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Conformational Control by Intramolecular Hydrogeorigling

James Luccarelli, Oriel College
DPhil, Trinity 2013

Abstract

Hydrogen bonds are directional, non-covalent imtsvas between hydrogen and
electronegative atoms. Although generally weakseh@teractions are critical to the
stability of many biological systems including gots and DNA. This dissertation explores
small molecules in which an intramolecular hydrodend is the key determinant of
conformation.

Chapter 1 introduces the protein Grb2 SH3C, details its inleancer signalling, and
delineates the idea of peptidomimetics—small mdewhich are functionalized to mimic
the structure of a peptide and disrupt proteingirnointeractions.

Chapter 2 describes a virtual screen for binders to Grb2 SH3Gm a library of 6.3
million compounds, 34 were tested vitro and two found to bind to the protein in two
orthogonal assays.

Chapter 3 describes mimics of the polyproline Il helix usiadenzoylurea scaffold. A
small library of these compounds was synthesizatl tasted for binding to Grb2 SH3C
using SPR, a competition assay, and NMR.

Chapter 4 describes attempts to mimic ajp3helix using benzamide-based
peptidomimetics. The synthesis amdvitro evaluation of these molecules as ligands of
Grb2 SH3C is described.

Chapter 5 uses quantum chemical calculations to assessnbkgies of a series of
molecular switches. These calculations benchmarange of modern density functional
theory calculations, and attempt to quantify theuaacy of these methods for a large,
flexible system. The role of solvation, entropypgeetry, and torsional angles are assessed

in accurately calculating the energies of the @althydrogen bonds.

Vi
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B3LYP — Becke exchange with Lee-
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AG — Gibbs free energy
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approximation



HF — Hartree-Fock

HMBC — heteronuclear multiple bond
coherence

HPLC — high-performance liquid
chromatography

HRMS — high-resolution mass
spectrometry

HSQC — heteronuclear single quantum

coherence
Hz — Hertz
i —iso
IR — infrared

IUPAC — International Union of Pure and
Applied Chemistry

Lys — lysine

Me — methyl

MO06-2X — high nonlocality Minnesota 06
(functional)

MUE — mean unsigned error

NHS —N-hydroxysuccinimide

NMR — nuclear magnetic resonance

PDB — protein data bank

Petrol — petroleum ether boiling in the
range of 30 — 40 °C

Pd/C — palladium on activated charcoal

Pl — predictive index

PPI — protein-protein interaction

PPII — polyproline 1l helix

Pro — proline

Quant. — quantitative

r? — linear coefficient of determination
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SAR - structure-activity relationships

SH2 — Src homology 2
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®b97X-D — long-range corrected density
functional incorporating
dispersion corrections
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1. Introduction: SH3 domains as drug tar gets

1.1. Protein-protein interactions

Virtually all cellular processes involve interact®between multiple proteins. Among
these are protein-protein interactions (PPIs), tvhibow for dynamic information exchange
and the precise control of cellular function beydhe genetic coding of proteins. Indeed,
the quantity and type of PPIs is hypothesized tontme important to an organism’s
complexity than the actual size of the gendriiéis was made abundantly clear following
the sequencing of the human genome, when therataber of human genes (ca. 20,000)
was found to roughly equal that of the flatwoi@ elegans®® The total number of
interactions in humans, however, is much greatih an estimated 650,000;ompared to
ca. 120,000 fo€. elegans.”

Signal transduction is a particular area of ceflflanction that relies on PPsIn
multicellular organisms, extracellular signallinglecules are key determinants of a cell’s
state. In general, these molecules are detecteddbgin receptors on the cell surface, which
change conformation in response to the signal. taigormational change is detected by
intracellular proteins, whichyia a series of interactions with other proteins nudtiely cause
propagation of the signalOften these interactions occur at the level of dims—stable
units of protein structure that fold autonomousomains are often specific for particular
binding targets, and several can be combined ta farger proteins, allowing multidomain
proteins to bind multiple targelsThis versatility is enhanced by specialized adapte
proteins, which like plug adapters for electricgdplances fit between proteins with
different signalling domains to allow them to irger’® Critically, several protein
interaction domains are conserved throughout ilif@icating that the interactions mediated

by these domains are similarly conserved.



1.2. SH3 domains

The Src homology 3 (SH3) domain is one such comeserfold critical to cell
signalling™*™® Since the discovery of the first of these domaina viral Src oncogeng
and phopholipase® in 1988, researchers have identified more than i80the human
genomé& SH3 domains are found across biology: in additmsarcoma viruses and man,
the Pfam databa&elists 79 proteins irC. elegans, 175 in Drosophola, and 551 inM.
musculus which contain at least one SH3 domain. SH3-likendims are also found in
prokaryotes, including bacteffaand archae#’ In humans, SH3 domains are found in a
wide range of structures, including tyrosine kirsageg. c-Src, Abl, and Fyn), adaptor
proteins €.9. Grp2, Grb2, Nck, and Crkl), GTPase-activators.(&maf), lipase (PLG),

and a structural protein (spectrin), among others.

1.2.1. Structure

Three dimensional structures of spectrand Sré® SH3 domains were solved via X-ray
crystallography and NMR, respectively, in 1992.c®&inhen nearly 500 structures of SH3
domains have been deposited in the PDB. SH3 domoaimtsiin approximately 50-70 amino
acids, arranged in f-sandwich consisting of fiv@-strands (Figure 1-1). These strands
form two anti-paralleB-sheets of three strands each: the first comprisirandsa, e, and
the first half ofb, and the second strandsd, and the second half of b. TRResandwich

resulting from the interaction of these sheets fothe hydrophobic core of the domain.



n-Src loop
Figure 1-1: X-ray structure of the SH3 domain of Src (PDB ID 18R showing strand (red), RT loop
(cyan), kinkedb strand (yellow), n-Src loop (blacky,strand (green)d strand (grey), and strand (purple).
The remaining loops are coloured dark blue. Molecgraphics images were produced using the UCSF
Chimera packag¥.

The B-strands are connected by three loops. Straradslb are separated by a long RT
loop, which generally contains several chargeddtess and forms an irregular antiparallel
structure. A neuronal Src (n-Src) insertion looproects strands andc, while a short distal
loop (which lies opposite the other two loops) certs strands, andd. The active site of
the protein is the groove defined by the RT andra1i8ops. Strandsl and e are often
connected by a short stretch af Belix, bringing theN- andC- termini close in space on

the face of the domain opposite the binding site.

1.2.2. Variability

The thousands of SH3 domains identified acrosogioshow only moderate sequence
conservation. The pair-wise identity among a lasgees of SH3 domains, comparing each
sequence in the database to every otherwag,on average 27 %, with most in the range of
15 % to 45 % (Figure 1-Zf Much of the variance in sequence length occurkimihe n-
Src and distal loops, with general conservatiorthef length of the RT loop. A series of
mutagenesis experiments on the core of the Fyn @3ain showed that mutation of the

3



conserved hydrophobic residues resulted in greftyeased protein stability, indicated by
reduced denaturation temperatufe®articularly important were the residues flankthg
RT loop, which are conserved as Asp and Leu, réisedcin 75% of domainé® Mutation

of these residues reduced the denaturation tenyperat Fyn SH3 from 80.1 °C to as low
as 36.3°C for L18A, indicating that they are cdtito the stable fold of most SH3
domains?® While great sequence variability has been obsefwe8H3 domains, relatively
little structural variability has been found. Owrs of multiple structures have been
conducted, with average root mean square deviaiBMSD) of less than 2 A for the

residues within th@ strands®

Protein | Bl | RT Loop B2

n-Sre Loop 83 Distal loop B4 Bs Uniprot Code
FYN_HUMAN - - - TGVTLFVALRSEDBMIEARTED DLSF HKGEKF QI L NSSEG WEARSLTTGETGY I [Bs VAP VDS - 143 P06241
HCK_HUMAN W- - - SEDI I VVAL DMME A I HHE DLSFQKGDQMVVLEES-G WKARSLATRKEGY I [Bs VARV DS - 1% POS631
GRB2_HUMAN Lo e e e e s ME AT AKMSEDBEK A T A DD ELSFKRGDILKVLNEECD WYKAELN-GKDGF I K I EMKPH - 58 P62993
GRAP2_HUMAN e MEAVAKENDBET A S GED- - ELSFHTGDVLKILSNRQ- - WFKAELG-SQEGY V[l I DI QFFP - 56 075791
GRB2_HUMAN 156- - - QQPT Y VQAL DD P Q E DG ELGFRRGDFI HVMDNSDEP WKGACHG--QTGMF [BIR VTP VNR- 25 P62993
GRAPZHUMAN ~ 271- - - GR VR WARALNHD BE A L E DD ELGF HSGEVV EVLDSSNPSMIWTGRLHN--KLGL F @A VAP MTR - 330 075791
CRK_HUMAN - - - EEAE Y VRALEEDEIN GNDEE--DLPFKKGDILRIRDKPEE WNAEDSE-GKRGMI BV VEKYRP - 192 P46108
CRK_HUMAN B¥- - - - - P1 YARVIQKRVPNAYDKTALALEVGELYVKYVTEKINVSG@IWEGE CNG--KRGH FMF VRLLDQ- 29 P46108
SPTA2HUMAN ~ 967- - - TGKE L VL ALMED @O E K S PR- - EVTMEKKGDILTLLNSTNEK WKVE VND--RQGF V[l VKKLDP - 106 Q3813
SRC_AVIAN 8- - - GGVTTFVALMIDMIE S RTET--DLSFKKGERLOQIVNNTEG WLAHSLTTGQTGY I [Ms VAP S DS - 14 PIS0S4
SHOI_YEAST 0- - - NFIYKAKALSE MDD ADDDDAYEI SFEQNEILQV- sSDIEGRMIWEKARRAN-GETGI I [Bs VQL I DG - 36 P40073
DTXR_CORDI 4LVDTTEMYLRTI ELEEEGVT--PLRARIAERLEQS GPTUVS VARME- - - -RDGL VVVEISDRS L QMT 6 33120

Figure 1-2: Sequence alignment of a series of SH3 domains fiamans and other species. Conserved
positions in the hydrophobic core are shaded yellghile conserved ligand-binding residues are igtéd

in blue. Uniprot accession codes for each protem lsted after the sequence. Sequence alignmesat wa
performed using the ClustalW algoritifiThe secondary structure boundaries listed abayeséhuence are
those for theC-terminal SH3 domain of Grb2.

1.2.3. Binding motifs

NMR studies confirmed the SH3 binding site to be dhomatic-rich region between the
RT and n-Src loop® Further work identified the canonical SH3 domainder as a
proline-rich peptidé! Several structural features of proline make itladbpted as a
cellular signalling motif? It is unique among the natural amino acids in aming a cyclic
secondary amine as its sidechain. This sidechaanfrmationally constrained, giving rise
to a rigid structure of fixed dihedral angle thaitcapable only of accepting, not donating,
hydrogen bonds. Moreover, proli@terminal amide is significantly more likely thanya
other amino acid to adopt theisamide conformation, as its barrier w@s/trans

isomerization is lowet The overall effect is to allow many proline-rickgsiences to form
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a unique, left-handed polyproline Il helix (Figute3)3* PPII helices have a three-fold
symmetry formed by three amino acids per turn, waitdistance between theandi+3
residues of approximately 9 R Sidechains are projected roughly perpendicul&ingchelix
axis. Hydrogen bonding is primarily to solvéAtand amino acids with limited steric bulk
that do not shield the backbone from solvent atatively favourable for PPII helix

formation®’

Figure 1-3: Perpendicular (left) and axial (right) view of tR@Il helix of Gab2a (APPPRPPKP), which binds
to theC-terminal SH3 domain of Grb2 (PDB ID 2W0%)The extended helix exposes the backbone of each
residue to solvent, and has three-fold symmetryait® axis.

Using a biased combinatorial peptide library, Chea. identified two different classes
of sequences that bind to SH3 domdihshe consensus sequence for the class | ligands is
[R/IKIXXPxXP, while the class Il sequence is PxXP#R where x signifies any amino
acid and X signifies any non-glycine hydrophobicimmmacid. Due to the symmetry of the
PPII helix, a 180° rotation perpendicular to théxheesults in a very similar structure: only
the N- and C-termini, and the directionality of the XP dimeraciges with this inversion.
Thus, the invariant proline residues of class | elads Il ligands occupy different sides of
the PPIl helix depending on the orientation of tigand. The binding affinities of the
peptides identified ranged fromu — 30 uM. 3940
Structural evidence has been found for the bindifidpoth class 4 and class ff

orientations. Based on these data, the Schreilmeipgoroposed a general model for SH3

domain binding relying on a specific hydrogen bémmin the basic residue in the ligand and



extensive hydrophobic contact between proline tescand the SH3 binding pocket (Figure
1-4)* Under this model, the SH3 domain has distinct inipghockets defined by conserved
hydrophobic residues. The two essential prolinemfthe ligand bind into these pockets,
making extensive hydrophobic contacts which provideh of the favourable energy of the
interaction. While these hydrophobic pockets aré very deep or distinct, they show
remarkable selectivity for proline residues. Defdiinvestigations by Nguyeet al. have
shown that this recognition preference is spedificor N-substituted amide residu&s.
Proline is thus required for binding as it is thelyocommon naturally-occurringN-

substituted amino acid, and not due to a sped#igcspreference for the proline sidechain.

A: Class I B: Class 11
C terminus N terminus
-— Site 3 -€— Site 3
-€— Site 2 -— Site 2
-€— Site 1 -— Site 1
n-Src loop RT loop n-Src loop RT loop
"Selectivity Pocket" "Selectivity Pocket"

Figure 1-4: Schematic showing the binding positions for a cla@s and class 1l (B) ligands bound to c-Src.
Ligand residues are indicated by circles, and arbideds as sticks. Conserved SH3 domain residues are
shown as ovals. The class | ligand is RLP2 (RRLPRY), while the class Il ligand is PLR1 (AFRPLPRR).

The critical proline residues are italicized. Ircle@ase, a salt bridge between a conserved Ardueén the
ligand and an SH3 domain Glu determines the oriiemtaf the ligand (site 1). The essential Prodess bind

in hydrophobic pockets (sites 2 and 3) formed hyseoved aromatic residues in the SH3 domain.

While the majority of work on SH3 domains has famli®n the classical class | and
class Il domains, certain atypical binding motitssé been recognized in specific proteins.
For instance, the Grb2-related adapter protein A& binds to the signalling protein
SLP-76 through an RxxK motff. NMR*" and crystallographfé analysis of the complex

revealed the specific molecular interactions of fite: the cationic peptide arrays the



critical residues in a;3 helix (vide infra Chapter 4.1), as opposed to the typical polypeolin
helix. This binding displayed suliv affinity—more than two orders of magnitude streng
than observed for PxxP ligands—with the mutagenafsesther cationic residue to alanine
completely destroying binding affinifi/:*® In contrast, replacement of proline residues in

the sequence had a deleterious effect on bindingtgf but did not abolish binding.

1.2.4. Selectivity

Since SH3 domains are involved in the assembly aftifprotein structures, their
selectivity for their targets could greatly affsagnal transduction. One possibility is that
vivo binding is generally non-selective: that is, ratliean existing as definite, linear
pathways ofA>B->C, the reality is a combinatorial series of intei@ts, withA binding
to P, Q, R, SandT, and each of those in turn having other bindingnaas in addition to
A.*® Under this view, should a protein develop a nev@ 8main or binding sequence (e.g.
by exon shuffling or gene duplication), it wouldgo® to interact with numerous other
proteins, thus subtly altering the equilibrium loé tcell. This change would occur without a
concurrent evolution of a specific binding partf@rthe new domain, thereby eliminating
the need for all SH3-mediated PPIs to have evabedectively>®

In contrast to this theory, a great deal of intidr8H3 domain selectivity has been found
in yeast. The response Bycerevisiae to high osmolarity involves the binding of a pnat
rich region in Pbs2 to the SH3 domain of SAbIo probe the selectivity of this interaction,
Zarrinparet al. created a library of Shol chimeras, in which 83 domain of the wild-
type protein was replaced with other SH3 domair@f the dozen metazoan SH3 domains
tested, six were able to restore function of theaitc pathwayin vivo, and the same six
bind Pbs2 inin vitro assays. This high degree of promiscuity is coestsivith the notion
that SH3 domains are not intrinsically selective. tBe other hand, when any of the other
26 yeast SH3 domains were inserted into Shol, restered functiomn vivo or bound the
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peptidein vitro.>® This result was explained with a model of “negativolution,” whereby
proteins in an organism evolve not merely to binhrget, but also to do so in a manner
orthogonal to other proteins within that organiskig(re 1-5). Thus, while the overall
selectivity of yeast SH3 domains to a library optfi@es may be low, selectivity for those
peptides in the yeast proteome is absolute. Mgdtia sequence within the Pbs2 motif and
again comparing cross-reactivity for other yeast3Stdmains probed this evolutionary
pressure. While some of the mutations actuallyeased binding affinity for Shol, all
increased cross-reactivityjndicating that evolutionary pressure in this eystid not seek
merely high binding affinity.

A % B
Figure 1-5: Model for domain-mediated selectivity via “negatieeolution.” (A) recognition profiles within
an organism (circles). These profiles are substiytoverlapping, but evolutionary selection agaiaoss-
reactivity drives each domain to a niche sequesta, (for the grey domain). (B) recognition profiEamong
different organisms. Once again these profilessafestantially overlapping, but as evolutionary pues for

selectivity has not been applied there is significaross-reactivity for the starred binding seqeeriEigure
adapted from Zarrinpat al.*?

