined first by Hestral. as a means to differentiate
between the parent pyrrolyldipyrrorhene skeletarmprodigisosinand its natural and
synthetic analogue®.Prodigiosenesxhibita variety ofbiological activitiesn metabolic
processes, and have been shown to influeonoganimmune response, antibiotic activity
and celproliferation322* Theuse ofprodigiosin andts analogues as therapeusigents
for thetreatment of various cancers is storied: as early as 1893, William Coley was
treating patients with a vaccine composed of killed bacteria, incli&bngtia
marcesces.>® Vaccinationwith these toxic mixturesontinuel throughout the 19
cetr ury, ending upon assignment of Coley Tox
thdidomidecrisis during the sixtiednterest in prodigiosenes as therapeutics was

renewed with development of novel synthetic methodoldgi#ise latter half of the



twentiet century variation of the prodigiosin core, and subsequent evaluatioesé th
molecules as potential acdéincer ageni$as flourished in recent years.

The antiproliferative activity of prodigiosenes has been studigensively It
has beemleterminedhatcell death arises from bo#poptotic(induction of programmed
cell death via activated cetbntrolledpathways)andnecrotic (destructive cell death)
mechanismgsand is certainlyion-singular®®4° Copper-assisted cleavage of double
stranded DNA has beeatown to occut*® wherebyintercalation of arodigiosin
Cu(Il) complexis observedvithin DNA base pairsresulting in destruction of the DNA.
Furthermorecrossmembrane H/Cl ion transpdras been repeatedtjtedas an
importantcomponent of prodigiosene cytotoxicf{#®4° Toxicity of prodigiosenes has
alsobeenattributed tanhibition of the Bct2 family of antiapoptotic proteins®
Obatoclax 2-2,Figure2-2), an indoleprodigioseneurrently undergoing Stage Il clinical
trials for treatment of leukemia and lymphod&as been shown to activate apoptosis
via induction of the BeR family of proteinsProdigiosenes exhibit other reactivity within
the cell, such as phosphate inhibifiband intercalation of @uadruplex DNA? In
summay, the reactivity of prodigiosenes within the cell is complex, and contiouas t
an active area of research

Figure2-2: Chemical gructure of Obatoclax
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Theinherent toxicity of prodigiosendisnits their usein clinical trials;indeed the
therapeutiavindow betweeran effective dose andtoxic doseof a prodigiosenés too
narrow forinnocuoudreatmenf* Several differenstrategiesare used bghemistgo
increase thefficacyof small molecule drugs anticancer treatmento increase uptake
of the toxic drug (in our case, prodigiosen@sdlecular moieties that targeimour cells
are often attached to the drug. By attaching moieties that tasgeaincecells uptake in
healthy cellgs relativelyreducedtherebyreducingthe effective toxicity of the drug
Prodigiosinbioconjugate synthesis & active area of research withine Thompson
group?® and continues to be a popular approach for exploring dosiligas a cancer
treatmentreagent.

Alternatively, selectiveuptake of small molecules in tumours can be promoted
through modification of the structural features of aiméicancercompoundThese
changes to the core may facilitate a preference for uptake in malignant cells, as opposed
to healthy tissued he correlation between the ctagic activity of the derivatigs, and
changes tohestructure are known as structeaetivity relationships, or S.A.R.s.
Structureactivity studies of prodigiosin have established that thgytmiolic core is
essatial for induction of the antencer effectd34°°657t has beeshown thathe nature
of theb-alkoxy substitentof the pyrrolic B rings critical to theobservation otyto-
toxic effectsin prodigiosen&®%°Recent studies within the Thgson group have shown
that antcancer activity is preserved when the methyl functionality is replaced with a

variety ofp-substituted phenyl derivativéBigure2-3).6°
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Figure2-3: Prodigiosin B-ring analogues

R =Ph,
p-Me-Ph
p-MeO-Ph
p-NMe,-Ph
p-CF5-Ph
p-Me(CO)Ph
p-Cl-Ph

Due to thdong-believedimportance of the Bing alkoxy substituent, most S.A.R.s for
prodigiosenes have been determined via analysis of compounds that have been
functionalized at thé- and Gringsof prodigiosene.

Within the Thompson search group, a facile method for the developmentof C
ring functionalized prodigiosenes has been developed and used to produce a wide
assortment of varianf§%* The inclusion of acyfunctionality at the $osiion of theC-
ring has eased the handling of otherwise unstable mono apgirbidic intermediates.
Withdrawal of electron density from the pyrroficrogenatomreduceghe inherent
nuclehilicity of the pyrrole moietyFigure 22).

Figure 22: b-Carbonyl resonance in pyrrole and dipyrrin

0] ©o0
R y R

[N <~ [

N Ne

0 ©o0
W - W
R \=N HN R \=N HN=
®
Testing ofThompsorgroupderivatized prodigiosenes petentialsubstrates for
medical use is performed by collaborators at the National Cancer Institute (NCI). The

NCI possesssthe capacity for higithroughput screening against 60 differéantman

cancer cell lines, including variamespresenting leukemia, melanoma and cancers of the
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lung, colon, brain, ovary, breagrogdate, and kidney cance®n initial screen
performed by Regouret al.revealed an eth ester derivative2-3 (Figure2-4), that
retainedmuch ofthe antcancer activity oprodigiosin,2-1 (Figure2-1).54

Figure2-4: C-Ring modified prodigiosene 23 and potential targets

O/
0
S R = Various Alkyl
,,,,, > RO \ NH N= Substiuents
HN

In addition to an impressive cytotoxic profi3 retained significant capacity fét"/CI
transmembramion transportrelative toother 3carbayl prodigiosnes:! The presence
of the carbonygroupdoes significantly reduce the basicity of thpyrrin moiety, and
can be used to rationalize this change. The propensiyBdbr copper(ll) mediated
DNA cleavage was also determinedddound to be slightly less that the parent
compound. The ease of synthesi®, and the maintenance of the key biological
charactestics of the prodigiosene core made the synthesis of various alkyl ester

derivatives an attractivgoal

Section 2.2: Reported Synth esis of Prodigiosenes

As mentioned previolsg, the first total synthesis of prodigiosin was performed by
Rapoport and Holdef?,whose methodology hinged upon development of chemistry for
t he synt Feprioe2-8df 2, 26

Scheme2-1). Condenation of themethoxycontainingB-ring 2-5 with 1-
pyrroline 2-4 was performed, to generate a saturatethg intermediatg2-6.

SubsequerPd(O)catalyzed dhydrogenatioproduced the waturatedrariant2-7.

13



Finally, a McFaydefStevens reduction of thester to an aldehyde was performed to
produce intermediat2-8.

Scheme?-1: Rapoport and Holdends synthesis obn route to prodigiosin 2-1

\ \ \
o o] N\ o
H 77 Pd©O) | |
R e L h o A
N H H H H
26 O 27 O

2-4 2-5 \
1) HoNNH, O
2) TsCl, pyridine | S>— |
> N N H
3) Na,CO3,170°C  H H
28 O

The final reduction step was low yieldifigrmation of2-8), usualy between 20
and 40%. Despite the low yields, this methodoltmyinstallation of the formyl group
remained popular for the synthesi2ef, aswell as other prodigiosenesell into the
nineties!®®® However, heneed forthe dehydrogenativetep has been essentially
eliminatedby thepopularizatiorof aryl-aryl crosscoupling chemistry

No route toprodigiosenes has risasthe single optimalsynthetic approaci his
is due largely to theato disconnection strategig¢isatcan bestraightforwardlyproposed
synthesis of the M ring bond, followed by attachment of the C rifggure2-5, top)is
cettainly possibleas described abovAlternatively, formation of the B8 connection

followed by cross coupling to attach the A rikggure2-5, bottom) can beproposed
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Figure2-5: Prodigiosene disconnection strategies

OMe
[/A\§+ /B\ —_—
N N
H H
OMe
/c\ . B\
N N -
H H

The top,[A+B]+C, approach used by Rapopoprt and Holtihout of favour in
the late nineties, b#njoyed a revival in use, due to the work_af/alléeet al in 2006
(Scheme2-2).5” From the readily available pyrrolino2e9, generation of the bromo
eneamine pyrrol@-10was achieved in high yields. A Suzuki coupling witfBoc
pyrrole-2-boronic acid 2-11) affordedthe biaryl aldehyde2-8. Subsequent
condensatiowf 2-8 with anappropriate2-H pyrrolewould afford thedesired
prodigiosene
Scheme2-2: Lavalléed s met hod for prodigiosene synthe:

OMe POBI’3 OMe
=( HCONEt, /(—LNB 0\
0 — > PBr \N = 2 N B(OH),
+*  Boc

N CHCly, 40°C, 4h

70%

2.9 2-10 2.11

|
Pd(PPhs),, Na,COs 0

Dioxane, H,0 | N/ |

> H
90 °C, 25h, N N
95% 5
2-8

Supplanting the nekfor thetypically low yieldingMcFaydenStevens reduction
was a significant developmenthis methodlogyis versatileasavariety of synthetic

prodigiosenes have been prepared usiigymethodology.rideed, the aforementioned
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Obatoclax Figure2-2) is produced according to this metf8d.he process has also been
shown to be scalabte the kilogram scale. Unfortunately, inconsistencies regarding the
reproducibility of thedescribedbromaformylation have beenoted Indeed, this process
has beemet with little success within our reselargroup and beyond®

The method utilized within the Thompson research group is a modified procedure
firstdescri bed by DOoiAtharsynthesis ohundecylRrodsg®$Al6in
1996(Scheme2-3).”° This method has since beesed in a variety of syntheses by
DOAl sessi o H¥%E* coworker s.

Schem&-3:D6 Al essi o06s method for prodigiosene s

DMF,
NaOH 60 °C
ﬂ POCI, 88% \\ AR
Ci1Ha3 N 70% Ci1Haz NH HN

Cq1Hzs
2-12 2-1 2-9
OMe
Tt,0 A @ Pd(0), K,COj4
71% N\_NH N=/ * >N~ TB(OH), 90 °C, 73%
— Boc

Using a[C+BJ+A approachP 6 Al essi o0 and c ocondandatom s s hov
of a 2formyl pyrrole,2-13, generated using classic Vilsmelgéaackconditions, with
pyrrolinone2-9 can be readilyachieved under basic conditio$is methodology for
introduction of thenesecarbonatomprovided significant advantages compared to use of
the McFayderStevenseduction.The dipyrrinongoroduced2-14, was therreadily
convertedo the triflateddipyrrin 2-15 via treatment withriflic anhydride. $ibsequently
Suzuki couplingconditions were employed in the presencBad-protected pyrrold}

boronic acid2-11to generate thendecyprodigiosin2-16in excellent yield This method
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was noel in its synthetic pliability; in theory, synthesis ofri@g modified prodigiosenes
was available in three synthetic steps frofo2nyl pyrrole. This methdology has been

adapted by the Thompson lab, anddified to generate largenumber of prodigiosenes.

Section 2.3: Results and Discussions

2.3.1Alkyl Ester ProdigioseneSynthesis

The goal of the research project was the production of a numpesdigiosenes
bearing shdralkyl estersDue to ease of synthesis of pyrr@td7 via Knorr
condensation of ethyl acetoacetate, significant quantities of prodigizszwere
available for experimentatidfi.ldeally, hydrolysis o2-3 followed by esterification of
the resulting acid would yield the target prodigiosenes in a concise manner

Figure2-6: Plannedtransesterification of 2-3

Unstable

A number of attempts were undertaken to realize this reactivity; unfortunately, the
prodigiosene acid®2-19 was determined to henstable under conditiomequired for
hydrolysis of the est. Attempts to produc2-19 also involved théenzyl estep-18,

usinghydrogenaysis, to no avail. Although mass spectrometry hinted at the presence of
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the correspondindecarboxylated product from the crude reaction mixture, no presence
of the acid wasletectable. Many other attempts to perfahis transformationvere
undertaken by previeumembers of the Thompson group. Unfortunately, they were
equally unsuccessful, save a single examplenoéthylester producta high-pressurg
microwavepromotedransesterificationof 2-3 usingsodium methoxidén methanol

could be used to obtain prodigioséh20in an 87% yield® Unfortunately, this
methodology was not applicable to other esteénsilar attempts to transsterifywere
performedat earlier stages in the synthetic process, but wis@unsuccessfulAs a

result,it was decided that thesster component of the-ithg would be installeckarlierin

the synthesigrigure2-7 shows the retrsynthetic raite for this procedure.

Figure2-7: Retro-synthetic analysisfor eser-substituted prodigiosenes

o~ OMe

Suzuki _ _
RO,C Ny Coupling ROLC—( ST ™ Triflylation
e — \ NH N= —
OTf
0O
OMe MeO .
XX Condensaton —
RO,C—( N
\ NH HN —— \ 0 + /N\ :
o) H NN
2-9

0 O
HO f— BnO
Esterification )y \ 7\ OtBu
N
Ny H o

Based on theynthetic approacti e v e | o p e d ,lbhg pradigidséne wosild o
be generated b§uzuki coupling betweeN-Boc-2-pyrrole boronic acid?-11, and a

triflated dipyrrin. The dipyrrinwould beaccessed throughflylationof adipyrrinone
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which in turn would be produced through condensationrmethoxy3-pyrrolin-2-ong
2-9, and therequisite2-formyl pyrrole The pyrrole will already possege desired ester
having had it previously installédcom a carboxylicacid The acid itself would be
preparedver several steps from a Knorr pyrrole.

The first portion of the synthestisusinvolved preparation of-Bormyl pyrrole
esters for conjugation with pyrrolinoi2e9 (Scheme2-4).

Scheme?-4: Synthesis of aldehyds 225 to 228

O O
nO HCI 1) POCl;, DMF  BnO
N\ OBy EtOH A CH,ClI, N I\ o
N NaHCOS N
H O H
2-21 2- 22 2-23
> 99% 80%
ROH, EDC 2-25 R = C3H5, 46%
NEt H 2-26 R = C4Hg, 56%
WP o DMARA | O 227 R=CeHy, 44%
TEOH % 2-28 R = CgH43, 31%
2- 24
> 99%

Due to therequirement tdifferentiate the 2 and 4 estersf the chosen pyrrole
for thissynthesispyrrole 2-21 wasselectedas thestarting materialor the syntletic
route’? Elimination of thet-butyl moietywas achievedising acidic ethanglfollowed by
decarboxylationn situwith heating areflux temperatureo quantitativelyprovide thea-
free pyrrole2-22. This compound wasacried forward without further purificatioand
subjected to VilsmeieHaackformylation conditionsto producethe 2-formyl pyrrole, 2-
23 whichwaspurified viacrystallizationfrom a solution ofl:1 ethylacetatéhexanes
Hydrogenolysis of the benzgsterof 2-23 was achieved in quantitatiyeéeld using

palladium on activated carb@s catalystprovidingthe acid 2-24. All of the steps to this
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point occuredin very good yields, affordingufficientmaterialfor production of the
estercontainingpyrroles,2-25to 2-28, on gram scale.

Condensatiof acid2-24 with alkyl alcohols was then performedis the ethyl
estercontainingprodigiosen&-3 shaved the most fomise as an amm@&ncer reagent
during the NCI screening procéésand as only longer chains had been tested at the time,
shortcarbon chain alcohols were used as coupling partners. Spegijfiraibano)
butanol, pentanol and hexanol were used for reaction. Following the Steglich protocol for
esterification’® the acid2-24 was treated witlEDC andDMAP, and subsequently with
the requisite alcohdb promoteformation ofesterified products. Despite observation of
completeconsumptiorof the acidstarting material using TL@nalysisisolation of the
products2-25 to 2-28 using aqueous workdp proceduredid not result inhigh yields,
insteadfurnishingbetween 3246 and 56% Separation of theequired esterBom residual
alcohol remaining in the organic phase was-trtvial, andmultiple subjections télash
chromatographyvere required to obtain purified produtresumably, someyrrole-
containingmaterialwaslost either as the anhydrides am amide salt obMAP or EDC
or during the purification procesRegardless, sufficient amountspfreproductswere
producedo carry forwardwith the synthess

With the esterg-25to 2-28in hand, the literaturapproach for C-ring

derivatized prodigiosenasgas continuedScheme2-5).
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Scheme2-5: Synthesis of prodigiosenebearing short alkyl chain esters

O \
O o—
RO + —( 1)NEtg, TMSOTf g
/ \ 0] CH20|2 ~ X \ szo, 0 oC
0N RO )-NH HN
H  2) HCI (conc.) CHxCly
H THF 0
2-25 R = C;H, 2-9 2-29 R = C3H,, 70%
2-26 R = C,Hy 2-30 R = C,Hg, 87%
2-27 R = CSH11 2-31 R= CSH11, 89%
2-28 R = CGH13 2-32R = C6H13, 87%
o~ ] o
¢ ) 1 N TB(OH) RG
RO =N HN Boc
oTi  Pd(PPhg),, LiCl,
Na,COs,, DME, 85 °C
2-33 R = C3Hy, >99% 5) MeOH. CHCl.. HCI  2-37 R =CgH7, 10%
2-34 R = CoHq, 74% ) MeOH, CHCls, HCl 5 38 R = CoHg, 8%
2-35 R = C5Hyy, 78% 239 R = CgHy,, 46%
2-36 R = CGH13, 92% 2-40R = CGH13 30%

Ori gi nal | gtal hddaskd seangyibasic conditions to achieve the
condensation of-foryml pyrrole with4-methoxy-3-pyrrolin-2-one’® The yields forthis
reactionwhen applied to the synthesis of the first generatigeradigiosin analogues
prepaed in the Thompson group was between 65 and ¥nfortunately basic
conditions are ndtighly compatible with th@resence of thenoderately fragileester
moiety, and an alternative set of conditiomasdevelopedA Mukaiyamatype aldol
condensation utilizingMSOTTf andtriethylamine wasisedto condens@yrrolinone2-9
and onjugatedformyl pyrroles®® Furthemore, these reactions produced dipyrrinones in
higher yields than those reported for the first generation prodyt®line2-9 is
synthesizeadn gram scaleis a threestep process, following a literature procediire.
After activation ofa solution ofpyrrainone2-9 in dichloromethanevith TMSOTT,
aldehyde2-25 to 2-28 wereaddedo the reaction mixturel'he reaction was neutralized

with phosphate buffer, and tipeoductsextractednto dichloromethaneéAfter removal of
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the organic solventshéintermedide aldol productsvere taken up in THFRand the
resultingsolutionacidified with HCI to induce elimation of thehydroxyl functionality.
After concentration, precipitation of theight yellow solids2-39 to 2-42, was induced
via addition of waterTheproducts were produced very good yield, ranging between
70 and 89%.

Attachment of tl final, A-ring of the pyrrole was performed usiS8gzuki
couplingmethodologyThe boronic acid componem;Boc-2-pyrrole boronic aci@-11,
is commercially availabléThus methodology for formation of suitableactivated
dipyrrin is requiredTwo techniques are commonly employedyenerate this
functionality on dipyrrinones DO Al essi o and cowor kymtios or i gi
reactionwith Tf20, introducing gpseudehalide coupling partner in their synthesis of
undecylprodigiosingcheme2-3).”° Although this methodology has proven versatie,
synthesis of prodigiosene derivatives, especiallgtdtlax, performed by Lalléeet al
popularized bromination as an alternative for this synt¥&3isese methodologieas
employedonthe esteicontainingdipyrrinone2-41, areshownin Scheme2-6.

Scheme2-6: Derivatization of dipyrrinone

O/
POBrs, DCM‘ O / = —
- o
Y £G i 2-42. 43%
Br
O/
o)
Tf,0, 0° C NN\ 2443, 99%
510  \=N HN_/
1h OTf

Utilization of the womo-dipyrrinsis attractive; these compounds have been reported to

be considerably more stableatmospheric conditionselative to the triflyated
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products?® Unfortunately the rate of bromination igported to be sluggish, ameaction
times are typially on the order of days. The fastest reported time for this prexcgsgs
hours®:62 Although some high yields have been reported via this methodology, typically
a moderate yield between 50 and 70% is repovéten tested on the readily available
ethyl estercontainingdipyrrinore 2-41, a similarresult was indeed observékhe
electronic effects of substitution on the distal pyrrole appear to play a significant role in
rate of success oie bromination; introduction of acyl functionality, either via an ester or
ketone, has beeshown repeatedly withithe Thompsotab to reduce the effectiveness
of the bromination. Converselirifl ylationhas been used effectively where acylated
dipyrrinones have been reacf@d!®**4when repeated,zery high yield ofdipyrrin
triflate 2-43 (99%) was achieved using the same dipyrrin@n&l. The procedure is
rapid, typically reactingto completion withiran hour Although dipyrrinsbearing trifly+
protected alcoholsavebeen shown to occasionallyfir from instability and
sometimesequirespecial care and storage, the electron withdrawing nature of the ester
moiety on2-29to 2-32 counteracts this. These compounds can be hamdgiiedut
precaution to exclude moisturd are not susceptible tegtadation when stored in a
refrigerated environmeratt-5 °C

Bearing these considerations in migdnversion of the dipyrrinones to their
triflylated derivatives wagerformed Dipyrrinones2-29 to 2-32 were dissolved in
dichloromethanandthe solutionsooled to 0 °C; subsequently>O was addedThese
reactionswveretypically compleé within an hour, although aadditional equivalendf

Tf,O wasrequired in some casddpon completion, the reaction was quenched, woerked
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up, andthe product mixtur@urified viaflash chromatographtp produce the bright
yellow solids,2-33 to 2-36 in high yields(Scheme2-5).

The finalstep in the synthesaf the prodigiosenesvolved Suzuki couplingof
the newly generated triflates witrBoc-2-pyrrole boronic acid2-11). The Suzuki
coupling pocedure for attachment of therg in prodigiosenes has been used in a
variety of synthesegrom both bromeand triflylated dipyrrins, dthough the yields vary
significantly. The triflates2-33 to 2-36, were dissolved in degassed dimethoxyethane
(DME) with lithium chloride,N-Boc-2-pyrrole boronic aci@-11, sodium bicarbonate
andpalladiumcatalyst. The mixture wdseatedat refluxtemperatur¢85°C), ypon which
formation of the darked prodigi®ene prodcts wageadily observedia the darkening
of the mixture The reactiomixturewas thenheated ateflux temperatur@vernight to
enable complete consumption of the starting materials. Thégmsenes were isolated
as freebases following pufication overBrockman (lll) basic alumina, and were
subsequently treated with HCI to generate the saR3,to 3-40in low-to-moderate
yields. Although these glds are quite low, the Suzuloupling of prodigiosenes is
reported to be inconsistent asbh® %! Indeed, much optimization was required to obtain
the conditions utilized for the coupling of these produatsl an alternative approach to

the use ofhese conditions would be desirable.

2.3.2Biological Analyss

Following synthesis, analysis of the biological properties of prodigiose8&$o
2-40was performed. As discussed previously (Section 1.4), prodigiosenes possess
significant antiproliferative and cyttoxic effects on a variety of cell lines. In orde

efficiently screen our derivatives, they were submitted tdNdaeonal Cancer Institute
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(NCI). As part of the Developmental Therapeutics Progfiaitp://dtp.cancer.ggythe
NCI offer a tieredn vitro andin vivo screening analysis of novel therapes, with
preference for rationallglesigned smailnolecule drugsThe benefit of this approagch
designated the N@0 assaylies in the fact that efficacy agairsgecificstrains of
cancer becomes evident, as do fingerprint patterns across the eneiefollowing
stringent purity verification via high pressure liquid chromatograptwypound<2-38
and2-39 (the butyl and pentyl ester derivativegre submitted for analysis

Table2-1: NCI-60 cell line average responses to-€ing esters

HN :
= CHs, 2-1Me
Prodigiosene Glso TGl LCso
(nM mean (UM mean (UM mear)
Prodigiosin2-1 14 2.1 0.3
Methylanalogie 2-1Me 15 0.1 1.0
R = Obutyl 2-38 117 2.0 14.5
R = Opentyl2-39 36 0.6 4.6

Table2-1 contains a summary of the results obtained from the ®0Cissay for
compound2-38and2-39. The data corresponding to the natural product prodigib&in
and an analogu@-4{1Me) of the natural product bearing a methyl substituent at the
unsubstittedb-position of the @&ing, are also included®everal parameterggarding

the toxicityof the compoundss presentedThe first, Gio, represents the concentration of
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drug that igequired to inhibit growth athe cancecells by fifty percent. The
concentation of dose required to induagdl growth inhibition (TGI) is also shown, as is
the dose required for elimination foity percent of the cells (L§). Thenumbers
presented araverages across all sixty cell lines that the prodigioseres exposetb.
The derivatized pentyl est&;38, demonstrated notable reactivity in comparison to the
natural product2-1. While maintaining growth inhibition capacit®(so: 36 nM vs. 14
nM), a decrease in toxicityy a factor of tenvas observe{LCso: 4.6 pum vs 0.3 pnj.
With respect to improving the usefulness of prodigiosenes as therapeutic reagents, these
characteristics are desirable. Compo@®9 is less toxic than natural prodigiosin, thus,
tumour growth can be othersé equally inhibited using @&4old decrease in dosage of
the pentylester2-39, compared to prodigiosin.