A more recent experiment investigated whether hu®EB domains show similarly-
limited cross-reactivity. Seet al. probed the selectivity of the RxxK motif in SLB-Tor
147 different human SH3 domains, and found thaty dour bound® Of these, the
physiologic binding partner Grap2 bound with 8 nffingty, a factor of 1000 stronger than
Grb2 SH3C, which bound with 8M affinity. The remaining two binders, STAM1 and
STAM2, are endocytic proteins which have not beeked to SLP-76n vivo and may be
localized in a different cellular compartment. ertmore, a series of point mutations of the

SLP-76 peptide were found to increase cross raepctio different SH3 domains while



maintaining high affinity for Grap2. Thus the atygli RxxK recognition domain in SLP-76

appears to have evolved both for high affinity dngh selectivity, but despite this still

displays some cross-reactivity to other SH3 domaihke authors repeated these
experiments with the RxxK motif of Gabl, the PxxRxR motif of HPK1, and a separate

class Il PxxP ligand in HPK1 and found binding t6, 112, and 53 SH3 domains,

respectively. As only a fraction of human SH3 damsawere screened in this study, it is
likely that the cross-reactivity of each of thespiides is even highét.

While further work is required to probe the seblatyi of human SH3 domains, a
multitude of factors are likely exploited withinettproteome. For some interactions (e.g.
SLP-76 with Grap2), domain-mediated evolution maysbfficient to explain the very high
selectivity observed. This is not, however, genyabther proteins, even those sharing an
atypical binding motif, as other RxxK peptides &&es intrinsically selective. The most
common PxxP motif is the least selective, and guge possible that the majority of SH3
domains which bind this sequence bind many prot@ins/o. To a certain extent this may
be tempered by spatiotemporal isolation of protding overall SH3-mediated interactions

within human cells likely form a complex web mucbmathan simple, linear chains.

1.3. Grb2 SH3C

One SH3 domain-containing adapter protein thatbeen extensively studied for its
role in human disease is growth factor receptombdgorotein 2 (Grb2). This ubiquitously-
expressed, 25 kDa signalling protein consists i&elprotein recognition domains: a central
SH2 domain (which binds phosporylated Fiflanked by two SH3 domairnd.Grb2 lacks
enzymatic activity but is essential in a range ighalling pathways, so much so that a
targeted gene disruption of Grb2 is lethal to ndtan early embryonic stageFrequently
Grb2 acts as intermediary between receptor tyrddimeses and intracellular proces3e¥.
Mounting evidence points to a strong role for Gih2developing malignancies. The
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protein is encoded by the grb2 gene on human chromosome 17, which is duplicated in some
solid tumours and lukemias.®® Grb2 is also overexpressed in a range of human breast cancer

. 1 . 2
cell lines®' and tissue samples.°

Her2

| pip3 — PpIP2 |

Figure 1-6 The role of Grb2 in the Her2 signalling pathway. Grb2 binds to phosphotyrosine residues on Her2
via its SH2 domain, then activates a range of downstream pathways via Sos or Gab2.

In breast cancer, Grb2 lies downstream of the EGF family protein Her2 (ErbB2, Neu).
Grb2 docks to specific pTyr residues in Her2 via its SH2 domain,” then recruits Sos
through both SH3 domains,* or the Gab family of large multi-site docking proteins via its
C-terminal SH3 domain (SH3C).®®® This causes downstream activation of a range of

pathways, including those involving Ras, PI3K, and Shp2 (Figure 1-6).

Figure 1-7 Kaplan-Meier curve comparing the disease-specific survival of cancer patients with and without
Her2 amplification. In this retrospective study of tumour samples collected prior to the discovery of targeted
Her2 therapies, median survival in the Her2 amplified group was 2.6 years, compared to 11.7 years in the non-
amplified population. Figure from Ainsworth ez al.’
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Overexpression of Her2 occurs in ca. 20 % of breasters, and is associated with poor
survival prognosis (Figure 1-7.Four therapies targeted towards Her2 have beemaggp
for the clinic. Treatment with Trastuzumab, a mdapal antibody targeting the
extracellular domain of Her2, improves survival fatients with these cancers. While large
clinical trials have revealed benefits from trastuab therapy in metastatic carféemd as
an adjuvant therapf, patients rapidly develop resistariéeLapatinib, a small-molecule
inhibitor of the Her2 tyrosine kinase domain, h&éahown clinical benefits in patients
with metastatic Her2-positive cancers, but mostep& did not respond to therapy and
disease progression continued after a short tfme. 2012 the anti-Her2 antibody
pertuzumab was approved by the FDA in combinatieerapy with trastuzumab. The
antibody targets the dimerization of Her2, incregdhe median progression-free survival
time for metastatic disease from 12- to 18-montest recently, the antibody-drug
conjugate trastuzumab emtansine received FDA appriov February 2013. This drug
covalently attaches the cytotoxic agent mertansmnédys residues on tratsumab. Each
antibody binds zero to eight mertansine molecutes delivers them selectively to Her2-
expressing cell§* Phase IlI clinical trials indicate that this drimgproves survival from
metastatic breast cancer by approximately six nwmngs. lapatinib and cytotoxic
chemotherapy, but median survival was still onlynnths’® Thus while this trial strongly
suggests a role for combination therapies in tngatier2-positive cancers, there remains a
significant need for novel pharmaceuticals.

One approach is to target the Her2 pathway dowausiref the receptor. Cell-based
studies have shown that down-regulation of Grb2bitd growth in tumours expressing
high levels of HerZ® Likewise, knockdown of Gab2 reduces proliferatioh Her2-
overexpressing celfS.Furtherin vivo studies in mice have identified a peptide inhibiib

Grb2 SH3 domains which may slightly reduce cancegmession in a xenograft mod®8l.
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While inhibitors have been developed for the SH& &H3N domains of GrbZ, small-

molecule inhibitors of the SH3C domain have notbesported.

Figure 1-8 The X-ray crystal structure of Gab2a peptide (gyemvund to Grb2 SH3C (purple). PDB ID
2WO0Z. The interaction is stabilized by hydrogen d®ifrom the conserved Arg and Lys of the peptideals
as extensive hydrophobic contact with the protaifese.

The Grb2 SH3C domain binds to two different epiwope Gab2, each with an RxxK
core motif within a variable proline-rich sequenéestructural study has elucidated the
precise molecular interactions involved in Grb2—Bainding (Figure 1-8° The Gab2a
epitope presents the Arg and Lys residues wittpolgproline Il helix conformation, while
in the Gab2b epitope they are found withimyat&lix. Gab2b binds approximately 20-fold
stronger than Gab2a @V vs. 58 uM), but crystal structures of both peptides bouad t
Grb2 SH3C show very similar binding orientationsg(ffe 1-9). In both cases, essential
hydrogen bonds are formed to Glul3 and Glul6 onGHe2 protein, though due to the
different length of turns in43 and PPII helices (6 A vs 9 A), the cationic sidgnb are
projected at different angles towards the Glu didets. Significant hydrophobic contacts
stabilize both interactions, so rationalizing th#edence in binding affinity for the two
peptides is difficult. Mutagenesis experiments ¢ati that replacing the Arg or Lys

residues in either sequence with alanine resulimguantifiably weak binding.
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Figure 1-9: Details of the binding of the Gab2b and Gab2a peptides to Grb2 SH3C. The upper panels show
the electrostatic interactions between the Gahglp&ptide (A) and Gab2a PPII peptide (B) binding to Grb2
SH3C. In both cases, hydrogen bonds are made to Glul6, but the peptides approach in different orientations
due to the difference in length of the two helices. The bottom panels depict the full crystal structures of the
interactions. Figure from Harkiolakt al.*

1.4. Inhibition of SH3 domain interactions

The inhibition of PPIs has proved challenging for traditional medicinal chemistry
efforts. Unlike for enzymes, which have well-defined active sites, PPIs occur along large,
relatively featureless surfac®s* Inhibition has been made tractable by the discovery of
“hot spots”: individual residues or small groups of residues which contribute the majority of
favourable free energy of binding of a BPBy carefully targeting these key regions of the
interaction surface, even large PPIs have been successfully infilsiteRarticularly for
promiscuous SH3 domains, the problem of affinity is complicated by additional selectivity

concerns. Nonetheless, diverse approaches have been attempted to search for inhibitors.

1.4.1. Peptideligands

By selectively mutating residues of the 3BP1 peptide (APTMPPPLPP), the Serrano

group induced selectivity for particular SH3 domains. While the peptide binds with similar
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affinity to the Abl- and Fyn-SH3 domains, introdogimutations (M4Y, P5S, L8P) based
on computer modelling increased affinity for Abl-$E0-fold while decreasing affinity for
Fyn-SH3 10-fold® The study showed that the first six amino acid8BP1 are important
for determining selectivity, while the remainingufoare important for affinity. The authors
rationalized that differences in affinity are duet ronly to specific sidechain-sidechain
interactions, but also to the different entropicstsoof adopting a PPIlI conformation.
Selectivity resulted from the interactions betweesidues four and five of the peptide with
the RT and n-Src loops. It was also found that ringiple, every Pro residue could be
substituted without causing a large loss of bindprgvided that a suitable replacement was

found for each site.

1.4.2. Peptidedimers

Inhibition may be dramatically enhance@ the simultaneous binding of two domains
with a single molecule, an approach exemplifiedQyssacet al. in binding both SH3
domains of Grb3! A dimeric peptide made of two identical prolinekrisequences from
Sos linked by a lysine spacer showed an increabeding affinity from 16uM to 40 nM
when compared to the monomeric peptide (Figure)l-l@e dimer was selective for Grb2
over PI3K and Nck, and could be modified to entdiscwhere it showed antiproliferative
activity. Further studies showed that the compoundbits the growth of HER2 cancer
cells and has antitumor effects in human canceogeits®® The group went on to show
that the compound is a potential therapeutic agentchronic myelogenous leukaemia
(CML).%8 A theoretical model of multivalent binding to Sid8mains predicts this dimeric
effect to be general, with significant binding enb@ment possible if each ligand has at

least mM affinity®
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Figure 1-10: Left: two identical proline-rich peptides linked with a lysine spacer to give a dimer capable of
simultaneously binding to two domains. Right: Model of the Grb2-peptide dimer complex showing the PPII
helices (blue) and lysine linker (yellow) complexed with eandC-SH3 domains (red) of Grb2. The SH2
domain is in green. Copyright © 1998 by the Federation of American Societies for Experimental Biology.

1.4.3. Combinatorial approaches

The Schreiber group pioneered split-pool combinatorial approaches in the search for
SH3 binders. Initial efforts screened a biased library of two million peptides of the form
xxxPPxPxx, which contains a known binding sequéidédany residues were found to be
highly conserved, which led to the synthesis of the peptide RKLPPRPRR which binds the
PI3K SH3 domain with &y of 7.6 uM—at that time comparable to the strongest known
binders. Further screening in which non-peptidic elements were conjugated to peptides gave
a molecule (Figure 1-11a) that bound Src SH3 with af 3.4uM. When measured against
the PI3K SH3, this molecule displayed a 52-fold increase in selectivity compared with the
best known peptid® Multidimensional NMR spectroscopy of these complexes showed
that the non-peptide portions of the ligands interact with the specificity pocket of Src SH3
differently from peptides! although not in all cas€é.Generally peptide elements form
contacts with the n-Src loop whereas non-peptide elements contact the RT loop of the same
pocket. In both cases there are interactions with the tyrosine-based”fldaning

succeeded in attaining high binding affinities, the group focused on achieving selectivity
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between highly conserved domaiig-ollowing the same method of split-pool synthésis
was possible to select an analogue of Figure hatldisplayed 165-fold greater affinity for

Hck over PI3K.

0 NH,
Me)LNm 0
Me N N
\MH I \/\r(l; WLPLPPLP-NHZ
€

Figure 1-11: Structure of a Scr inhibitor in which non-peptidereents are conjugated with a peptide. This
molecule has an affinity of 3i4M for Src and shows good selectivity over PI3K.

1.4.4. N-Substituted peptoids

Nguyenet al. were the first to explain the SH3 domain’s sélégtfor proline residues
as a preference fd¥-substituted residues, of which proline is the nooshmon endogenous
example**®® Replacing the key prolines of a peptide wNksubstituted residues gave a
Grb2 SH3N binder with 100-fold greater affinity. @fauthors screened a series of SH3
ligands in which each of the two required PxxP ipes was replaced by a series of 11 non-
natural N-substituted glycines against Sem5, Crk, Grb2 amg ®ore than half of these
peptoids bound as well as, or better than, theralapeptides. The group went on to show
that these peptoids could be selectively tunedtget a single SH3 domain in a test set,
with orthogonal selectivity for Crk SH3 against Grand Src® The groups of Tuchscherer
and Feller developed this approach (Figure 1-12jite pseudoproline-containing peptides
able to inhibit Grb2 SH3/SoS complex formation ilcampetition assay using whole-cell
lysates’ In a unified strategy, Vidaét al. incorporated thé-alkyl glycine amino acids
used by Nguyen into their previously reported preliich peptide dimers (Section 1.4%%).
The resultant lysine-linked peptoid, VPPPV(peG)PRIRR (peG: ©)-(a-phenyl)
ethylglycine), gave &; of 0.20 nM for the Grb2 SH3 domains, compared8mBl when

peG is replaced with proline. While a crystal stowe of the complex was not obtained,
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molecular modelling studies suggest that enhancadirg affinity is due to aromatic

contacts between the phenyl group of the non-natural amino acid and the binding surface.

Figure 1-12: Representation of a PPIl helix binding to an SH3 domain. Proline is required for the ligand to
adopt the necessary PPII structure, but due to a lack of functional groups on proline those residues do not have
optimal shape complementarity for binding. Incorporation of a functionalized psuedoproline (modified groups
shown in red) allows for better packing and thus improvement of binding affinity. Figure from Tuchscherer,

G. et al..” copyright © 2001 by WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany.

1.45. Small-moleculeinhibitors

A combination of virtual and experimental screening allowed Bstal. to identify
drug-like molecules that functionally target the HIV-1 Nef SH3 binding suffitke most
promising compound, DLC27 (Figure 1-15a), displayed an apparent dissociation constant of
980 nM in ITC experiments, and was shown by NMR HSQC experiments to interact with
Nef at the same position as the endogenous ligand.

With the mouse Tec Kinase SH3 domain as a model system for structure-based ligand
design, Ingliset al. used computational methods to identify several simple heterocyclic
inhibitors, including a series of quinolin®8:'** Using NMR chemical shift perturbations,
structure-activity relationships, and site-directed mutagenesis, the best compound, a 6-
substituted-2-aminoquinoline (Figure 1-15b), was shown to bind competitively with a
proline-rich peptide with &4 of 22 pM. Preliminary studies showed mixed selectivity, with
some of these quinolines unable to bind to Fyn, binding Hck weakly, and with

approximately equal affinities for Tec and Nck. Further SAR aided the development of a
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related compound (Figure 1-15d) with kg of 9 uM, where the physiologically
incompatible acetal functionality is replaced wittheterocyclé®® The group went on to
synthesize a series df-benzyl derivatives of these compouritfsand while binding

affinity was reduced it furthered a model for tlpeafic interactions of the quinoline-Tec

complex (Figure 1-13).
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Figure 1-13: Model for mechanism of binding of 2-aminoquinoliteethe Tec SH3 domain, in which residues
to the left and right of the binding site make emt$ with the aminoquinoline substituents. The meatd R is
especially important as it impacts upon the sadtge formed with D196.

Structurally related benzoquinoline molecules weliscovered by computational
docking and validated by a fluorescence polarizabiased assay as micromolar inhibitors
for the Src-SH3 domain (Figure 1-188jBased on thign silico work, a binding model for
Figure 1-15e was proposed in which both hydrophabid hydrogen bonding contacts are
critical (Figure 1-14).
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Figure 1-14: A representation of the hydrophobic (red) and hgdrobonding contacts (blue) in the complex
of a benzoquinoline (see Figure 1-15e) with Src Std&ulated using LIGPLOT (distances are inR).
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Using a yeast-based high-throughput assay, then@haroup identified UCS15A,
produced byStreptomyces, as an SH3 domain inhibitd? Inhibition was observed for the
interaction of Sam68, a nuclear RNA-binding proteuith a wide variety of SH3 domains
including those of Src, Grb2 and P{Cbut no effect was seen on SH2-mediated
interactions. Analyses suggested the compound atidbind to the SH3 domain, but rather
interacted directly with the proline-rich regions target proteins’’ The nature of protein
binding, was not elucidated, though large discreanbetweemn vitro andin vivo studies
were observed in that much higher doses were medjuir the former case. Inhibition was
not seen when the SH3 bound complex was doseanbuivhen Sam68 was preincubated
with UCS15A, hinting at a possible conformationbloge in the proline-rich region. The
Sharma group went on to synthesize greatly singolifitructures that showed more potent

activity and proved to be less cytotoxic (Figur&sf).*%®
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Figure 1-15: Small-molecule SH3 inhibitors. (a) DLC27, an HIV-lefNbinder, (b) A 6-substituted-2-
aminoquinoline targeting the Tec kinase, (c) Ndtpraduct UCS15A, thought to bind proline-rich peps
and resulting in the inhibition of many SH3 familje(d) Derivative of compound (b) with an improved
physiological profile, (e) A benzoquinoline Src @ér, (f) Structurally simplified synthetic analogwd
UCS15A.
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1.5. Peptidomimeticsfor inhibiting PPIs

Figure 1-16 Theoretical progression from a peptide to a peptideetic. The PPII helix (left) can be
construed as a backbone for projecting sidechaiastie). These can be displayed in same manner by a
wholly-synthetic scaffold (right).

One recent approach to PPI inhibitors seeks togdesiolecules which mimic the
proteins involved in the interaction. These peptiduoetics display sidechains with the
same spatial and angular orientation as proteiasubing non-peptidic elements (Figure

14-116 and

1-16) 8199119 pproaches included covalently bonded peptid&s®p-peptides:
synthetic small moleculé¥*?°have been applied to mimic a variety of proteicoselary
structures. Among small molecule peptidomimetihs, greatest effort has been devoted to
mimics of a-helices. The majority of the free energy of birgdf helical protein domains

comes from sidechain, as opposed to backboneautiens;* %

thus a wide variety of
scaffolds have proved useful (Figure 1-17). Theyeno® clear consensus on an “ideal”
peptidomimetic since all such molecules necessarityplify the actual protein structure.