These results were sufficiently successfuasto initiate testingf 2-39 at the
next stage of investigatidsy the NCI.This is notableas less than 8% percent of the
compounds damitted to the NCI by the Thompson research grope beyond this
phaseFollowing thein vitro analysisperformed on the 66ell line,a hollow fibre assay
is performedn vivousing mice as test subjects. To deterntiveeeffective dosto be
administeedfor the hollow fibre assay, morn-tumouredanimal toxicity &say is first

performed Table2-2).
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Table2-2: Toxicity assay for prodigiosene 239

Entry DoseConc. I njection Vol. Dose/Units(uL/g Death Days
(mg/mL) (uL/g body w) body wi
1 10¢% 1 100 1
2 1002 2 200 -
3 25 0.5 12.5 -
4 25° 1 25 -
5 25 2 50 -

aBarely acceptable suspension in DMSO; settles ragid@yooth suspension: homogenduRrepared
dose was very tbk; solution stuck in syringe. Full required dose was not administered.

Injection ofprodigiosene-39 was administered to five different test subjectBMSO

at varying doses, and the animals observed for two weeks to determindéethabn

dosage oflte compoundThe mixture o2-39 waspreparedht a concentration of 100 or
25mg/mL At 100 mg/ mL,-aeacdptsabl bedsibpeabion
Although injection of 100 dose/units of compound was tolerated with this suspension,
injection of 200dose/units was inhibited by the sticky nature of the mixture, and a full
dose was not administered. Regardless, administration of the full 100 dose/units resulted
in death of the subject after a single day. Using the 25 mg/mL solution, doses of 12.5, 25
ard 50 dose/units were dispensed to three different test subjects. Albthhese mice
survived the tweweek observation period, and as such, b@jbody weigh was

selectedhs the optimal treatment dose for the pending hollow fibre assay. It should be
noted that, until this point, only a very small amoun2-89 was required for testing: less
than ten milligramsTo perform the hollow fibre assay, the NCI required at I8&shg

of additional materialSynthesis of-39 wasthusrepeated using largegram scale

reactionsat the early stagde produce more than 400 mgtbé final product
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Although a full description of the hollow fibre assay is beyond the scope of this
thesis’ abrief discussion describing tmeethodologyis required to be able to
comprehend the results of the asdde purpose of the assay is to act as a screening
method for compounds to be tested usitiaditionalxenograft model. As xenograft
modeling the process of grafting cancerousuessn to healthy mouse subjeasshoth
time and resource intensivthie hollow fibre assay acts to remove insufficiently effective
treatments from the pool dfug candidateat an earlier stag@ he assay itself utilizes
polyvinylidinéiblraesrododei ihohhownternal dia
the fibre are permeable to compounds with molecular weights less than 500,000 g/mol.
The fibres aréndividually culturedwith twelve different strainsfa@ancer subsequently
cut into 2 cm portionsandthenheat sealedSix fibres are then implanted into each
mouse, threen theintraperitonial (IP) compartment and three in the subcutanésGy
compartment. Treatmenitith a potential drug candidaitethen administered four times
per day for 56 days, and the fibreare thercollected. The mass of the viable cells
remaining in each fibas thendeterminedising the colourimetriMTT dye conversion
assay?’ If greate than 50% of the viable cells have been kiiled fibre, the anttancer
agent is determined to have had a positive effamteach assay, a maximum score of 96
is passible. Ths numbeis derived from the usage of 12 cell lines, 2 implant sites, 2
different dose levels, and 2 points/positive fibre. In this way, an individual score out of 96
can be rapidly assigned to a dicandidateandthis scorecan therbe used tadentify
drugcandidates to be used in xenograft modeling.

The results ofhe hollowfibre assayor prodigiosen®-39 can be seen iRigure

2-8. The information provided by the NCI report is not itself descriptive of the
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methodology, except to describe the basic details of the experiment. The designations of
thevarious celtypes are provided, as are the maximum dosage levels and the dosage
scheduling. The most relevant values in the report pertain to the IP and SCaitires;

96 possible points, prodigiosege9received a score of 12. In order for a dru@gpeo
considered for xenograft modeling, either a tetare of 20nust be achieved, or an SC
score of 8 or higheAs neither target was achieved, it was decided that NCI inter2st in
39as an antiancer reagent woukehd at this stage of screening.

Figure 2-8: Results ofNCI hollow fibre assay for prodigiosene 239

DTP Hollow Fiber Screening Data for NSC: 763729

TB3729 was tested against the following disease types and cell lines.

Experiment ID
Panel Name Cell name Schedule | Route High Dose
T Breast Cancer MDA-MB-231 | QD X 4 IP 20 mg/kg/dose
Mon-Small Cell Lung Cancer | NCI-H23 QD X 4 P 20 mg/kg/dose
Colon Cancer SW-620 QD X 4 P 20 mg/kg/dose
Panel Name " Cellname | Schedule Route High Dose |
HE1955 Colon Cancer COLO 205 abp x4 P 20 mg/kg/dose
Melanoma LOX IMVI abp x4 P 20 mg/kg/dose
Ovarian Cancer OVCAR-3 QD X 4 P 20 mg/kg/dose
Panel Name | Cellname | Schedule | Route High Dose
HE1956 Mon-Small Cell Lung Cancer | NCI-H522 #H QD X4 P 10 mg/kg/dose
CNS Cancer U251 aD X4 P 10 mg/kg/dose
Melanoma UACC-62 QD X 4 P 10 mg/kg/dose
Panel Name || Cell name Schedule | Route High Dose
HF1957 Melanoma MDA-MB-435 QD X 4 P 10 mg/kg/dose
Ovwarian Cancer OVCAR-5 QD X 4 P 10 mg/kg/dose
CNS Cancer SF-285 QD X 4 P 10 mg/kg/dose

IP Score 8 out of 48
SC Score 4 out of 48
Total 12 out of 96
Cell kill: N
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As excess compour2i39 had been synthesized for the hollow fibre assay, and as
no further testing was required by the NCI, the excess matersasent to collaborators
to measure its other propertiéds mentioned previously, ¥#ClI" ion transport across
lipophilic cell membranes is reported as a mechanisrthéimduction oipoptosis by
prodigiosenes in cells. To measure the ability of stnthrodigiosenes to engage in
crossmembrane transportn&EYPC (egeyolk 1-phosphatidylcholine) liposome modsl
usedby the research group headed by Dr. Jeff Davis (Maryldadyfe2-9). The Davis
and Thompson group havdeng-standing collaboratiofy.5%:61
Figure2-9: H*/Cl- cross membrane transport of prodigiosenes

1200 Triton-X

g
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A liposome model, containing both a chlorsigecific dye lucigem, as well as excess
NaCl, was loaded in a buffered solution (pH 7.43) containing NahN@igenin

fluorescence is quenched in the presence of chloride; as suchmenwdsane anionic
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transport (Clpasse®ut of membrane, NDpassesn) can be measurading

fluorimetry.”” Figure2-9 depicts fluorescence, plotted as a function of time, following
addition of three prodigiosenes. In the absence of a transporter (DMSOanlowsed
green), anion diffusin across the membrane is observed as an increase in fluorescence
(CI" out,NOs" in) over several minutes. Both the natural pro@ittand methylated
analogue?-1Me proficiently engage in transport, eliciting an immediate resp@ssseen

in analysis othe red and purpleurves. Although2-39 alsofacilitates Cl transport, a
decrease in efficiency is observed compared to the natural product. However, this level of
transport is still very high comparedrntanycompoundghat are considered efficient
trarsporters’® To better quantify the anion transpoft2-39, theDavis group performed
concentratiordependent Hill analysex 2-1, 2-1Me and2-39to determine the B

valuesof the compounds. Egis defined as theoncentratiorof transporer required for
influx of 50% of the chloride anions at 150 seconds underearhbonditiongTable

2-3).

Table2-3: ECsovalues for prodigiosenes 2, 21Me and 239

Prodigiosene ECso(nM)?

2-1 3.2
2-1Me 1.3
2-39 18.7

8 C50values indicate the concenimt of transporter needed to achieve 50% of maximal chloride efflux
att =150 s and 25 °C in 20 mMEPES buffefpH 7.43).

For compound®-1 and2-1Me, relatively similar values of 3.2 and 1.3 nM were obtained

respectively. The value obtained #®89, 18.7 nM, indicates that presence of an ester
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appended to the-@ng of the prodigiosene decreases the effective anion transport by
approximately a factor of terindeed, thidrend was determined &dsobe true for a
variety of prodigiosenesot related to this work

Based on thesesults the Davis group rationalized th&e reduced iotransfer
capacityobserved foR-39was likely reléed to basicityof the dipyrrin moiety, ate
protonated form of the prodigioseisaequiredfor ion transfer. As such, a less basic
dipyrrin moietywould be less able to effect ion transfer. To investigate the relative
basicities oR2-1 and2-39, the Dais group performed competitive'H NMR experiment
usingCDsCN as a solventHigure2-10). For clarity, the region of the spectra depicting
the methoxy moiety of the prodigiosenes is shown in the figured(2.8pm). The first
trace (a), depicts an equimolar mixture of fbese prodigiosi2-1 mixed with the HCI
salt of2-39. Immediately, the relative basicity of the compounds is displayed as
formation of2-1 A Hi€ bbserved in favour of the eswalt in a greater than 9:1 mati
Addition of a single equivalent of triethylammonium bicarbonate (TEAB) was then
performed, and conversion of bdH and2-39to their freebase forms was observed
with signals at 3.86 and 3.88 ppm, respectively (trace b). Addition of 1 equivalent of
methanesulfonic acid (MSA) was then achieved in 0.2 equivalent increments (tgces ¢
As shown inFigure2-10, the methoxy signal for prodigiosial free-base at 3.86 ppm
broadens significantly with each subsequent addition 8AMeaving the signal fd2-39
unaffected. The broadening of the signal at 3.86 ppm is accompanied by the formation of
a signal representir@gyl A H M &tA4.01 ppm. Addition of excess MSA (traces h, i and j)
induces a decrease of the signal at 3.88 pprirdeibase2-39, and the arrival of a signal

at 4.04 ppm corresponding to the HMSA sal<#9. From this study, it was definitively
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concluded that the ester moiety appended to thadof 2-39 plays a significant role in
reducing the basicity of the digin moiety of prodigiosenes.

Figure2-10: *H NMR spectra representing competitive protonation of 2L and 239
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b) 1 eq TEAB M
c) 0.2 eq MSA 239 M 21
I
e) 0.6 eq A

2-1-HMSA 2-39

f)0.8 eq N &
g)1.0eq
h)1.5eq A

2-39
*HMSA
j) 3.0 eq MSA I I

Li

4.1 40 9 [
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2.3.3Decarboxylative Coupling as an Alternative to Suzuki Coupling for the

Synthesis of Prodigioseas

Carboncarbon bondormationbetweeraromaticsystems via metahedated
processes is a wektudied reaction, with the use of catalytic amountsatiadium(Q
proving to beexceptionallyuseful in this regardResearchers such as Heck, Stille,
Sonogokira and Suzuki have enjegtwidespread use of their respective techniques in a
variety of industrial and academic synthes&scently, oe of the lesser knowhi-aryl
coupling technigueinvolving thedecarboxyation of aryl carboxylic acidshasenjoyeda
rise inuse Although acoppermediated decarboxylativeactionhas beemevelopedor
some timenow,’® recent advances have facilitated the use ldecktype reaction
involving activated aliphatic carboxyliacids® The catalytic cycle proposed by Forgione
et al.for this processs complicatedand coupling has been shown to occur through a
variety of competitive pathways.

Forgioneet al. has usedhis coupling technique toouple a variety of five
membered, heteroatomic ring systems (furans, ki@nps and thiozoles, indoles and
pyrrole) with an assortmentf dalogenated or pseudmlogenated aromatic systeffis.
Most pertinento this workwas theregioselectiveoupling ofN-methyl2-pyrrole
caboxylic acid @-44) with various aryl halideat the 2position of the pyrrole in

moderateto-high yields Scheme2-7).
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Scheme2-7: Decarboxylative oupling with N-methyl-2-pyrrole carboxylic acid 2-44

3 s ()

Q\COOH + Arx SONAMONS £ Dy 62:88%
| |

2-44 2-45

a 1-methyk2-pyrrolecarboxylic acid (0.80 mmol, 2.0 .gcaryl halide (0.40 mmol, 1 €qPd[P¢Bu)s]2 (5 mol %),n-
BusNCI-H20 (0.40 mmol, 1 ef, C2COs (0.60 mmol, 1.5 ed, DMF (4 mL), microwave, 170 °C, 8 min.

This methodchasdemonstratedonsiderable versatility, and can be facilitated
using a variety of halogenated or psetddogenatd aryl groups, solvents, basesl
catalystsFor the current work, efirst exploredthe potentiabf coupling2-pyrrole
carboxylic acid with a 2aryl halides foreventualinclusion as a step in the synthesis of
prodigiosenegScheme2-8).

Scheme2-8: Decarboxylative couping for prodigiosene synthesis

N

R~ N N X RN
N\ NH N=/ e >  )NH N=
COOH =
HN

As mentioned mviously, the Suzuldouplingusedas the lasstep to linkthe A and B
ringsin prodigiosensis typically the lowest yielding stejm thesynthesis® As such, a
high-yielding replacement fahis procedure is desirable, andsathe goal of this work.

As an assessment of the reproducibility of literature procedures for this reaction,
pyrrole 2-44 was purchased from Maybridge chemical supplier, andeghertedcoupling
condition§® were repeatedsingbenzylbromideas the aryhalogen(Scheme2-7).
Pyrrole2-44, tetrabutylammonium bromideesiumchloride,bis(tri-tert

butylphosphate)palladium(0) abeénzylbromidavere added ta 2-5 mL microwave vial
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and dissolvedhrough the addition acinhydroudDMF. Thevial was thersealedandthe
contentssubjected to microwave heating at 170 °C for 8 minutes, aftexh the product
was extracted into ethyl acetasmd the resulting solutionashed repeatedly with water
to remowe residual DMF. The product mixture was tipemified via flash
chromatography on silica. Thesleed btaryl was isolated in 84% yield, omparable to
the reported literature value of 88%.

AlthoughForgioneand ceworkersdiscussed the use of a variety of anglogens
for coyling, only one pyrroleZ-44) was testedlf this reaction is to be used for coungl
in other pyrrolic systemsubstrate tolerance in the pyrrole negafirst be explored
FurthermoreN-alkyl protective groug, such as the methyl substituent useg-#,
represenasignificantsynthetic roadblockThe removal oN-alkyl groups is notacile
with pyrroles except in very specific cassach as use of a benzyl or SEM gralpor
our purposes, it is also necessary to determvimether decarboxylativeouplingcanbe
performedon ahighly substitutedfreebase dipyrrin.

As strongly electrowithdrawing groups are commonfigaturedn prodigiosene
intermediates, attempts were made to copplnyl bromide with pyrroles beariagyl
and formyl functionalities. The preparationsgveralpyrrolesfor this purposes shown
in Scheme2-9.

Scheme?2-9: Synthesis of benzyl Zyrrole carboxylates

o)
BHTSQTFHF CAN (aq.)
/ \\ o ; / \\ o  MeOH / \ o
N N / N
OBn H OBn 0 OBn
2-46 2-47 2-48
99% 81%

36



Pyrrole2-46is readily produced on decagram scales following literatuoegolures?

and was available in large quantities within the Rdbaptingthe reduction procedure

developed for prodigiosene syntheses commonly used within tRedgtyple 2-47 was

generated in a 99% vyielda slow addition oBH:A THF t o a2-46i@aTHFt i on of
After stirring for 18 hours, the reaction wearefully quencbdwith HCI (ag.),andthe

productwas obtained as a pure, white soRgrrole2-48 was obtainedia oxidization of

2-47in methanolusing ceric ammonium nitrate (2.1 M, 4 eclentg. With cooling at 0

°C, 2-48 precipitatedrom solution as a fluffy, white solidnd obtainedh an81% yield,

without the requirement of further pugétionupon isolation via filtration.

2-44, used by Forgionet al, is N-proted¢ed with a methyl functionality.
Although the authors do not discuss whether attempts at colpkh@-pyrrole
carboxylic acid wih benzylbromidavere performed, it is likely that methyl protection
was required so as to inhibit the reactivity inherent to nitrogenous pyrrolic hydrogen
atoms.To quickly test whether this was indeed true, pyrréld$ and2-49 were utilized
(Scheme2-10).

Scheme2-10: Attempted coupling of N-H-2-pyrrole carboxylic acids

R! R .
/Z—\g\(O H,, Pd/C /Z—\L(O '?Igi%,PgéZg-OB;,J)B)I\Z/IF T
N OBn NEt, MeOH N L, mw180°,7min. E
Z:zg 21 :ﬁc Iéiglr?rzteegigtse Not Isolated

Bearing no electron withdrawing functionality, pyrr@e9 served as a rapidly
accessible analogue to an untected N-H) version of2-44. Prepared following
literature procedure®,2-49 and2-46 were treated to standard hydrogenolysis

conditions?! The starting materials wedissolvedin methanol with triethylamine and
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activated palladium on carbon, under nitrogen. A hydrogen atmosphere was then
introduced via a balloon. After stirring for several hoilsC analysis was used to
determine that the@rting materiahad beerronrsumed, and the reaction mixtweas
thenworked up via filtration over Celife Due to the relative instability of@yrrole
carboxylic acids, these products were treated as intermediates and takéimeon to
coupling step of the reaction immediately. Fallog the same procedure outlined for the
synthesis oR-45 from 2-44 (Scheme2-7), coupling of the acids &-46 and2-49 with
phenyl bromide was attempted. In both cases, the resulting mixtures included residual
starting materia, as well as a significant portion of delgoxylated pyrroleThese results
were not encouraging, and confirmed the suspicion that-gikyl protection of2-44is
indeed a prerequisite to effective reaction.

With this in mind, the methylation of pyrr@@-46to 2-47 was therattempted
adapting a terature procedunasing phaséransfer catalysi€® In addition, the readily
available pyrrol&-50 bearing aracid functionalityat the 4position was also reacted
(Scheme2-11).

Scheme2-11: N-Methylation, hydrogenolysis and decarboxylative coupling of benzyl

2-pyrrole carboxylate derivatives

R' R? R' R? %
2-46 Me Ac Mel, TBAB, 2-51 Me Ac 99
2-47 Me Et o O 2.50Me Et 22
2-48 CHO Et DCM NaOH 2-53 CHO Et 99
2-50 Me CO,H OBn 54 Me CO,H 0

2
o Pd/C R PhBr, Pd(P(t-Bu), R' R %
2 7"\ o TBAB, Cs,COs, DMF / \ 2-55Me Ac 99
=~ R s 2-56 Me  Et 0
NEts, N m.w.180°, 7 min. e
| OH

MeOH 2-57 CHO Et 43
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Pyrroles2-46 to 2-48, and2-50, were dissolved in dichloromethane with
tetrabutylammonium bromide (10 mol %) and methyl iodid@°aC. A solution of
sodium hydroxide (5 M) was added drapse to solutionwith stirring,and the mixture
was allowed to reaetnd warm to room temperatuveernight.During this time, grroles
2-46 and2-48 were reacted to completion. Following typicajanic workup and
purification over a short pad of silica, tbempounds were isolated éxceptionalields
as pure white solid¢iowever, the reaction ofyprole 2-47, bearing no electron
withdrawing group at either the dr 5-positions, had not reaed completion within this
time. Additionalequivalents ofnethyl iodidewere added tthe reaction mixturéo
inducereactivity, and the vessel was heatededlux temperaturdéor several days.
Unfortunately, this did not induce further reaction of tleetstg material. The mixture of
2-47 and2-52 wasthus worked upand the product purified via flash chromatography on
silica (20% ethyl acetate/hexanes) to produce an emerald green solid yiek2%he
emerald green colour of the product is associaiétan asof-now unknown impurity
related to therecedingooron reduction stejmvolving BHs. It should be noted thabn
trace of!'B nucleiwas observabl®y NMR analysisand analysisf the productsising
H NMR spectroscopyevealedcho impurities inany reasonable quantitespite the
success of methylation in the case of formyl and acyl pyr@#sand2-48, methylation
of the 4pyrroleacid 2-50 waswholly unsuccessfuldpon analysis of the reaction using
TLC, it appeared that some portion of #tarting material was present in the aqueous
phase of the reactianixtureas the carboxylate anioAs such|t is suspeadthat the
starting material wasot availablein solution for reaction withthe iodomethanéfter

neutralizatiorof the reactia mixture the starting material was reclaimed, but as a
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mixture of2-49 and thedecarboxlated pyrrole Several other procedures fattempted
methylation werattemptedincluding treatment a2-50 with NaH for deprotonation, as
well a procedure utilizig DABCO as a basand dimethylcarbonates a methylating
reagentUnfortunately these trials were equally unsuccessful, and attempts to methylat
this compound were abandoned.

With N-methyl pyrrole2-51to 2-53 in hand,hydrogemlysisof the benzyb-
eserfunctionality wa implemented Scheme2-11) following the sameroceduraused
for hydrogenolysis 02-46 and2-49 (Scheme2-10).5* As mentioned previouslythe
relative instability o2-pyrrole carboxylic acidsequiresthe immediate use dfiese
productsfor thecoupling stepThe carboxylic acids d-51 and2-53 were relatively
stable to workup. Bwever, theacidof 2-52 rapidly displayed the red colouration
characteristiof polymerized pyrroleipon removal of the reaction solventvacuo As
2-52 contains no secondary electron withdrawing moiety appended to the frame of the
pyrrole,this is notsurprising.Despite thisobservationthe crude material was carried
forward to the final coupling step.

The 2caiboxylic acids were subjected to the decarboxylative coumarglitions
reported by Fogrionet al® As with reference compouri2+44, the pyrroles were
combined with tetrabutylammonium bromidesiumchloride, bis(tritert-
butylphosphate)palladium(0) and phenylbromid& equivalentg in an open 5 mL
microwave vial placed under nitrogeand dissolved imnhydroudDMF. The vials were
stirred, and microwave heated to 170 °C for 8utes. The product mixturegere
extractedwashed repeatedly with water tareve residual DMF, and dried using

anhydroussodium suléte.
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Unsurprisingly, reactionf the acid oR-52 was not successfuBoththeacid and
benzylbromidecould be identifiedisingTLC, as well as a third, neisolable product
that cecomposed to a pinkresumablyoly-pyrrolic, compounduponworkup.As
decarbaylation of 2carboxypyrrolescanoccu at temperatures greater than 156°*C,
this producimixture presumablyarises fronthe decarboxylated-freederivative.
Conversely, ltereaction of the carboxylic acids 251 and2-53 with benzybromide
under identical conditions wasiccessful. Hiowing purification on sili@, pyrroles2-55
and2-57 were isolated as mixtures of the desirediyils and the corresponding (stable)
a-free derivatives. The ratsof aryl:a-free pyrroleswere approximaty 3:1and 10:1
respectively. Despite the difficulty in separating the préslrom theminor side
productsyields of 99% for2-55 and43% for2-57 were promisingAs theliterature
conditions cakdfor two equivalens of 2-pyrroleacidand a single equivalenf phenyl
bromide,the presence o&-freepyrrole is expected. Indegnh the case of compourd
55, the reaction was repeated using a single equivalent of pyrrole and 1.1 equfalents
benzybromide to yield the phenyl pyrrole in a 99% yield without the presence of
excess decarboxylated pyrrole.addition to these desbed reactionst is worth noting
that attempts toouplebenzybromide with 4pyrrole carboxylic aci@-50 (anN-H
pyrrole, like2-46 and2-49) were also made, but were not successful.

With these outcomes, we moved on to address the second syntaghitook
hindering these products from use in synthesis of prodigiosin derivatives. While methyl
and benzyprotection of pyrrolic nitrogen is easily facilitated using a variety of
conditions, deprotectiorequires severe conditions, and is low yieldiAgsuch, an

alternative protecting group suitable for use in decarboxylative coupling is reqDired.
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of themost commonly useN-protectionstraegiesis treatment withdi-tert-butyl
dicarbonateto afford a Bc-protected pyrrolé As pyrrole 2-46 underwensuccessfuN-
methyl protection, 8oc-protected version dhis compound was synthesized, and used
to evaluatehe utility of N-Boc protectionfor the aryl couplindScheme2-12).

Scheme?-12: Decarboxylative couplng with Boc protected pyrrole

o) O 0
7\ o BOCQO, / \_ O H, PdC 7 \ o
N > N —_—
OBn CHSCN )\ OBn NEtg, MeOH j\ OH
2.46 O~ "OtBu O~ SOtBu
258,97% 2-59, 99%
PhBr, Pd(P(t-Bu);), 7\
TBAB, Cs,CO5, DMF N Not Isolated
m.w.180°, 7 min.
OJ\OtBu

Pyrrole2-46 was stirred iracetonitrile with DMAP (0.12 equivalentander nitrogen,
and a solution of BcO (2.7 equivalen)sin acetonitrile was added drapse tothe
solution. After stirringor 30 minutesthe solventvas removedh vacuq and the mixture
waspurified on basic alumina (EtOAc/Hex, 2/8he protected pyrrol2-58 was isolated
as aight yellow oil in 97% yield. Hydrogenolysiwas the performedfollowing the
typical procedurdScheme2-10) to producehe stableacid2-59 in a seemingly
guantitative yieldUnfortunately, subjecting-59 to decarboxylativeouplingconditions
did not yieldthe desired phenyl pyrrglensteadthe majority ofthe material was
recollected athe N-deprotected, decarboxylatgyrrole.

Shifting focus N-protectionvia tosylationwas exploredAlthoughtosyl groups
are widely employed ipyrrole protection,and ekspite their use for protection of a
variety of 2pyrrole carboxylate$iterature examples fdy-tosyl protection on benzy2-
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pyrrole carboxylateare not reportedBearing this in mind, &ariety of atempts were
made tgorodue@ these compounds usipyrroles2-46to 2-48 (Scheme2-13).

Scheme?-13: Attempted tosylation of benzy-2-pyrrole carboxylates

R? NaH o DMAP R2
R' R? i THF/DMF MeCN
246 Me Ac g O - o / \ 0
2-47 Me Et N T 0=$=0 NEts N

2-48 CHO Et 0 Cl OR MeCN Ts  OBn

2-60 Not Isolated

Using several different methodologies, the pyrroles were subjected to various conditions
for tosylation. NaH is commonly employed for generation of pyrsoldium salts;

following a literature procedur& a suspension of NaH in solvent was adttegyrroles
2-46t0 2-48in eitheranhydrousTHF or DMF achemployed in separate reactioriBhe
reactions were stirred for an hour, during whichletron of H, gas wa observed. Tosyl
chloride waghenadded, and the mixture stirred overnighhfortunately, none of the
desired producivasgeneratedAdditional equivalents of base were added in an effort to
forward the reaction, to no avail. Additially, the temperatures ttiereactiors were also
increasedHowever, h each caseonly tosic acid and starting matesalere isolable as
products. A second methodology, using DMAP as the base, has been demonstrated to
work with pyrroleshearingnonbenz/l estersdoy the Thompson GroupJsing a single
equivalent of DMAPsmall amounts of-2ormyl pyrroles were protectedUnfortunately

as with the reactions utilizing Nalthis method was not successfék a final attempt, a
methodology utilizingriethylanine, as well as a catalytic amount of DMAP was
attempted® To a solution of pyrrole in acetonitrile, a single equivalent of triethylamine

was added wit DMAP (0.1 equialentg. The reactions were stirred at room temperature,
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with nosuccessAgain, despite attempts to push the reaction forward via addition of
extraneous base and via heating at rettumperatureno formation oN-tosylated
pyrroles wasobserved.

Although model testing on pyrroles is important, the goal of this project is to
explore the potential for decarboxylative couplingolving a pyrolyldipyrrin. Several
different dipyrrinsbearing carboxylic acid functionality at thepbsitionwere
synthesizedAs astarting point, the synthesis of benzylipyrrin carboxylate2-62 was
performed.

Scheme2-14: Decarboxylative couplingfrom 1-dipyrrin and 1 -F-BODIPY

carboxylates
}STHF/MeOH NN H,, Pd/C
HBr —N HN / —_—
HB NEts,
' OBn MeOH
262 O
28%
DIPEA 1) H,, Pd/C
BF4+Et,0 Z2h e NEts, MeOH
262 —— > —N N / -
CH,Cl, N 2) PhBr, Pd(P(t-Bu)s),
F> OBn TBAB, Cs,CO3, DMF
O m.w.180°, 7 min. Not Isolated

The pyrrole-48 and2-61 (prepared according ®literature procedu)® were

dissolved in a mixture of methanol aredrahydrofurar{1:1), the solutiorwasbubbled

with nitrogen, andwo equivalens of concentrated hydrobromic acmerethen added.
Consumptiorof starting materials was rapid (observed using analysis via TLC); however,
the dipyrrindid notprecipitate from solutioas expectedAfter several hours, the

mixture was diluted with EO to precipitate the product, and the dipyrrin was collected

as ared solid in modest yielddydrogenolysis was then attempted following the
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procedure outlined previousl$$¢heme2-10). Unfortunatelywherethe hydrogenolysis
of thebenzyl Xpyrrole carboxylatesasstraightorward, the hydrogestysis of2-62 was
unsuccessful. A complex mixture of reaction products was produced, and no formation of
the product carboxylic acid was detectable using elthédMR or low resolution mass
spectrometry. As the decarboxylation of the acid is presumabiplecating this
transformation, formation of the protecteeBODIPY product was attempteB-
BODIPYs are often stable to transformations that otherwise fail on the parent d#pyrrin.
Dipyrrin 2-62 wasdissolved in anhydroudichloromethanandtreated with
diisopropylethylamine (DIPEA6 equivalentsand BRA EQ (9 equivalents)After
stirring overnight for 16 hours, the fluorescent product was detectable using TLC
analysis Following workup and purification over silica (#OEtOAc/Hex), the red solid
2-63was isolated in a moderate yield %8 TheF-BODIPY was subjected to the same
hydrogenolysis procedure used for the parent dipyrrin; upon isolation, the -@a@itge
waspure according to TL@nalysis. Rather than risk deboxylation, the acid was
immediately subjected to tledupling conditions described by Forgiceteal. (Scheme
2-7). Unfortunately, ndormation of the desired phengbupled product was observed.
Rather, unreacteagenzybromidewasdetectedy TLC analysis along with a number of
baseline, decompositianaterial

A second approach, utilizingxidation ofbenzyl 1,9dipyrrin dicarboxylates was

thenattempted Scheme2-15).
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Scheme2-15: Attempted oxidation of benzyl 1,9dipyrrin carboxylates and in situ

formation of F-BODIPYs

R2 R2
DDQ or RS
R1 . R1 Ny—R1
p-Chloranil \ NH N=
OBn CHCl, BnO OBn
(@] @)
B B _
Unstable

Not Isolated

MescH dipyrrins bearing benzyl esters at theafid 9 positions are unknown in the
synthetic literature; indeed, the only mentidrireese compounds occurs in the context of
measuring the oxidation potential of the starting material dipyrrometf&8eseral
precursors bearing alkyl and unsubstituted positions on the backbone were synthesized
according to literature procedur@s, R! = H, Me,R! = H, Et, COR, CGR),%° and

oxidation was attemptaasing standard dipyrrin oxidizg reagents (DDQ go-chloranil).
The consumption of the dipyrromethane starting materglsguld be monitored using
TLC analysis and was congruent with the observationipfyrrin productsB).

However, upon workup and attempted isolation of thesaymtsby flash

chromatography, only the starting materials could be isolated-r&dtaction of these
productsunder atmospheric conditionscurredin all attempted reactionés with

dipyrrin 2-62, formation ofF-BODIPYs was attempted as a means toiktatthe

dipyrrin carboxylate products. Adapting a pedurefor thein situgeneration of-
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BODIPYs from dipyrromethanes, DIPEA and #FEQ were alded to a solution
containing the oxidized intermediatd®) (Unfortunately no complexation with boron
wasobserved, and ne-BODIPY products were produced.

Despite significant literature precedence for formatioR-8ODIPYs bearing
dicarboxyl functionality at the-land 9 positions, only a single example exists of such a
compound bearing an unsubstitutaeso-position®® As the importance of substitution of
themesepositionrelating to the formation df-BODIPYshas been discussed elsewhere,
91.92jt js perhaps worth revisiting this dipyrrin decarbatitte coupling usingnese
phenyl substituted dipyrrinRegardless of these results, the stability-df@/rrin acids
is indeed a concern moving forward with this projédthough decarboxylation is
required for reactivity, it may be occurring at temparas lower than those required for
palladium couplingAs transesterificatiomas been performed on prodigiosenes at
temperatures as high as 140 °C, it is hoped that decarboxylative coupling will still be

viableusingthese substrates.

Section 2.4: Conclusion s

In sumnary, a novel set of prodigiosene analogues have been synthesized, adding
to the library of compounds produced by members of the Thompson lab. The NCI, using
their 6Gcancer cell line panel, has subjected these derivatives tpralfiterative
analysis. Tk pentyl ester in particula2;39, demonstrated considerable gmtbliferative
properties and was synthesized on a larger scale for analysis using hollow fibre assays.
Ultimately, the toxicological profile of the compoungs deemed insufficiebr testng

using a traditional xenograft model. Collaborators working with Dr. Jeff Davis
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(Maryland) use®-39 as a model against which to measureldhsicityand iontransport

capabilities of esteappended prodigiosenéghis work has been publishétl.
Decarboxylative coupling of-Byrrole carboxylic acids with aryl halides has been

shown to be viable oN-methylpyrroles bearing various acyl functionalities pendant at

the 4 and 5 positions of he pyrrole ring. AlthougN-unprotected pyrroles did not

undergo decarboxylative arylatiahjs hoped thathe use of reversibl&-protection

might besuccessfulExperimentation with a larger variety of dipyrrin carboxylic acids

required, in order to asrtain if decarboxylative ardryl couplingis viable.

Section 2.5: Experimental

2.5.1General Experimental

All chemicals were purchased and used as received unless otherwise indicated.
Hexanes and dichloromethane used for chromatography were obtained crude and purified
by distillation under atmospheric conditions before use. Anhydrous solvents were used as
received Flash chromatography was performed using Silicycle ultra pure silicad@30
mesh) or Brockmann I1[(150 meshactivatedbasic omeutral alumina oxideas
indicated.TLC was performed using glebacked silica gel plates pfasticbacked
neutral alumina plates. Visualization of TLC plates was performed using UV light (254
nm) and/or vanillin stairMoisturesensitive reactions were performediren or flame-
dried glassware under a positive pressure of nitro§grand moisturesensitive
compounds were introducéy syringe. NMR spectra were recorded at the NBIR
facility (Dalhousie University) using a Bruker 500 MHz or a Bruker 300 MHz

spectrometer. Someuate spectra were also obtained on a, now decommissioned, Bruker
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250 MHz spectrometetH and**C chemical shifts are expressadpiarts per million

(ppm) using use the solvent sigaal referengeaccording to literature valué$!'B, 1%
and*Pchemical shifts were referenced using the absolute referencing procedure standard

for Bruker digital spectrometers, with Bf EQ (15% in CDC)), CCkF andHsPQy (aq)

defining the O ppm position respectively. All coupling constadjtare reported in Hertz

(Hz). Splitting patterns are indicated as follows: br, broasingjet; d, doublet; t, triplet

g, quartet; m, multipl et . relgfihed astappawent patt er
signals. All mass spectra were recorded by Mr. Xiao Feng d€igand LCQ Duo ion

trap instruments operating in E$hode All microwave-promoted reactions were

performed using a Biotage Initiator 8 laboratory microwave apparatd800N power,

2.45 GHz Pyrrolinone2-9 was prepared according to a literature procedre.

2.5.2General Procedure | for the Synthesis of Sters 225 to 2-28

To a stirred solution of-formyl-2,4-dimethyt1H-pyrrole-3-carboxylic acid2-24
in dry CH2Cl2 (50 mL) was added DMAPL(1 equinalentg and EDC(1.1 equialentg
followed by the alcohol (desired amount, as indicated for each compound) and the
resulting solution wakeated ateflux temperaturdor 1-2 days. The reaction mixture
was then ooled to room temperaturandwashed twiceén a sepeatory funnelwith water
(2 x 50 mL)and then with briné50 mL). The organic fraction was thelnied over
sodium sulfateand concentrateith vacuo Purificationusingchromatography over silica

(ethyl acetate/hexanes, 20/80) gave the desired products
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2.5.3General Procedure Il for th e Synthesis of Dipyrrinones 2-29 to 2-32

To a solution of 4methoxy3-pyrrolin-2-ong 2-9, (2.2 equivalentg in dry CH2Cl>
(45 mL) was added triethylamine (&Quivalent3 at 0°C. Then TMSOTTf (3.0
equivalentd was added drowisevia syringe After 20 mirutes a solution of the
requisitealdehyde (fequivalentg in dry CH2Cl2 (45 mL)was addedThe reaction
mixturewas stirred at this temperature fordgé hours, then TMSOTTf (® equivalents
was added. After one hour stirring at 0 °C the reaction was quenched by the addition of
phosphate buffer (pH = 7, 100 mL). The solution was extractedGtCI, (3 x 100
mL), and the combined organic fractions were tivashed with brinerad dried
(NaSQy). After evaporation of the solvent the resulting brown oil was dissolved in THF
(90 mL) and concentrated aqueous HCI (BQpwas added. After a few minutes the
reaction was quenched via addition of saturated aqueous Na2@®mL), then
extracted withCH2Cl2 (3 x 100 mL) The combined organic fractiomgerethenwashed
with water (2 x 100 mL). After concentratiomvacuq the resulting suspension was
filtered to isolate the solid, and then washed with water and hex@neetthe producas

a yellow solid.

2.5.4General Procedure Ill for the Synthesis ofTriflyl Dipyrrins 2-33 to 236

To a suspension of the dipyrrinofteequivalents, in dry CHCl> (60 mL) at 0 °C
was slowly added B0 (2.8equivalenty. After 4 h stirring at this temperatutége
reaction was quenchdyy the addition ofat. aqueous NaHG@70 mL), then extracted
with CHClI> (3 x 50 mL). The combined organic layers were washed with brine, and then

driedover sodium sulfateAfter evaporation of the solvents under reduced presshe
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crude material wagurified using flash column chromatography (8iB&tOAc/hexane

1/9) to give the desired products.

2.5.5General Procedure IV for the Synthesis ofProdigiosenes2-37 to 2-40

The triflylateddipyrrin (1 equinalentd was dissolved in DMES mL), then LiCl
(3 equivalentg and boronic acid (1.2quivalentd were added. The solution was degassed
by bubbling with N, and then tetrakfiphenylphosphine)palladium(@1L0 mol/%) was
added. Then a degassed 2 M solution of0\& was added (4quvalentg and the
suspension was stirred at 85 °C for 18 h. After cootimg solution was poured into
water (100 mL) and extracted wi@H>Cl> (33 50 mL). The combined organic layers
were washed with brine (100 mL), and then dogdr sodium su#fte.Purification using
chromatography (ADs neutral type Ill, EtOAc/hexand4then 2/8) gave a red film. The
productwas dissolved in a mixture of MeOH/CHQ20:1)and treated witla 0.1 M
solution of HCI in MeOH (1.5 equalent3. After 15 mirutesstirring the solvents were
reducedunder reduced pressuiaducing precipitationThe obtained solid wasolated
via filtration, and washed with water and hexane or methanol, to give a dark-bedwn

solid.

2.5.6General Procedure Vfor Hydrogenolysis of Benzyl 2Pyrro le Carboxylates

Adapting a literature proceduf&benzyl2-pyrrole carboxylate(1-10 mmol]l equivalen
and 10mol% palladium on activated carbavere dissolved iethanol £00 mL), and
triethylamine (0.5 mL) was added. Thexturewas purged three times with ldefore
introduction of an Hlatmosphere. After stirring for 5 hours the reaction was complete,

and a Natmosphere was introduced. The reaction was then filtered theopigiy of
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Celite® to remove the catalysind tle plug was rinsed with methan@ x 50 mL).

Removal of the solvenh vacuogave abright white solid

2.5.7General Procedure \ for the Decarboxylative Coupling of 2Pyrrole

Carboxylic Acids

Adapting the general proceduretine by Forgioneet al,®® 2-pyrrole carboxylic acids (1
equivalen), phenyl bromide (1.1 equalentg, tetran-butylammonium chloride hydta

(1 equinalenty, cesiumcarbonatg0.60 mmol, 1.5 equalenty, andPd(P{-Bu)s)2 (0.05
equivalentd were combined in an open microwave Vidie vessel wasealed, a nitrogen
atmosphere wasiroducedvia the septum ca@nd anhydrous DMF was addednitt).
The mixture was stirred for 30 s, and then submitted to microwave conditions (180 °C
min, high absorptiof). The mixture was ditted with ethyl acetate (50 mLJhe organic
layerwas washeavith brine @ x 50 mL) to remove residualNdF, and then wdwed

again with NaHC®(50 mL, 1M (aq)). The organic layer was dried oMesSQu. After
evaporation of the solvents under reduced pressure, the crude mateparified using
flash column chromatography (SIZEtOAc/hexane, 109, 30% ) to give the deside

products.
Section 2.6: Synthesi s

Benzyl 2,4dimethyl-1H-pyrrole -3-carboxylate (222)

0
BnO
]\

N
H
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Following a literature proceduféa stirred solution of -benzyl 2tert-butyl 3,5
dimethyt1H-pyrrole-2,4-dicarboylate (2-21) (15 g, 45 mmol) in ethanol (100 mL) at O
°C wasprepared, and concentrated hydrochloric acid (20.420.2mol) wasthenadded
slowly. The resulting mixture was stirred at &for 4 hours. After cooling to room
temperature, the mixture wasured intowvater (D0 mL) andthe producextrated into
CH2Cl2 (3 x 50 mL). The combined organfcactionswere washed with brine and water,
driedover sodium sulfatgnd concentrateid vacuoto give an offwhite solid (10.3y,

99%) which was used fdhe next step without further purification.

Benzyl 5formyl -2,4-dimethyl-1H-pyrrole -3-carboxylate (223)

0]
BnO

/ \
OO
Following a literature proceduféto astirred solution of DMF (3.70 mL, 48.0 mol) in
CH2Cl> (50 mL) at 0°C was added drepwise POC4 (4.40 mL, 48.0dnmol) undero.
The solution was stirred at room temperature for 15 minutes, and the mixtulteewas
added dropwise to a stirred solution &22 (10.0 g, 43.5nmol) inCHCl (100mL) at
0 °C over a period of 15 minutes. The reaction mixture was then heated at reflux for 2
hours. After cooling to room temperature, 1 M NaHQ@?2 L, 0.2 mo) was added: the
mixture was then heated at reflux temgaare for 1 hour. After cooling to room
temperature, the organic layer was separated and the aqueous layer was extracted with
CH2Cl> (3 x50mL). The combined organic fractions were washed with brine and,water

dried over sodium sulfatand concentrateid vacuoto give a light brown solid which

was crystallized from hexane/EtOAc (70:30) to give anndfite fluffy crystalline solid
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(8.93 g, 80%). U (CDCls, 250 MHZ)2.29 (s, 3HCHs), 2.49 (s, 3H CH), 5.33 (s, 2H
CH.PH), 7.267.47(m, 5H, Ar-H), 9.59(s, 1H HCO) 10.67 (bs, 1HNH). Thesedata

matches reported literature vali$és.

5-Formyl-2,4-dimethyl-1H-pyrrole -3-carboxylic acid (224)

0
HO

/ \

Hoo
Following a literature procedufépenzyl 5formyl-2,4-dimethyt1H-pyrrole-3-
carboxylate2-23 (8.0 g, 31.0 mmol) and 190l% palladium onactivated carbon (1.64 g,
1.55 mmol)were dissolved irthanol £00 mL), and triethylamine (0.5 mL) was added.
The reactiorvesselwas purged three times with ldefore introduction of &2
atmosphere. After stirring for 5 hours the reaction was completea N atmosphere
was introduced. Thmixturewas then filtered through plug of Celit& to remove the
catalyst and tle plug was rinsed with methan(@ x 50 mL). Removal of the solvenh
vacuogave aright white solid (5.18 g, 98). U (CDClz, 250 MHz): 2.29 (s, 3HCHy),
2.49 (s, 3H CHg), 9.57 6, 1H HCO). Signals corresponding to the acidand

nitrogenougrotors werenot visible in the spectrum. This data matches reported

literature value§®

Propyl 5-formyl -2,4-dimethyl-1H-pyrrole -3-carboxylate (2-25)

NP
o)
]\
N°
H o
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According to general procedure@nd using-propanol(15 eaiivalentg, this conpound
was obtainea@s an offwhite solid (372ng, 4 6 %) . Mp (CDCk, 5Q00/8Z\ C.
1.02 (t,3H,J= 7.4 Hz,CH,CHj3), 1.76 (asexteRH J = 7.0Hz, CH.CHj3), 2.55 (s, 3H

CHg), 2.58 (s, 3KHICHa), 4.21 (t,2H,J= 6.6 Hz,0OCH>), 9.60 (s, 1HHCO), 10.16 (bs,

1H, NH); Uc (CDCls, 125 MHZz)10.8, 10.9, 14.6, 22.3, 65.6, 114.3, 128.4, 136.3, 143.8,
165.2, 177.5ESI: [M+Na]" (C11H15sNOs): 232.0590 (calculated); 232.0944

(experimental).

Butyl 5-formyl -2,4-dimethyl-1H-pyrrole -3-carboxylate (226)

/\/\ O
0
/\
N
H O
According togeneral procedureand usingr-butanol (15 egivalentg, this compound
was obtained as an effhite solid 630 mg, 566). Mp = 164 °C.U+ (CDClz, 500 MHZz)
0.97 (t,3H,J = 7.5 Hz,CH2CHa), 1.421.50 (m,2H, CH.CHs), 1.691.85 (m, 2H
OCH:CHy), 2.55 (s, B, CHg), 2.58 (s, 8l, CHs), 4.25 (t,2H,J = 6.5 Hz,0OCHy), 9.60 (s,
1H, HCO), 10.43 (bs, H, NH); Uc (CDCls, 125 MHz) 10.9, 13.9, 14.5, 19.6, 31.0, 63.8,
114.3, 128.4, 185, 144.0, 165.2, 177.5SI:[M+Na]* (C12H17NO3Na) 246.1101

(calculated)246.1088 €xperimental).

Pentyl 5formyl -2,4-dimethyl-1H-pyrrole -3-carboxylate (227)

M o
)
/ N\

N
H o
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According to aramended general proceduresingl-pentanol (5.0 agvalentg in DMF
(20 mL), this compound was obtained as ardifte solid (348 mg, 38%). Mp = 166 °C.
Un (CDCl3, 500 MHz) 0.92 (t3H, J = 6.8 Hz,CH.CHz), 1.341.45 (m, 4H

CH.CH>CHz), 1.74 (auintet, 2H, J = 6.8 Hz,OCHCHy), 2.55 (s, 3HICHg), 2.57 (s, 8,
CHs), 4.24 (t,2H,J = 6.8 Hz,0CH), 9.60 (s, 1HHCO), 9.99 (bs, H, NH); Uc (CDCls,
125 MHz) 10.8, 1®, 14.6, 22.5, 28.5, 28.6, 64.1, 114.48.412 136.2, 143.6, 165.2,

177.5;ESI: [M+Na]" (C13H19NOs3) 260.1263calculated) 260.1257experimental).

Hexyl 5-formyl-2,4-dimethyl-1H-pyrrole -3-carboxylate (228)

/\/\/\ o
O
/\

N

H O
According to an amended general procedwrsing hexanol (5.0 equalentg in DMF
(10 mL), this compound was obtained as arndfite solid (192 mg, 31%). Mp £67 °C.
Uy (CDClz, 500 MHZz) 0.90 (t3H,J = 7.0 Hz, CHCHs), 1.301.33 (m, H,
CH2CH2CHs), 1.391.45 (m, 2H OCHCH2CH?), 1.73 (guintet, 2H,J = 7.0 Hz,
OCH:CH?), 2.55 (s, 3HCHj3), 2.58(s, 3H CHg), 4.24 (t,2H,J = 7.0 Hz,OCHz), 9.58(s,
1H, HCO), 1079 (bs, 1HNH); Gc (CDCls, 125 MHZz)10.8, 14.1, 14.4, 22.7, 26.0, 28.9,

31.6, 64.0, 114.3, B4, 136.8, 144.3, 165.2, 177ESI: [M+Na]" (C14H21NO3):

274.1419 (calculated); 274.1414 (experimental).
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(2)-Propyl 5-((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylidene)methyl)-2,4-dimethyl-1H-

pyrrole -3-carboxylate (2-29)

OMe
0
A AN N\
/o \_NH HN
0

This compound was obtained according to general procédudrem 2-25, as a bright
yellow solid (290 mg, 70%Mp = 158 C. t4 (CDClz, 500 MHz)1.03 (t,3H,J = 7.4 Hz,
CH,CHsz), 1.76 (sextet 2H, J = 7.4,CH,CH), 2.38 (s, 3HCHg), 2.65 (S, 3HCHs), 3.89
(s, 3H OCH), 4.20 (t,2H,J = 6.5 Hz,0OCH), 5.09 (s, 1K PyrH), 6.38 (s, 1HmeseH),
10.57 ps, 1H NH), 10.98 bs, 1H NH); tic (CDCls, 125 MHz)11.0, 11.5, 14.3, 22.4,
58.4,65.3,90.3, 98, 112.7, 122.5, 123.6, 128.3, 141.8, 166.0, 168.2, 1ESL

[M+Na]* (C16H20N204): 327.1321 (calculated); 327.1315 (experimental).