Concerns such as ease of synthesis, adaptabildiffezent sidechains, and the number of

sidechains to be mimicked all affect the choica pkeptidomimetic scaffold.
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Figure 1-17 Peptidomimetic scaffolds. (a) indane, (b) terpheifg) terephthalamide, (d) benzoylurea, (e)
benzamidé®

One inescapable objective, however, is that thdocoration of the peptidomimetic
matches that of the protein. Certain scaffolds Haeen designed to incorporate a great deal
of flexibility, allowing a single molecule to mimimultiple secondary structurega an
induced fit mechanisit®?* Flexibility, however, adds an entropic penalty kimding,
which may cancel otherwise favourable interactiolnimizing this entropic penalty
requires a relatively constrained molecule whices a particular protein structure. While
this approach is less general and requires moeeicdhe design phase, it holds promise for

discovering more potent and selective inhibitor®Bfs.

1.5.1. Intramolecular hydrogen bonding in peptidomimetics

While covalently-constrained systems allow for gely-tuned structures, they may be
synthetically inaccessible or suffer from poor &ility. As an alternative strategy, a
peptidomimetic can instead be constrained by aranmblecular interaction such as a
hydrogen bond. Although the nature of hydrogen buptlas been debated in the literature
since at least the 19383, IUPAC issued a technical definition of the intdtaic in 2011,
prefacing it with:

The hydrogen bond is an attractive interaction ketwa hydrogen atom from a

molecule or a molecular fragmentXH in which X is more electronegative than H, and

an atom or a group of atoms in the same or a diftemolecule, in which there is
evidence of bond formatioi®
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The definition then proceeds to list various form6 structural, spectroscopic, and
computational evidence that may indicate whethgydrogen bond is present. Additionally,
large-scale database searches have elucidatedvwberéd conformations and energies of
hydrogen bonds in published crystal structdfé$?® In general, hydrogen bond strength
increases as the angle between the donor and actepds towards 180°, and as the acidity
of the H increases. Intramolecular hydrogen bomesyest favourable when six-membered
rings are formed?’ although larger and smaller rings can still beofaable. Numerous
peptidomimetic scaffolds, including the terephthaltde, benzoylurea, and benzamide
(Figure 1-17c-e) form such intramolecular rings divect conformation, allowing the
molecules to remain more polar than covalently-leahdtructures such as the terphenyl
(Figure 1-17b). By modifying the hydrogen bondingttprn of the system, mimics have
been prepared for botirhelices!’*'#1?%and-strands*® and could potentially be adapted

for other systems.

1.6. Conclusions

Nearly 25 years of studies have uncovered the givote of SH3 domains in a wide
range of biological processes. As only a few kesidwes appear sufficient to define the
fold, diverse changes are possible within the Imgdidomain, allowing SH3 to play a
versatile role in PPIs. Proline-rich peptide ligarand in a well-understood manner and
show moderate affinities, but display poor selewtiwithin SH3 families. Adding non-
peptidic appendages allows the development of comg® with greater affinities and
selectivities since a greater number of bindingssére utilized. Despite the efforts of many
researchers, the number of classes of small-ma@erulibitors remains disappointing,
hinting that new approaches are required. Thisighesms to extend the field of

peptidomimetics to incorporate the types of striegurequired to inhibit SH3 domain
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interactions. Using Grb2 SH3C as a target, comjmuialk synthetic, and spectroscopic

methods will be applied to discover novel inhikstor
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2. Virtual Screen for Grb2 Inhibitors

2.1.Introduction

In a first approach towards inhibitors of Grb2, thieility of commercially-available
molecules to disrupt the Grb2/Gab2 interaction wmasstigated. Previous high-throughput
and computational screens have identified sevek Somain inhibitors \ide supra
Ch.1.4.5)"® indicating that the existing chemical space inekidnolecules capable of
binding to these proteins. To assess as wide aerahgnolecules as possible, a virtual
screening approach was adopted for its speed, daty and broad chemical diverstty.

Virtual screening attempts to compute the free-gynef binding of small molecules to a
protein target. This is a very difficult task a® thhysics of such interactions are still not
fully understood? but methods such as free energy perturbation legilons have shown
success in calculating the relative and absoluteliby energies of ligand seri€s!?
Nonetheless, achieving accurate and precise re@ils great undertaking, involving
extensive consideration of initial structdfe? solvation®® flexibility,*® and sampling’
This results in considerable computational expewstf, the accurate calculation of a single
relative free energy of binding requiring days obqessor timé® These methods are also
generally restricted to relatively small perturbas of molecular structuré making them
unsuitable for investigating diverse libraries.

Rapid virtual screens ignore a great deal of threpdexity of protein-ligand interactions
in exchange for speed. In general, the proteirctira is treated as fixed, small molecules
are not fully flexible, and solvation is limited simple dielectric models. Rather than using
explicit free energy perturbation calculations, diiy energies are calculated by largely

empirical scoring functions, which consider onljew parameter$. Such calculations are
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thus wholly unsuitable for accurately ranking commpds® but empirically have been

sufficient in numerous cases to find starting pofior further molecular optimizatic:®2

2.2.Virtual ligand selection

While alanine scanning and spot blot analysis gftide truncates have probed the
binding site of Grb2® the chemical space of small molecule inhibitors mat been
explored. To maximize the scope of this investwatia large database of molecules was
desired. Given the crude predictive power of virtsereening calculations, even high-
ranking molecules are relatively unlikely to beetrnits, so to avoid wasted synthesis the
search was limited to commercially available comqmtsu Even the purchasable chemical
space, however, is vastly too large to screen, With database ZINC listing nearly 20
million commercially available compound&® To narrow this further, molecules were
filtered to comply with Lipinski's “rule of 52 limiting the search set to molecules with
molecular weight < 500, calculated octanol-watertifp@an coefficient of< 5, hydrogen
bond donors:< 5, and hydrogen bond acceptgrs0. This resulted in a set of ca. 6.3 million
molecules (downloaded from ZINC in September 20T@)s set included the molecules in

their protonation states expected in the rangdH0% 75-8.25, as calculated by ZINC.

2.3.Virtual screen

The docking program GLIDE (version 5.6) was usect@aduct the scre€tt?® The
crystal structure of the complex containing the eataghtly binding Gab2b 3 helix (PDB
code: 2VWFY? was used as the docking target. The protein wasepsed using GLIDE's
default protein preparation workflow: the bound g and all water molecules were
removed, and the protein structure refined usinbaastive sampling for H-bonding
networks. Following a constrainetimpref minimization with the OPLS-AA 2005

forcefield? optimizing all atoms to an RMSD of 0.3 A, the retme grid was generated as a
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cube 7 A in radius around Trp35 in the center efttinding pocket. As the peptide studies
confirmed the critical role of a hydrogen bond ke tGlul6 sidechain, a constraint was
applied requiring all docked molecules to formesst one hydrogen bond to that residue.
The molecules were then flexibly docked onto thegda protein, using the high-

performance computational capabilities of the Bibbwlinux cluster at the National

Institutes of Health, Bethesda, MD, USA. Bindingermies were evaluated using the
GlideSP scoring function. The resulting screen eanlkeach compound by glide-score,

which roughly approximates their free energiesinéling.

Figure 2-1: Docked poses of the molecules ranked 5 (left) & (tight) in the virtual screen bound to the
Grb2 SH3C (purple). Both molecules are predicted tikenextensive hydrogen-bond and hydrophobic
contacts with the protein.

The top 200 virtual hits were screened by eye fodibg pose and chemical diversity
(Figure 2-1). In general, the molecules had bottrtyghobic and hydrophilic components,
and consistent with the applied constraint all lwbwo similar binding pockets on the
surface of the protein. Of the top hits, 34 werdawied forin vitro testing from the
NCI/DTP Open Chemical Repository (Figure 2-2). SkEmmwere obtained as pure solids,

which were dissolved as DMSO stocks for furtherysis.
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2.4. SPR binding assay

Ligand

Dextran" |

Metal Surface
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-~ Reflected Light
;- Absorbed Light

w=ereee Fliow Cell

Detector
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Figure 2-3: Schematic of the SPR experiment. At the SPR wavdieigtident light excites surface plasmons
along the metal. Changes to the index of refractitomg the interface (in this case, caused by adyibo

binding), alter the index of refraction, thus chiauggthe SPR angle. This change in angle is detemted
plotted to measure the binding kinetics and thegmachics. Creative commons image from Sari Sab¥an.

The selected molecules were first tested for bipdising surface plasmon resonance
(SPR). This technique measures the change of texiof refraction along a metal surface
caused by the binding of an anal$#&? In practice, a laser is shined at a thin goldanef
adjacent to an aqueous medium. At precise anghes,iricoming photons excite an
electromagnetic wave along the interface betweenntktal and the liquid, resulting in a
drop in reflected light intensity (Figure 2-3). Thagle of maximal excitation (and thus
minimal reflectance) is the SPR angle, which vameth the index of refraction of the
system. As the metal surface itself is unchangthg, observed change in SPR angle is
caused by changes along the metal/liquid interfacéhis case caused by the binding of a
ligand. The technique, however, measures all clmmgeefractive index, which could
include changes to the buffer or concentrationeratihhan desired binding. Plotting the

change in SPR angle with respect to time allowstli@emodynamics and kinetics of an
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interaction to be calculatéd.Rather than binding protein directly to the goldface, a
carboxydextran layer is first applied to which firetein is covalently attached. This leaves
the protein tethered to the dextran, but otherwisse to rotate and translate.
Benchmarking studies have determined that carepdlfjormed SPR experiments yield
reproducible measurements comparable to thosenebtady solution experiments (e.g.
ITC), indicating that the dextran tether does reteyally affect the proteifi. >

For this study, wild type Grb2 SH3C was attachedh® carboxydextran surface of a
CMS5 chipvia amine groups on the protein. The matrix was &rtivated with a mixture of
EDC and NHS, which results in an activated NHSredJtke protein was then dissolved in
an acidic (pH 4 acetate) buffer to create an ov@aditively-charged protein, which was
electrostatically attracted to the matrix. The\aitd esters then coupled to t¢erminus
and sole Lys of Grb2 SH3C, leaving the protein tenvidy attached to the dextran surface.
The small molecules were then screened for binthinGrb2 SH3C at 5M and 100uM
concentrations (Figure 2-4).

To distinguish binders from non-binders, a pratticenimum binding affinity was
defined a<< 1 mM. The maximal theoretical response observedBR depends on the

concentration of bound protein and the relativeaoolar weights of the protein and ligand:

(MWanalyte X Rligand)
(MWiigara)

Rmaxanajyte =

where ‘analyte’ refers to the small molecule amgbhd’ to the SH3C domain. Given 1500
response units (RU) of ligand bound, a protein n@sg036 Da, and an average small
molecule weight of 250 Da, this gives a maximunotk&cal response of 53 RU. Thus the

minimum desired response levBL§) could be determined using the formula:

_ Rmaxanalytexcanalyte
- K +C

analyte
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where Gnayterepresents the concentration of compound, givingramum cutoff of 5 RU

for the 100uM concentration.
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Figure 2-4: Maximum binding response for the 34 molecules a/M0and 100uM concentrations (pairs of
adjacent injections). Those molecules exhibitingsponse level greater than 5 RU for the 100 pM &Bsmp
are highlighted (black diamonds) and correspontbtopoundsdi, 3, 5, 9, 41, 46, 72, 147, 156 and164; non-
binders are shown as grey diamonds. DMSO-only sssnfWhite circles) and a positive binding control
Gab2b peptide (24 puM; white triangles) were injddieroughout. A negative control Gab2b peptide doub
mutant (RxxK - AxxA) is also indicated as the last injection @{across), showing the lack of significant
binding.

Using this threshold, 24 molecules were classiischon-binders (17 with a response
level around zero) and ten as bindels3, 5, 9, 41, 46, 72, 147, 156, 164 (Figure 2-4).
Varying levels and quality of interactions were eh®d by the analysis of their
sensorgrams (Figure 2-5; compoub®b was rejected due to poor sensorgram shape). In
several cases (moleculeS, 9, 147, 164) the observed binding behaviour was
superstoichiometric. Compourih7, for instance, displayed superstoichiometric bigdi
characteristic of undesirable promiscuous inteoas(i’ with a response level of nearly 600
RU (over 10 times the maximum theoretical respomas®) a long dissociation time. This
can be explained by the availability of multipletiing sites on Grb2 SH3C or the presence
of small-molecule aggregates that have a propernsitadhere to the protein surface.

Injections of DMSO-only controls at regular intelsyas well as a positive control Gab2b
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peptide (24 uM; sequence: IQPPPVNRNLKPDRK-amidéd)aated that the integrity of the

coupled Grb2 SH3C surface was maintained througiheuexperiment (Figure 2-4).

vvvvvvvvvvvvvv

41 46
. .
,,,,,,,,,,,,,,
147 164

Time (s) Tme(s) . Time®s

Figure 2-5: SPR sensorgrams of the nine compounds accepteaiisgp&Grb2 SH3C binders. Shown are two
traces at different compound concentrationspuB0(grey line) and 10@M (black line).

2.5. Competition binding assay

While the SPR screen reliably measures bindingjivies no information about the
binding site. To determine which compounds coulthgetitively target the Gab2 binding
groove in Grb2 SH3C, we performed a biochemical petitive binding assay on the full
set of 34 molecules. GST-Grb2 SH3C was incubated aach molecule before contact
with streptavidin beads coupled to biotinylated @alpeptide. Control experiments by
Philip Simister indicated that GST alone did nougle to the peptide-bound beads. Neither
did GST nor GST-Grb2 SH3C bind to beads lackingtigepnor to beads coupled to a
Gab2 double alanine mutant peptide (RxxKAxxA) that cannot bind to the Grb2 SH3C
domain (Figure 2-6§° Thus, interaction with the beads was a directltesfuthe Gab2b

peptide — Grb2 SH3C coupling.
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Figure 2-6: 12 % SDS-PAGE gel showing controls for validatidntloe biochemical competition assay.
Samples in gel lanes are: [1, 2] GST-Grb2 SH3C iam with streptavidin-sepharose beads coupled to
Gab2b wild-type (wt) peptide; [3, 4] GST-Grb2 SH3Cubated with streptavidin-sepharose beads coupled
the defunct Gab2b double mutant peptide. RxxK — AxxA); [5, 6] GST-Grb2 SH3C incubated with
streptavidin-sepharose beads alone, no peptidelegjup7/, 8] GST alone incubated with streptavidin-
sepharose beads coupled to Gab2b wt peptide; [% 30 alone incubated with streptavidin-sepharcesalb,

no peptide coupled; [11] Protein size markers, redbaf 31 kDa is indicated (black arrowhead), whics a

size in between that of GST alone (26 kDa), loaiethne [12], and GST-Grb2 SH3C fusion protein (33
kDa), loaded in greater amount (30 pg) in lane f@3how the quality of protein used in the assay

Given this assay’s lower sensitivity, a stringdmeshold of 20 % minimum inhibition
was applied to eliminate ambiguous-, weak-, or hirlers. This represents a margin
greater than the error on any individual samplé, fare times the average error on the data
points (Figure 2-7a). Consequently, 24 moleculessgldl no binding (Figure 2-7B, grey
bars), and ten molecul€e3;.5, 41, 46, 50, 55, 72, 139, 147, 164, exhibited various levels of
competitive inhibition > 20 % (Figure 2-7b, blaclark). Importantly, seven of these
competitive inhibitors overlapped with those deteled to bind well by SPR3, 5, 41, 46,

72, 147, 164 However, three of these molecul&§; 72, 164, displaying nearly complete
inhibition precipitated during the assay. This malem problematic to handle and may
have contributed to their apparent superior inbilgibehaviour (compound? was the least
soluble); moleculel6 also displayed poor aqueous solubility, and sedieur compounds
were rejected. The superstoichiometric binder fi®RR analysis — compouridt7 — was
excluded too, leaving a subset of three compouBds, é1) for further assessment. Above
concentrations of 200M, these compounds displayed superstoichiometridibg by SPR,

preventing the collection of meaningful affinity tdausing that method. Instead, the
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biochemical competition assay was employed usiegeasing compound concentrations,

with the aim of assessing the affinities of thesepounds for Grb2 SH3C.
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Figure 2-7: Grb2 SH3C competitive binding screen with 34 hit @coles using a biochemical competition
assay. Purified GST-Grb2 SH3C was incubated with eampound (5 mM) in duplicate before contact with
streptavidin-sepharose beads previously coupled Hiotinylated Gab2b peptide (Bio-EAHK-
IQPPPVNRNLKPDRK-amide). Washed beads were run o0& % SDS—polyacrylamide gel and the extent of
binding visualized by SDS—PAGE and Coomassie bligestigining (A), and the band intensities quantifigd
densitometry (B). In (A), ‘no’ refers to no compowrthe DMSO-only control. Numbering indicates the
compound used, and relates to the rank of eadheiwvittual screen. Unbiotinylated Gab2b peptide wsed

as a positive binding control for inhibition (+va} two concentrations. In (B), chart bars are shaaed
follows: the ten positive binders showing > 20 %ilaition (black); non-binders (grey); controls, 10 ug of
GST-Grb2 SH3C input (light grey). Error bars indéctite spread of the data.

This assay, like other classical biochemical assaies on a simple kinetic model from
the law of mass action. Under this assumption, radibg equilibrium exists between
ligand—in this case, bead-bound Gab2b peptide—aih@ SH3C. The fraction of binding
sites occupied depends on the dissociation congamf the ligand and the amount of

ligand present:

[L]

Occupancy = —————
P K, +IL
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The addition of a competitive inhibitor disrupts this binding, retythe amount of ligand
bound. At low concentrations of inhibitor the ligand is fully bdu and at high
concentrations of inhibitor only nonspecifically-bound ligand a@rs. The difference
between these values is the specific binding of the ligamtthenconcentration of inhibitor

that reduces specific biding by 50 % is thegolT’he curve is mathematically defined as:

total — NS

[LR] = NS+ 1+ 1091100 Csy

Where LR] is the concentration of the protein-peptide complexal is the maximum
observed binding\S is the nonspecific binding, ant] js the concentration of inhibitor. If
the ligand and inhibitor compete for a single binding site, afolllincrease in inhibitor
concentration reduces the specific binding from 90 % t&18nd the great majority of the

curve fits within a two log unit rand@&.

100 100
s 75+ & 75+
© °
S >
= 507 IC50 = 5.7 mM 2 504 IC50 =0.32 mM
£ Hillslope = -3.1 g Hillslope = -5.0
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Figure 2-8: Concentration-response curves determined by thehéimital competition assay for two
competitively binding compounds. Increasing con@ians of (A) compoun@®, and (B) compoun®, were
incubated with GST-Grb2 SH3C before mixing with gtagidin beads coupled to a biotinylated Gab2b
peptide. (A) and (B) lower panels: Coomassie blueddyends of the GST-Grb2 SH3C/beads samples run on
a 12 % SDS polyacrylamide gel; upper panels: demstric quantification and curve-fit of the protdiand
intensities. The calculated ¢ values and Hill slope parameters are shown. Hpans show standard
deviations; the gels are representative of fowixaepeats.
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Using this competition assay, compourd demonstrated unquantifiably weak
inhibition in the limited dose range used (up to 20 mM). Counp 3 yielded a
concentration-response (inhibition) curve with an appa@qitdf 5.7 mM, indicating low
affinity (Figure 2-8A). Despite its structural similarity to compd 3, compounds bound
competitively to Grb2 SH3C with an apparentd©f 320 uM, representing an 18-fold
increase (Figure 2-8B). Notwithstanding this positive competitivebitory effect, an
important feature of the inhibition curves for both compouhdsd>5 is their steepness, as
complete inhibition takes place over only one log unit. Thesents markedly non-

stoichiometric binding, which is quantified as the Hill slope

[LR] - [LR]max X[L]

Ky +[L]"
For simple one-to-one binding, the Hill slope is -1.0, whil¢his instance both molecules
display very high Hill slopes (Figure 2-8). Molecules displgyisuch binding

characteristics are less ideal but not purely artifaétual.

2.6. Calculation of tautomeric forms of the dihydro-s-triazine motif

The dihydros-triazine motif present in seven of the compourids3(5, 9, 11, 41, 47)
exists as the mono HCI salt. Either of the basic nitrogen atomthe ring could be
protonated, so the relative thermodynamic stability of the twaulanrtautomers was
assessed by quantum chemical calculations. Using the sitm@BS-QB3 methotf, the
heterocycle is calculated to be protonated on the 5-positigaré~2-9a). This is consistent
with neutron diffraction experiments on a related moleculelogyanilsHCI (Figure 2-9),

which was found to be protonated on the same nitrégen.
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NH,

Cl

Figure 2-9: Two annular tautomers of the dihydsdriazine motif. The relative energies (where R Fwére
calculated in the gas phase using the compositatgachemical method CBS-QB3. The calculated free
energy of tautomer A is 12.94 kcal.iifolower than that of tautomer B. This is consistefithweutron

diffraction measurements of cycloguanilsHCI.

2.7.Discussion

Purchasable space: ca. 20 million moleculg¢s

14

h 4

6.3 million molecules screened

A 4

200 molecules examined visually

h 4

34 molecules purchased

h 4

7 active in SPR

and competition assays

y

2 1C5p determined from competition assay

Figure 2-10: Virtual screening process from purchasable chersijgate to two binders of to Grb2 SH3C.

Among the 34 molecules purchased, seven (20 %) dispkgtevity in two orthogonal

assays (Figure 2-10). While a proportion of the bindingesl may be a result of multiple

interaction sites on Grb2 SH3C, the biochemical competition assdims two molecules

(compounds3 and5) that interact competitively with the Gab2b peptide-binding surfdice

Grb2 SH3C. Their related structures provide some strueittreity relationship (Figure
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2-2); in fact, among the 34 molecules, sevkn3, 5, 9, 11, 41, 47, featured a common
dihydros-triazine motif which has previously been investigated for ithf@bition of
dihydrofolic reductasé and voltage-gated sodium chanrigl¥hese seven molecules span
several orders of magnitude in binding affinity, ranging frd2®@uM to undetectably low
levels. Consistent with previous peptide array stutfiesnly mixed cationic and
hydrophobic molecules bound to Grb2 SH3C, whereas mekdd and 47, which are
cationic but lack significant hydrophobic motifs, showed ndivég in either assay.
Compound9, which differs from3 in having a hydrophilic polyethylene glycol linker in
place of a hydrophobic alkyl chain, similarly shows no activitye most strongly binding
compounds3 and5 have linkers of equal length, though the more rigid alkemestifor
compound5 may contribute to its improved binding affinity by lessening #ntropic

penalty of binding in an extended conformation.

2.8.Conclusion and future work

This is the first computational screen reported for the idertidicaof small molecules
able to bind to Grb2 SH3C. Given the challenging nature mfetamg protein-protein
interaction surfaces, it is encouraging that a virtual screewedlodentification of small
moleculein vitro binders. Despite the modest number of compounds acdoired vitro
testing, it is remarkable that over 20 % of these displayed itahibactivity in two
orthogonal screens. The identified molecules, howeveryamse weak, non-stoichiometric

binders.

It remains to be explored whether the potency of these olekeaan be further
developed, potentially allowing cell-based studies. The modésitias achieved from
these commercially available molecules$. (15-mer Gab2b peptidéy 3.2 uM towards

Grb2 SH3C) and their likely multi-point interaction on the SHBace suggests that a more
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bottom-up approach could be beneficial for producing &ffednhibitors. This will be
explored in Chapters 3 & 4. The virtual screen is not erpetd rank the compounds
perfectly, so visual inspection of molecules beyond the 20p may identify other
interesting compounds and greater diversity in predictedrgngloses. Additionally, more
molecules could be acquired from among the highest-rabketers and testeih vitro.
This process would be aided by the SAR generated frorditindro-s-triazine molecules,

which suggests that small or uncharged compounds are lyribkiee true binders.

Wider virtual screening may probe chemical space that is fagoairable for protein-
protein interaction inhibitors, though delineating that space isgaing challengé®*’ It is
possible that the initial choice of library, containing “Lipinski-cdiam” molecules, was
itself biased away from more fruitful areas of chemical cepaWith additional
computational resources, the screening library could bendrpato the larger set of
purchasable molecules. This might identify larger or morertatiem-rich molecules that
may make larger contacts with the surface of Grb2 SH8fitionally, numerous other
scoring functions exist including an “extra precision” modeGhIDE.*® A subset of
molecules which scored highly in the present screen (perte 100,000) could be docked
again using these more precise scoring functions, potentightifiging stronger binding
interactions and creating a more accurate ranking of th@@amais.In vitro assessment of
these new compounds could help further delineate the sautgatures required to bind to

Grb2 SH3C.
2.9. Experimental details

2.9.1. SPRbinding screen

SPR was performed using a Biacore T200 optical bioseAsfnesh CM5 chip was

docked to the instrument and hydrated with duplicate 12 s injsctb50 mM NaOH, 10
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mM Glycine*HCI pH 1.5, and 0.1 % SDS at H0min™ flow rate. The flow cells were then
normalized with 70 % glycerol using the default normalizatioravdz The chip was primed
into HBS-N running buffer (10 mM Hepes pH 7.4, 150 nNACI), and the flow cells
activated with a 1:1 mixture of 0.4 M EDC and 0.1 M NHS ¥6rminutes at 1@L.min*
and 25 °C. Untagged Grb2 SH3C (104 in pH 4.0 acetate buffer) was coupled to the
surface for 8 minutes to an immobilization level of 1500 RiffetAcoupling, all flow cell
surfaces were deactivated with 4 x 30 s injections of anixiure of 1.0 M ethanolamine
and running buffer. The chip was subsequently primed timtcethe experimental running
buffer (HBS-N, 5.0 % DMSO, 0.01 % Tween 20).

Each molecule was dissolved in running buffer (HBS-N,%.DMSO, 0.01 % Tween
20) at 50uM and 100uM concentrations and then screened using 120 s contaetai
40 puL.min flow rate and 25 °C, with a data collection rate of 10 Hze Thata were
analyzed using standard double referencing procedursghtsacting the response from the
protein-free cell and the response from a blank injectionmaiing buffer from the response

from the SH3C flow celf?

2.9.2. Competition binding assay

GST-Grb2 SH3C (10 pg per sample) was pre-incubated esith inhibitor (5 mM,
initially) in duplicate for 2 hours at 4 °C in assay buffer (@M Tris, pH 7.5, 150 mM
NaCl, 1 mM DTT, 0.05 % Tween 20, 5 % DMSO). Biotinylated Halpeptide (binding
affinity 3.2 uM for Grb2) was synthesized as previously descriBe®i3 nmol of peptide
per uL of packed streptavadin-sepharose beads were incutmagether for 30 minutes in
assay buffer before extensive washing of the beadsriowe any unbound peptide. Next, 8
ML of peptide-coated beads were transferred to each #&skaycontaining GST-Grb2
SH3C and compound for 30 minutes, the solution clarifieddmgrifugation (2000 g for 1
minute) and the beads washed three times with PBS-T (phedpiifered saline, 0.05 %
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Tween 20). The samples were analyzed by SDS-PAGE andlizesd after staining the
protein bands with Coomassie Blue dye (Figure 2-7A). édrols, parallel samples were
run in the absence of inhibitor, and with preincubationG®bd100 x molar excess of free,
unbiotinylated Gab2b peptide. The band intensities, indicating theslef GST-Grb2
SH3C binding to the beads, were further quantified by ittenstry and scaled relative to
the control sample without inhibitor (100 % level; Figure 2-7)sTiormalization allowed
the cross-comparison of multiple gels.

For concentration-response experiments, increasing cwwatens of compound were
used. The data were fitted to a sigmoidal inhibition model usoigimear regression
analysis in GraphPad Prism software (version 4.00 GrapHRatware, San Diego

California USA).

2.9.3. Spectroscopic details of compounds 3 and 5
1-(3-(4-(3-Aminophenyl)butyl)phenyl)-6,6-dimethyl-16-dihydro-1,3,5-triazine-2,4-
diamine*HCI (3)
8n (500 MHz, (CR),S0)9.00 (1H, br s), 7.64 (1H, br s), 7.44 (1H] 8.0), 7.35 (2H, br s),
7.34 (1H, dJ 7.8), 7.19-7.15 (2H, m), 6.89 (1H,X7.6), 6.38-6.34 (2H, m), 6.31 (1H, &,
7.4), 6.25 (1H, brs), 4.91 (2H, s), 2.66 (2H] 7.3), 2.44 (2H, tJ 8.0), 1.66-1.51 (4H, m),
1.10 (6H, d,J 2.1); 6¢c (125 MHz, (CR),SO) 157.6, 157.2, 148.5, 144.5, 144.5, 142.6,
134.7, 129.9, 129.7, 128.6, 127.1, 115.9, 113.9,51169.6, 35.2, 34.5, 30.3, 30.3, 27.3,

27.2; HRMS (ESI) found 365.2442,{,0Ns" [M+H] " requires 365.2448.

6,6-Dimethyl-1-(3-((1E,3E)-4-(3-nitrophenyl)buta-1,3-dien-1-yl)phenyl)-1,6-¢hydro-
1,3,5-triazine-2,4-diamine*HCI (5)

u (500 MHz, (CR),SO) 9.04 (1H, s), 8.35 (1H, 4,1.8), 8.10 (1H, ddJ 8.2, 0.6), 8.01
(1H, d,J 7.9), 7.71-7.64 (2H, m), 7.57 (1H, s), 7.53 (1H] 7.8), 7.39-7.32 (1H, m), 7.35
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(4H, br s), 7.31-7.24 (2H, m), 6.94 (1H,15.4), 6.90 (1H, dJ 5.4), 6.42 (1H, br s), 1.39
(6H, d,J 7.5); 8¢ (125 MHz, (CR),SO) 157.6, 157.2, 148.4, 138.9, 138.8, 135.4, 133.4
132.5, 132.1, 131.0, 130.5, 130.3, 130.2, 129.2,8,2127.8, 122.1, 120.6, 69.6, 27.3, 27.3;

HRMS (ESI) found 391.1872,,8H,3N¢0," [M+H] * requires 391.1877.

2.9.4. Abinitio structure calculations

The dihydro-s-triazine was built using Gaussview (versiéha)d protonated on each of
the two basic ring positions (Figure 2-9). The two annuladotaars were minimized in the
gas phase using the composite quantum chemical method 8B&@sing the default
parameters in Gaussian09 (revision BU1Based on the CBS-QB3 computed free
energies, tautomer A is expected to be the more stabhla fdr the molecule by

12.94 kcal.mot in the gas phase at 298.16 K (Figure 2-11).

Tautomer A
CBS-QB3 (0K) = -701.163938 CBS-QB3 Energy -701.148641
CBS-QB3 Enthalpy = -701.147697 CBS-QB3 Free Energi0%.205483
Tautomer B
CBS-QB3 (0K) = -701.143427 CBS-QB3 Energy -701.128176

CBS-QB3 Enthalpy = -701.127232 CBS-QB3 Free Energi0£.184869

Figure 2-11: Thermodynamic properties of tautomers A and B cated using the CBS-QB3 composite
method. All energies are listed in Hartrees at P8§&. The calculated free energy of tautomer A 294
kcal.mol* lower than that of tautomer B.
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3. Benzoylurea-based PPII peptidomimetics

3.1.Introduction

The polyproline type Il helix (PPII) is a structunaotif critical to a range of cell-
signalling processesiifle supra Chapter 1.2.3). Compared to the comnuehelix, PPII
helices are more extended (ca. 9 A per turn vs.2§.4nd feature a three-fold axis of
symmetry (Figure 3-1). Proline’s unique structufahtures promote PPIl formatidn,
although recent work has emphasized that many optlegtide sequences, including
polyalaniné and polylysiné form a PPII structure. Solvent polarity is impoittao PPII
helix formation? though intramolecular salt bridges do not appeabé stabilizing. In
aqueous solution the PPII helix is rigid, so upamdimg to a partner there is only a small
loss in entropy, making PPII well-adapted for maptting in PPIS. While proline-rich
sequences are ubiquitous (> 1BO coli proteins have at least three consecutive Pro),
ribosomal synthesis of these proteins is challemgmdeedjn vivo protein elongation stalls
for even short Pro (or ProGly) sequences, requigingpiquitously-conserved enzyme EF-P

to continue synthesi<®
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Figure 3-1: Comparison ofu-helix (green) and PPII helix (purple) structurg¢hen viewed parallel to the
helix axis, the PPII helix has a 3-fold axis of syatry (top left), compared to the unsymmetririaahelix
(bottom left). The PPII helix is also significantlgnger, with one turn of the PPII helix correspimgdto
approximately 1.5 turns of thehelix (right). The PPII sequence here is the Galedide (APPPRPPKP).

Few synthetic PPII mimics have been developed. @ymoach is not to mimic the
helix, but rather to functionalize a poly-Pro seaeeon the pyrrolidine rings to exploit the
natural helicity of these sequences (Figure 3-3ach “proline-templated amino acids”
have been used in the design of cell-penetratipgiqes’ and in investigating the binding
site of kinase$? Dipeptide Pro-Pro mimics have been designed wbisfalently constrain
adjacent residues to adopt a PPII conformaltioh peptide incorporating such a mimic was
found to bind to the Fyn SH3 domain by NMR and 1@t with an affinity of 62uM vs.

18 uM for the unconstrained peptide (Figure 3-2b). Aedent bicyclo mimic from the
Geyer group mimics the Ser-Pro dipeptide unit, vatthexapeptide-mimic derived from
three such units forming an ordered PPII struchyr&MR (Figure 3-2c}? For tripeptides,
particular effort has been directed towards the-lRno-Gly-NH, neuropeptide, which
modifies dopamine expression in the brain. Stradtavidence suggests that this sequence
binds either as &-turn or as a PPIl helix, so mimics have been degigin both

conformations to investigate the selectivity of ding. PPIl mimics were found to be
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positive allosteric modulators of dopamine recepteuggesting that this conformation may
be critical in vivo (Figure 3-2d}:*'* Additionally, a wholly synthetic 3-
azabicyclo[3.1.0]hexane was shown to mimic the P#ucture using solution NMR
experiments (Figure 3-2e), but biological dataaisking™ Despite these successes, these
molecules incorporate significant peptidic elemgests the design of an entirely synthetic
PPII peptidomimetic is appealing.

R~
s h H — H HQ ¢
O >
\( N O HO,,,
N r N NN A
N2 H o HO
T N O

Figure 3-2: PPII helix mimics: (a) a Pro-templated amino agia), Pro-Pro dipeptide mimic (c) Ser-Pro
dipeptide mimic, (d) bicyclic Pro-Leu-Gly mimic,)(8-azabicyclo[3.1.0]hexane scaffold.

3.2. Peptidomimetic design

The key challenge in mimicking PPII helices is ttevelopment of a scaffold which
matches the extended length of these peptides.eWdxisting scaffolds have not been
designed for PPII mimicry, if one fortuitously maéd the structure it would simplify
synthesis, so previous Hamilton group mimics wemputationally modelled for similarity
to the Gab2a PPIl peptide. An adapted benzoyluceffasd ®™® previously used in the
group to mimica-helices, was found to closely match the desiregfamation. Two
aromatic rings and one urea linkage mimic threaswf ana-helix, includingi, i+4, and
i+7 residues. Instead, given the ca. 50% greatethenf the PPII helix, the same scaffold

might match the, i+1/+2, andi+3 residues of a PPII helix.
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Solution-phase NMR and X-ray crystallography studies indicate that the central
benzoylurea moiety is planar due to an intramobachydrogen bond. Further modelling to
the PM3 (semi-empirical) level of thedfycalculates that the central urea moiety remains
planar even with butyl chains on the benzene rigiditionally the calculated ©=Cg
distance measured from tloetho-positions of the scaffold could be 8.95 A (Fig@®),
comparing favourably to the crystallographicallytedenined distance of 8.56 A for the Arg

and Lys residues of Gab2a.
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NH, 2 NO, 3 NH, 4

Figure 3-3: Clockwise from top left: Structure of mimetlg overlay of mimeti2 (green) and Gab2a peptide
(purple); control mimetid; control mimetic3; simplified mimetic2.