(2)-Butyl 5-((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole -3-carboxylate (2-30)

OMe
S X AN

d  \-NH HN
/J‘ O

This compoud was obtained according to general procetlyreom 2-26, as a bright

o)

yellow solid (548 mg, 87%Mp = 158 T. s (DMSO-ds, 500 MHz) 0.91 (t3H,J= 7.5
Hz, CH2CHz), 1.351.43 (m, 2 HCH:CH), 1.601.65 (m, H, OCHCHy), 2.20 (s, 8,
CHa), 2.44 (s, 8l, CHg), 3.84 (s, Bl, OCH), 4.12 (t,2H, J=6.5 Hz,0OCHp), 5.25 (s,
1H, PyrH), 6.02 (s, H, meseH), 9.64 (s, H, NH), 10.90 (s, H, NH); Uc (DMSO-ds,

125 MHz) 11.1, 13.8, 19.2, 30.6, 58.7, 62.9, 91.5, 95.0, 111.7, 122.2, 124.4, 125.4, 139.5,
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165.1, 167.2, 171;8 ESI: [M+Na]" (C17H22N204): 341.1477 (calculated); 341.1472

(experimental).Note: one signal missingkely buried under DMSO solvent signal.

(2)-Pentyl 5-((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylidene)methyl)}-2,4-dimethyl-1H-
pyrrole -3-carboxylate (2-31)

OMe
X X N\

d  \-NH HN
_ﬁf O

This compound was obtained according to general procédudrem 2-27, as a bright

@)

yellow solid (948 mg93%).Mp =160°C. iy (DMSO-ds, 500 MHz) 0.88 (t,3H,J =

7.0 Hz,CH,CHg), 1.311.36(m, 4H, CH,CH,CH), 1.65 @quinet, 2H, J = 6.9 Hz,
OCH,CHy), 2.21 (s, 3HCHs), 2.45 (s, 3HCH), 3.85 (s, 3HOCH), 4.12 (t,2H,J= 6.5
Hz, OCH), 5.26 (s, 1HPYyEH), 6.02(s, 1H meso-H), 9.64 ps, 1H NH), 10.90 (bs1H,
NH); Uc (DMSO-ds, 125 MHZ)10.9, 13.6, 13.9, 21.8, 27.9, 28.0, 58.4, 62.9, 91.4, 94.5,
111.5, 122.0, 124.0, 125.3, 139.1, 164.8, 166.9, 1BS8 [M+Na]" (C1sH24N204):

355.1634 (calculated); 355.1628 (experiméntal

(2)-Hexyl 5((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole -3-carboxylate (2-32)

OMe
X X AN

d \NH HN
ﬁ/J ’

This compound was obtained according to general procédtneam 2-28 as a bright

0)

yellow solid (213 mg, 87%Separate crystallizations prodddeatches containingure
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product, as well aB/Zisomeric mixturesMp = 162 °C U4 (DMSO-ds, 250MHZz) 0.87

(t, 3H,J = 6.6 Hz,CH3CHs), 1.181.45 (m, 6H(CH,)3CHs), 1.63 (q,2H, J = 6.8 Hz,
OCHCHy), 2.22 (s, 3KICH), 2.46 (s, 3HCH), 3.86 (s, 3HOCH), 4.13 (t,2H,J= 6.4

Hz, OCHy), 5.26 (s, 1H, PyH), 6.02 (s, 1HmeseH), 966 (bs, 1H NH), 10.93 (s, 1H

NH); Uc (DMSO-ds, 125 MHZ)11.0, 13.7, 13.9, 22.1, 25.4, 28.4, 30.9, 58.5, 62.9, 91.4,
94.6, 95.4, 100.8, 111.2, 111.5, 122.1, 123.6, 124.0, 125.3, 127.7, 137.3, 139.2, 163.8,
164.8, 166.9, 168.5, 170.BSI [M+Na]* (C19H26N204): 369.1790 (calculated); 369.1785
(experimental) *Note3C NMR data obtaineftom mixture of E and Z isomers, resulting

in two sets of dipyrrinone coféC signals.

(2)-Propy! 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy) -1H-pyrrol -2-

yl)methylene)-3,5-dimethyl-2H-pyrrole -4-carboxylate (2-33)

OMe
O
XX X N\
e \_NH N=
OTf

This compound was obtained according to general proceédyrigom 2-29, as a bright
yellow solid (186 mg, 99%)i (CDCls, 500 MHz)1.02 (t,3H, J= 7.4 Hz,CH.CHs3), 1.76
(asextet 2H, J = 7.1 Hz,CHxCHs), 2.43 (s, 3H CHa), 2.58 (s, 3H CHg), 3.90 (s, 3H
OCHg), 4.21 (t,2H, J = 6.6 Hz,0CHy), 5.43 (s, 1HPyrH), 7.13 (s, 1HmeseH), 10.99

(bs, 1H); Uc (CDCk, 15 MHz) 11.0, 11.7, 15.2, 22.3, 59.0, 65.6, 87.6, 114.4*, 119.2,
126.1, 133.4*, 135.4*, 144.8*, 161.9*, 165.3*, 168.2SI: [M+Na]" (C17H19F3N20eS):
459.0814 (calculated); 459.0808 (experiment&Note: signalsbarely distinguishable
from baseline signalAssignments made through comparison to related structigsal

for CRs carbon indistinguishable from baseline
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(2)-Butyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy) -1H-pyrrol -2-
yl)methylene)-3,5-dimethyl-2H-pyrrole -4-carboxylate (2-34)

OMe
X AN AN

d \NH N=
ﬁf OTi

This compund was obtained according to general procellurérom 2-30, as a bright

)

yellow solid (418 mg, 74%)i+ (CDClz, 500 MHz)0.97 (t,3H,J = 7.4 Hz,CH2CHj3),
1.46 gsextet2H, J = 7.5 Hz,CH.CHs), 1.72 @quinet, 2H, J = 7.3 Hz,0CH.CHy), 2.42
(s, 3H CHa), 2.57 (s, 3HCHg), 3.90 (s, 3HOCHs), 4.25 (t,2H, J = 6.6 Hz,0CH), 5.43
(s, 1H Pyr-H), 7.12 (s, 1HmeseH), 10.99 bs, 1H);lic (CDCls, 125 MHz)11.7, 13.9,
15.1, 19.6, 31.0, 59.0, 63.7, 87.6, 114.4, 119.2, 126.1, 13%3,11314.8, 161.8, 165.4
168.2F ESI: [M+Na]" (C1gH21FsN206S): 473.0970 (calculated); 473.0965

(experimental)* Signal for CE carbonindistinguishable from baseline

(2)-Pentyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy) -1H-pyrrol -2-

yl)methylene)-3,5-dimethyl-2H-pyrrole -4-carboxylate (2-35)

OMe
AN X N\

o0 N\.NH N=
./J oTf

This compound was obtained according to general procédlyfeom 2-31, as a bright

)

yellow solid (914 mg99%y). Un (CDClz, 500 MHZz)0.92 (t,3H,J = 7.0 Hz, CH2CHy),
1.351.44 (m, 4H CH.CH>CHg), 1.74 (guintet, 2H,J = 7.1 Hz,OCH.CH>), 2.42 (s, 3H
CHa), 2.57 (s, 3HCH), 3.90 (s, 3HOCH), 4.24 (t,2H,J= 6.7 Hz,0OCHy), 5.43 (s, 1H

Pyr-H), 7.12 (s, 1HmeseH), 10.99 bs, 1H NH); tic (CDCl, 75 MHz)11.6, 14.1, 15.1,
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22.5, 28.5, 28.7, 59.0, 64.0, 87.6, 114.4, 118.8 {4320 Hz), 119.1, 126.1, 133.4,
135.4, 144.8, 161.9, 165.3, 168ESI: [M+Na]" (C1oH19F3N206S): 487.1127

(calculated); 487.1132kperimenth.

(2)-Hexyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy) -1H-pyrrol -2-
yl)methylene)-3,5-dimethyl-2H-pyrrole -4-carboxylate (2-36)

OMe
X N AN

o0 \NH N=
/\/J OTf

This compound was obtained according to general procédlyfeom 2-32, as a bright

@)

yellow solid (100 mg, 92%)i+ (CDClz, 500 MHz)0.90 (t,3H, J = 7.0 Hz,CH2CHj3),
1.31-1.34 (M, 4H CH2CH-CHs), 1.401.46(m, 2H, OCHCH2CHy), 1.73 (aquiret, 2H, J
= 7.1 Hz,OCHsCHs), 2.43 (s, 3HCHs), 2.58 (s, 3HCH), 3.90 (s, 3HOCH), 4.24 (t,
2H,J=6.6 Hz,OCH), 5.45 (s, 1KHPyr-H), 7.14 (s, 1HimeseH), 11.02 bs, 1H NH); Uc
(CDCls, 125 MHZz)117, 142, 15.1, 22.7, 26.0, 28.9, 31.8.58, 641, 87.6, 114, 118.7
(g,J=319 Hz),1191, 1261, 133.3, 1351, 1448, 161.8 165.3 1682; ESI: [M+H]"

(C2oH26F3N206S): 479.1419calculated); 479.1458 (experimental).

(2)-Propyl 5-((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (237)
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This compound was synthesized according to general prockduirem 2-33, omitting

the final step andollectedin the freebase formasapurplered film (12 mg, 10%). Mp =

163 °C.0n (CDCls, 500 MHZ)0.98 (t,3H, J = 7.4 Hz,CH2CHs), 1.70 gsextet2H, J =

7.0 Hz,CH2CH), 2.16 (s, 3HCHs), 2.39 (s, 3HCHs), 3.99 (s, 3HOCH), 4.13 (t,2H,J

= 6.5 Hz,OCH), 6.06 (s, 1HAr-H), 6.19 ps, 1H PyrH), 6.71 (d,1H, J = 3.0 Hz,Pyr

H), 6.73 bs, 1H Pyr-H), 6.94 (s, 1HmeseH);* Uc (125MHz; CDd3): 11.0, 11.7, 13.1,
22.3,58.7, 65.3, 89.9, 96.1, 110.7, 112.5, 113.6, 123.2, 126.1, 128.3, 131.8, 140.1, 143.4,
160.8, 165.7169.% [M+H] * (C20H24N303): 354.1773calculated); 354.1812
(experimental) UV (CH2Clo) | max(€): 525 (19000).*Note thatN-H signals of

prodigiosers are exchangeable in the fimese formand are not visible itH spectra.

(2)-Butyl 5-((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)}-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (238)

This compound was synthesized according to general procktuirem 2-34, as a
purple film (10 mg, 8%)i+ (CDCls, 500 MHz)0.97 (t,3H,J = 7.5 Hz,CH>CHj3), 1.43
1.50 (M, M, CH.CHs), 1.701.76 (m, M, OCH.CHy), 2.51 6, H, CHg), 2.81 (s, 8,
CHs), 4.04 (s, 8, OCH), 4.26 (t,2H, J= 6.5 Hz,0CHy), 6.10 (bs, H, Pyr-H), 6.37%
6.39 (m, H, PyrH), 7.00 (bs, 1H, PyH), 7.10 (s, H, meseH), 7.29 (bs, H, PyrH),
12.66 (bs1H, NH), 12.72 (bs, #, NH), 12.93 (bs, B, NH): lic (CDCls, 125MHz) 12.0,

13.9, 15.0, 19.6, 31.0, 59.1, 64.0, 93.4, 112.5, 113.0, 116.0, 119.1, 122.2, 122.6, 123.5,
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128.6, 14.6, 150.1, 150.5, 164.8, 166BSI: [M+H]" (C21H26N303): 368.1929

(calculated); 368.1969 (experimentdl)V (CH2Clo) | max(€): 525 (19000).

(2)-Pentyl 5-((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)}-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (239)

This compound was synthesized according to general procktuirem 2-35, as a

purple solid (341 mg, 42%Mp = 164 °C U4 (CDCls, 500 MHZz)0.93 (t,3H,J = 7.0 Hz,
CH,CHs), 1.351.45 (m, H, CH,CH2CHs), 1.75 (aquirgt, 2H, J =7.01 Hz OCH.CHy),

2.52 (s, 3HCHg), 2.82 (s, 3HCHs), 4.05 6, 3H, OCHs), 4.25 (t 2H, J = 6.64,0CHp),

6.10 (s, 1HAr-H), 6.39 (bs1H, Pyr-H), 7.00 ps, 1H PyrH), 7.11 (s, 1HmeseH), 7.29

(s, 1H PyrH), 12.66 bs, 1H NH), 12.72 bs, 1H NH), 12.95 bs, 1H NH); tic (CDCls,
125MHz) 12.0, 14.1, 14.9, 22.4, 28.4, 28.5, 59.1, 64.2, 93.4, 112.5, 112.8, 115.8, 119.0,
122.0, 122.4, 123.428.3, 140.4, 150.0, 150.2, 164.6, 16@&3I: [M+H]"

(C22H28N303): 354.2131(calculated); 382.2125 (experimentd)V (CH2Cl2) | max

(€): 525 (19000).
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(2)-Hexyl 5-((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (2-40)

This compound was synthesized according to general procddurem 2-36, as a
purplered solid (22 mg, 30%Mp = 165°C. Gn (CDCl3, 500 MHZz)0.90 (t,3H,J=7.0
Hz, CH,CHa), 1.281.38(m, 4H, CH.CH,CH), 1.401.47(m, 2H, OCHCH.CH;), 1.73
(aquintef 2H, J= 7.1 Hz, OCHCHy), 2.49 (s, 3HCHs), 2.79 (s, 3HCHs), 4.02 (s, 3H
OCHb), 4.23 (t,2H,J = 6.6 Hz,0OCH,), 6.06 (s, 1HAr-H), 6.36 (d,1H,J = 2.5 Hz,Pyr-
H), 6.96 ps, 1H PyrH), 7.07 bs, 1H PyrH), 7.26 (s, IHmeseH),* 12.68 ps, H, 2 x
NH), 12.87 bs, 1H NH); iic (CDCl, 125MHz) 12.0, 14.1, 15.0, 22.7, 26.0, 28.9, 31.6,
59.1, 64.3,93.4, 112.5, 113.0, 115.9, 119.0, 122.1, 12235, 128.5, 140.6, 150.1,
150.4, 164.8, 166; ESI: [M+H]" (C23Hz0N30s): 396.2287(calculated); 396.2282

(experimental)UV (CH2Cl2) | max(€): 525 (19000).*Note: signal overlap with CDGI

1-Methyl-2-phenyl-1H-pyrrole (2-45)

/ \

N
|

Following a literature proceduf@pyrrole 2-44 (100 mg, 0.80 mmol, provided from
Maybridge chemical supplier) wasacted with phenylbromide provide2-45as a

colourlesssolid (63 mg, 8%). Un (CDCls, 250 MHZz)3.70 (s, 3H CHs), 6.26 ps, H,
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Pyr-H), 6.75 ps, 1H Pry-H), 7.36 (bs1H, PyrH), 7.407.46 (m 5H, Ar-H). These data

matchreported literature values

Benzyl 4-ethyl-3,5-dimethyl-1H-pyrrole -2-carboxylate (2-47)

/ \ o
H OBn

Pyrrole2-46%! (5g, 18.4 mmol) was dissolved in anhydrous THF (50 mL) underan N

environment, and cooled to O AC using an

(36.8 mL, 36.8 mmol, 1.0 Nh THF) was added drewise, via addition funnelover 20

minutes with rapid stirring. The reaction was allowed to reach room temperatumeasnd

thenstirred overnight (18 h). Upon completion, the reaction was quenched with careful

addition of water (5 m), and HCI (0 mL,1.0 M, aq) washenadded tahe solution.

The mixture was then poured into sat. NaHCIDO mL), and the organic layer separated

and washed with brine (3 x 30 mL) and dried over anhydrous sodium sulfate. Upon

removal of the solvenh vacuq the product was obtained as a turquoise g4lig? g,

999%).* Uiy (CDCls, 250 MHz)1.05 (t, 3H,J = 7.5 Hz, CHCHs), 2.20 (s, 3H, CH), 2.30

(s, 3H, CH), 2.38 (g, 2H,) = 7.5 Hz,CH,CHs), 5.31 (s, 2H, CkPh),7.447.32 (m, 5H,

Ar-H), 8.61 (bs, 1H, N). This data matches reported literature vafiieRespite

recrystallization of the product in methanol, the turquoise colour qirtheuct persisted

although no impuritiesvereobservable in thtH NMR spectrum.
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Benzyl 4ethyl-5-formyl -3-methyl-1H-pyrrole -2-carboxylate (2-48)

/7 \ o

0] OBn
Adapting aliteratureproceduré; pyrrole 2-47 (2 g, 7.78 mmol) wasdissolved in
methanol under atmospheric conditions. Cerium ammonium nitrate (17.6 g, 31.9 mmol)
was added as a solution in water (15 mith stirring. Formation of a white precipitate
was readily observed. After stirring for 45 min, no trace of starting mateastietected
using TLC analysis. Theeactionvessel wagooled to O °Cand theprecipitatewas
collected via suction filtratio. The solid was washed with hexamand thercollected
via dissolution inCH.Cl>. The organic layer wagigéd overNaSQs, andfollowing
removal of the solvenh vacuq the product was obtained without further purification as
a white solid (1.7, 81%). U+ (CDCls, 250 MHz)1.19 (t, 3H,J = 7.6 Hz, CHCHs), 2.30
(s, 3H, CH), 2.74 (g, 2H,) = 7.6 Hz,CH.CHs), 5.33 (s, 2H, CkPh), 7.357.43 (m, 5H,
Ar-H), 9.49 (bs, 1H, NH), 9.75 (s, 1H, HCOhese data matchieported literature

values?

Benzyl 4acetyt1,3,5trimethyl -pyrrole -2-carboxylate (2-51)

0]

/ \ o

N
| OBn

Adapting a literature procedut&pyrrole 2-46 (500 ng, 1.84mmol) was dissolved in
CH2Cl2 (20 mL) ard tetrabutylammonium bromide (59p0.184mmol) and methyl

iodide (126 pl, 2.02mmol) were added. The mixture was stirred vigoroasl§) °Cas
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aqueais sodium hydroxide (1@L, 5M) was addedrop-wise The mixturedarkened,
and was allowetb warm toroomtemperature as the reaction stirred overnfBt).
The organic fraction was separated and washedbusiitle (100 nb), dried over sodium
sulfate, and filtered ovex pad of neutral silicasing methanol:CkCl> (5:95) After
removal of the solvenh vacuo,pyrrole2-51 was isolated asneoff-white lid (611 mg,
99%). UH (500 MHz; CDC%) 2.45 (s, 3K CHg), 2.46 (s, 3KICHg), 2.52 (s, 3KICH),
3.77 (s, 3HNCHs), 5.32 (s, 2HCH:PH), 7.437.33 (m, 5H Ar-H); tic (CDCls, 125MH?z)
12.4,13.7, 32.83.2 66.1,123.5, 128.3, 128, 1295, 136.2, 140.5,821, 1966;* ESI:
[M+Na]" (C17H19NO3): 308.1263calculated)308.1257(experimentaly Two aromatic

signak unaccounted for it®C NMR spectrum

Benzyl 4ethyl-1,3,5trimethyl -pyrrole -2-carboxylate (2-52)

/ \ O

N
| OBn

Adapting a literature proceduf&pyrrole2-47 (2.12g, 8.2 mmol) was dissolved in
CH2Cl2 (20 mL) ard tetrabutylammonium bromide (264g, 0.82 mmol) and methyl
iodide (564 ul, 9.06 mmol) were added. The mixture was stirred vigoroasl9 °Cas
agueais sodium hydroxide2Q0 mL, 5M) was addedrop-wise Thereaction vessel and
condenserube were sealed, and timexturewas heated at 50 °C for 3 days. Although a
considerable amount of starting material was still preglemtorganic fraction was
separated and washed withine (100 nk), anddriedover sodium sulfaté?urification
using chomatography (%2, EtOAc/hexane /® then 2/8) furnished pyrro252 as a

colourless 0i{482 mg,229%). Ui (500 MHz; CDC4) 1.02 (t, 3, J = 7.5 Hz, CHCHs),
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2.16 (s, 3H, CHh), 2.26 (s, 3H, CH), 2.39 (q, 2H,) = 7.5 Hz,CH.CH3), 3.77 (s, 3H
NCHs), 5.29 6, 2H CH:Ph), 7.30 (t,1H, J = 7.2 Hz,Ar-H), 7.36 (t,2H, J = 7.4 Hz,Ar-
H), 7.42 (d,2H,J = 7.3 Hz,Ar-H); Uc (CDCl;, 125MHz) 10.4, 11.8, 15.8, 17,83.1,
53.6,65.26, 1228, 127.6, 18.0, 128.1 128.6 1371, 162.1* ESI: [M+Na]
(C17H21NOy): 294.140 (calculated)294.1465* Onearomatic signalinaccounted for in

13C-NMR spectrum.

Benzyl 4-ethyl-5-formyl -1,3-dimethyl-pyrrole -2-carboxylate (2-53)

/ \ O

/ N
o) | OBn

Adapting a literature proceduf&pyrrole2-48 (1.7 g, 6.27mmol) was dissolved in
CHCI> (20 mL) ard tetrabutylammonium bromide (202n9.627mmol) and methyl
iodide (429 ul, 6.89mmol) were added. The mixture was stirred vigoroasl9 °Cas
agueais sodium hydroxide (13L, 5M) was addedrop-wise The mixturedarkened,
and was allowed warm to room temperature as the reaction stirnedghi€18h). The
organic fraction was separated and washed bvitie (100 nh), dried over sodium
sulfate, and filtered over a pad of neutral siliseng methanol:CkCl2 (5:95) After
removal of the solvenh vacuo,pyrrole 2-53 was isolated asnampue brownsolid
(1.78g ~99%mmol). ti4 (500 MHz; CDC$) 1.13 (t, 3H,J = 7.5 Hz,CH.CHs), 2.20 (s,
3H, CHs), 4.16 (s, 3HNCHg), 5.35 (s, 2HCH:PH), 7.457.34 (m, 5H Ar-H), 9.89 (s,

1H, HCO); ESI: [M+Na]" (C17H19NOs): 308.1263 calculated)308.1257

68



1-(1,2,4 Trimethyl -5-phenyl-1H-pyrrol -3-yl)ethanone(2-55)

@)

[\

N
I

To generate the-arboxylic acid required for coupling, pyrrd2és1 was subjected to
general proceduré for hydrogenolysis to produce the acid as a white solid (356 mg,
99%). U (500 MHz; CDCB) 2.44 (s, 3H, Ch), 2.46 (s, 3H, Ch), 2.56 (s, 3H, CH),

3.78 (s, 3H, NCH). The material was used crude, and subjected to general provédure
to isolate2-55 as a beige solid (123 mg, 99%. (500 MHz; CDC8) 2.17 (s, 3H, Ch),
2.48 (s, 3H, Ch), 2.56(s, 3H, CH), 3.34 (s, 3H, NCh), 7.25 (d, 2H,) = 6.9 Hz, ArH),
7.38 (t, 1HJ = 7.4 Hz, ArH), 7.44 (t, 2H,J = 7.4 Hz, ArH); tic (CDCls, 125 MHz)12.7,
13.0, 31.6, 31.7, 116.4, 121.6, 127.8, 128.3,43131.6, 132.1, 135.7, 196BSI:

[M+Na]" (C1sH17NO): 250.1208 (calculated); 250.1202 (experimental).

3-Ethyl-1,4-dimethyl-5-phenyl-1H-pyrrole -2-carbaldehyde (2-57)

To generate the-2arboxylic acid required for coupling, pyrrd®2e63 (459mg, 1.61
mmol) was subjected to general proceddréor hydragenolysis. Some impurities
persisted, and san acidbase wash was performetetarboxylicacid was dissolved in
CH2Cl> (30 mL), and washed with NaOH (1M, 30 mL). The organic layerreamved,
and the basic layer acidified with citric acid. Tderboxylc acid of2-53 was extracted

into CHCl>. Removal of the organic layar vacuoyieldedthe carboxylicacid as a white
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solid (169mg, 5%6). Ui (500 MHz; CDC}) 1.16 (t, 3H,J = 7.6 Hz, CHCHs), 2.29 (s,

3H, CH), 2.74 (d, 2HJ = 7.6 Hz,CH2CHz), 4.20 (s3H, NCHs), 9.94 (s, 1HHCO). The
material was used crude, and subjected to general prodédureisolate2-57 as a beige
solid (78mg, 43%). Ui (500 MHz; CDC8) 1.22 (t,3H, J = 7.6 Hz,CH,CHs), 1.93 (s, 3H
CHa), 2.76 (q.2H, J = 7.6 Hz,CH2CHs), 3.7 (s, 3H NCH), 7.29 (d2H, J = 6.9 Hz Ar-

H), 7.41 (t,1H,J = 7.4 Hz,Ar-H), 7.47 (t2H,J = 7.3 Hz,Ar-H), 9.75 (s, 1HHCO); Uc
(CDCls, 125 MHZz)9.2, 16.7, 17.3, 34.2, 117.3, 127.2, 128.5, 128.6, 130.3, 130.8, 139.7,
141.3, 177.7ESI: [M+Na]" (C1sH17NO): 250.1208 (calculated); 250.1202
(experimental)A small amount of decarboxylated pyrrole product was also produced,

and was not easily separated using chromatography, (3iG% EtOAc/Hexanes)

(2)-Benzyl 4ethyl-5-((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)}-3-methyl-

1H-pyrrole-2-carboxylate hydrobromide (2-62)

/ = =
=N HN-/

HBr OBn

O
Pyrrole2-48 (1.075g, 3.96 mmol) and2-61 (535 L, 3.96 mmol, prepared according to a
literature procedur&jwere dissolved in tetrahydrofuran/matiol (LO ML, 1/1), at rom
temperature with stirring under a nitrogen atmospherac@urated hydrobromic acid
(689uL, 7.92mmol) was added drepise to the solution. The mixture was stirfed
four hours, after whickhe starting materials were consumed, as monitored usiGg TL
analysis The solution and the precipitate were poured into chidke@ (100 mL) with
stirring, and the precipitate was colied through suction filtratiomhe product was
washed witrEt.O and dried under vacuum to render binek-red dipyrrin salt 1.364,
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75%). U (500 MHz; CDC#) 1.10(t, 3H, J = 76 Hz, CH,CHs), 1.14(t, 3H, J = 7.6 Hz,
CH:CHs), 2.26 (s, 3H, CH)), 230(s, 3H, CH), 245(q, 2H,J = 7.6Hz, CH.CH3), 2.67
(g, 2H,J = 7.6 Hz,CH.CH), 280 (s, 3H, CH), 5.47(s, 2H, CHPh), 717 (s, 1H, meso
H), 729(d, 1H, J = 73 Hz, Ar-H), 734(t, 2H, J = 7.3 Hz, ArH); 7.62 (d, 1HJ) = 7.4

Hz, Ar-H); 12.53 (bs, 1H, NH), 14.86 (bs, 1H, NHi}; (CDCls, 125MHz) ESI: [M+H]*

undetermined.