Overlaying a thermodynamically-accessible conforomabf the proposed mimetit
(calculated by a semi-empirical optimization) om ttrystal structure of Gab2a indicates
that the RMSD of the Cand G atoms of both structures is 0.37 A (Figure 3-3)eTh
scaffold also retains significant flexibility, imphg that it may bindvia an “induced fit”
mechanism. With this scaffold selected, functiaratlon was possible along several points:
the identity of the polar sidechains, the identifythe aliphatic sidechains, and the number
of benzoylurea linkages employed. In the firstanse, the simplest benzoylurea capable of
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incorporating the key Arg and Lys sidechains wdscted. This consists of a single urea
linkage, two substituted phenyl rings, and two amidVoleculel thus features Arg and
Lys sidechains to match the critical residues iea @ab2a peptide. Isobutyl groups are
incorporated to provide hydrophobic contact with girotein. These are intended to mimic
the essential proline residues in the peptide,ghdbey may not be ideal for this purpose as
they are aliphatic groups insteadNbsubstituted rings. Isobutyl groups, however, ateim
easier to incorporate synthetically, and may bejadt to allow binding. Directionally, the
molecules is synthesized with Arg on the “top” rittgallow the isobutyl groups to best
overlay with prolines in the peptide (Figure 3-@hmpound, asimplified model ofl with
two Lys sidechains, was selected as an initialetafgy synthesis. Additionally two control
molecules, dioB and aliphatiel, investigate the importance of hydrogen bondinginaling

affinity for Grb2 SH3C.

3.3. Synthesis of 1 generation mimics

Previous work on the benzoylurea scaffold has angporporated hydrophobic and
anionic sidechain® 2 This project requires the more challenging cationys and Arg
sidechains. Due to the difficulty of purifying ahdndling primary amines and guanidines,
the synthesis of the target molecules was desigoet that the these groups remained
protected until a late stage. An azide was choseriha protected form for the Lys
sidechains oR as its presence could be easily detegtadts distinctive IR stretch and it
was expected to be easily reducea hydrogenation. The control molecules were derived
from an alkene, which could be transformea hydrogenation to the aliphatic chainsdof
or via ozonolysis followed by reduction to yield di8! Furthermore, the alkene functional
group is amenable to a variety of functional graopversions, allowing facile access to a

host of other compounds.
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A robust, scalable, and functional group-tolerant approach to benzoylurea mimetics
from an isocyanate and a secondary amide has previously been developed by the Hamilton
group®’ Key to this synthesis is the protection of all acidic hydrogens except for that of
the secondary amide. The synthesis of both precursors began with 3-fluoro-4-nitrobenzoic
acid6 (Scheme 1). The azidoalcol®lvas synthesized by displacement of bromide from 3-
bromo-propanol with sodium azide. Nucleophilic aromatic substitution then set the first of
the sidechains (). After the formation of an acid chloride with oxalyl chloride, amide

bond formation with isobutyl amine provided the lower half of the molecule (9, 10).

H B
Oy _OH Oy _OH o, N\/I\ O No.
NaH (i) (COCl),, cat DMF Boc,0, DIPEA
—_— ' _—
F HO~p o™~ (i) i BuNH,, DIPEA o ™~R car DMAP o ~R
NO, 5 NO, NO, NO,
6 7:97 % 9: 99 % 12:91 %
8:82 % KHMDS then A 10:91 % 13: 73 %
Fe, NH,CI
Boc 80 °C
N
Boc
R (6] N\)\ 0 Boc
57,9, 12, 15, 17, 0 cye. L _ca, O N
b 3070
19:R = CHN; HJ\I\fo A
0 NJ\ o™~K NaHCO R
8, 10, 13, 16, 18, N“C 3 o
20:R = CHCH 0 NH,
o™~R
NO, 1972 % 17,18 15: 93 %
20: 63 % 99 % 16: 95 %

Scheme 3-1Synthesis of the benzoylurea scaffold.

The route to the isocyanate proceeded with the protection of the amideters$- gyl
carbamate (1213), followed by reduction of the nitro group. This reduction proved
challenging in the presence of azitl®, as the majority of published methods for reducing
aromatic nitro groups cause concomitant reduction of azides. Ultimately, iron and
ammonium chloride in refluxing ethanol and water was found to selectively reduce the nitro

group. Once this reduction was complete, the azide began to reduce under the same
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conditions, but if the reaction was stopped proynpthiline 15 was formed in excellent
yield. The same reaction was applied to the alkene stibstrdorm anilinel6. Isocyanate
formation then proceeded in quantitative yield gdimphosgene and sodium bicarbonate in
biphasic DCM/water X7, 18). With both fragments now in hand, the amide was
deprotonated using potassium hexamethyldisilazideTHF at -78 °C before dropwise
addition of the isocyanate.

From di-azide benzoylured9, the di-lysine mimic2 was formed by sequential Boc
deprotection using TFA and hydrogenation with mhilen on activated carbon (Scheme
3-2). At this stage, purification could only beesffed using semi-preparative HPLC. Even
using this method, the product proved difficulsgparate from an unidentified contaminant
which eluted very closely with the product. Evelifyaseparation was achieved by
injecting relatively dilute samples (~25 mg.HL but this required several injections in
order to purify a sufficient quantity of materiaffor biological testing. A final counterion

exchange using 0.1 M HCI could also produce thelycbas the HCI sait2.

i) O, DMS

;/ii) NaBH, 23 Boc
H H : H

23 19
0">"OH o o™~R1 O " NH, TFA
N_O N._O ) Hz PdiC o) ) TFA N._O ’
H HN <Ry — > H
o N\)\ Oo._N if) TFA O_N i) Hy, Pd/C Oy N
0" OH o o~ 0" NH,TFA
NO, NH, NO, NH,
3 4 19 Ry= CH,N3, R,=H 2

23 Ry= CHCH,, R;=Boc
Scheme 3-2Synthesis of mimic&-4 from the coupled benzoylurea and23.

The control molecules were synthesized in a diverggategy from dien20 (Scheme
3-2). The benzoylurea nitrogen was first prote@sdhetert-butyl carbamat®3. For the

aliphatic compound4, the olefins were then reducedth hydrogenation to alkang4,
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followed by removal of the Boc groups with TFA. Tarm diol 3, the olefins were cleaved
via ozonolysis and dimethylsulfide workup to yieldaddehyde25. Reduction with sodium
borohydride yielded the did@6, which was subsequently deprotected with TFA tofthal
product3.

The more elaborate Arg/Lys molecule required twthagonal protecting groups to
form the different sidechains. Moreover, due to theshly basic conditions utilized in the
coupling step, all acidic protons had to be pr@&ednd the desired amine and guanidine
groups masked. An azide was chosen for the isobyamaf of the molecule, and Boc

protection was pursued for the amide portion.

Os_OH Os_OH
NHBOCZ B K2C03
Br/\/\Br J— Br/\/\II\I. oC s
NaH AN Boc
a Boc OH g~~~y -Boc 0 N
0, Boc NO, Boc
27: 61 %
TBSCI S! NHBoc, S! Boc TBAF B
HOON By ——= 7 N0 ™ B —— 7 PR NN —— P00 NP
Imidazole NaH Boc H
28. 44 % 29. 59 % 30: 25 %

Scheme 3-3Attempted syntheses dEN-diBoc protected sidechains

Standard Boc protection conditions would allow foe introduction of only a single
Boc group, so it was decided to try to directlyarmorate arlN,N-di-Boc protected amine
(Scheme 3-3). 1,3-di-Bromopropane was convertetl-hoomo-3-di-Boc-amin7 in one
step with the goal of a substitution reaction watmydroxy-4-nitrobenzoic acid, but no
reaction was observed. Efforts were then made mthegize di-Boc-amine propanol for
subsequent \r reaction. 3-Bromo-propanol was TBS protectedgive 28 and the
bromide displaced with the anion NfN-di-Boc-amine to forn9. This was followed by
TBAF deprotection of the alcohol intended to yielee free propanol, but instead Boc
transfer occurred under the reaction condition®otm the mono-protected amine and Boc

protected alcohd0.
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the azide group to primary ami&. This was purified by filtration through Celite@der
neutral conditions to prevent protonation of themary amine. The free amine 86 was
sufficiently nucleophilic to react with a protecteguanidine group N,N'-di-Boc-1H-

pyrazole-1-carboxamidine) to furnish the penta-Poatected36. Deprotection with TFA

yielded the final moleculé, which was purified by reverse-phase HPLC.
3.4.Biological evaluation of ' generation mimics

3.4.1. Surface Plasmon resonance

A surface plasmon resonance assay was the firgtist@robing the binding of the
mimics. Unlabelled Grb2 SH3C was covalently boumthe dextran surface of a CM5 chip
by amine coupling chemistry. The small moleculatids were then dissolved in running
buffer and screened for binding at B8l and 100uM concentrations.

Table 3-1: SPR binding response (given in arbitrary Responsés)Jfur mimics1-4 screened at 5AM and

100 uM concentrations. Moleculg, featuring Arg and Lys sidechains, shows a mu@atgr response than
any of the other mimics.

1 2 3 4
50uM 111.8 14.2 3.5 11.7
100uM 194.8 23.8 5.4 13.2

Molecule 1, which showed the most promising response by SRR, titrated in a two-
fold dilution series at concentrations from 3.1#8 to 100uM. Above this concentration,
undesirable superstoichiometric binding began tndndicative of possible aggregation
or non-specific interaction with the protein or ttan surface. The resulting maximal

responses were fitted to a one-to-one binding model

[1]
Response(RU) = B

esponse(RU) =B, K, +[1]
where [] is the concentration of the inhibitd.x is the maximal binding response, dagd

is the inhibitor concentration yielding half-maximbinding. This model calculated
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Kqs=240 £+ 20 uM, or approximately one quarter of the 58 uM binding affinity of the native
Gab2a PPII peptide (Figure 3-4). Given that the small molecule weighs ca. 600 Da vs. ca.
1250 Da for the peptide, this represents a ligand efficiency of 50 % that of the native binder.

Response (RU)
250

200 ) 100 uM

150 ‘

) _50uM \‘
25 M ““
, - I\
[ 12.5uM || 0 T T T T
I 0 25 50 75 100
Conc (pM)

100

50

|

T
[ 325uM |\ T
f T ——

-50 . : -
0 100 200 300

Time (s)
Figure 3-4: Left: sensograms of the binding of mimic 1 to Grb2 SH3C. Right: fit of binding response vs.
mimic concentration to a one-to-one binding model. This model calculates an affinity of 240 + 20 uM.

3.4.2. Competition binding assay

Results from SPR were validated using the competition binding assay described in
Chapter 2. GST-Grb2 SH3C was incubated with each mimic (2.0 mM) before contact with
streptavidin beads coupled to biotinylated Gab2b peptide. Solubility of control molecule 4
was slight at this concentration in aqueous buffer with 5 % DMSO. This sample was
included in the analysis although the true concentration of mimic in solution could not be
estimated accurately. A threshold of 20 % minimum inhibition was applied to eliminate
ambiguous-, weak-, or non-binders. Using this criterion, only the Arg/Lys mimic 1 was
found to bind significantly (Figure 3-5). This positive result confirms that the mimic both

binds to Grb2 SH3C, and can competitively inhibit peptide binding.
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Figure 3-5: Normalized intensities (top) and Coomassie blue-dyed bands (bottom) for the competition assay
using the 1 generation mimics. Samples are scaled relative to the negative control (left column) which does
not include any compound. Mimi (starred) shows a small inhibitory effect, but below the 20 % threshold
established to separate binders from non-binders. This mimic was minimally soluble in the assay conditions so
its concentration cannot be estimated accurately. Only the Arg/Lys niintiempetitively inhibits the
interaction. The positive control (right column) is a ten-fold excess of unbound Gab2b peptide.

3.5.Design and synthesis of” generation mimics

H H
O N O_OH o) N\)\
® ® ®
i\ILHZ j\ILH2 NH,
o’é’gg NH, o’”;‘lﬁl NH, oBNTNH, o N\)\
N0 H,NYO N0
Os N 0 N\)\ Os N ®
O™ 3 NH;,
N_O
@ ) @ H
o NI, o Nk, NI, o \NKJ\
NHy 37 NH, 38 NH, 39 ®
by
BN
H H H N NH
o N_A O N O N \ 8 S
® ® H
j\]LHZ ® j\ILHZ O N
0N NH, othN, 0N NH,
N_o H N_O N_o H
H H H o
O N\A O N\)\ O N\)\ NH2
® ® 42
j\ILHz NH,
®
0”3 NH,4 0N NH, o N7 NH,
NH, NH, H NH, H
4C 41 43

Figure 3-6 Targeted 2 generation peptidomimetic library.

With the success of mimitby SPR and the competition assay, a focuS&deheration
library was designed to further probe the binding site specificity of the protein (Figure 3-6).
The T generation molecules revealed the Arg and Lys sidechains to be essential to binding,

so the new molecules all incorporated that functionality. Instead, the aliphatic sidechains
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were systematically varie®7 replaces both isobutyl groups with smaller metimyties.
Mimic 38 eliminates the first of the isobutyl sidechainsplacing it instead with the free
acid, while mimic 39 retains the first isobutylamide and replaces teeosd with
methylamide. In40, both sidechains are cyclic cyclopropylmethyl greuMolecule4l
reverses the pseudd-andC- termi of 1, to investigate the directionaly of the scaffolthe
extended mimici2 adds a second urea linkage and two additionahaitlip sidechains to
ideally pick up additional hydrophobic contacts. IBtle 43 contains two Arg sidechains
with isobutyl groups. Additionally, a molecule faehg two isopropyl sidechains was

planned to investigate the rolem&ubstitution on binding.

Boc Boc
Os_OH O Ng O N
@) (COCY),, cat DMF Bocz() DIPEA Fe, NH,CI
—_—
0N, (i) R-NH,, DIPEA | Ny cat DMAP 05N, g0 oc 0N,
NO, NO, NH,

6 R =iPro 45;: 54 % 48. 26% 52:52 %
R = Me 46:. 96 % 49: 73 % 53.92 %
R =cProMe 47-81 % 50: 86 % 54: 91 %

Scheme 3-5Synthesis of “top” fragment with different amides.

Synthesis of these molecules proceeded througlardyrnidentical route as for molecule
1. The azidoalcohdd was carefully prepared on a larger scale (2./d)randled behind a
blast shield until converted to the more stablby SAr reaction. This acid was either
protected as theert-butyl esterd4 (for the eventual acid &8) or converted to an amide by
synthesis of the acid chloride followed by reactisith the appropriate amine. The
additional steps oN-Boc protection, nitro group reduction, and iso@tenformation

proceeded in reasonable to excellent yields (Scl&b)e

cl II\@ H Amide
OO ) 9 Nr R =iPro 50: 37 %
(i) DIPEA R = Me 60: 61 %
ot B o kNk, ot BoC R=cProMe 6169 %
NO, Boc NO, Boc

Scheme 3-6Synthesis of the “bottom” fragment with differearhides.
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The bottom fragments were again prepared throughctimmonN,N-di-Boc-amine
intermediate32, from which the desired amides were synthesizétguglukaiyama amide
coupling conditions (Scheme 3-6). The “reverse” ewale 41 was synthesized by
analogous means, but this time with the identityhef sidechains reversed. Fragmaat
used as the bottom half &f was insteadN-Boc protected t®&2. The aromatic nitro group
was reduced to anilin@3 by hydrogenation and the isocyanéteformed under biphasic

conditions with triphosgene and NaHgO

BOC Isocyanate Amide Benzoylurea
BOC
R;=Rs;=iPro 56 59 6548 %
or Ri = R; = Me 57 60 6690 %
3R2
B+KHMDS |, N_O R2=Ns
+ — HY Rs=NBoG | R, = R; = cProMe 58 61 6778 %
H thenA N. Ry
Oy N.g R, = OtBu R; = iBu 55 33 6891 %
3
BN
B T O R, =iBu R; = Me 17 60 6964 %
othRr, 2 R, = NBog
NO, Ri=N; | R, =R; =iBu 64 9 7081 %

Scheme 3-7Coupling of benzoylureas.

For all of the molecules, coupling was conducteddeyprotonating the amide with
KHMDS in THF at -78 °C and adding the isocyanatgpdrse (Scheme 3-7). If excess base
was used, yields were adversely affected by thewd@on of the elimination product in
which di-Boc-amine leaves to yield an alkene. Stmimetric base reduced this to a trace
impurity that was easily separateth column chromatography. While yields for these
reactions were in general very good, the synthekithe molecule including isopropyl
sidechains was less successful. This was rati@mthles an effect of the greater steric
hindrance of thea-substituted isopropyl sidechain relative to thé@eotmolecules (as
evidence by the A value for isopropyl of 2.2 vs7 for methyl)>* While coupling was
successful to form the di-isopropyl molec@® when this product was lost in subsequent

reactions it was not resynthesized.
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Benzoylurea Product

Boc
0 O_N.
Ry Ry .
R; =R, =iPro 65 Incomplete
O/QSN3 O/HENHZ R, = R,= Me 66 Incomplete
H O

N_oO H,, Pd/C, EtOH N
HNY Vi
Os_N. 7 Os_N. R; = R, = cProMe 67 Incomplete
R Ro
R, = OBu R, =iBu 68 Incomplete
O’QEI}I'BOC O/QENBOC
NO, Boc NH, Boc R, =iBu R, = Me 69 Incomplete
R, =R, =iBu 34 35: quant

Figure 3-7: Attempted hydrogenation of the azide of the cedgenzoylurea to the primary amine. Although
these conditions were successful for tiegéneration molecul@4, they failed for all of the ¥ generation
mimics.

At this stage, molecule85-70 were subjected to hydrogenation under the comtio
that were successful f@&5: Pd/C in ethanol overnight under a balloon of loggm. This
reaction, which had previously proceeded in quativg yield, failed to produce pure
product for these new substrates (Figure 3-7) fieation was not possible at this stage, so
conditions were investigated for driving the reaetio completion. CruddH NMR showed
mixtures of products, while crude IR indicated ttiet azide had been reduced to the amine.
This difference in behaviour caused by changesénaliphatic portions of the molecules

could not be explained. Changing the reaction sult@ ethyl acetate resulted in complete

reaction of substraté& and70, but not of the other closely-related molecules.

Boc
N\)\

+H @ O’H‘NJ\
e P —= ey Vo H
¥ f \( ae
O’(’.)EN‘BOC
NH, Boc
Scheme 3-8Formation of the secondary amingby condensation with acetone. 73. 96 %
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Changing catalyst to Pd(OHdr PtQ, increasing the catalyst loading to stoichiometric
Pd/C, adding acetic acid, and heating all faileghrimduce pure product. A solvent screen
(of THF, toluene, AcOH, acetone, DCM, DMF, and EtAvas similarly inconclusive,
though when the reaction was conducted in acetomesécondary aming3 was formed,
presumably in a stepwise process of hydrogenatiotheé amine followed by reductive
amination with solvent (Scheme 3-8). The reacti@s wonducted in wet acetone and Pd/C
is frequently acidic, so the reaction may have @eoded through the iminium ion. Despite
the three steps required, this reaction formed @@y NMR. This inspired consideration
of a mechanism by which the primary amine producthe hydrogenation somehow
poisons the catalyst or reacts with other substratiecules. If the amine could be removed

from the reaction mixture as in the case of theicéde amination, the reaction might reach

completion.
o Boc o Boc o Boc
N.Rl N.Rl N.Rl
NBoc NBoc
OIHS\IP\]I NHBoc 0’63\N3 O,HEH NHBoc
H.N\?O ~_i) Hy, Pd/C, EtOAc H'N\?O Hy, Pd/C, EtOAc_ H'N\fo
O. N.R2 0 JI\JI\BOC 0. N.R2 JI\JI\BOC O, N.R2
CI/\I NHBoc CI/\I NHBoc
O,(n)EN.Boc =N O/(')EII\].BOC =N O’HET}I'BOC
NH, Boc NO, Boc NH, Boc
36 44 % R=R,=iBu 34 3687 %
74 76 % R =R, =cProMe 67
R =R, =Me 66 7670 %
R; = OBu; R, =iBu 68 7778 %
R; =iBu; R, = Me 69 7889 %

Scheme 3-9Formation of protected Arg sidechain in two stép#) or one step (right).

In a modification of the original procedure the texed guanidinium reagent was added
to the hydrogenation mixture and the reaction esfirfor two to four days (Scheme 3-9).
This led to a single product peak by TLC and excellyields in one step for the formation
of the protected Arg sidechains from the azidesekivtinis modified procedure was tested

on the original substratd4, it resulted in a significantly greater yield aadoided any
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problems with the possible protonation38. Finally, products/3-78 were deprotected in

TFA and purifiedvia reverse-phase HPLC to yield final molecud&s41and79.

Boc Boc Boc Boc
N Os_N

N O N
O,(-)\l .Boc O,(f)gl}].Boc 6\0’6‘ .Boc 5\0,(* .Boc
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O Boc O Boc
B B B
o N\)\ i) Boc,0, DMAP 2% Y\)\ Ncho3 o KHMDS oc”

O N
Fe, NH,CI
ii) Fe, NH, e el
o, o, o, o,

NO, NH, N0

70 83 Co 84 n \NVJ\
1.

& -
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Scheme 3-10Synthesis of the trimeric benzoyluré2

Di-Arg molecule43 was synthesized from di-Lys precur®2f by treatment with the
guanidiunium reagent followed by global deprotattidhe extended mimiel2 was
synthesized from the coupled “reverse” molecul@ (Scheme 3-10). The benzylurea
nitrogen was Boc protected and the aromatic nitoag reduced using iron and ammonium
chloride to yield83. The isocyanat&4 was formed, before coupling with the aliphatic
benzamide86 to yield double benzoylure87, incorporating six sidechains. The Arg
sidechain was installed in the modified one stegrg@dure from the azide, resulting in the
sextuple-Boc protecte@8. Global deprotection with TFA yielded the extendeuhic 42,

which was purified by reverse-phase HPLC.
3.6.Biological evaluation of 2 generation mimics

3.6.1. Surface plasmon resonance

The analysis of the"2 generation mimics adapted the procedure usedhforearlier
molecules. The only modification was the use of sgparate Grb2 SH3C analysis surfaces,
one containing the protein construct used for ther pvork, and the second containing the
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>N-labeled version of the same protein. The construere covalently attached to the
dextran surfaces to a level of 1100 RU. Those nutdscwhich were water-soluble (all but
42 and 43 of the 2% generation compounds) were screened in runninfebufithout
DMSO, while in a second run, 5 % DMSO was added (ae peptide controls repeated).
Table 3-2: SPR binding response fof2jeneration mimics screened at 8@ and 100pM concentrations.
All except mimic38 show significant binding, but with varying levelsresponse. The total binding levels are

higher for the unlabelled surface, but the ratiothe response to the labeled vs. unlabeled surfacaet
consistent.

Molecule  Unlabelled Grb2 SH3C| >N Grb2 SH3C
50 uM 100pM | 50pM  100pM
43 82.3 136.6 46.7 76.1
37 55.0 83.1 25.5 39.2
38 5.0 11.2 4.1 8.5
39 52.2 95.6 45.0 73.7
79 25.9 43.6 20.6 34.5
40 48.6 88.1 36.0 59.6
41 36.2 62.3 24.3 41.4

As expected from the targeted nature of these mat@scnearly all bound to Grb2 SH3C
at the 50uM and 100uM concentrations (Table 3-2). Although nearly eqaidounts of
protein were bound to the two surfaces, substadififdrences, often exceeding 50 %, were
observed for the binding to the labeled and uni&bebnstructs. Moreover, while binding
was always greater to the unlabelled protein, #te of the response to the two flowcells
was not constant. For instance, 8% the binding to the two cells differed by a factdr o
two, while for 39 the ratio was just 1.2:1. This cannot be explaibgdlifferences in the
amount of protein bound or by differences in pyriggnce in either case the relative
responses should be consistent. The extended Mniisplayed poor peak shape, and so

was excluded from SPR analysis.
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Figure 3-8: Sensograms of mimic&9 (left) and40 (right) binding to the surface containifitN-labeled Grb2
SH3C. Mimic concentrations are a two-fold dilutioariss from 200uM (highest response) to 6.38V

(lowest non-zero response). F0, the 200uM response is more than twice that of the LDO response,
indicating that non-stoichiometric binding is oatng at the highest concentration. As a result, limeling
analysis (Table 3-3) excludes this point.

To quantify the binding of the mimics, serial titcms from 6.25uM to 200uM were
collected for each molecule (Figure 3-8). Fits wpeeformed separately for tHeN and
unlabelled flowcells to the one-to-one model ddsmxdipreviously (Table 3-3). By SPR, the
binding affinity of the control Gab2b peptide waaloulated to be slightly higher than
determined by ITC (1M and 11pM, respectively, for the unlabelled amiN constructs
vs. 3uM by ITC). More worryingly, the % generation molecul& was calculated to bind

with nearly three-fold greater affinity than befowath aKy of approximately 9QuM.
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Table 3-3: Affinities of the 2 generation mimics calculated from SPR titrationalugs are listed with their
statistical errors from non-linear least-squaresth a one-to-one binding model. NC indicates thatfit to
the data did not converge to a finite value. Far ¢hharred mimic89 and 40, the sensograms displayed
superstoichiometric binding at the highest conegiain of 200uM, so the fits exclude that point. Molecule
(dagger) displayed superstoichiometric binding@d M, so the fit is for a two-fold dilution from 60M to
3.75uM.

Molecule  Unlabelled Grb2 SH3C | N Grb2 SH3C

Ka (uM) Ka (uM)

1 90 +20' 83 +6'

43 NC NC

37 150 =40 200 =30

38 NC NC

39 320 +70* 160 #+10*

79 500 +100 320 +40

40 250 +60* 150 # 20*

41 800 + 300 450 +80

Analysis of the ligand structures reveals plaustBfeR. Removal of the “top” amide
abolished binding, with molecul@8 displaying unquantifiably-weak binding. The second
hydrophobic group was less important, with the lettuncate39 binding just two-fold
weaker than the original molecule Replacing both groups with methylamides3indid
not cause additional loss of binding affinity. T¢yelized sidechains ¢f0 did not improve
binding relative to the mono-trunca®8, and remained less active thhnnterestingly, the
reverse moleculdl bound very weakly, despite having the same sidashasl. Taken
together, this SAR suggests that binding of thezbglurea is directional, with the Arg and
Lys sidechains occupying defined positions in theding site, perhaps fixed by two
hydrogen bonds from the Arg sidechain to E16 ofZ38B13C. This places the hydrophobic
groups in defined positions. The “top” amide pr@sdkey hydrophobic contacts to a
hydrophobic pocket defined by F9 and Y51. The rexanoleculetl fails to occupy this

site, and as a result binds weakly.
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Figure 3-9: Proposed binding modes for (a) the Arg/Lys mirhiand (b) the “reverse” mimidl. Blue
indicates a hydrophobic interaction, and red indiga hydrogen bond. In both cases, the locatidgheofArg
sidechain is fixed by two hydrogen bonds to E16s Twositions the hydrophobic groups into definedkasts.
The original mimicl fills an aromatic pocket containing F9 and Y51,ilesthe reverse mimic is unable to
occupy this position. This results in substantialiyaker binding oft1 relative tol.

While this appears logical, inconsistencies witthia SPR data require confirmation in
other assays. In particular, the discrepanciesinditg between the two constructs, the
irreproducibility of the binding constant afrelative to past experiments, and the poor peak

shape for some of the mimics is of concern.

3.6.2. Competition binding assay

100 -
80 -
60 -
40 -
20 -

0

No cpd 1 42 Gabe

e —— o ——— - — ————
Figure 3-10: Normalized intensities (top) and Coomassie blue-dyattls (bottom) for the competition assay
using the ¥ generation mimics. Significant inhibition is foumdth mimic 42. In this assay, however, the
previously-successful mimit fails to show any inhibition. The positive cont@ab2b peptide is in 100-fold
excess.

Binding response (%)

The orthogonal competition assay was conducted @atth of the molecules to further
assess their binding. Consistent with the testinip@ I generation molecules, the mimics

were tested at 2.0 mM concentration. This timehaalgh both the positive and negative
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controls functioned as expected, the originallhiailed to bind. Indeed, only the extended
mimic 42 showed substantial knockdown of Gab2b bindingyf&g-10).

To quantify the competitive component of this bigli the competition assay was
repeated with increasing concentrations of compatihdJsing this assay, no clear dose-
response behaviour was observed, indicating treabihding does not result from simple
competitive binding to the active site (Figure 3-Illhe increased protein levels detected at
with 1.25 mM 42 must be erroneous (despite the close agreemeriheoftechnical
duplicates), but the lack of additional responsg.atmM compound implies that properties
such as aggregation or nonspecific binding mayebpansible for the activity seen.

140.0- Il
120.0+
100.0
80.0
60.0
40.0

20.0
0.0 -

Conc (mM) 0.00 0.02 0.04 0.08 0.16 031 0.63 125 250 Gab2b

Bindign response (%)

Figure 3-11: Normalized intensities (top) and Coomassie blue-dyaattls (bottom) for the competition assay
using increasing concentrations of miM& While an inhibitory effect begins at a concentraof 0.63 mM,

it does not produce clean behavior at higher canatons. The positive control Gab2b peptide i4@0-fold
eXCcess.

3.6.3. NMR: N HSQC shifts

Given the inconsistencies of the SPR and competitimding assays, protein NMR
experiments were conducted. UniformiyN-labelled Grb2 SH3C was expressed and
purified (by Philip Simister) for protein-observétN HSQC shift experiments. In this
experiment, théH chemical shifts of backbone (and select sideghainide protons are
correlated to theé®N chemical shifts of the amides. These shifts aggy \sensitive to
conformation and local chemical environment (inahgdhydrogen bonding to the residue
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or adjacent carbonyl), so changes in the proteircstre are readily detectédIf a ligand
binds to a protein, upon titration it will causef@emical shift change for both tfe and
>N nuclei, with the magnitude of the shift dependorgthe degree of perturbation. This
experiment thus gives information both on the lmraof the binding site and on affinity, if
titrations are performed over a large enough raridgigand concentrations.

Importantly, NMR is limited in the range of affir@s it can detect, as exchange must be
fast on the NMR timescale or else peaks for theutiod and “unbound” forms resolve
separately. Equilibrium kinetic analysis shows tais equal to the “on” rate of a reaction
divided by the “off” rate. Assuming that proteigdind complex formation is diffusion-
limited (kon = 10° M's%),2 kot = 10° K. If the maximum chemical shift change observed is
0.1 ppm for'H on a 700 MHz magnet (70 Hz), this corresponds detectablé = 70 S,
so if a binding event is “fast” (10x) compared kst the affinity must be no greater than
~1pM.

Due to the limited sensitivity of NMR, high conceattons of both protein and ligand
were required. Using a 700 MHz magnet and cryopr@d8 uM *°N Grb2 SH3C gave a
high-quality HSQC spectrum in approximately 20 n@su The signal-to-noise ratio for
NMR varies with the square of sample concentrat&m,lower concentrations required
substantially more instrument time. TH&N HSQC shifts of Grb2 SH3C have been
reportec? and the initial spectrum of our construct matctieelse resonances closely,
though with the addition of lower-level contamingmgaks (Figure 3-12). Although the
identity of these peaks cannot be conclusivelyrdateed, circumstantial evidence points to
a partially-cleaved and unfolded version of GrbZhescontaminant contains two Trp, and

has many resonances in the unstructured regidredfIMR spectrum.
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Figure 3-12: >N HSQC spectrum of Grb2 SH3C at pH 7.2. The resorsaare well-resolved, and closely
match those reported in the literature. Selectedlues from the cleaved species are circled in red.

Since NMR resonances can be sensitive to pH, liitiatrol spectra were recorded at
pH 7.2, 7.4, 7.6, and 7.8 in phosphate buffer. @idr many proteins amide resonances
broaden and disappear at higher pH, well-resolpedtsa were recorded even at the highest
pH. Between pH 7.2 and 7.4, several residues shifteboth’H and™N resonances, but
very little additional change occurred at higher. e addition of 5 % DMSO-d6 at pH
7.4 resulted in no shifts, confirming that the piotis stable in the presence of some
organic solvent.

To validate the assay, unlabelled Gab2b peptide adaled in six-fold molar excess.
This resulted in numerous large resonance shifte.>ppm) and smaller shifts to many
additional residues (Figure 3-13). The perturbesidiees map closely to those which
contact the peptide in the crystal structtirith the exception of the less-structuride

terminus of the peptide, which perturbs the prokess than the cutoff amount.
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Figure 3-13: Left: *®N HSQC spectrum of Grb2 SH3C (red), overlaid withghectrum upon addition of 6 eq
of the Gab2b peptide (blue). The peptide perturbsiraber of residues (shifts of > 0.1 ppm highlightad
labeled in green). Right: perturbed residues (grespped to the crystal structure of Grb2 SH3C bigdire

Gab2b 3, peptide (2VWEF; blue). The residues perturbed MiVIR experiment match closely to the residues
contacted in the crystal structure.

With the NMR assay validated, the experiment wameaeed with the 1 generation
mimic 1. In a first attempt, one molar equivalent was adtte buffered protein. A white
precipitate formed immediately, exactly at the dipthe pipette that was adding the small
molecule. As the compound was soluble in water fityafold higher concentration than
was used in the NMR assay, and as this behaviodimba been seen previously, it was
hypothesized that it was an effect of high protaamcentration. Grb2 SH3C is relatively
insoluble at low pH, so a localized pH change carabdiwith high protein concentration
could explain the behaviour seen. A small amourgrofiqueous solution @fwas added to
pH paper, which indicated an acidic pH of ca. 2.

The mimics are each di-TFA salts as a result ofdiéygrotection step and purification,
but this salt alone should not be acidic. Inst@asinall amount of free TFA may remain as
a contaminant from either the deprotection or sgbset HPLC purification (with 0.1 %
v/iv TFA as an eluent). In 100L of pure water (approximately the volume of thamu
stocks), just 0.1uL of residual TFA would lower the pH to 2. Assumititat the small
molecule elutes from the HPLC over a one minuteodefl0 mL), the collected fraction

would contain 1QuL TFA, so if 1 % of this amount remained it woulkp&in the low pH
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measured. The molecules were lyophilized and laften high vacuum for a prolonged
period, so very little TFA (BP 72ZC) should remain, but this was the only stage where
could have been introduced. The acidity of the hiliped compounds was neutralized with
dilute NaOH to ca. pH 7.0, measured by narrow-rgstggaper.

The NMR titrations were repeated with neutraliZeénd heavily buffered (75 mM
phosphate) Grb2 SH3C (340M, pH 7.2). The addition of the first few equivalerof 1
proceeded without any visible precipitation, but3as eq were added some precipitation
became apparent. The addition of a small amouroaotentrated buffer returned this to
solution. Ultimately, a maximum of 6.5 eq bfwere added, resulting in very small shifts,
but with a clear dose response. To further anatiizebinding behaviour, the change in
chemical shift upon addition of ligand was plotted each residue. The chemical shifts of

'H and®N nuclei differ in magnitude, so they are averagsitg the formula:

Shift =/05x[82 + (a xJ7)]
wherea is a scale factor, in this case taken to be & Ihe largest shifts found were
extremely small—ca. 0.04 ppm—»but are consistenh \pitevious work on Grb2 SH3C,
which reported maximal shifts of 0.03 ppMSetting a cutoff of 0.015 ppm to define
interacting residues, twelve were found to interatth mimic 1 (Figure 3-14). These
residues are relatively contiguous, and occupys saleng a similar groove as the Gab2a
peptide. The mimic is much smaller than the peptidevever, so in reality this indicates
relatively non-specific interaction along a broadd of the protein. This is also consistent
with the small NMR shifts observed, as the expeniweould reveal only the average of all

of the potential interactions.
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Figure 3-15: (A): "N HSQC overlay of apo structure (1M, pH 7.2; red) and with 10 e48 (blue). The
most significant effect is the disappearance otammant peaks from the complex that are presetiitarapo
structure. (B): model of the interacting residuasnib by the NMR shift experiments. Residues whichtstif
> 0.015 ppm are coloured green and mapped ontoryiséal structure of Grb2 SH3C binding the Gab2d PPI
peptide (2WO0Z; blue). Binding occurs over a largdage, incorporating many contiguous residues e
binding sites. (C): histogram of HSQC shifts for eeetidue in Grb2 SH3C.
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Figure 3-16 (A): >N HSQC overlay of apo structure (red; pH 7.640) and with 20 eq 42 (blue). The most
significant effect is the disappearance of contamirpeaks from the complex that are present inafhe
structure. A few genuine shifts are apparent, bastrare subtle. (B): model of the interacting resglftound

by the NMR shift experiments. Residues which shifte@l015 ppm are coloured green and mapped onto the
crystal structure of Grb2 SH3C binding the Gab2al Peptide (2WO0Z; blue). There are few contiguous
regions and very little overlap with the peptidading site, indicating nonspecific bindin@): histogram of
HSQC shifts for each residue in Grb2 SH3C.