7-((Benzyloxy)carbonyl)}2,9-diethyl-5,5difluoro -1,3,8trime thyl-5H-dipyrrolo[1,2 -

c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (2-63)

g Y N

N
To asolution 0f2-62 (1.145g, 2.51 mmol) in CHCl> (100mL) under nitrogenDIPEA
(2.62mL, 15.1mmol) wasaddedandthe solution was stirred for 30 minutes.sBFO E t
(2.79mL, 22.6 mmol) was then added slowly over several minutes, and the mixture was
stirred for 18 hoursafter which no starting material remained as indicated via analysis
using TLC.The organic layewas washed witsaturatedaHCQG; (ag., 100 mL),
separatedandthendried over MgS@. The solvent was removéa vacuo Purification
usingsilica (ethyl acetate/hexanes, 1:9 V/V) gave the title compound as a dark red solid
(541mg, 51 %). tn (500 MHz; CDC}) 1.08(t, 3H, J= 7.7 Hz, CH:CHs), 1.11 (t, 3H, J =

7.7 Hz, CHCHs), 216 (s, 3H, CH), 219(s, 3H, CH), 2.90 (g, 2H,J = 7.6 Hz,

CH:CHg), 257 (g, 2H,J = 7.6 Hz,CH.CHz), 261 (s, 3H, CH), 539(s, 2H, CHPh),

7.05(s, 1H,meseH), 7.31(d, 1H,J = 7.3 Hz, AfH), 7.3 (t, 2H,J = 74 Hz, Ar-H); 750

(d, 1H,J=7.4 Hz, ArH); Uc (CDCl, 125 MHz)9.6, 10.9, 13.8, 14.2, 16.4, 17.4, 17.74,
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66.7, 120.26, 128.10, 128.50, 128.63, 131.97, 135.80, 136.25, 136.57, 137.62, 140.08,

141.00, 161.66, 166.91, 171.26I|: [M+H]" undetermined.
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Section 2.7: NMR Spectra

Propyl 5-formyl -2,4-dimethyl-1H-pyrr ole-3-carboxylate (2-25)
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E g g 23 23 BI2YN BNS
S ~ 355 N SR Eee
| | VN
| l o
1.01 29 2.33
T ‘ 2 3.03 . 3.02
1 10 ) 8 7 6 5 )) 3 2 1
13C UDEFT NMR (CDC4, 125 MHz):
wn o N~ [32] [32] [32] — O~ wn o 1NN
N veg 3 NSO N vao
- - - - - - NN © N ——e
| . | |\
240 220 200 180 160 140 120 100 80 60 40 20

73



Butyl 5-formyl -2,4-dimethyl-1H-pyrrole -3-carboxylate (226)

IH NMR (CDCl, 500 MHz):
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Pentyl 5-formyl -2,4-dimethyl-1H-pyrrole -3-carboxylate (2-27)

IH NMR (CDCl, 500 MHz):
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Hexyl 5-formyl-2,4-dimethyl-1H-pyrrole -3-carboxylate (2-28)

IH NMR (CDCl, 500 MHz):
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13C UDEFT NMR (CDC}4, 125 MHz):
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(2)-Propyl 5-((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylid ene)methyl}2,4-dimethyl-1H-

pyrrole -3-carboxylate (2-29)
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(2)-Butyl 5-((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole-3-carboxylate (2-30)
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(2)-Pentyl 5-((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylidene)methyl)}-2,4-dimethyl-1H-
pyrrole -3-carboxylate (2-31)
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(2)-Hexyl 5((3-methoxy-5-oxo-1H-pyrrol -2(5H)-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole -3-carboxylate (2-32)

OMe

0]
\\\

(@) \ NH HN
ﬁﬁf °

IH NMR (DMSO-ds, 250MHz):

m < w o ToOoMO OONNO—ON—WNONMW
o wn — w0 T ON—OM—OWOITONVOWM
=] © < N —o% LN AN DDA MY A (N g 60 10
[ T W7 N2
| I
I S — I
-,
0.701
o
0.608
: : : : : : : : ‘ : i : :
ppm 12 1 10 9 8 7 6 5 4 3 2 i 0

13C UDEFT NMR PMSO-ds, 125 MHz):

DO —© DOWNOOONND N
ONNTO O~ OOTAMOO OMON~ ©O00WNPNEOOLT —nn
ATHRD ~NRMOO—NN N O— ~ ONNG—F 00— NT DN
SoEtm SN NBEma—— ST DNORWINP-ONMMNONOR
ROOWO M NNNNN - O e Nogaaadananoonammo
\\TV ﬁ\}ﬁﬁ\ﬁ\ﬁ/ﬁ/ﬁﬁ/ﬁ ﬁ\mc}n‘? TTYQ- MMWW

ppm220 200 180 160 140 120 100 80 60 40 20 0

80



(2)-Propyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy) -1H-pyrrol -2-

yl)methylene)-3,5-dimethyl-2H-pyrrole -4-carboxylate (2-33)
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(2)-Butyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy) -1H-pyrrol -2-
yl)methylene)-3,5-dimethyl-2H-pyrrole -4-carboxylate (2-34)
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(2)-Pentyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy) -1H-pyrrol -2-
yl)methylene)3,5-dimethyl-2H-pyrrole -4-carboxylate (2-35)
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(2)-Hexyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl) oxy)-1H-pyrrol -2-

yl)methylene)3,5-dimethyl-2H-pyrrole -4-carboxylate (2-36)

IH NMR (CDCl, 500 MHz):
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(2)-Propyl 5-((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (2-37)
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(2)-Butyl 5-((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (2-38)

IH NMR (CDCls, 500 MHz):
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(2)-Pentyl 5((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)}-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (2-39)
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(2)-Hexyl 5-((4'-methoxy-1H,5'H-[2,2'-bipyrrol] -5'-ylidene)methyl)-2,4-dimethyl-

1H-pyrrol e-3-carboxylate hydrochloride (2-40)

IH NMR (CDCls, 500 MHz):

o one maE o [— .
She 252 223 B giso 2
2583 B3 2% F 38 g
s ppn e 5
17 77 7 1
' M 1 ] \
[ "y \/ | \
1
1
1 |
I
1
| 1
1
f ‘ \k h
I I
L. S
L o o w y Wy
1.78 1 1 01 02 217 333
L o w 3 ]
1 1 1 2.04 2.94 218 439
T T T T T T T T T T T T T T
4 13 12 " 10 9 8 7 1) B 4 3 2 1
3C UDEFT NMR (CDC4, 125 MHz):
- e e
o R a = o R —
ks EEE H 2 EE E2os o
e 33 o < = & 3 BRE  H°F
£z G g § g8 s Tic
[ 17 7 17
\ Vo
| \ W
1
‘I
I
|
I )
I
I
| | ‘ | ‘ N J L ‘ l
o L .
b gl o
T T T T T T T T T T T T T T T T T T T T T T T
zz0 2i0 z00 190 180 170 160 150 140 130 120 110 100 a0 &0 70 &0 S0 40 30 20 10 0

88



Benzyl 4acetyt1,3,5trimethyl -pyrrole -2-carboxylate (2-51)
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Benzyl 4ethyl-1,3,5trimethyl -pyrrole -2-carboxylate (2-52)
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1-(1,2,4Trimethyl -5-phenyl-1H-pyrrol -3-yl)ethanone(2-55)
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IH NMR (CDCl, 500 MHz):
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3-Ethyl-1,4-dimethyl-5-phenyl-1H-pyrrole -2-carbaldehyde(2-57)

IH NMR (CDCl, 500 MHz):
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(2)-Benzyl 4ethyl-5-((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl}-3-methyl-

1H-pyrrole-2-carboxylate hydrobromide (2-62)
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7-((Benzyloxy)carbonyl)}2,9-diethyl-5,5difluoro -1,3,8trimethyl -5H-dipyrrolo[1,2 -

c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (2-63)
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Chapter 3. Reactivity of the 1 -Methyl Functionalit y

on Free -Base Dipyrrins

Section 3.1: Background Information Regarding 1 -Methyl

Dipyrrins

Dipyrrins have classically been studied for use in the synthesis of porphyrin
frameworks. Although the synthesis of porphyrins is still very much a contemporary
topic of researchinterest indipyrrinsis nowalso influencedy the stunning optical
propertiesexhibited bydipyrrin metal andnetalloidcomplexes” Boron dipyrrinato
complexesF-BODIPYs, haveébeen the subject @n outpouring of recent studglated
to their optical prperties and are used for a variety of purpg¥ashich will be better
discussed in Chapter 4.dgt new synthetic methodologies for manipulating dipyrrins
involve their metal complexe¥ presumably because dipyrrins in the fhsese state are
inherentlylessstablerelative to both their salt and complexed fofthghis makes free
base dipyrrins generally undesirabkesynthetic intermediates, especiallyrisearchers
who are unfamiliaor uncomfortablérandling pyrrolic materialsChere is significant
opportuwnity for improvement of synthetic techniques involving flsese dipyrrins, as
very few such modern synthetic reactions are reported.

Figure3-1: IUPAC numbering for the dipyrrin backbone
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R® R4
3,4 6
R1—/ > 5 \7 R5
2\ NH N=(/8

)
10 11 9
HsC RE «

p

95



Thecompoundgslisaussedhereincontain amethylgroupat the tpositionof the
dipyrrin backbonéFigure3-1). This mmingconvention was establishég IUPAC in
1987 dipyrrins are formally composed of a pyrrole ahzafulvene unit attacheda
the 2position of the origial pyrrole, and the external alkene functionality of the fulvene.
Common substituents decoratitng pyrrdic backbone of the dipyrrin includskyl, aryl,
carbonyl and halo substituerts1:92.102% Dipyrrins borrow idiomatic naming
conventiongrom pyrroles, in that the-land 9 positions are designated the U-
positions while the 2, 3-, 7- and 8 positions are designat@ds-pobitions Figure3-1).
Due to the often asymmetriature of dipyrrins, these labels can be insufficient when
discussing these compounds; nonetheless tredb designations are frequently used in
the literature.

In casesvhere substitution is symmetric about Bieor mese, position, éectron
densityis shared evenly among the eleven aimns of thalipyrrin frame, allowing for
chemicalequivalency of the pyrrolic nitrogeatoms Figure3-2, structureA andB).
Figure3-2: Tautomerization of 1-methyl dipyrrins

XN g Y N -~ J Y N~
\NH  N= =N HN-/ NH HN_/
B c

A

In addition to the expected tautomerism involving the two nitrogen atemsthyl
dipyrrins have also been suggeste@desess aadditionaltautomeric forn(Figure3-2,
strudure C).1% These suggestions have arisen in the context of reactivity atntethy!
positionof dipyrrins: reactionssuch as ta addition of molecular bromine to the methyl
functionality,aretypically thoughtto occur via an oxidative or radical mechanist.

This belief is founded in the comparatively betardied reactivity of Znethyl pyrroles
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that react via these mechanisms. Provithedautomeric form shown abo(@), it is
conceiable that reactions such as the addition of molecular bromine involve an
electrophilic additionKigure3-3).108

Figure3-3: Proposed ¢ectrophilic addition of Br2to 1-methyl dipyrrins

i = = RS X AN S X AN
ES . _—
=N HN-Z \NH N \_NH HN=
Br-Br ®Br ® Br

Beyond the scapof reactionsnvolving oxidative conditions (treatment with Br
Pb(OAC) or (NH4)2Ce(NG)s for example)®>1%the tautomeric form of-inethyl
dipyrrins for carborcarbon bond formation has only been invoked to describe base
catalyzed Koevenagelike condensations yielding conjugated, vinylagous products
(Figure3-4).

Figure3-4: Mechanism of basecatalyzed Knoevenagelike condensation of imethyl

dipyrrins
g~ // B N O) T~~~ // +H+
=N HN ) T |\=N HN-Y — =N HN —
) P o-
A »—H B - C

The goal of the present work was to explore reactions utilizing thermal dhéatin
promote similar reactivity in-inethyl dipyrrins, in the absence of a weak base. The first

isolation of norvinylagous dipyrrins reacted at thenlethyl position is reported herein,
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alongside deuterium labeling studies that support the culpabilibheafxacyclic

tautomeric state in these transformations.

Section 3.2: Results and Discussions

3.2.1Reactivity of 1-Methyl Dipyrrins as a Pathway for Decomposition

Initial interest in the reactivity of-inethyl dipyrrins was instigated after
observation of decomposition dipyrrin HBr salt3-1 A H Bver several months on the
benchtop Figure3-5).
Figure3-5: Chemical structure of dipyrrin 3-1 AHB r

XN\
\NH N=

HBr

3-1-HBr
A freshsample o3-1A H Bwas prepared, and stored &x monthsn a sample vial
sealed with ParafilmOver the duration of this time, the colour of the sandjpidered
significantly fromredtobrown ed; as di pyrri nAHBr salts ar
exceptional stability under ambient conditions, oftenisurg storage for decades
without decomposition, this observation was unexpeéidough the sample had been
initially pure, analysis usintH NMR revealed the presence of a seamdlipyrrin-like

impurity. To provide clarity in the spectrum, the solids converted to its fregase form

and dissolved in MeOFigure3-6).
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Figure3-6: Partial 'H NMR spectrumrevealing decompositionproduct of free-base

3-1

@ 3-1
O Impurity \NH  N=

7.2 71 70 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 6.1

*Spectum obtained using MeOD.

Flash chromatography using Brockman Il basic alumina was used to isolate the
impurity, 3-2. The impurityexhibited a higher polarity the8i1, when analyzed using

TLC; as such3-1 was eluted using agthyl acetate:hexanes (1:1®)lvent system
Increasing the polarity of the eluent (1:19 to 1:9) allowed/isualization of3-2 on the
column, as the compound leached away from the dark brown mass adhered to the top of
the alumina padlhesolid 3-2 was isolated, but as an impurengde. It was surmised

that the stability of the compound was low, and that degradation was occurring during
purification or upon removal of the solventvacuo Attempts to purify the compound

via recrystallizatiorwerenot successfuDipyrrins are oftemurified via conversion to

their HBr salts followed by precipitation from ether. Unfortunately, washing the impure
sample of the isolated impurity wittydrobromic acid30 mL, 1M) to hopefully

generate the corresponding HBr sadsulted in formationfaan insoluble taflike
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product.Purification via column chromatography was reattempted, with efforts made to
limit the amount of time the solid spent on the column; fortunately, several milligrams
pure mataal were thuobtained(3% yield from originamaterial)

Confirming the structure of the impurit§;2, was notrivial. Within the'H NMR
spectruma second set of aromapgrrolic hydrogen signal&aspresent, in addition to
the signals expected for the starting matedial The signalrepreseting the Xmethyl
group of theparent compound-1 (2.32 ppm)was no longer present, while the second
methyl signal (2.08 ppnf)ad doubled in intensity the isolatedmpurity, and now
represented sikydrogen atoms. The formation of a second methyldng signal was
also observed iB8-2. The appearance afnew methyl signdlurther upfield, relative to
compound3-1, was also observed.Q0 ppn), along with o new signalst 3.25 and
4.70 ppm representing two and one hydrogen atoms, respectwemcal shifts in the
3-5 ppmrange are ndtypically obseved for simple alkyl dipyrrinsAttempts to use 2D
NMR techniques to conclusively elucidate the structure were hindered by overlap in the
aromatic region of th€C NMR spectrum. Aalysis ofthe impuity 3-2 usinglow-
resolutionESI mass spectrometry revealest@ng signal at 2011h/z This signal
correspondto the mass of thnized protonategarent compound-1. This result
contradicted the observations made basetthetH NMR spectrum. Aseond signal at
401.3m/zwas also observed in the ESI mass spectrum, corresponding to the mass value
[2(3-1)+H]". Dimeric signasin ESI mass spectrometry aret urtommon and signals
representing [2M+H]are often observed in specfoa dipyrrinsprepare within the
Thompson research grogpAlthough the obswation of a signal at 40118/zcould be

explained by the formation of dimeric ions in the mass spectrometer, an alternative
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hypothesis was formed such that the impuw#g/is constitutionally isomeric to two
monomers of the starting materiall. Basedon this hypothesis, and taking into
consideration the observations made based otHIINMR spectrum, a structure f8¢2
was proposedHigure3-7).

Figure3-7: Structure of dimeric decomposition product3-2

This 1-(methylenedipyrromethana)pyrrin frameworkhas not been characterized in the
literature. An indepth search, using the structural tools provided by CAS (Scifinder) did
not provide any matches for compounds bearirgylttmethylenedipyrromethane)
dipyrrin framework However, further research into the original literature regarding the
reactivity of Xmethyl functional dipyrrins did produce a single example of this
framework being proposed as a result of nucleophilacktby the electrophilic-inethyl
functionality at themeseposition of dipyrrins:t©

Indeed, in 1978 Treibs and coworkers reported heating a solution dfdsee
dipyrrin (A, Figure3-8) in methanol ateflux temperature under an ammonia atmosphere
to generate what was described as a dark yellow intermediate dipyrHmwever, this
material was not characterized, and it was described as highly unstable. Instead, the
mixture was acidified with hydrodébric acid to initiate formation of the green/blue 1

(vinylpyrrolyl)-dipyrrin F in low yields (1.6%, 500 mg of product from 20 g of starting
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material). The authors also report signifi
byproducts, 0 as fweildniafsi craenctl agnaa n toint ioefs o f

Figure3-8: Proposed mechanism of formation ofl-(vinylpyrrolyl) -dipyrrins

With this information in hand, improving the formation32 was attempted. As
formationof 3-2 on the bench occurred via presumed thermal degradation with time, it
stood to reason that production of this compound could be accelerated via heating, and
inhibited through coolingndeed sample of 3-1A H Band freebase3-1 werestored &0
°Cin the freezer for a period of 30 daygth no observetbrmation of3-2. A series of
reactiongo determine the effegbf heaing werethenperformed

As a first reaction, 100 mg dfydrobromidesalt 3-1 A H ®as dissolved in 4 mL
of methanol:chldroform (1:1, to improve solubility) and heated at 100rf@&e
microwave for 15 minutesi@ble3-1, entry 1)The red colour of the solution persisted
though the course of the reactiavith no formation of the described greembdlcolour

expected for Lvinylpyrrolyl)-dipyrrins,and no decompositigoroducts This experiment
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was repeated at 150 °C (the upper temperature threshold possible given microwave
conditions in this solvergystem for an hour with similar result3reibsand ceworkers
described performing their reaction on the fb@se dipyrrins and not the HBr salt; and
s0,3-1 A H ®as dissolved in dichloromethane, and washed with sodium hydroxide to
produce the frebase After extraction and drying over sodium sulfatee solvent was
removed and the brown film was dried under vaculisnTreibs used a solution of his
free-base dipyrrin in methanoFigure3-8),11%similar conditions were adopted for
dipyrrin 3-1. Followingintroduction of a nitrogen atmosphere afisisolutionof the free
basein anhydrous methand-1 was stirred at reflukemperaturdor four hoursusing
conventional heating. d&Nformationof the expected product was observed TLC
analysigTable3-1, entry 2). Howevera significant portion of thetarting material was
recoveredandformation ofblack amorphousnaterialbegan to occur

Table3-1: Formation of 3-2 from free-base3-1

Entry Heating T (°C) Time Solvent 31 32
(% recov.) (%)
12 MW 100A 150 15 min MeOH/CHCE 99 0
2 & 65 4h methanol 82 0
3 & 80 12 h toluene 15 trace
4 & 100 12 h toluene 0 trace
5 MW 80 15min  methanol 52 0
6 MW 100 15min  methanol 20 4
7 MW 100 1h methanol 0 0
8 MW 120 15min  methanol 0 0

a3-1 A H Bsed for reaction
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To allow for an increse in the temperature of reaction, experiments Wergrunin
anhydrous toluenat 80 and 100 °C for 1Bours Table3-1, entries 3 and}4
Gratifyingly, both reaction mixturesontainedsufficient quantities 08-2 asto be visible
via analysis usin@LC. Unfortunately, as before, purificatiaf 3-2 was not facile, and a
pure sample of the material was not isolated.

As freebasedipyrrinsare prone to decomposition at high reaction
temperaturest! microwave heatingvas utilizedas a means to more precisely control the
temperature ramping and exposure timedeed, it has been shown that microwave
enhanced heating can significantly increase rates of reaction, altlh@ugiethanism for
this increase is hotly contest€d The first microwave promotedtactionof 3-1 involved
heating a methanolic solution&@ °C for 15 minute¢Table3-1, entry 5. Increased
reactivity was evidentia observation othe colour of the reaction mixture aftexdiing
what had previously been a clear, bright yellow solution had darkened to brown.
Although trace amounts 8f2 were observable using TLC analysie productvas
isolable via chromatography. A second tmalolvedheating at 100 °C for 15 minutes
was thus performed, witlmiproved results. Purification ovbasic alumina, eluting with
ethyl acetate:hexanes (1:19 to 1:4) providd@ayield of3-2 (Table3-1, entry 6.
Attempts to improve the yield were madgibcreasingooththe lengthand temperature
of the reaction(Table3-1, entries 7 and 8). Howevereithermethod was forthcoming.
Indeed,decomposition of alllipyrrin-like materialswas instead observed undeesk
latter two sets of condition3 hese reactions demonstrate thlative instability of the

free-basedipyrrin: by simply increasing the temperature by 20 °C, or by slightly
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extending the total length of reactidmgth the starting material and producesisform
into amorphous black material.

As a general rule, the stability of dipyrrins increases with increasing alkyl
substitution of the dipyrrolic backbone. With this in mind, we hoped to determine
whether the symmetridipyrrin, 3-3, could be reacteith a similar fashion t8-1 (Scheme
3-1). As 3-3is substituted at both the d4nd 9 positions, it is conceivable that isolation
of both a di andtrimeric product would be feasible.

Schemes-1: Attempted dimerization of dipyrrin 3-3

CHCI;:MeOH
TN\ M.W.,100 °C, 15 min
\_NH N= -~

3-3

Not Isolated;
No Reaction Occurred

CHCI;:MeOH
M.W., 150 °C, 15 min

Isolated in
Trace Quantities;
Readily Decomposes
NH Under Atmospheric

Conditions

To test thisa solution of3-3 in chloroform:methaal (1:1, to improve solubility)
was heated at 100 °C for 15 nataes in the microwavéNo reactivity was observed, and
the starting material was rdl@rted without any indication ofetompositionThe
temperature was increasedle0 °C and the reaction repeatédter heating, thelark
brown colouation of the starting material was replaced by a wiw&en A portion of
starting materialvasunreated (20% crude yield), andiie presence of a polar, blue

compound was detecteth TLC analysis. In addition, significant formation of other
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polar compounds, at thmselineof the plate, was also observed. Upon elution basic
aluminaand using a lovpolarity eluentthe blue compound maintained its colouration.
As the pdarity of the eluentvas increasedl(99A 1:4 ethyl acetate:hexanes)
bathochromic shift in the light absorption of the solutiaas observed for the unknown
product. Although theampound appeared blue in lgsslar eluent, elution under the 1:4
mixture of ethylacetate:hexanes yieldetedpurple solution as the compound exited the
column. The compound either ran concomitant with the less polar di@y8riaxiting as
a mixture,or adhered to the alumina at low solvent polarities. A solvent gradient was
used to remove the remainder of the product. However, only a complex mixture was
isolated, and analysis of the mixed products ushbMR spectroscopy revealed the
appearancef several methyl and ethyl signals, as well as the formation of two GOSY
coupled vinylic peaks at 6.06 and 6.67 ppm. Examination of the mixture using ESI mass
spectrometry revealed (in additibmstarting materiallan ion ofmass 389.81/z This
mass correl@s to the addition of a krypjayrrolic unit to thestarting material, as well as
a singlecarbonandhydrogen atom. These observationd les toconclude that the
formation of X(vinylpyrrolyl)-dipyrrin 3-4 occurred upon heatin@6% crude yield)
Unfortunately, further purification was hindered by the instability of the product.
Outside of the report by Treiles al, 1-(vinylpyrrolyl)-dipyrrins aresparingly
reported in the literaturé'®11311“Compounds thaire analogous t8-4 have been
reported to exhibit similasolvatochromigroperties, angossessimilar stabilities under
an ambient setting-he most recently reporteiidratureconditions for the formation of
thesetripyrrolic species report oxidatioof a2-methyl, meseH dipyrrin using manganese

and molecular oxygein refluxing DMF (18%):!° Indeed, autors suggest the formation
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of a :formyl substituted dipyrrin and Knoevenagdgpe condensatioat reflux
temperature in DMHAnN contrast, the reactiaescribedn Schemes-1 wasperformed in
the absence of a catalytic metal, amthe absence of oxygen (the microwave vial had
been purged with nitrogenyhesereailts suggest that formation of(¥inylpyrrolyl)-
dipyrrins, such a8-4, may beinitiated by exposure to high temperature, and does not

necessarilyequirethe additionof manganese and oxygen for reaction.

3.2.2Deuterium Exchange on iMethyl Dipyrrins

To support the conclusion that the increase in tempernaidueesformation of
the tautomer depicted FFigure3-2, experiments were performed to elehine whether
thehydrogensat the tmethyl position could be exchanged with deuterium utitkeymal
conditions similar to those required for generation of diBa2(Table3-1). Microwave
promoted heating afolutions of dipyrms indeuterated, protidFeolventwas thus

performed Table3-4). Some dimer was also formed.
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Table3-2: Deuterium exchange on dipyrrin3-1

XY\ MeOD-d, XN\
\ - > \
NH N M.W. ND N
3-1 DsC  3-1-D,

Entry t(min) T(°C) % Yield

1 30 60 0
2 30 70 0
3 30 80 0
4 30 90 0*
5 15 100 17

apPartial exchange observed.

As a first investigation, the freease dipyrrir8-1 was chosen due to inactivity of thé3H
salt when attempting to form dim@&+2. The dipyrrinwasdissolved in deuterated
methanol, he sdution was purged with nitrogeamdthenexposedo microwave

promoted heating at 60, 70, 80 and 90 °C for 30 mintasle3-2, entries 14). With

each increase in temperature, the reagtiotiure became increasingly darkd NMR
spectra of the crude mixtures correspondingrisies 13 did not reveal proton exchange.
However, increasing the temperature to 90 °C resulted indemasile broadening of the
1-methyl signal at 2.3ppm. This broadening was accompanied by the formation-of up
field satellite signals in theH NMR spectrum between 2.34 and 2.30 ppnyg asmall

but quantifiable drop in total integrated area ofglgmalrepresenting the-finethyl

relative to the starting materidlhe amount of product isolable following
chromatography was not sufficient for full characterizgtaord thus another reaction was
performed all00 °C for 15 mintes [able3-2, entry 5). Analysis of the crude reaction
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products usingH NMR spectroscopy revealed that the methyl signal at 2.31 ppm had
been significantly repressed. Furthermore, sufficient masui&ived the reaction
conditionsfor isolation ofclean poduct via chromatography. It is notable that the
thermal barrier to deuterium exchange on dipy8rihoccurred at the lowest temperature
previously required for formation of the dimeric decomposition pro®2t100 °G
Table3-1). This is a significant result, as the deuteration experiments confirm the
proposed threshold for induction of the tautomeric dipyrrin state for dig34tiTesting
was performed to determine whether deuterium exchangedrnydrobromide salt of
dipyrrin 3-1 couldbe facilitated3-1 A H ®as dissolved in a 1:1 mixture of
MeOD:CDCE, at 150 °C for 30 minutes in a mixture of deuterated chloroform and
methanal As was expected, due to the previous inactivity of the dipyrrin HBr salts in the
dimerizationreaction no proton exchanger decomposition) was observed upon
inspection of the crude material usiti NMR.

As deuteriumexchange occarfor each proton on tHemethylsubstituents, as
well as theN-H moiety,the products obtained from the succelsd&uteration
experiment®n freebase3-1 contained a mixture of deuterated productg (ihere X =
0A 4). AH NMR spectrum of a deuterivgontainingfree-basedipyrrin, 3-1-Da, is

shown inFigure3-9.
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Figure3-9: 'H NMR spectra depicting loss b1-methyl signal in free-base dipyrrin 3-

1

Starting Material

Following
Deuterium
Exchange

%
—

[ [ 1 1 1 1
2.40 2.35 2.30 2.25 2.20 2.15 2.10 2.05

As theexchangdor deuterium occurs at therfiethylposition of3-1, nearly complete
loss of the lowfield methyl signalvas observed;orresponihg to methylA (2.31 ppm,
Figure3-9). The D, D2, Ds, and D dipyrrins are all observabla the acquired mass
spectrum Furthermore, suppression of thenethyl carbonA) is observed in th€C
NMR spectrum, a$J couplingwith the deuteriunsplits thesignalcorresponding to the
carbon atom tbelow the detectable baseline.

Although the reactive methyl substituent has been assumed to be consistent with
literature reports, i.e. located at th@dsition of the dipyrrirt°use of 2D NMR
techniques would enable conclusive elimination of the possibility that deuteration had
occurred at the-Bhethyl position. Unfortunatelypng-range*J couplinghindered
conclusive characterization of frase dipyrrir8-1, and so instead the symmetric

dipyrrin 3-3 was fully characterized usitgSQC and HMBGexperiments. Subsequently,
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deuteration enabled the conclusive elucidatiothefreactivanethyl functionality at the
1-position {Table3-3). Symmetric dipyrrin3-3 underwenhydrogenexchange at 150 °C,
andthus3-3-Dr was isolated in a 15%ield following column chromatography drasic
alumina. Notably, under these conditions, all six of thenti 9methyl protons

underwent exchange, resulting in characterization oDt#tspecievia mass
spectrometryThe proton signals correlating taoHHe and H of 3-3A Br were assigned
using a 1D*H NMR spectrum, due to their recognizable nature (ethylnaese

hydrogen). Thus, carbon atoms D, E and | were also assigned through observattén of C
correlation in the HSQC spectrum. Analysis of the HMBC spectrum revealed the signal
at 130.0 ppnin the'*C NMR spectrum to be & through correlation to H(Figure3-10).
Figure3-10: HMBC spectra crosssections depictingH-13C hetero-correlations in

deuteratedfree-base3-3-D7

W - - kF c
E —— r!
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=
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Table3-3: Structural assignment of deuteratedree-base dipyrrin 3-3

Proton Shift (ppm) Carbon Shift (ppm)

Label Label

--- --- A 151.2
B 2.3F° B 14.3
C 130.0
D 2.37 D 17.9
E 1.06 E 15.0
F 133.3
G 2.13 G 9.6

H 136.8
| 6.40 I 115.39

a Signal significantly suppressed in spectrum of deuterated compound

The methyl signal at 2.1@m in the'H NMR spectrunshowedHMBC
correlation to all pyrrolicC atoms (Ca, Cc, Cr and Gu), but correlated weakly wittihe
signal at 151.2 ppm. The methyl signal at 2.31 ppm correlated to two of the pyrrolic
carbon signals130.0 andl51.2 ppm) but not to the signals at 133.3 and 136.8 ppm. As
themeseH correlated to only these two carbagrsals in the HMBC spectrum (133.3
and 136.%pm), these signals must bedhd Gy. Of these two, only €should correlate
to the ethyl signal, and indeed, only the signal at 133.3 ppm showed this correlation.

Thus, G was assigned as 133.3 ppm, anb€ 136.8 ppm. Only th&-methyl of3-3 is
112



expected to correlate G4 via HMBC. Thus, it was concluded thagldnd Hwere
represented by thegnalsat2.31 and 2.13 ppmespectively, and that the reactive,
deuterium exchangg methyl is, indeed, thehethy.

With the reactive group &3 confirmed as the-inethyl, a variety of other
dipyrrins were thus reacted to determine the scope of this deuteration tecHilgiee (
3-4). Several freebase dipyrrins sharing similar alkyl sulstion patterns, and thus
similar stabilitiesas3-1 were then evaluated. Frbase dipyrring-5, 3-6 and3-7 were
prepared from their respective HBr salt via a basic wash with NaOH (1.0 M); after
subsequent drying, the dipyrrins were dissolved in Mé®BIL) and heated in the

microwave at 100 °C for fifteen minutes.
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Table3-4: Deuterium exchange on various -methyl dipyrrins

R2 R RS MeOD R R® R
Or
X X
RI=C V—R® meopcpcl, R N—R®
NH N= _ NH N=
HsC R® M.W. Heating D5C R®

Entry Dipyrrin RLR%R3*R%R>R®  Solvent t T Yield
(min) (°C) (%)

1 3-1 Et:MeH:H:H:H MeOD 15 100 17

2 3-5 Et:Et:H:H:H:H MeQOD 15 100 5

3 3-6 Et:Et:H:Me:H:H MeOD 15 100 18

4 3-72 Et:MeH:H:H:H MeQOD 15 100 0

5 3-3 Et:Me:H:Me:Et:Me MeOD: 15 150 15
CDCls

6 3-8 Et:Me:Ph:Me:Et:Me MeOQOD: 30 150 40
CDCls

7 3-13 COBn:MeH:Me:Et:Me MeOD: 15 100 QP
CDCls

8 3-13 CO,Bn:MeH:Me:Et:Me MeOD: 15 150 81¢°d
CDCls

9 3-14 CO.Et:Me:H:Me:Et:Me MeOD. 15 150 89
CDCls

10 3-15 COMe:MeH:Me:Et:Me MeOD: 15 125 76
CDCls

aN-methyl protected on‘® pyrrolic unit starting materials dinot survive reaction conditionsStarting
materials reclaimed.Exchange onlpccurredon electronrich pyrrolic unit ¢ Freebase product was
sufficiently stable for conversion to HBr salt following isolation as-trase.

The products were purifiagsing column chromatography over basic alumina
using a 1:9 ethyl acetate:hexanes eluent to remove black amorphous decomposition
product, and to yield the deuterated solids. Althoug¥l dipyrrins 3-5 and3-6 did
undergohydrogenexchange, deuterationddnot occur as fully as for compoufdL. As
with compound-1, the less substituteé®i5 was not amenable to conversion to the more

stable HBr salt following reaction, and was isolated in a low yield of onlyTzl¢3-4,
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entry 2. Although the yield of converted dipyrr8i6 was still rather low, 18%T@ble
3-4, entry 3, the product did survive conversion to the HBr Saitriously,3-7, theN-
methyl protected version 8f1 (Table3-4, entry 4)completely decomposed under the
same conditions required for the deuterium exchangelorAs described above, the
moresubstituted dipyrrir8-3 underwent neatotal exchange at therhethyl position, but
reaction required a higher teemature (150 °C) and still suffered from significant
decomposition resulting in a 15% isolated yield following column chromatography
(Table3-4, entry 5).

All examples of deuterium exchange wéras farperformed ormeseH
dipyrrins. To determine whethemesesubstitution affects this reactivityjesephenyl,
krypto-dipyrrin 3-8 was subjected to microwaygromotedheating in MeOD:CDGI(4
mL) for 30 minutegTable3-4, entry 6) A considerableraount of &eccomposition
occurredHowever, a 40% yield of deuteratddB was obtained following purification on
basic alumina. Then/zbasepeak in the lowesolution mass spectrum correlated to the
D~ dipyrrin. Interestingly, anass spectrometrgignal correlatingo theDg species was
differentiable from baseline noise, indicatimgnor deuterium exchange with hydrexqg at
positions other than the Xdmethyl and\-H positions.This change was not detectable
in either the'H or 13C NMR spectra, supporting the natithat deuteration at the and
9- position is dominant, alongside exchange at the pyrrolic nitrogen.

Moving away from the simple alkyl substituted dipyrrins, the role of electron
withdrawing groups upon deuterium exchange-aiethyl protons was explored@he
reactivity of pyrroles in general ggnificantlymodified by the preseroof ester or acyl

substituents at any of the ring positidASWh e r e e xcorgugation @ présent at the
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2-position, the compound is generally less sensttve variety of reactions, but will
tolerate harsher conditioA® Dipyrrins containing more than one carboggbup

adjacent to the ringre typically prepared via formation of the dipyrromethane precursor,
followed byoxidation to the dipyrrirti® However, hese dipyrrins are not stable, and
readily collapse back to the dipyrromethanempxposure to aqueous conditidffs.

Thus, asymmetric dipyrrins containingly one deactivated (carborgtbntaining)

pyrrolic unit were synthesized for deuterium exchange. MacDewyaklcoupling of a 2

H pyrrole with a 2formyl pyrroleusing hydrobromic acigs a common method fahe
synthesis of asymmetric dipyrrindnfortunately, the success of this method is depdanden
on the substitutiopatternof eachof the pyrroles® | f  fréee2-H Pyrrole is

insufficiently nucleophiliadue to the presence eliectron withdrawing groups, the

di pyrrinAHBr s alAsaresultlof thesedimitatibne, arid slespita t e d .
attempts to synthesize various other substrates, lordg tipyrrins were produced to this
end Schemes-2).

Scheme8-2: Synthesis of asymmetric monacylated dipyrrins

0
R 0
THF/MeOH
/ \_ o % HBr T
N . N NH N=
H H HBr
39 R=0Bn 3-12 3-13-HBr R = OBn, 90%
3-10 R=OEt 3-14-HBr R = OEt, 98%
311 R=Me 3-15-HBr R = Me, 70%

The requisite formyl pyrroles,3-9, 3-10and3-11, as well asocalledi k r ypt 00 pyr r
3-12were synthesized according to literatures metf§b8fst'®The pyrroles were
dissolved in a mixture of methanol armatrahydrofurar{1:1), the solutionbubbled with

nitrogen, and aingle equivalent of concentrated hydrobromic déleceh added. Bck-red
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precipitates8-1 3 A HBIr 4 A Ha&hd3-1 5 A HaRnre formed immediately. The
products were further precipitated upon the addition of ether. After washing with ether,
and drying over sadm sulfate, the products were isolated in excellent yields. None of
these dipyrrins have been reported in the recent literature, although single reports of
1 4 A HaBd3-1 5 A HeBnrbe accessed via Scifinder, but lack NMR spediral'!”118

The deuteration adhese dipyrrinsvas then explored. The benzyl ester dipyr8in,
1 3 A HuBg converted to its freease via NaOH wash (1.0 M). After drying, the
resulting solidwvas dissolved immixture of CDClz andMeOD, and the resulting solution
was heated at 100 °C for 15 minutes in the microwave reactor. Similar to symmetrical
dipyrrin 3-3, minimal exchange was observed in tHeNMR spectrum of the crude
product. At this temperaturap decomposibn of the dipyrrin was evident, and the
starting material was recoveretus,a secondeactionwas run at 150 °C for 15 minutes.
Analysis of thecrudeH NMR spectrunrevealed that onef ¢the four singlet methyl
signals had been significantlyut not totdly, suppressedand several smaller shoulder
signals had arisen slightly tfeld of the methyl corresponding to the partially deuterated
products (B, D2, D3 and D). The presence of thecgl functional group granted
significant thermal stability, anddrastic increase in the yield of the reaction was
observed. The frebase dipyrrin wapurified overactivatedbasic alumina, and
conveted backo the hydrobromide salt via a wash using 1M HBr (aquetousjoduce
an orange solid in an 81% vyiel@igble3-4, entry 8) Although a wash with HBr induced
decomposition of the partially alkglubstituteddipyrrins @-1 and3-5), the presence of
the acyl functionality on the dipyrrin backbone is sufficient so as to stabilize the

molecule,and increase the storage dtfene of the product molecul@heprocedure was
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repeated with thethyl estedipyrrin (3-14) at 150 °C andthe acetyl dipyrrin§-15) at
125 °C,with isolated yield®f the deuterated compounais89 and 71%ollowing
convesion to saltyespectivelyTable3-4, entries 9 and 10)

'H NMR spectra of compoung1 5 A HtBken before and after reaction, are
shown inFigure3-11.

Figure3-11: Deuteration of dipyrrin3-1 5 AHB r

C E
Q AN
~ N
D \NH N=
HBr
A B
3-15°HBr
D
A B C
3-15-D5*HBr
M WA,
30 29 28 27 26 25 24 923 22 23
PPM

The identities of the methyl signals were conclusively elucidated using\2®R
techniques. Deuterium exchange occurred exclusively & mhethyl functionalityin all

three reactionsHigure3-11, methylB). Notably, signals due to each of the, D., and
118



D3 species appear in the mass spectra for the isolated material, unsurprisingly given the
presence of the smal NMR signals upfield of the original methyl signAktempts

were made to also deuterate thengthylposition of3-15 (Figure3-11, methylA) via the

use of increased temperature and the addition of various bases. However, no deuteration
of this position could be achievebo rationalize theegioselectivity observed in the
deuteration of dipyrrin8-13, 3-14 and3-15, consideration of thentermediary conjugate
baseghat presumably develop during tautomerization may be ugafure3-12).

Figure3-12: Resonance forms of deprotonated 1 and®ethyl, 2-acyl dipyrrins

o) 0 o 0
\\ N Ny e XN A N g Y N
R NH N= K \NH N= K NH N= R NH HN—/
Q 0
-0 o)
//N/HN//é [T T )= =Ty = STUN
R R \=N HN K \=N HN K \_NH HN

Figure3-12, top, depicts deprotonation of therfethyl groupadjacent to thearbonyl

functionality. Resonance stabilization of the conjugate bafferded by the carbonyl

group results in a&harge distribution that stretches ofiee atomsHowever,

deprotond&ion of the distal 9methylgroup(Figure3-12, bottom) produces a more

conjugated anion spanning eleven atoms. SubsequentlyKilo ghe CHs protons on

thedistal9-methylgroupis anticipated to be lowerdnthose corresponding to the

met hyl

gr oup -carbdopybAs suoht dedtemim exdhangefat ther@ethyl

group is favoured over that of thendethyl position, as demonstrated experimentélige

of theoretical modeling tpredictpKa valueso f -meihyl groupsadjacent and distal to

deactivating groups would be desirable in theritu
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3.2.3Addition of Electrophiles to 1-Methyl Dipyrrins

As mentioned previouslyther than Knoevenagéfpereactiors (as well as a
class of reactions utilizing similar reactivity in dipyrrinones for the synthesis of bilirubin
derivatives)t'® carboncarbon bond formation from thertiethyl substituent is otherwise
unreported. Furtherare, with the exception of the report of Tredisal that details the
formation of an intermediate analogousst®,'1°no reactions are known whereby the 1
methyl moiety of dipyrrins maintains its Spybridized nature. As cordsation of the-1
methyl substituent with electrophiles in Knoevenagel fashion requires the use of an
auxiliary base, elimination of the intermediate hydroxy functional group is readily
promoted, and the vimgubstituted dipyrrins thus obtaindeidure3-4). Due to the
success of our deuterium exchange at elevated temperature, we hypothesized that
electrophilic attack could occur atmethyl positions of dipyrrins to generate dsgntre
bearingi CH2R functionality.

As 3-13provel to be a durable substrdite deuterationthis compound was
chosen as a model -Unmsaturhtedwdrboryllcompaundsvsenvekas
exellent acceptors of nucleophileend thughe conjugate addition d3-13to the stable,
highly activated compoundN-phenylmaleimide3-17 was exploreqTable3-5).

As the HBr salts have been shown to be inactive thus far, the dipyrrAbdsesewere
prepared as beforby NaOH (aq.) wash. After drying, the starting matenak dissoled
in chloroform, and the solutiashenbubbled with nitrogen before addition of the
maleimide as a solid. The fingtactionwas performed in the microwave reactor at 100

°C (Table3-5, entry 1)
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Table3-5: Conjugate addition of N-phenyl maleimide 317 to dipyrrin 3-13

Cch
HBr
2) HBr

3-18-HBr

Entry Eg.3-17 t(min) T (°C) 3-13 Yield
(% recov.) (%)

1 1 15 100 100 0

2 1 15 125 95 0?
3 1 15 150 54 42
4 15 45 150 22 73
5 2 90 150 10 85

aTrace product detectably TLC analysis.

No reactivity was observed after 15 minutes, smthe experiment was thus
repeated at 125 °(@ntry 2) Darkening of the solution from yellow to brown occutred
although a significantamount of starting materialas presenn the reactiommixture, a
second compound was evidéytTLC analysis on alumina trace amount ahe
expected conjugate addition produsts isoldle using column chromatography,
contained in a mture of impurities. AlthoughH NMR spectroscopy was not useful in
confirming the identity of the material, analybigmass spectrometry confirmed the
presence of the desired addwf,8. It should be noted that in addition to these products,
the formaion of bluecoloured products, presumably analogous to tharlylpyrrolyl)-
dipyrrins discussed earlieff (Figure3-8), could also be observéy TLC analysis.

Although attempts were made to isolate these compounds via chgrapdtic methods,
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they were present in only trace quantities and proved unstable either to atmospheric
conditions, or to the conditions required for their purification.

With this result, the temperature of the experiment was increased to 150 °C. After
15 minutes, formation of the (Z&oxo-1-phenylpyrrolidin3-yl)methyl)-dipyrrin 3-18
was evidenby TLC analysis Separation of the product frommreactedlipyrrin starting
materialby chromatography waserformed;unfortunately unreactedN-
phenylmalemide 3-17 co-eluted with the product under thesationconditions.The
mixture of3-17 and3-18 was dissolved in chloroform, washed with 1.0 M hydrobromic
acid,concentrated, and poured into diethther to precipitate a brown solid (42% vyield,
Table3-5, entry 3).As bothstarting materials were present in the final reaction mixture,
another trial was performed fd5 minutes at 150 °C. As polymerization of maleimide
occurs at high temperatur&8,1.5 equivalents were utikil to account for lost
electrophile After 45 minutes at30 °C, a small amount of pyrrolgtarting material still
remained, as didrueacted maleimide. However, the isolated yiel8-&B8A H Baas
muchimproved(73% entry 4) It was determinethat theconditions could be further
optimized throughhe addition of two equivalents M-phenylmaleimide, with
microwave heating at 150 °C for 1.5 hours. The prodi#&iBr, was thus obtained in a
yield of 85%(Table3-5, entry 5). Excesunreacted maleimide was identified in the
product mixtureandthe colour of the solution had darkened considerably, indicating
somedecomposition of starting matesal

The reaction was repeated using ethyl ester dip@rfid and acyl dipyrrin3-15.
Adaptingthe procedurs used foiTable3-5, (entries 3 and 4, 1.5 equivalents3ef and

45 minute reaction timehe maleimide addition productsl 9 A HaBd3-2 0 A Haere
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isolatedin yields of 67 and 82%, respectivélycheme3-3). The work up and general
appearance of the reactions involvi®xd4 and3-15 were comparable to those described
for 3-13.
Schemes-3: Conjugate addition of N-phenylmaleimide 3-17to dipyrrin s3-14 and 3
15

3 17

0 « o
= N 1) CHClg, <«
K \NH N= M.W. 150°C, 45m|n NH N\
HBr
31

2) HBr
-14 R = OEt ) 3-19°HBr R = OEt, 67%
-15 R =Me 3-20°HBr R = Me, 82% o

Contrarily, adition of N-phenyl maleimideo the less stable, alkydubstituted
dipyrrin 3-1 was less fruitful than reactions involving dipyrrigid 3 to 3-15 bearing
electronwithdrawing substituent$reebase dipyrrir8-1 wasdissolved in anhydrous
chloroform, and the solution was bubbled with nitrogen befwraddition of3-17. After
heatingthe solutiorat 100 °C for 15 minutes in the microwave reactor, a noticeable
darkening othesolution had occurred. A considerabl®ount of starting material was
observedy TLC analysis. Fortunately, as withipyrrins 3-13to 3-15, a secondlark
yellow, dipyrrinlike compoundvasobservable using TLC analysis, with a higher
polarity relative to the starting materi@lhromatographypveractivated basialumina
using a ethyl acetate:hexanes gradient (1:9 to 2:8) was used to purify the Braduct

(Table3-6).

123



Table3-6: Conjugate addition of N-phenylmaleimideto dipyrrin 3-1

S e N Oé(;\A\O X
\ Ph D
NH N=/ CHCly Heating 549  \_NH N=

- @)
3-1 3-21
NPh

)

Entry Eq.3-17 t T (°C) Heating Yield?

(%)
1 1.5 15min 100 MW 21
2 1.5 15min 150 MW 15
3 1.5 24h 61 e 15

aProduct isolated as a mixture L6 and3-20. Yield calculated from % molar ratio of products, as
observediy 'H NMR specta.