Finally, titrations were attempted with the exteshdmimic 42 which showed some
activity in the competition assay. This moleculeswalatively insoluble, even in 5 %

DMSO solutions, and as it was titrated into thetgiroa precipitate formed. By NMR, it
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was clear that a great deal of this precipitate masic as the integrated peaks from the
mimic relative to protein were much smaller thae #ppropriate molar ratio. The selective
removal of protein contaminant peaks also occuriieal.maximize the molar ratio of
compound to protein, the protein concentration keasiced to just 4aM and mimic added

in twenty-fold excess. While this resulted in ayetean spectrum, only small resonance
shifts were apparent (Figure 3-16). When mappeti¢oGrb2 SH3C crystal structure, few
of these residues are contiguous and there islieyoverlap with the peptide binding site.

This implies strongly that the binding 42 is nonspecific.

3.7.Discussion

Computational modelling and structural knowledgeGrb2 SH3C and benzoylureas
suggest that a modified form of the scaffold mayabke to mimic the PPII helix. Synthesis
of the appropriately-functionalized molecules, heare required more careful consideration
of protecting groups than had previously been megufor this scaffold. Principally, the
cationic Arg and Lys sidechains had to be completedsked until after the benzoylurea
coupling, and ideally until the final synthetic g$edue to the difficulty in handling these
highly polar amines and guanidines. An azide protcethe an effective masked primary
amine, but its synthesis required the initial fotim@ of a potentially dangerous
azidopropanol, which was both volatile and a pdsséxplosive. An improved synthesis
would avoid this intermediate, perhaps by insteadning the KAr product with
bromopropanol 31) and displacing the halide with sodium azide. Otfue azide was
formed and conditions for selectively reducing #rematic nitro group were found, this
sidechain proved robust, tolerant of strong baskraaderate acid and bench-stable for a
prolonged period. As long as strongly reducing dmas are avoided, azides could prove

useful as masked amines in other peptidomimetics.
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Ultimately, despite the protecting group manipwatirequired in synthesizing these
benzoylureas, the procedure was optimized to thet pd providing 150 mg of mimid.
The scaffold also readily incorporated a range idéchains and can be extended with
further urea linkages, although the process reguiteanerous synthetic steps. The synthesis
of large libraries of benzoylureas would be chajlag with the solution-phase methods
used here, although some progress has recentlyrbperted on the solid-phase synthesis
of benzoylurea&®

Proof of the biological utility of these moleculespwever, can only be obtained
experimentally, and here problems arose. SPR measumts indicate that molecule
mimicking Arg and Lys sidechains is a relativelytgra binder of Grb2, but provide no
structural information as to the binding site. Terstoichiometric binding observed at
high ligand concentrations, as well as the relativeproducibility of the binding affinity,
hint at complex binding behaviour. This is confidngy a biochemical competition assay,
which fails to show consistent results for the mephimetics while still performing well
for peptide controls. The further development & tompetition assay is complicated by a
lack of small molecule positive controls; with ormdgptides to work with, it is hard to tell if
the observed negative results are true negativestitacts due to some specific feature of
the benzoylurea ligands.

High-resolution NMR measurements partially expl#i® anomalous results. While
clear dose-response behaviour is observed for miptiee magnitude of the shifts is small,
and much smaller than those observed for the pepighands. These small shifts are
precedented in the literature for Grb2, but theyranetheless worrisome as such behaviour
is generally characteristic of low occupancy ofding sites or of multipoint interactions. In
this case, either or both may be true as at higicexaration three of the ligands perturbed

residues corresponding to multiple binding sitesth® same time, as there is uncertainty
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regarding the affinities of the molecule for anytmalar site, it is impossible to estimate
the occupancy. These issues are compounded byighebdncentration of ligand required
for NMR experiments and the relatively low solulyiliof the mimics at these
concentrations, which precludes testing higher mmitios of compound.

Unfortunately, the less than ideal binding of thesmics does not conclusively inform
the design of future PPIl mimics. It is possibleattlthe computational design of the
modified benzoylurea scaffold is correct, and thatticular characteristics of Grb2 SH3C
make finding any small molecule ligands for theteno difficult. If this is the case, the
molecules synthesized here may match alternativeKRRixnding SH3 domains, but this
could only be determined by screening those prsteiiternatively, the design of the
molecules may be insufficient. The computationartay suggests that the polar sidechains
are well-positioned, but the overall flexibility ¢iie scaffold and the long sidechains may
impart too great an entropic cost for binding tofaeourable. Additionally, the aliphatic
sidechains tested may not be adequate isostemslofe, and larger groups could perhaps
improve affinity by increased hydrophobic contdéntirely novel scaffolds may also be
needed for mimicking PPIl helices, ideally incomomg high aqueous solubility,
constrained conformation, and spanning the nece$s&:. Such scaffolds could be tested
on Grb2 SH3C, or preferably on several PPII-bindingteins, to explore the feasibility of

mimicking this peptide structure.

3.8. Conclusion and future work

Reported here is the design and synthesis of sdntieedfirst PPII peptidomimetics.
These molecules incorporate cationic sidechaing, @an be readily functionalized to
incorporate a range of sidechains. Biological deden SPR, a competition binding assay,
and NMR indicate that several of the putative PRithics bind to Grb2 SH3C. While these
are likely weak, multipoint interactions, they among the first molecules reported to bind
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to this important signalling domain. Further sturat studies, including additional NMR
experiments and crystallography, may help bettearatdterize the binding of these
molecules. This could guide additional synthetio®$, using the benzoylurea scaffold or a
different structure that might better match the Zzalpeptide. Additionally, selectivity
studies with other SH3 domains could help indicaltether these molecules may be useful

as chemical probes for the Grb2/Gab2 protein-pnatéeraction.
3.9. Experimental details: SPR

3.9.1. General SPR methods

SPR was performed using a Biacore T200 opticaldmssr. A fresh CM5 chip was
docked to the instrument and hydrated with dupice2 s injections of 50 mM NaOH, 10
mM GlycinesHCI pH 1.5, and 0.1 % SDS at@0.min™ flow rate. The flow cells were then
normalized with 70 % glycerol using the defaultmafization wizard. The chip was primed
into HBS-N running buffer (10 mM Hepes pH 7.4, 1801 NaCl), and the flow cells
activated with a 1:1 mixture of 0.4 M EDC and 0.INWS for 10 minutes at 10L.min™
and 25 °C. Grb2 SH3C (1QM in pH 4.0 acetate buffer) was coupled to theaef After
coupling, all flow cell surfaces were deactivateithwd x 30 s injections of a 1:1 mixture of
1.0 M ethanolamine and running buffer. The chip walssequently primed twice into the
experimental running buffer. Molecules were tested flow rate of 4@L.min™ at 25 °C,
with a data collection rate of 10 Hz. The data waralyzed using standard double
referencing procedures by subtracting the respdrsa the protein-free cell and the
response from a blank injection of running buffemi the response from the SH3C flow

cell?’
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3.9.2. SPR measurements of 1¥ generation mimics

Untagged and unlabelled Grb2 SH3C was bound tdidke cell surface to a level of
1400 RU. For the binding screen, each molecule dissolved in running buffer (HBS-N,
5.0% DMSO, 0.01 % Tween 20) at 50M and 100uM concentrations. The most
successful bindet was then serially diluted two-fold from a concattn of 100uM to a
concentration of 3.12%M in running buffer not containing DMSO (HBS-N +0Q. %
Tween 20). Data was collected according to the igér8PR procedure and fitted to a one-

to-one binding model using nonlinear regressionyamain GraphPad Prism software.

3.9.3. SPR measurements of 2" generation mimics

Untagged an unlabelled Grb2 SH3C was covalentlyndda a level of 1100 RU. On a
separate flowcelN labeled Grb2 SH3C was covalently bound to theeskwel. Mimics
were dissolved either in HBS-N buffer + 0.01 % Tw&, or in a similar buffer containing
5 % DMSO, depending on solubility. Serial two-faliilutions were performed from a
concentration of 20QM to a final concentration of 6.39M. Data was collected according
to the general SPR procedure and fitted to a omexobinding model using nonlinear
regression analysis in GraphPad Prism software.
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Figure 3-17: Sensograms of'2generation mimics binding {8N-labeled Grb2 SH3Qa) 37 (b) 38 (c) 39 (d)

41. Mimic concentrations are a two-fold dilution ssrifrom 20QuM (highest response) to 6.28/ (lowest
non-zero response).

3.10. Experimental details: competition binding assay

GST-Grb2 SH3C (10 pg per sample) was pre-incubaideach inhibitor (2.0 mM) in
duplicate for 1 hour at 4 °C in assay buffer (25 riikis, pH 7.5, 150 mM NaCl, 1 mM
DTT, 0.05 % Tween 20, 5 % DMSO). Biotinylated Galgdptide (binding affinity 3.2M
for Grb2) was synthesized as previously descriB&@i3 nmol of peptide paiL of packed
streptavadin-sepharose beads were incubated todetl#) minutes in assay buffer before
extensive washing of the beads to remove any urtb@eptide. Next, 8 uL of peptide-
coated beads were transferred to each assay tubimirstog GST-Grb2 SH3C and
compound for 30 minutes, the solution clarifieddantrifugation (2000 )y for 1 minute)
and the beads washed three times with PBS-T (platsiiiuffered saline, 0.05 % Tween
20). The samples were analyzed by SDS-PAGE andilzsd after staining the protein
bands with Coomassie Blue dye. As controls, pdradenples were run in the absence of
inhibitor, and with preincubation of ten-fold or Gfold molar excess of free,

unbiotinylated Gab2b peptide. The band intensitiedicating the levels of GST-Grb2
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SH3C binding to the beads, were quantified by denmstry and scaled relative to the
control sample without inhibitor (100 % level).
For concentration-response experiments With the above procedure was followed

with increasing concentrations of the mimic.

3.11. Experimental details: NMR

All spectra were collected using a Bruker AVII 7§8ectrometer (fitted with an inverse
TCI cryoprobe optimized fofH observation and running Topspin 2.1 software;kBry
Germany). Experiments were performed at 25 °C. Rasces are reported in ppm relative
to DO (6n = 4.72 ppm). The instrument was locked to the elawh signal, and the water
signal was suppressed by presaturating its resenaBdb2 SH3C was uniformly®N
isotopically labeled and dissolved in phosphatddsy®©0:10 HO:D,O, 35 mM phosphate
pH 7.2 + 45 mM NaCl + 3.0 mM DTT). A 3 mM NMR tulveas charged with 160L of
sample and th&N HSQC spectrum recorded. Resonances were comfiathd literature
values®® For titration experiments, varying molar equivatenf ligand were added to the

protein solution described above. Data was analyzet Bruker's Topspin 2.1 software.
3.12. Experimental details: synthesis

3.12.1. Solvents and Reagents

All non-aqueous reactions were carried out undeatarosphere of argon or nitrogen in
oven or flame-dried glassware unless otherwiseedtahnhydrous THF and DCM (from
commercial sources) were dried on an MB-SPS-80@esblpurification system. All other
solvents and reagents were used directly from cawialesuppliers without further
purification. Inorganic solutions refer to satuchtequeous solutions, unless otherwise

indicated. Brine refers to a saturated aqueoudisolof sodium chloride. pH 7 buffer was
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prepared by dissolving KiRO, (85 g) and NaOH (14.5 g) in 950 mL of water. Mpes of

solvents are quoted as ratios of volume:volume.

3.12.2. Chromatography

Flash column chromatography was carried out usamgneercial Kieselgel 60 silica gel
(40-63um). Thin-layer chromatography was carried out udihgrck Kieselgel 60 F254
(230-400 mesh) fluorescent treated silica, visealizinder UV light (254 nm) and by
staining with aqueous potassium permanganate drydim solution. High performance
liquid chromatography was performed using a 152mu2707 autosampler, and 2849
detector, all from Waters. Phenomonex Luna coluf2®® mm long, .um beads, C18
reverse-phase medium) were used for HPLC sepasatAmalytical HPLC was run using
1 mL/min flow through a 4.6 mm-diameter column. $éaminjections for analytical runs
consisted of 4QL of a 1 mg.mL* sample solution. Semi-preparative HPLC was rungusi
10 mL.miri*  flow through 21.2 mm-diameter column. Sample dtigns for semi-
preparative runs consisted of 500 of solution containing no more than 50 mg of séemp

HPLC solvents were degassed by sonication for 3utas and contained 0.1 % v/v TFA.

3.12.3. Infrared Spectroscopy

Infrared spectra were recorded on a Bruker Tensor Fdurier transform-IR
spectrometer from a thin film deposited onto a diath ATR module. Only selected

maximum absorbances{.) of the most intense peaks are reported’jcm

3.12.4. Mass Spectrometry

Low-resolution mass spectra were recorded on a M/&E€T premier XE Micromass
spectrometer under conditions of electrospray &tion (ESI). High-resolution mass

spectra were recorded on a Bruker MicroTof masstepmeter (ESI, electron impact [El],
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or field ionization [FI]) by the internal service the Department of Chemistry, University

of Oxford. Values reported are the ratio of massharge in Daltons.

3.12.5. Nuclear Magnetic Resonance Spectroscopy

NMR spectra were recorded on a Bruker DRX588: (500 MHz; *C: 125 MHz),
AVC500 (*H: 500 MHz; **C: 125 MHz), DPX400'H: 400 MHz; *3C: 100 MHz), AVIlI
400 HD Nanobay'fH: 400 MHz; **C: 100 MHz), DPX300'H: 300 MHz;**C: 75 MHz),
DPX250 {H: 250 MHz; *C: 62.5 MHz), or DPX200 'd: 200 MHz; **C: 50 MHz).
Chemical shifts are quoted relative to the resichoai-deuterated solvent peakl spectra
are reported as follows: chemical shifppm (number of protons, multiplicity, coupling
constant J/Hz [where appropriate], assignment).tiplidity is abbreviated as follows: s,
singlet; br, broad; d, doublet; t, triplet; q, qiedr quint, quintet, sept, septet; m, multiplet.
Peaks which could not be assigned in thHespectra due to the similarity of aromatic
protons are indicated by (Ar). Coupling constahigre reported to the nearest 0.1 Hz as

observed’®C spectra are reportedarppm.

3.12.6. Melting Point

Melting points were determined using a Leica Gdlehot-stage microscope apparatus

and are reported uncorrected in degrees Celsiys ("C

3.12.7. Polarimetry

Optical rotations were recorded on a Perkin-Eln#gr golarimeter with a path length of

1 dm and are reported in deg den?.g* using concentrations in g.100 !

3.12.8. Naming and Numbering of Compounds

Compound names are those generated from ChemBioDHiaav12.0 following IUPAC

conventions. Numbers within names refer to the 1GPgystem of numbering, also from
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ChemBioDraw. When assigning NMR spectra, a sepatat® numbering scheme is used

as indicated on the structure. This numbering dog¢$ollow any particular convention.
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3.14. Experimental Data for Synthesized Compounds
3-Azidopropan-1-ol (5)

) Sodium azide (1.95 g, 30 mmol, 1.05 eq) was diggbim DMSO (60

HO_~_ N3
1 3 mL). To this solution was added 3-bromo-1-propaBdd7 g, 28.6 mmol,

1 eq) and the mixture heated to 70 °C and stirretnaght. The reaction was partitioned
between water (100 mL) and ether (100 mL) and weshki¢h ether (3 x 60 mL). The
organic layers were combined, washed with brineddiMgSQ), filtered, and concentrated
at 500 mBar and 40 °C. Purificatiama flash column chromatography (1:1 ether:petrol)
yielded the title compound as a volatile, colowsled (2.70 g, 26.7 mmol, 93 % (500
MHz, CDCk) 3.82 (2H, gJ 5.7, H1), 3.53 (2H, quint] 3.5, H3), 1.90 (2H, quint] 6.3,
H2). dc (100 MHz, CDC4) 60.0 (C1), 48.5 (C3), 31.4 (C2). IRax 3335, 2946, 2882, 2090,
1045. HRMS (FI) found 101.0590.38;Ns0" [M]" requires 101.0590. Spectroscopic

measurements agreed with literature vafes.

3.14.1. General Procedure for SyAr Coupling

Following the procedure of Boget al?’ alcohol (1.2 eq) was added dropwise to a stirred
solution of sodium hydride (2.5 eq) in THF at 0 9®e mixture was stirred for 15 minutes
at 0 °C before 3-fluoro-4-nitrobenzoic add(1.00 g, 5.4 mmol, 1.0 eq) was added. The
reaction was stirred for 5 minutes at 0 °C, thewodrs at room temperature, before being
diluted with EtOAc (20 mL). NECI (20 mL) was added, and the mixture was washéi wi
HCI (0.5 M, 20 mL x 3). The organic layer was cotk, dried (MgSQ), filtered, and
concentrated, and the product purified flash column chromatography.
3-(3-Azidopropoxy)-4-nitrobenzoic acid (7)

O. OH Following the general procedure fox/A coupling, azide5 (655

4
mg, 6.5 mmol, 1.2 eq) was added to aéidand purified (3:2
13
O/\/\N3
NO,  ? 93



EtOAc:Pet + 1 % AcOH) to yield the title compouasl a yellow solid (1.40 g, 5.26 mmol,
97 %): MP 123-1266y (400 MHz, MeOD) 7.86 (1H, d] 10.9, Ar), 7.85 (1H, s, Ar), 7.72
(1H, dd,J 8.3; 1.6, Ar), 4.30 (2H, t] 5.9, H1), 3.56 (2H, tJ 6.6, H3), 2.09 (2H, quiny
6.2, H2).6c (125 MHz, MeOD) 166.6 (C4), 151.6 (Ar), 143.0 (AEB6.0 (Ar), 125.1 (Ar),
121.8 (Ar), 115.6 (Ar), 66.6 (C1), 28.5 (C2). 1Rax3061, 2924, 2853, 2102, 1690, 1589,

1530, 1259. HRMS (ESI) found 265.056@sN4Os [M-H] requires 265.0578.