Unfortunately as in the formation 3-18, 3-19 and3-20, co-elutionof 3-21 with 3-17
occurred. Analysis cin ESI" mass spectrum of the mixture revealed thabmpound
with a mass matching the targemnjugate addition produc;21, had indeed ken
synthesized. Unfortunately, purificatiera conversion to the hydrobromide salt was not
successfylresulting in decomposition of the products. Neither a waghhydrobromic
acid (1.0 M,30 mL) nor the controlled reaction afsingle equivalent of ccentrated
hydrobromicacid at 0 °C provide8-2 1 A HBhisresultis reminiscent ofhe previously
mentionedattempts to form the HBr salt of the alkyl substituted, deuterated diyfrin
directly from the freebase As such, the produ&21 was not sucessfully purified
Several #empts at purificatiomy column chromatography were performed using
various solvent systems wereauccessful, as were attempts to recrystallize the product.
A brief attempt was made to optimize the conditions of this iegasecond

trial was performed at 150 °C. Howevardecrease in thexudeyield of product was
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observedConversely, milcheatingunder thermal conditiorfer a longer amount of time
was exploredTable3-6, entry 3) Heatingof a solution of thestarting materialg
chloroform at reflux temperatufer a period of 24 hours did, gratifyingly, result in the
formation of some of the expected adduct (15%). However, the starting miaéekial
decomposed in this time. Thissult irdicates that temperatures lower than those used for
deuterium conversion (100 °C, microwave heating for 15 minutes) are capable of
adivating the Imethyl position of compoung 1.

Althoughreaction of3-1 with 3-17 was successful, several challenges réigg
the addition of electrophiles to themethyl group of dipyrrinendure A balance exists
between the high temperatures required to access the diutomer, and the moderate
temperatures required to maintain the integrity of the starting matddcomposition
of the dipyrrin and polymerization of maleimide are hindering factors at high
temperatured-urthermore, dspitema ny att empt s t o-unsatuchitedv ar i ous
carbonyl compound® substrate8-13to 3-15, N-phenylmaleimidénas thudar been lhe
only compound teleanlyreactwith 1-methyl dipyrrinsMaleic anhydrideypically
reacs under the conditions reqed for addition of maleimide. However, when reacting
maleic anhydride with benzgster dipyrrin3-13 under the conditions reqed for
addition of maleimide, the reaction was messy. Mulgteductsveregenerated
consisting of maleic acid ringpened products, as well as decarboxylated versions of
these products. Although the formation of these molecules can be mohyaealysis
of a mass spectrum of the crude prodymtsificationof these substrates was hindered by

the complexity of the reaction mixturgttemptedreaction withalkyl and benzyl halides
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methyliodide or benzylbromide, for examplegreunsuccessful as éhsubstrates either
remained unreacted, or the reactions led to a complex reaction mixture.

With access to a limited series of maleimajgpended dipyrrins, a brief survey of
their reactivity for boron complexation was performedn@rsion ofdipyrrins 3-18 to
3-21to F-BODIPYs was attempted using standard conditions (6 equivalents gaNEt
9 equivalents of B EQ). In each case, either no complexation was observed, or only a
small amount oF-BODIPY wasisolable (less than 10%). In the case of isofgt
decomplexation was observed upon dissolution in solvents for NMR analysis. This
behaviour is unusual, as the parent dipyrrins are typically readily convefed to
BODIPYs and are stable to characterization. Further study is required to determine the

origin of this reactivity.

Section 3.3: Conclusions

The activation of the-inethyl moiety of freebasedipyrrins has beeuntilized to
several ends. Firstly, the thermal decomposition produggsyriolyl)-dipyrrin dimers
have been isolated and characterized foritsetime since their proposal in 1998 The
stability of these compounds is certainly in question, and understanding the routes
through which decomposition of dipyrrin frameworks occurs is important for a variety of
reasons; foexample, the increasing prevalence of dipyrrins for use as fluorescent tags in
medical imaging, coupled with the realization tReBODIPYs are not as stable as has
been previously suggestémeans that frameworks guas compoun8-2 would need

to be studied for biological effects befd*reBODIPYs can be approved for use in human
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subjectsFurther studyegarding the biological interaction 82, with collaborators
would be of interest, provided an improved methbsynthesis.

Deuteration of the-inethyl position on dipyrris has been shown to be accessible
following a simple procedure. As theniethyl substituent often servesaasynthetic
handlefor the synthesis of porphyrirté! this methodology allows fdacile incorporation
of adeuteriumlabel at thaneseposition of a porphyrin. Similarly, this deuteration
phenomenon could have potential for the deuterati@ymfmber of dipyrrircontaining
constructs, including prodigioses&-BODIPYs, and other dipyrrato metal comptxes
that are desired for themptical propertiesiFurthermore, alective deuteration has been
shown tooccur where appropriate advinctionalities argoresent This allows for
additional synthetic control of the labeling procdagtherresearch on this topimwill aim
to expand orthe effect of acyl functionalization at other positions of the dipyrrin on the
deuteration process.

Finally, amethodology for the conjugate additionNsphenylmaleimided the %
methyl position of fredasedipyrrins has been developed. This is the first literature
reportof direct@C bond f or mat imethyl goeptofwfecebasedipyren U
and any other carbon source. The technique is applicable to both alkyl anéaybno
substituted dipyrrins. Howew, reasonable yieldsave sdar only beenattainablewith
dipyrrins containing a stabilizing acfgnctionality. Althoughthe practical application of
this chemistrys limited by the scope of reactive electrophilesleimides represent a
class of compends that are frequentbtudied for use in medicinal labeling chemisty
Typically, a drug is attached to theterminal position of a maleimide. Sulfhydryl groups

are then added acrode maleimidelouble bondo form physiologically stable lirdges.
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Conjugate addition of a-thethyl dipyrrinto a maleimidedrug conjugate would allow for
generation of drugppendedr-BODIPYsin as few as two synthetic ste@Sgure3-13).

Figure3-13: BODIPY tagging of pendantmaleimide drug molecules

XN N\
Conjugate

Wy Wi heiand

Addition

Although the barriers to this chemistry are present in the reluctance of maleimide

appended dipyrrins to complex with BEtO, the potential for fast accesskeBODIPY

labeled drug molecules via the procedures described here is alluring.

Section 3.4: Experimental

3.4.1General Experimental

All chemicals were purchased and used as received unless otherwise indicated.
Hexanes and dichloromethane usmdchromatography were obtained crude and purified
via distillation under atmospheric conditions before use. Anhydrous solvents were used
as receivedrlash chromatography was performed using Silicycle ultra pure silica (230
400mesh) or Brockmann 11((150 mesh activatedbasic omeutral alumina oxideas
indicated.TLC was performed using glabscked silica gel plates or on plastiacked
neutral alumina plates. Visualization of TLC plates was performed using UV light (254
nm) and/or vanillin stairMoisturesensitive reactions were performesingflame-dried
glassware under a positive pressure of nitrog@nand moisturesensitie compounds

were introduced via syringe. NMR spectra were recorded at the-8IFRility
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(Dalhousie University) using a Bker 500 MHz or a Bruker 300 MHz spectrometér.
andC chemical shifts are expressed in parts per million (ppm) using the solvent signal
as referenc& 1B and'F chemical shifts were referenced using the absolute referencing
procedure standard for Bruker digital spectrometers, withBF (15% in CDCJ) and
CCIsF defining the O ppm position, respectively. All coupling constabtaré reported

in Hertz(Hz). Splitting patterns are indicated as follows: br, broad; s, singlet; d, doublet;
t, triplet; q, qguartet; m, mul tiplet. Spl i
apparent signals. Methyl assignments are numbered accordiigute3-1. All mass

spectra were recorded by Mr. Xiao Feng usi@fF and LCQ Duo ion trap instruments
operating in ESI+ modd hereported masses of deuterated compownd®spondo the
basepeak ofthe lowresolution spectrumAll microwavepromoted reactions were
performed using a Biotage Initiator 8 laboratory microwave apparatd800N power,

2.45 GHz Starting material yrroles were prepared according to literature

procedure§’ 11661

3.4.2General Procedure Ifor the Synthesisof AsymmetricDi py r r i Salt& HaB r

MacDonald Coupling

Appropriate formyl pyrrole and 1H pyrrole wee dissolved in

tetrahydrofuran/methanol (10 mL,1}/ at room temperature with stirring under a

nitrogen atmesphere. Concentrated hydrobromic acid (1.5 equivalents) was added drop
wise to the solution. The mixture was stirred until the starting materials were consumed,
as monitored using TL@nalysis The solution and the precipitate were poured into

chilled Et2O (50 mL) with stirring, and the precipitate was collected through suction

filtration (colours ranged between bright orange atiwith varying levels of
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crystallinity). The product was washed wikO and dried under vacuum to render the

dipyrrin salt.

3.4.3General Procedure Il for the Preparation and use of FreeBaseDipyrrins in

Deuterium ExchangeExperiments

A sample of dipyrrinAHBr sCHiCk(Bnmi)anddshen 100 m
washed witiNaOH (1 M, ag.,30 mL). The organic layer was didi@verNaSQs, the

solvent removed under vacuwand the solid then driagsing a vacuum oven. The
resulting freebasewassealed in a microwave vessel under a nitrogen atmosphere, and
thendissolved in anhydrous, deuterated methanol (4 mL), or in a 1tlneisf

deuterated methanol and chloroform (to improve solubility), réetion mixturevas
heated for 15 minutes (between 100 and 150 °Gtadisd andhecessary for the specific
experiment). Purificationf the reaction productsver Brockman Il basialumina

eluting with ethyl acetate:hexanes (1A4.91:4, as necessgryollowedby removal of the
solventin vacuogave the deuterated dipyrrins as bright yellow films. The dipyrrins were
dissolved in dichloromethane (30 mL) and washed with hydrobrondg(advl, 30 mL).
Separation of the organic layer and removal of the solaergcuoproduced the

di pyrrinAHBr salts as brightly coloured so
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Section 3.5: Synthesis

(2)-2-((2H-Pyrrol -2-ylidene)methyl}-4-ethyl-3,5-dimethyl-1H-pyrrole hydrobromide

(31 AHBr)

\\NH \N\\
HBr

This conpound was ynthesizedaccording to general proceduréom 3,5dimethyt4-
ethyl2-formylpyrrole (400 mg, 4.21 mmd&fand freshly distilled pyrrole (567 pL, 4.21
mmolyas a bright or an gsg506MHzICDCH1L.ONBIBH,dg7.6 8 0 %) .
Hz, CH.CHz), 2.29 (s, 3H3-CHs), 2.44 (q,2H,J = 7.6 Hz,CH.CH?3), 2.74 (s, 3H 1-
CHa), 6.48 (s, 1H, PyH), 7.09 (s, 1KHPyrH), 7.20 (s, 1KimeseH), 7.67 (s, 1H PyrH),
13.34 (bs, 1H, NH), 13.54 (bs, 1H, NHi; (125 MHz, CDC#) 10.2. 13.5, 14.2, 17.3,

114.7,124.7, 127.3, 129.3, 132.0, 133.6, 137.7, 145.3,;1B3IAM+H] " (C13H17N>2):

201.1392 (calculated01.1385experimental). These data match literature valeres

(2)-2-((2H-Pyrrol -2-ylidene)methyl)}-4-ethyl-3,5CH3)-dimethyl-1?°H-pyrrole (3-1-Da)

XN N
\ ND N=<
DsC

Deuterationwasperformedaccording tageneral proceduri, using dipyrrin3-1 (100
mg, 0.357 mmol) and heating at 100 °C for 15 min. Conversion to the hydrolersalt
via wash with hydrobromic acid (1M, 30 mL) induced decompositisiead, the
compound was characterized as the-trasedipyrrin, andisolated as a yellow film (12
mg, 1 d(80P MHz[ICDC}) 1.07 (t, 3HJ = 7.6 Hz,CH.CHs), 2.08 (s, 3H, ETHa),
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2.31 (s, 3H1-CHg, signaldepressed®.36 (g, 2HJ = 7.6 Hz,CH.CHj3), 6.23 (s, 1H,
Pyr-H), 6.55 (s, 1H, PyH), 6.66 (s, 1HmeseH), 7.07 (s,1H, PyrH); Uc (125 MHz,
CDCl) 9.6, 14.416.6 (n, splitting observed due to deuterium coupling iR P
compoundy18.2 110.5, 118, 117.7, 125.4131.4 137.8, 139, 1494, 1714; ESI.
[M+H]* (C13H14D3N2): 204.1580 (calculated®04.1575(experimentd. *ND signal not

observed itH NMR spectrum.

(2)-2-((2H-Pyrrol -2-ylidene)methyl)}-4-ethyl-5-(2-(4-ethyl-3,5-dimethyl-1H-pyrrol -2-

yl)-2-(1H-pyrrol -2-yl)ethyl)-3-methyl-1H-pyrrole (3-2)

XN N\
L NH  N=

A sample of3-1 A H ®as left on the bench in a sealed sample viallfe duration of six
months, during which decomposition3&? occurred under ambient conditions.

Purification over Brockman Il basic alumina eluting with a gradieritGfAc.hexanes

(1:19 to 1:9)provided3-2 as a brown film. Alternatively, a sample®fL. A H 800 mg,

0.357 mmol) was dissolved @H.Cl> (30 mL), and washed witNaOH (1 M, 30 mL).

After separation, the organic layer was dried dvaiSQs, and the solvent removed

under vacuum. Following drying vacuq the compound was dissolved in drgtimanol

(4 mL) and the solutiosealedn amicrowave vessel under a nitrogen atmosphere. The
compound was heated for 15 minutes in the microwave at 100 °C. Following removal of
the solvenin vacuo,purification (as above) and removal of the solvantacuogave3-2

as a brown f ii(300 MHS CDEY 0.98 4 3H6)=.7.3 Hz,CH.CHs),
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1.04 (t,3H,J= 7.4 Hz,CH,CHz3), 1.90 (s, 3HPyrCHg), 2.08 (s, 6K overlapping Pyr
CHsand DipyrCHs), 2.25 @dt 2H,J = 14.5, 7.2 HzDipyr-CH.CHz3), 2.36 @dt 2H, J =
15.1, 7.6 HzPyr-CH,CHz3), 3.26(dd,2H,J=16.1, 6.6Hz, Dipyr-CH>CH), 4.70 (t,1H,

J = 6.6 Hz,CH2CH(Pyr)), 6.03 (d,1H,J = 2.5 Hz,Pyr-H), 6.16 (t,1H, J = 3.0 Hz,Pyr

H), 6.24 (t,1H, J = 3.1 Hz,Dipyr-H), 6.58 (dd.1H,J = 3.7, 1.0 HzDipyr-H), 6.66 bs,

1H, PyrH), 6.70 (s, 1HmeseH), 7.01 ps, 1H Dipyr-H), 7.67 ps, 1H Pyr-NH), 8.55
(bs,1H, PyrNH); c (125 MHz, CDC}) 9.2, 9.6, 11.2, 14.4, 15.8, 17.7, 17.9, 34.2, 36.1,
105.4, 108.2, 110.7, 113.7, 116.6, 117.7, 118.2, 118.6, 120.6, 121.2, 125.9, 126.1, 131.2,
134.5, 138.1, 140.0,73.1;*ESI: [M+H]" (C26H3aN4): 401.2705calculated); 401.2709
(expermental) Partial reversion to starting mater{@ 1) occurred over the timgame

of NMR analysis fot*C-UDEFT, COSY, HSQC and HMBC experiments; one reported

signal in’3C NMR spectrum is missing f&2, due possibly to overlap wit1 signals.

(2)-3-Ethyl-5-((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole hydrobromide (3-3 AHBr )
XN\

\_NH N=
HBr

Compound3-3 was prepared according to a literature procetftrand isolated as a brick
red solid (46 Mg CDCH 2.06)t,6H, X 7.6 Hz,CH,CHs) 2.25 (s,
6H, 3CHa), 2.41 (g, 4HJ = 7.6 Hz,CH.CHs), 2.65 (s, 6H, 4CHz), 7.01 (s, 1Hmese

H), 12.90 (bs, 2H, N); lic (125 MHz, CDC$) 10.2, 13.0, 14, 17.4, 118.8, 126.3,
130.7, 141.4153.9;ESI: [M+H]" (C17H2sN2): 257.201calculated); 257.2018

(experimental)This data matches reported literature vahiés.
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(2)-3-Ethyl-5-((4-ethyl-3,5H3)-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4H53)-
dimethyl-1?H-pyrrole (3-3-D7)
Xy YN\

\_ND N=
D5C CD,

Deuteration was performextcording taggeneral proceduri, using100 mg of3-3 and
heating at 150 °C for 15 min. Following purification on alumina, the product was
sufficiently stableas the fredbasedipyrrin without concern of deterioratigrand was

i sol ated as a vy elul(500MHEZ,ICDGH) 1.061(tHH, drg7,.6 HA, 5 %) .
CH2CHg) 2.13 (s, 6H, Hg), 2.31 (s, 6H1-CHeg, signal depressed?,38 (q,4H,J= 7.6
Hz, CH2CHa), 6.64 (s, 1HmeseH), 9.46 (s, 1HNH, signal depressedj: (125 MHz,
CDCl) 9.6, 14.3 (m, splitting observed due to deuterium couplinguir Bompounds),
15.0, 17.9, 115.4, 130.0, 133.3, 136.8, 15E3I: [M+H]* (C17H1sDeN2): 262.2316

(calculated); 262.2311 (experimental).

(2)-2-((2H-Pyrrol -2-ylidene)methyl)-3,4-diethyl-5-methyl-1H-pyrrole (3-5)

XN N
\NH  N=
The material3-5A H Bsynthesized by John Paine Il during his thesis work using
described literature method¥,wasrecrystallized in cold methandrhe salt was then
dissolved in CHCI> (30 mL) and washed with NaOH (1M, 30 mL) to yield the fbase
material as a brown solidy (500MHz, CDCk) 1.11 (t, 3HJ = 7.6 Hz, CHCHs), 1.17

(t, 3H,J = 7.6 Hz, CHCHs), 2.34 (s, 3H, PyCHs), 2.38 (g, 2H,) = 7.6 Hz,CH:CHs),
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2.52 (g, 2H,J = 7.6 Hz,CH2CH3), 6.25 (at, 1H,) = 2.9 Hz, PyH), 6.58 (d, 1H,) = 3.2
Hz, PyrH), 6.68 (s, 1HmeseH), 7.08 (bs, 1H, PyH), 10.30, 1H, NH); lic (125 MHz,
CDCls) 14.9, 16.9, 17.1, 18.0, 18.1, 110.5, 117.6, 117.8, 125.5, 131.4, 137.1, 146.2,
148.2, 171.2. *Fredase dipyrrin NMR values reported rather than HBr salt, as

deuterated sampl8-5-D4) was not stable to reconversion to salt.

(2)-2-((2H-Pyrrol -2-ylidene)methyl)-3,4-diethyl-5(°H3)-methyl-12H-pyrrole (3-5-Da)

X AN N\
\_ND N=
D5C

Deuteratiorwas performed according general proceduré, using 100 mg (0.32 mmol)
of 3-5 A H Bnd heating at 150 °C for 15 mi@nly minimal deuteration of the compound
was obsered.Conversion to the hydrobromide salt induceda@mposition, and thus the
free-basedipyrrin was isolated as a yellow film following piication on alumina (3 mg,
5%) w (30D MHz, CDC}) 1.08 (t, 3H,J = 7.6 Hz, CHCHs), 1.15 (t, 3H,J = 7.6 Hz,
CH2CHa), 2.32 (s, 3H, PyH, signal depressed), 2.37 (g, 2H; 7.6 Hz,CH2CHs), 2.50

(9, 2H,J = 7.6 Hz,CH.CH), 6.23 (dd, 1HJ = 3.5, 2.7 Hz, PyH), 6.55 (dd, 1H,) = 3.5,
0.9 Hz, Py¥H), 6.65 (s, 1HmeseH), 7.07 (bs, 1H, PyH); ESI: [M+H]" (C14H17D2N):
217.1674(calculated); 217.1671 (experimentalND signal not observed itH NMR

spectrum.
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(2)-3,4-Diethyl-2-methyl-5-((3-methyl-2H-pyrrol -2-ylidene)methyl}1H-pyrr ole

hydrobromide (3-6AHB r )

X X N\
\ NH N=<
HBr

The material3-6A H Bsynthesized by John Paine Ill during his thesis work using
described literature method€ wasrecrystallized in cold methanahd obtained as a
darkred solid.Un (500 MHz, CDC#) 1.11 (t, 3HJ = 7.6 Hz, CHCHa), 1.22 (t, 3HJ =

7.6 Hz, CHCH3), 2.38 (s, 3H, TTHs), 2.44 (q, 2H,) = 7.6 Hz,CH2CHb), 2.69 (q, 2H,)

= 7.6 Hz,CH.CHa), 2.72 (s, 3H, LCH3), 6.32 (s, 1H, PyH), 7.17 (s, 1HmeseH),

7.61(s, 1H, PyH), 13.13 (bs, 1H, NH), 13.31 (bs, 1H, Nt} (125 MHz, CDC}) 12.3,
13.4,14.8,17.19, 17.24, 18.3, 115.5, 120.9, 126.2, 127.1, 132.0, 137.9, 143.1, 150.5,

159.§

(2)-3,4-Diethyl-2(°H3)-methyl-5-((3-methyl-2H-pyrrol -2-ylidene)methyl}1H-pyrrole

hydrobromide (3-6-DsAHB r )

XN N\
\NH N=
D5;C HBr

Deuteratiorwas performed according teneral proceduri, using100 mgof3-6 AHB r
(0.34 mmol) of sample and heating at 150 °C for 15 min. The product was sufficiently
stable for conversion to the hydrobromide salt, and was isolated arange, crystalline
solid (18 mg, 18%)i+ (300 MHz, CDC}) 1.10 (t, 3HJ = 7.6 Hz, CHCHj), 1.22 (t, 3H,

J=7.6 Hz, CHCHs), 2.38 (s, 3H, TH3), 2.44 (g, 2H,J = 7.6 Hz,CH2CH3), 2.70 (q,
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2H,J=7.6 Hz,CHxCH3), 2.72 (s, 3H, LCHa, signal depressed), 6.31 (d, 1H; 1.4 Hz,
Pyr-H), 7.16 (s 1H,meseH), 7.60 (bs, 1H, PyH), 13.12 (bs, 1H, NH), 13.29 (bs, 1H,

NH).* ESI: [M+H]" (C1sH18D2N2): 230.1752calculated); 230.1747 (experimental).

(2)-3-Ethyl-5-((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)(phenyl)methyl}2,4-

dimethyl-1H-pyrrole (3-7)

S
\_NH N=

Compound3-7 was synthesized acating to a literature proceduyt®’ from 3,5dimethyk

4-ethyl2-formylpyrrole (163 pL, 1.21mmol)” andfreshly distilled benzaldehyde. The

product vasisolated ag red, crystdl i ne s ol i d (308 RIHznGDCE) 8 2 %) .

0.98 (t,6H,J = 7.5 Hz,CH2CHs), 1.21 (s, 6H, Hs), 2.29 (g, 4H,) = 7.5 Hz,CH.CHs),

2.33 (s, 6H, 4CHs), 7.277.35 (M, 2H, AtH), 7.367.45 (m, 3H, ArH). These data

match reported literature valu¥8

(2)-3-Ethyl-5-((4-ethyl-3,5H3)-dimethyl-2H-pyrrol -2-ylidene)(phenyl)methyl)

2(°H3),4-dimethyl-1?H-pyrrole (3-7-D7)

Deuteration was performextcording to general proceddte with 3-7 (50 mg) and

heating at 150 °C for®Bmin. Significant decomposition was observed. The product was
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sufficiently stable for purification on basic alumina and was isolated as a brown solid (20
mg, 4 Q(%0D MHz{iCDC$) 0.98 (t, 6HJ = 7.5 Hz, CHCHj3), 1.20 (s, 6H, &Ha),

2.28 (g, 4HJ =7.5 Hz,CH2CH?3), 2.32 (s, 6H, ACHs, signal depressed), 7-2835 (m,

2H, Ar-H), 7.387.45 (m, 3H, ArH); ESI: [M+H]" (Co3H22D7N2): 3402770(calculated);

3402765(experimental)ND signal missing fromiH NMR spectrum.

(2)-Benzyl 5((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-

pyrrole-3-carboxylate hydrobromide 3-13A HB r )

0]
\\\

BnO \ NH N=
HBr

This compound wasysthesizedaccording to general proceduréfom benzyl 5formyl-
2,4-dimethyk1H-pyrrole-3-carboxylatg400 mg, 1.55 mmoft} and3,5-dimethyk4-ethyk
2-formylpyrrole (210 pL, 1.55mmol)” to yield 3-13A H Bas arorange crystalline solid
(617 mgw (500 Mkz) CDCHIL.02 (t, 3HJ = 7.6 Hz, CHCHs), 2.31 (s, 3H, 7
CHs), 2.35 (g, 2H,) = 7.6 Hz,CH2CHb), 2.56 (s, 3H, &Hs), 2.62 (s, 3H, TTHa), 2.82

(s, 3H, tCHa), 5.28 (s, 2H, @HPh), 7.20 (s, 1HneseH), 7.287.42 (m, 5H, ArH),

13.01 (bs, 1H, NH), 13.42 (bs, 1H, NHi; (125 MHz, CDC#); 10.3, 12.3, 13.2, 14.1,
15.0,17.2,66.2,117.1, 120.4, 124.6, 128.4, 128.4, 128.7, 132.9, 135.9, 144.7, 145.7,
154.8, 160.5, 163.ESI: [M+H]" (C2aH27N202): 363.2073calculaed); 363.2069

(experimental).
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(2)-Benzyl 5((4-ethyl-3,5@Hz3)-dimethyl-2H-pyrrol -2-ylidene)methyl)-2(°H3),4-

dimethyl-1H-pyrrole -3-carboxylate hydrobromide (3-13-DsAHB r )

0]
\\\

BnO \ NH N=<
HBr CDj3

Deuteration was performextcording tageneral proceduri, using3-13 (100 mg) and

heating at 150 °C for 15 min. The product was sufficiently stable for ceiowetio the
hydrobromide salt, whichwass ol at ed as an orange, uncrystal
(300 MHz, CDC}) 1.06 (t, 3H,J = 7.6 Hz, CHCH), 2.30 (s, 3H, TTHs), 2.39 (g, 2H,)

= 7.6 Hz,CH.CHa), 2.57 (s, 3H, EH3), 2.62 (s, 3H, LCH3, signaldepressed), 2.87 (s,

3H, 1-CHs), 5.30 (s, B, OCH2Ph), 7.19 (s, 1HneseH), 7.327.42 (m, 5H, AH), 13.10

(bs, 1H, NH), 13.53 (bs, 1H, NH): (125 MHz, CDC#$) Not obtained for deuterated

sample]M+H] " (C23H24D3N205): 366.2261(calculated); 366.2218 (experimental).

(2)-Ethyl 5-((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-

pyrrole-3-carboxylate hydrobromide (3-14A HB r )

0]
\\\

EtO \ NH N=
HBr

This compound wasysthesizedaccording to general proceduréom ethyl 5-formyl-
2,4-dimethyk1H-pyrrole-3-carboxylatg400mg, 1.55 mmaf} and3,5-dimethyk4-ethyk
2-formylpyrrole (210 L, 1.55mmol)’ to yield 3-14A H Bas arorange crystalline solid
(956 mg y (500 MeiE) CDCHiL.07 (t, 3H,J = 7.6 Hz, PWCH.CHs), 1.37 (t, 3H,

J=7.1Hz, OCHCHs), 2.32 (s, 3H, TTH3), 2.43 (g, 2H,) = 7.6 Hz, PWCH:CHs3), 2.57
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(s, 3H, 3CHs), 2.71 (s, 3H, LTH3), 2.88 (s, 3H, ACHs), 4.31 (q, 2H,J = 7.1 Hz,

OCH;CHs), 7.21 (s, 1HmeseH), 13.09 (bs, 1H, NH), 13.52 (s, 1H, NHi (125 MHz,
CDCl3) 10.3, 12.2, 13.3, 14.3, 14.5, 15.1, 17.3, 60.4, 117.7, 120.3, 124.8, 128.4, 133.0,
144.5, 145.9, 155.1, 160.4, 163EBI: [M+H]* (C1aH2sN20,): 301.1916calculated);

301.1911 (experimental).

(2)-Ethyl 5-((4-ethyl-3,5@H3) -dimethyl-2H-pyrrol -2-ylidene)methyl)}-2(°H3),4-

dimethyl-1H-pyrrole-3-carboxylate hydrobromide (3-14-DzAdBr)

@)
\\\

e0 \NH N=
HBr CDg

Deuteration was performextcording tageneral proceduri, using3-14 (100 mg) and

heating at 150 °C for 15 min. The product was sufficiently stable for conversion to the

hydr obromi de salt, and was isol ategl5086s an o
MHz, CDCh) 1.07 (t, 3H,J = 7.6 Hz, PWCH,CHs), 1.37 (t, 3H,J = 7.1 Hz, OCHCHb),

2.31 (s, 3H, TTHs), 2.43 (q, 2H,) = 7.6 Hz, PWCH2CHs), 2.57 (s, 3H, 8Hs), 269 (s,

3H, 9CHg, signal depressed), 2.89 (s, 3HCH3), 4.32 (q, 2HJ) = 7.1 Hz, CCH>CHg),

7.21 (s, IHmeseH), 13.11 (bs, 1H, NH), 13.54 (s, 1H, NHi (125 MHz, CDC$) 10.3,

12.2, 13.31fn, splitting observed due to deuterium coupling iadxompound) 14.3,

14.5,15.1, 17.3,60.4, 117.7, 120.3, 124.8, 128.5, 133.0, 144.5, 145.9, 155.1, 160.4,

163.9;ESI: [M+H]" (C1gH22D3N205): 304.2104(calculated); 304.2099 (experimental).
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(2)-1-(5-((4-Ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-

pyrro |-3-yl)ethanone hydrobromide (3153 Br)

0]
\\\

\NH N=
HBr

This compound wasysthesizedaccording to general proceduréom 4-acetyt2-
formyl-3,5-dimethyt1H-pyrrole (200 mg, 1.21 mmot}® and3,5-dimethyt4-ethyk2-
formylpyrrole (163 pL, 1.21mmol)¥” to yield 3-15A H Bas arorange crystalline solid
(296 mg w (50D MkE) CDCHI1.10 (t, 3HJ = 7.6 Hz, CHCHs), 2.33 (s, 3H, 7
CHs), 2.46 (g, 2H,) = 7.6 Hz,CH2CH), 2.50 (s 3H, COCH}), 2.57 (s, 3H, &Hs), 2.76
(s, 3H, 9CHsa), 2.96 (s, 3H, LHs), 7.22 (s, IHmMeseH), 13.15 (bs, 1H, NH), 13.66 (bs,
1H, NH); Uc (125 MHz, CDC4) 10.3, 12.8, 13.5, 14.3, 15.8, 17.4, 31.7, 120.3, 124.7,
126.7,129.0, 133.4, 144.2, 144.7, 15361.4, 194.3ESI: [M+H]" (C17H23N20):

278.181(0calculated); 278.1805 (experimental).

(2)-1-(5-((4-Ethyl -3,5@H3)-dimethyl-2H-pyrrol -2-ylidene)methyl)}-2,4-dimethyl-1H-

pyrrol -3-yl)ethanone hydrobromide(3-15DsA HB r )

0]
\\\

\NH  N=
HBr  CDs

Deuteration was performextcording ® general proceduri, using3-15 (50 mg) and
heating at 125 °C for 15 min. The product was sufficiently stable for conversion to the
hydrobromide salt, andwasis@datl as an orange, cryms@®d0oall ine

MHz, CDCk) 1.10 (t, 3H,J = 7.6 Hz, CHCHs), 2.32 (s, 3H, TTHs), 2.45 (g, 2HJ = 7.6
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Hz, CH2CHj3), 2.49 (s, 3H, COC}), 2.57 (s, 3H, LHs), 2.76 (s, 3H, LCHa, signal
depressed), 2.96 (s, 3HCH3), 7.22 (s, 1HmeseH), 13.15 (bs, 1H, NH), 13.65 (bs, 1H,
NH); Uc (125 MHz, CDC}) 10.3, 12.9, 13.5n, splitting observed due to deuterium
coupling in D43 compoundy 14.3, 15.8, 17.4, 31.7, 120.3, 124.7, 126.7, 129.0, 133.4,
144.2, 144.7, 153.5, 161,.194.3;ESI: [M+H]* (C17H21D2N20): 273.193fcalculated);

273.1928 (experimental).

(2)-Benzyl 5((5-((2,5dioxo-1-phenylpyrrolidin -3-yl)methyl)-4-ethyl-3-methyl-2H-
pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-pyrrol e-3-carboxylate hydrobromide (3

18AHBTr )

0]
\\\

BnO \ NH N=

0]
HBr
NPh

0]
A sample of3-13A H B(30 mg, 0.11 mmol) was dissolved@,Cl> (30 mL) andthe
solutionwashed witiNaOH (1M, ag.,30 mL). The organic layer was dried oSOy,
and the solvent then removed under vacuum. Following digimgcuo,3-13 andN-
phenyl magimide @-17, 39 mg, 0.23 mmol) werdissolved in anhydrous chloroform (4
mL) in a microwave vessel under a nitrogen atmospherghancessel thesealed. The
reactionmixturewas heated for 1.5 hours at 150 °C in the microwave reactor. Removal
of the sdventin vacuq purification of the resulting crude material over Brockman |Ili
basic alumina eluting with a solvent gradienEtd®Ac:hexanes (1:8, 2:8) and removal
of the solventn vacuogave a mixture 08-18 and residuaN-phenylmaleimide. The

materid was dissolved it€H>Cl> (30 mL) and the solution was then washed wiBr
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(1M, aqg.,30 mL) to form theadipyrrin hydrobromide salt. The organic layer was
concentrated,ral theproduct precipitatedith diethyl ether. After suction filtration and
washing vith diethyl ether3-18A H Baasobtainedass br own sol i & (70 mg
(500 MHz, CDC¥) 1.11 (t, 3HJ = 7.5 Hz, CHCHz), 2.34 (s, 3H, ©THa), 2.49 (dd, 1H,
J=14.1, 6.8 Hz, &HHCHg), 2.53 (dd, 1HJ = 14.2, 7.0 Hz8-CHHCHj3), 2.60 (s, 3H,

3-CHs), 2.93 (s, 3H, 4CHj3), 3.02 (dd, 1HJ = 18.3,5.9 Hz, COGIHCH), 3.20 (dd, 1HJ

=18.3, 9.3 Hz, COCHCH), 3.43 (dd, 1HJ = 14.4, 8.0 Hz, &CHH), 3.60 (dd, 1HJ =

14.1, 7.2 Hz, ITHH), 3.96 (adt, 1HJ = 14.9, 7.6 Hz, CLCHCHy), 5.33 (s, 2H,

OCH:Ph), 7.467.27 (m, 11H, ArH andneseH), 13.25 (bs, 1HNH), 13.63 (bs, 1H,

NH); Uc (125 MHz, CDC3) 10.5, 12.4, 14.7, 15.5, 17.4, 27.8, 34.9, 40.7, 66.5, 118.3,
121.4,125.7, 126.6, 128.4, 128.6, 128.6, 128.7, 128.8, 129.3, 131.9, 133.0, 135.9, 145.0,
148.0, 157.1, 158.2, 163.4, 174.4, 17ES$}: [M+H]" (CzsH34N304): 536.2549

(calcdated); 536.2544 (experimental).

(2)-Ethyl 5-((5-((2,5-dioxo-1-phenylpyrrolidin -3-yl)methyl)-4-ethyl-3-methyl-2H-
pyrrol -2-ylidene)methyl}2,4-dimethyl-1H-pyrrole -3-carboxylate hydrobromide (3

19AHBT )

0]
\\\

g \NH N=

(0]
HBr
NPh

0]
A sample of3-14A H B(50 mg, 0.13 mmol) was dissolvedCH,Cl. (30 mL) andthe
solutionwashed witiNaOH (1M, ag.30 mL). The organic layer was dried oWgeSQy,

and the solvent then removed under vacuum. Following drgimgcuo,3-14 was
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combinedandN-phenyl maleimide3-17, 34 mg, 0.20 mmol) werdislved in

anhydrous chloroform (4 mL) in a microwave vessel under a nitrogen atmosphere, and
the vessel thesealed. Theeaction mixturavas heated for 45 minutes at 150 °C in the
microwave reactor. Removal of the solvenvacuq purification of the redting crude
material over Brockman Il basic alumina eluting with a solvent gradient of
EtOAc:hexanes (1:8, 3:7) and removal of the solveintvacuogave3-19 as a brown

film. The materialwas dissolved it€H.Cl, (30 mL) and the solution was then washed

with HBr (1M, ag30 mL) to form thedipyrrin hydrobromide salt. The organic layer was
concentrated,ral theproduct precipitatedsingdiethyl ether. After suction filtration and
washing with diethyl etheB-19A H Barasobtainedas a fluffy brown-green satl (49

mg, 6 (%00 MHz{ICDC}) 1.12 (t, 3H,J = 7.6 Hz, CHCHs), 1.40 (t, 3HJ = 7.1

Hz, OCHCHs) 2.36 (s, 3H, TTH3), 2.49 (adt, 1HJ = 14.1, 6.8 Hz, &£H2CHs), 2.62 (s,

3H, 3CHg), 2.95 (s, 3H, LCHs), 3.03 (dd, 1H) = 18.4, 6.0 Hz, COBHCH), 321 (dd,

1H,J = 18.3, 9.3 Hz, COCHCH), 3.44 (dd, 1H) = 14.1, 8.3 Hz, &HH), 3.60 (dd, 1H,
J=14.1, 7.3 Hz, ©HH), 3.96 (adt, 1H]) = 14.9, 7.6 Hz, CLCHCH,), 4.35 (q, 2H,) =

7.1 Hz, GCHxCHg), 7.287.29 (m, 3Hp-Ar-H andmeseH), 7.37 (t, 1H,J = 7.4 Hz,p-

Ar-H), 7.45 (t, 2H,J = 7.7 Hz,m-Ar-H), 13.26 (bs, 1H, NH), 13.63 (bs, 1H, Nk}

(125 MHz, CDC4) 10.5, 12.3, 14.5, 14.8, 15.4, 17.5, 27.7, 35.0, 40.8, 60.7, 118.7, 121.4,
125.7, 126.6, 128.5, 128.8, 129.3, 131.9, 132.9, 144.8, 148.0, 157.2, 157.8, 163.7, 174.5,

177.1;ESI: [M+H]" (C2gH32N304): 474.2393 (calculated); 474.2387 (ewpeental).
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(2)-3-((2-((4-Acetyl-3,5dimethyl-1H-pyrrol -2-yl)methylene)4-ethyl-3-methyl-2H-

pyrrol -5-yl)methyl)-1-phenylpyrrol idine-2,5-dione hydrobromide (320A HB r )

(0]
\\\

\_NH N=

O
HBr

o
A sample of3-15A H B(50 mg, 0.14 mmol) was dissolved@iCl2 (30 mL) andthe
solutionwashed with agueous sodium hydroxide (1 M, 30 mL). The organic layer was
dried ovemNaSQ;, and the solvent then removed under vacuum. Following dirying
vacuo,3-15andN-phenyl maleimide3-17, 37 mg, 0.21 mmol) werdissolved in
anhydrous chloroform (#L) in a microwave vessel under a nitrogen atmosphere, and
the vessel thesealed. Theeaction mixturevas heated for 45 minutes at 150 °C in the
microwave reactor. Removal of the solvenvacuq purification of the resulting crude
material over Brockmn Ill basic aluminaluting with asolvent gradient of
EtOAc:hexanes (1:8, 3:7) and removal of the solveintvacuogave3-20 as a brown
film. The materialwas dissolved il€H2Cl. (30 mL) and the solution was then washed
with HBr (1M, aq30 mL) to form hedipyrrin hydrobromide salt. The organic layer was
concentrated,ral theproduct precipitatedith diethyl ether. After suction filtration and
washing with diethyl etheB-20A H Barasobtained as fluffy, brown-green solid (60
mg, 8 (%00 MHz{iCDGs) 1.12 (t, 3HJ = 7.6 Hz, CHCHs), 2.36 (s, 3H, THa),
2.542.47 (m, 5H, COCHkland 8CH2CH), 2.59 (s, 3H, &Hs), 2.96 (s, 3H, Hs), 3.02
(dd, 1H,J=18.4, 5.9 Hz, COBHCH), 3.20 (dd, 1HJ = 18.5, 9.3 Hz, COCHCH),
3.44 (dd, 1H,) = 14.1, 8.3 Hz9-CHH), 3.59 (dd, 1HJ = 14.1, 7.3 Hz, LCHH), 3.95
(aquintet, 1HJ = 7.8, CHCHCHy), 7.28 (d, 2H,) = 7.7 Hz,0-Ar-H), 7.32 (s, 1Hmeso
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H), 7.36 (t, 1H,J = 7.4 Hz,p-Ar-H ), 7.44 (t, 2H,]) = 7.7 Hz,m-Ar-H), 13.22 (bs, 1H,

NH), 13.65 (bs, 1H, NH)ic (125 MHz, CDC4) 10.5, 12.9, 14. 7, 16.0, 17.4, 27.8, 31.7,
34.9, 40.9, 121.5, 125.5, 126.6, 127.4, 128.8, 128.9, 129.3, 131.9, 133.2, 145.2, 145.9,
155.5, 158.6, 174.5, 177.1, 194E8S|: [M+H]* (C27H30N304): 444.2287(calculated);

444.2282 (experimeal).

(2)-3-((2-((1H-Pyrrol -2-yl)methylene)}4-ethyl-3-methyl-2H-pyrrol -5-yl)methyl)-1-
phenylpyrrolidine -2,5-dione (321)

X X N\
\_NH N=

@)

O
A sample of3-1A H B(00 mg, 0.36 mmol) was dissolved@iClz (30 mL) andthe
solutionwashed wittNaOH (1M, ag.30 mL). The organitayer was dried ovedaSQs,
and the solvent then removed under vacuum. Following diyimgcuo,3-1 andN-
phenyl maleimide3-17, 39 mg, 0.54 mmol) wergissolved in anhydrous chloroform (4
mL) in amicrowave vessel under a nitrogen atmospheretrawessel thesealed. The
mixturewas heated for 15 minutes at 100 °C in the microwave reactor. Removal of the
solventin vacugq purification of the resulting crude mixture over Brockman Il basic
alumina eluting with a solvent gradientEfOAc:hexanes (9:tA 2:8) and removal of
the solventn vacuogave a mixture 08-21 and residuaN-phenylmaleimide. The
product was unstable to salt convershindering removal oN-pherylmaleimide using
an ether waskgnd thus a mixture &17 and3-21 was isolated .a brown solid (41 mg

total, 28 mg oB-21, 21% as determined from thHel NMR spectrum .4 (500 MHz,
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CDCls) 1.10 (t, 3H,J = 7.6 Hz, CHCHs), 2.10 (s, 3H, &Hs), 2.38 (g, 2H,J = 7.6 Hz,
CH.CHb), 3.05 (dd, 1HJ = 18.4, 5.4 Hz, COBH), 3.15 (dd, 1HJ = 18.4, 9.4 Hz,
COCHH), 3.21 (dd, 1H) = 17.8, 4.2 Hz, LHH), 3.27 (dd, 1H) = 17.7, 6.6 Hz, 1
CHH), 3.51 (td, 1H,J = 10.1, 5.9 Hz, CECHCHy), 6.13 (t, 1H,J = 3.1 Hz, PyH), 6.56
(d, 1H,J = 2.8 Hz, PyH), 6.64 (bs, 1H, PyH), 6.71 (s, 1HmeseH), 6.85 (s,3-17
alkene signal), 7.23.29 (m, 2H, ArH, with some3-17 aromatic signg| 7.347.49 (m,
3H, Ar-H, with some3-17 aromatic signg| tc (125 MHz, CDC$) 9.6, 14.6, 17.9, 30.3,
34.7,38.1, 110.7, 118.6, 119.3, 126.2, 126.6, 128.6, 129.2, 130.5, 132.2, 137.2, 140.8,
148.8, 170.0, 176.5, 179.BSI: [M+H]" (C23H24N302): 374.1863 calculated); 374.1853
(experimental):*C NMR spectrum repted is from a loweyielding reaction using a
deficit of 3-17; although no maleimide is present in this product mixture, significant
impurities are present in the form of silicone grease angCGHThus, theH, COSY,
HSQC and HMBC spectra reported am@nfi a more concentrated sample containing

residual3-17 and EtOAcNH signal missing froriH NMR spectrum.
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Section 3.6: NMR Spectra

(2)-2-((2H-Pyrrol -2-ylidene)methyl}-4-ethyl-3,5@H3)-dimethyl-1?H-pyrrole (3-1-Da)

XN N
\ ND N=<
DsC
IH NMR (CDCls, 300 MHz):
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13C UDEFT NMR (CDC4, 125 MHz):
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2D COSY(CDCly):
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2D HSQC (CDCJ):
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2D HMBC (CDCl):
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(2)-2-((2H-Pyrrol -2-ylidene)methyl)}-4-ethyl-5-(2-(4-ethyl-3,5-dimethyl-1H-pyrrol -2-

yl)-2-(1H-pyrrol -2-yl)ethyl)-3-methyl-1H-pyrrole (3-2)

\NH  N=
N —
\NH HN-7
IH NMR (CDCk, 300 MHz)
<= TOMNOMO—WWMNNNOWOO M~im —OMRMNAMOOWOWNONMNMAT —ONMNMOTOLW
LN NO—OXONOTMNONTMNM aNOo ONOXNQOTONTANANTNOONOM—OW
I-’)I-’) OCANOOONNINANN———O O MM MM ——MMoNMm NANNANOOOOONM

VI UV SRUNZZW
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L L] Y — — g v
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e ooy o o oW v
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10 3 8 7 6 5 4 3 2 i 0

151



13C UDEFT NMR (CDCl, 125 MHz):
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2D HSQC (CDC)):
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(2)-3-Ethyl-5-((4-ethyl-3,5H3)-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4H53)-

dimethyl-12H-pyrrole (3-3-D7)

RS N
\_ND N=
D5C CDgy
4 NMR (CDCl, 500 MHz):
@ g B S RN S
& N @ N A A A A e
| | ez
]
| L
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13C UDEFT NMR (CDC4, 125 MHz):
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2D HSQC (CDCY):
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(2)-2-((2H-Pyrrol -2-ylidene)methyl)-3,4-diethyl-5-methyl-1H-pyrrole (3-5)

XN AN
\ NH N=
IH NMR (CDCl, 500 MHz):
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13C UDEFT NMR (CDC};, 125 MHZ)
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(2)-2-((2H-Pyrrol -2-ylidene)methyl)-3,4-diethyl-5(2Hz)-methyl-1°H-pyrrole (3-5-Da)

X AN N
\_ND N=
D5C
IH NMR (CDCl;, 300 MHz):
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(2)-3,4-Diethyl-2-methyl-5-((3-methyl-2H-pyrrol -2-ylidene)methyl} 1H-pyrrole

hydrobromide (3-6A HB r )

X X N\
\ NH N=
HBr
1H NMR (CDCls;, 500 MHz):
[==132]
om o owm w ON—OMNNNN NN
M — WwW — Ne=QONOINMNMANMANONOO
o oN- ™ NRROSYTTTMNNN-=O
I A '
\
‘ 1
§ l J | i
AN
[ y [ L
1.04 6.971 3.05 2.15 31s
[ w Wy u
108 1.01 i 1.94 3.06 326
ppm 13 12 1 10 ) 8 7 6 g 2 3 2 1 )
13C UDEFT NMR (CDCJ;, 125 MHZ)
© o 0 ~ o O~
— o« ™M o NO O O no— DO
«@ < — Q —N @ — O — QMO NMm
& S M~ aNS S w Seo AN QM
[Te] L <t ™M oM NN N — M~ OMNMNT N
T TTTTVT W N4
1
1
U
1
! 1
1
1 | I
|
\ ” | ]
1T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 20 10

158



(2)-3,4-Diethyl-2(?Hz)-methyl-5-((3-methyl-2H-pyrrol -2-ylid ene)methyl} 1H-pyrrole

hydrobromide (3-6-DsA HB r )

XN\
\NH N=
D5;C HBr
IH NMR (CDCls;, 300 MHz):
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(2)-3-Ethyl-5-((4-ethyl-3(?Hz),5-dimethyl-2H-pyrrol -2-ylidene)(phenyl)methyl)

2(°H3),4-dimethyl-12H-pyrrole (3-7-D7)

S X N
\_ND N=
D5C CD,
1H NMR (CDCl, 300 MHz):
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(2)-Benzyl 5((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-

pyrrole-3-carboxylate hydrobromide 3-13A HB r )

0]
XN\
BnO \ NH N=x=
HBr
IH NMR (CDCls, 500 MHz):
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13C UDEFT NMR (CDC4, 125 MH2):
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2D HSQC (CDGY):
. I H ol

|l

0
—— o =1
-2
—d o L
=
| ¢ Fa
La
s
— 1
Ls
-7
: ? .
Ls
-2
10
=11
12
- =13
La
T T 1 T T T T T T T T T T T T
ppm 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 £
2D HMBC (CDCly):
L1 | I |1 | luul -
— - - F
L2
— il s | e LT
—y - - - - - - =
== - - L,
L4
s
— L -4 =
s
L7
== T a
e
Lo
Fio
Fn
Lz
4 F13
J
Fia
| T | | T | T T | T T T T T T T T T T
om220 210 200 190 180 170 180 150 140 130 120 110 100 8 8 70 & 50 40 30 20 10 p



(2)-Benzyl 5((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-

pyrrole-3-carboxylate hydrobromide (3-13-DsA HB r )

0]
A N\
BnO \ NH N=
HBr CDj3
4 NMR (CDCk, 300 MHz):
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(2)-Ethyl 5-((4-ethyl-3,5-dimethyl-2H-pyrrol -2-ylidene)methyl)-2,4-dimethyl-1H-

pyrrole-3-carboxylate hydrobromide 3-14A HB r )

@)
X AN N\
EtO \ NH N=
HBr
IH NMR (CDCls, 500 MHz)
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13C UDEFT NMR (CDC4, 125 MHz):
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2D HSQC (CDC)):
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