3-(But-3-en-1-yloxy)-4-nitrobenzoic acid (8)

0. OH Following the general procedure foxA coupling, 3-buten-1-ol

> (584 mg, 8.1 mmol, 1.5 eq) was added to &cahd purified (30:1

0/1\2/3\4 DCM:MeOH + 1% AcOH) to yield the title compound ayellow
NO, solid (1.055 g, 4.45 mmol, 82 %; (250 MHz, MeOD) 7.79-7.73
(2H, m, Ar), 7.64 (1H, dd) 7.6; 1.6, Ar), 5.98-5.80 (1H, m, H3), 5.20-5.04(2m, H4),
4.19 (2H, t,J 4.2, H1), 2.54 (2H, qt) 6.6; 1.5, H2).5c (62.5 MHz, MeOD) 166.7 (C5),
151.7 (Ar), 143.0 (Ar), 135.8 (Ar), 134.0 (C3), 1@5Ar), 121.7 (Ar), 117.1 (C4), 115.8
(Ar), 69.3 (C1), 33.4 (C2). IRmax 2950, 1687, 1527, 1251 HRMS (ESI) found 260.0524

C11H1:NOsNa" [M+Na]” requires 260.0529.

3.14.2. General Procedure | for Amidation

Oxalyl chloride (10 eq) was added to a solutiothef substituted nitrobenzoic acid (1.0 eq)
dissolved in DCM (5 mL/mmol). DMF (~0.5 eq) was addslowly and the mixture stirred
vigorously for 1 hour. Solvent was removed undeluped pressure, and the resulting oil
azeotroped three times with chloroform. The oil wigsolved in DCM (5 mL/mmol) and
cooled to 0 °C. DIPEA (1.5 eq) was added to thatsml dropwise, followed by the amine
(1.3 eq) added dropwise. The solution was alloweddrm to room temperature and stirred
overnight. Methanol (0.5 mL) was added, and thetuné&x was washed with N)@l (10
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mL/100 mg), and extracted with DCM (3 x 10 mL/10@)mThe organic layers were
combined, dried (MgS§), filtered, and concentrated, and the productfigarivia flash
column chromatography.

3-(3-Azidopropoxy)-N-isobutyl-4-nitrobenzamide (9)

Following the general procedure | for amidationdazenzoic acid

N
O 4N . 7 (100 mg, 0.38 mmol, 1 eq) was coupled to isobaityine (36 mg,
5
L 3 0.49 mol, 1.3 eq) and purified (2:1 ether:petral)yield the title
o >~

NO, 2 Na compound as a viscous orange oil (120 mg, 0.37 m@%Po): oy
(400 MHz, CDC}) 7.86 (1H, d,J 8.3, Ar), 7.61 (1H, dJ 1.6, Ar), 7.28 (1H, ddJ 8.1; 1.6,
Ar), 6.26 (1H, s, H9), 4.27 (2H,1,5.8, H1), 3.58 (2H, t) 6.4, H3), 3.30 (2H, t) 6.7, H5),
2.10 (2H, quint] 6.1, H2), 1.92 (1H, sepd, 1.9, H6), 0.99 (6H, d] 6.7, H7 and H8)sc
(62.5 MHz, CDC}) 165.4 (C4), 152.6 (Ar), 141.6 (Ar), 140.6 (ArRa.2 (Ar), 118.1 (Ar),
114.5 (Ar), 66.6 (C1), 48.1 (C3), 48.0 (C6), 29Ck), 28.5 (C2), 20.6 (C7 and C8). tRax
3314, 3083, 2959, 2100, 1645, 1527, 1254. HRMS)(E®ind 344.1320 GH;1oNsO4Na"

[M+Na]" requires 344.1329.

3-(But-3-en-1-yloxy)N-isobutyl-4-nitrobenzamide (10)

10 9 Following the general procedure | for amidatiokeale benzoic acid
H
7
O 5N : 8 8 (1.04 g, 4.4 mmol, 1 eq) was coupled to isobutyire (418 mg,
1 3 0.74 mol, 1.3 eq) and purified (1:1 ether:petra)yield the title
o

NO, 2 4 compound as a viscous yellow oil (1.17 g, 4.01 mmdl %): oy
(250 MHz, CDC}) 7.80 (1H, d,J 8.3, Ar), 7.58 (1H, dJ 1.5, Ar), 7.29 (1H, ddJ 8.3; 1.6,
Ar), 6.59 (1H, tJ 4.9, H10), 5.98-5.79 (1H, m, H3), 5.23-5.09 (2H, i), 4.19 (2H, t,)
6.6, H1), 3.28 (2H, t) 6.5, H6), 2.58 (2H, @) 6.7, H2), 1.92 (1H, sepd, 6.7, H7), 0.98

(6H, d,J 6.7, H8 and H9)dc (62.5 MHz, CDCJ) 166.0 (C5), 152.7 (Ar), 141.7 (Ar), 140.5

95



(Ar), 133.8 (C3), 125.9 (Ar), 118.3 (Ar), 118.0 (C414.5 (Ar), 69.6 (C1), 48.0 (C6), 33.6
(C2), 29.0 (C7), 20.6 (C8 and C9). iRy 3313, 3081, 2960, 1644, 1529, 1252. HRMS

(ESI) found 315.1311 gH20N04Na” [M+Na]" requires 315.1315.

3-(But-3-en-1-yloxy)N-isopropyl-4-nitrobenzamide (11)

Following the general procedure | for amidatiokeale benzoic acid

9
H
O SN\G‘/7 8 (75 mg, 0.32 mmol, 1eq) was coupled to isopropytene (30 mg,
8 | 3 0.51 mmol, 1.6 eq) and purified (3:2 ether:pettollyield the title
O/\/\

NO, 2 4 compound as a viscous yellow oil (50 mg, 0.18 mnBal %): o
(250 MHz, CDC}) 7.80 (1H, d,J 8.3, Ar), 7.58 (1H, dJ 1.3, Ar), 7.28 (1H, ddJ 8.4; 1.5,
Ar), 6.24 (1H, d,J 6.7, H9), 6.00-5.80 (1H, m, H3), 5.25-5.09 (2H, i), 4.20 (2H, t,J
6.6, H1), 2.59 (2H, gJ 6.6, H2), 1.29 (6H, dJ 6.6, H7 and H8)sc (62.5 MHz, CDCY)
165.1 (C5), 152.7 (Ar), 141.7 (Ar), 140.5 (Ar), 183C3), 125.9 (Ar), 118.3 (Ar), 118.0
(C4), 114.5 (Ar), 69.6 (C1), 42.8 (C6), 33.6 (C23.1 (C7 and C8). IRmax 3300, 3079,
2974, 1729, 1641, 1528, 1249. HRMS (ESI) found 2338 G4H1oN,0," [M+H]* requires

279.1339.

3.14.3. General Procedure for the Boc Protection of Amides
Di-tert-butyl dicarbonate (2.0 eq) was added to a stis@dtion of the amide (1.0 eq) in
DCM. DIPEA (3 eq) and DMAP (0.1 eq) were added d&inel reaction stirred at room
temperature for 2-5 days. The mixture was then wa@skith NH,Cl and extracted three
times with DCM. The organic layers were combinediedl (MgSQ), filtered, and

concentrated, and the product purified flash column chromatography.
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tert-Butyl (3-(3-azidopropoxy)-4-nitrobenzoyl)(isobuty)carbamate (12)

" 12 > Following the general procedure for the Boc protecof amides,
0 \(Ll/os the azide9 (625 mg, 1.95 mmol, 1 eq) was stirred for 4 dayd a
O N\)e\ purified (1:1 ether:petrol) to yield the title cooynd as a yellow oll
4 ¢ 7

., (751 mg, 1.78 mmol, 91 9%y (250 MHz, CDCJ) 7.8 (1H, dJ
o, O"™""N3 83, Ar), 7.26 (1H, dJ 1.4, Ar), 7.11 (1H, dd) 8.3; 1.1, Ar), 4.24
(2H, 1,3 5.7, H1), 3.68 (2H, d] 7.4, H5), 3.61 (2H, ) 6.4, H3), 2.22-2.03 (3H, m, H2 and
H6), 1.28 (9H, s, H11-13), 0.99 (6H, &6.7, H7 and H8)dc (62.5 MHz, CDCY) 171.3
(C4), 153.7 (C9), 152.4 (Ar), 144.0 (Ar), 140.8 JAL25.7 (Ar), 119.1 (Ar), 113.7 (Ar),
84.3 (C10), 66.6 (C1), 53.1 (C5), 48.1 (C3), 2&8) 28.5 (C2), 27.9 (C11-C13), 20.6 (C7
and C8). IRumax 3332, 2960, 2099, 1735, 1673, 1526, 1146. HRMS)(feind 444.1843

CioH27/NsOgNa' [M+Na]" requires 444.1854.

tert-Butyl (3-(but-3-en-1-yloxy)-4-nitrobenzoyl)(isobuyl)carbamate (13)

" Following the general procedure for the Boc pratecof amides,

12\% - the alkenelO (250 mg, 0.87 mmol, 1 eq) was stirred for 2 dayd a

o 07\?30)9{ purified (8:1 pet:ether) to yield the title compaouas a yellow oil
> 6 ° (249 mg, 0.63 mmol, 73 %} (250 MHz, CDCY) 7.82 (1H, d,J
0/1\2/3\4 8.3, Ar), 7.21 (1H, dJ 1.5, Ar), 7.07 (1H, dd) 8.3; 1.6, Ar), 5.98-

5.79 (1H, m, H3), 5.23-5.09 (2H, m, H4), 4.16 (2H) 6.6, H1),

3.65 (2H, d,J 7.4, H6), 2.59 (2H, q] 6.7, H2), 2.10 (1H, sepd,6.9, H7), 1.24 (9H, s, H12-
14), 0.97 (6H, d,) 6.8, H8 and H9)sc (62.5 MHz, CDCJ) 171.5 (C5), 153.8 (Ar), 152.6
(C10), 143.8 (Ar), 141.1 (Ar), 133.7 (C3), 125.6r(AL18.9 (Ar), 118.3 (C4), 113.9 (Ar),

84.2 (C11), 69.7 (C1), 53.0 (C6), 33.6 (C2), 2&3)( 27.9 (C12-14), 20.6 (C8 and C9). IR

97



vmax 3081, 2963, 1737, 1676, 1529, 1273, 1149. HRMSI)(BSund 415.1828

CaoH26N206Na ™ [M+Na]”* requires 415.1840.

tert-Butyl (3-(but-3-en-1-yloxy)-4-nitrobenzoyl)(isoprgyl)carbamate (14)

13 Following the general procedure for the Boc pratecof amides,
11 12
o \(Lﬁ the alkenell (50 mg, 0.18 mmol, 1 eq) was stirred for 2 dayd an
o 16@‘/7 purified (8:1 petrol:ether) to yield the title cooynd as a yellow oll
5

. (15 mg, 0.04 mmol, 22 %Yy (250 MHz, CDCY) 7.85 (1H, d,) 8.4,

0/1\2/3\4 Ar), 7.28 (1H, s, Ar), 7.14 (1H, dd,8.3; 1.4, Ar), 6.03-5.82 (1H, m,
no2 H3), 5.27-5.12 (2H, m, H4), 4.29-4.15 (2H, m, H2)63 (2H, q,J
6.5, H2), 1.57-1.51 (1H, m, H6), 1.46 (6H,J6.9, H7 and H8), 1.25 (9H, s, H11-13).
(62.5 MHz, CDCJ) 171.6 (C5), 153.3 (C9), 152.6 (Ar), 144.1 (Am113 (Ar), 133.7 (C3),
125.7 (Ar), 119.0 (Ar), 118.3 (C4), 114.0 (Ar), 84C10), 69.7 (C1), 53.2 (C6), 33.6 (C2),
27.9 (C7 and C8), 20.8 (C11-13). tRax 2976, 2921, 1731, 1676, 1529, 1240. HRMS (ESI)

found 401.1667 GH26N2O¢Na’ [M+Na]" requires 401.1683.

3.14.4. General Procedure for Nitro Reduction

Iron powder (10 eq) and ammonium chloride (0.5wee)e added to a stirred solution of an
aromatic nitro compound (1.0 eq) dissolved in etifarater (4:1). The mixture was heated
to 80 °C for 30 minutes, then allowed to cool aifteéred through Celite® with EtOAC.

Solvent was removeid vacuoand the product purifieda flash column chromatography.

tert-Butyl (4-amino-3-(3-azidopropoxy)benzoyl)(isobutycarbamate (15)

Following the general procedure for nitro reductiaaide12 (551 mg, 1.31 mmol) was
reduced and purified (2:1 pet:ether) to yield title tompound as a pale tan oil (474 mg,
1.22 mmol, 93 %)sy (250 MHz, CDCY) 7.12 (1H, dJ 1.7, Ar), 7.07 (1H, ddJ 8.0; 1.8,
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12 An), 6.63 (1H, d,J 8.1, Ar), 4.12 (2H, ] 6.0, H1), 3.59 (2H, dJ

11\~/13
o 0108 7.3, H5), 3.51 (2H, 1) 6.6, H3), 2.16-2.00 (3H, m, H2 and H6), 1.24
\\15 .
O N\)\ (9H, s, H11-13), 0.94 (6H, d] 6.7, H7 and H8)dJc (62.5 MHz,
4 g 7
. 5 CDCl3) 173.2 (C4), 154.7 (C9), 145.9 (Ar), 141.7 (Arx710 (Ar),
O

N

L > N3 1230 (Ar), 113.0 (An), 111.6 (Ar), 82.1 (C10), BRC1), 53.1 (C5),
2

48.4 (C3), 28.7 (C6), 28.5 (C2), 27.8 (C11-C13),32(C7 and C8). IRimax 3487, 3372,

2962, 2099, 1721, 1633, 1617, 1141. HRMS (ESI) dou14.2101 GHaoNsONa*

[M+Na]" requires 414.2112.

tert-Butyl (4-amino-3-(but-3-en-1-yloxy)benzoyl)(isobugl)carbamate (16)

b 14 o Following the general procedure for nitro reductiaikenel3 (67

o \(Ll/l9 mg, 0.17 mmol, 1.0 eq) was reduced and purified fi&trol:ether)

o) 7\113){ to yield the title compound as a pale pink oil (g, 0.16 mmol,

ce 0 95 %):Jn (250 MHz, CDCY) 7.12 (1H, dJ 1.7, Ar), 7.06 (1H, ddJ
13

O 8.1;17, Ar), 6.62 (1H, d] 8.1, Ar), 5.97-5.79 (1H, m, H3), 5.22-
e 5.06 (2H, m, H4), 4.07 (2H, § 6.5, H1), 3.59 (2H, dJ 7.3, H6),
2.46 (2H, q,J 6.6, H2), 2.07 (1H, sepl,6.8, H7), 1.23 (9H, s, H12-14), 0.94 (6H 5.7,
H8 and H9)Jc (62.5 MHz, CDCY) 173.7 (C5), 155.1 (C10), 145.8 (Ar), 140.8 (Ak34.8
(C3), 127.2 (Ar), 123.2 (Ar), 117.6 (C4), 113.2 JAt12.1 (Ar), 84.5 (C11), 67.9 (C1), 53.5
(C6), 34.0 (C2), 28.9 (C7), 28.0 (C12-14), 20.7 (@& C9). IRumay 3490, 3373, 2961,
1720, 1615, 1520, 1240, 1138. HRMS (ESI) found 2884 GoHaNOsNa" [M+Na]*

requires 385.2098.

3.14.5. General Procedure for the Formation of |socyanates
Sodium bicarbonate (2.0 eq) and bis(trichlorométlegirbonate (0.6 eq) were added to a
vigorously stirred solution of a substituted araliflL.0 eq) in 1:1 DCM:water (2 mL /100
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mg) was added. The mixture was stirred for 30 neisuthen diluted with NkCI (10
mL/100 mg) and DCM (10 mL/100 mg). The mixture wadracted with DCM (3 x 10
mL/100mg) and the organic layers combined, driegb®y), filtered, and solvent removed
in vacuo The product was immediately used for subsequeattion without further
purification.

tert-Butyl (3-(3-azidopropoxy)-4-isocyanatobenzoyl)(idautyl)carbamate (17)

" 12 13 Following the general procedure for the formatidnismcyanates,
o \~Ol/% reaction with azidel5 (85 mg, 0.22 mmol) afforded the title
Ys ) |
O N\)\ compound as a yellow oil (102 mg, 0.22 mmaglian): oy (250
4 5 7

L MHz, CDCk) 7.26 (1H, dJ 1.5, Ar), 7.19 (1H, ddJ 8.0; 1.6, Ar),

. O™™""N3 713 (1H, d,J 8.1, Ar), 4.32 (2H, tJ 5.8, H1), 3.76 (2H, dJ 7.4,

14 O H5), 3.71 (2H, tJ 6.4, H3), 2.33-2.14 (3H, m, H2 and H6), 1.37
(9H, s, H11-13), 1.09 (6H, d,6.7, H7 and H8)sc (62.5 MHz, CDCY) 172.7 (C4), 154.4
(C9), 152.8 (Ar), 136.2 (Ar), 131.4 (Ar), 126.7 ©1123.3 (Ar), 121.0 (Ar), 111.0 (Ar),
83.4 (C10), 66.0 (C1), 53.3 (C5), 48.2 (C3), 2&8)( 28.7 (C2), 27.9 (C11-C13), 20.6 (C7

and C8). IRvmax 2962, 2242, 2098, 1731, 1670, 1332, 1144.

tert-Butyl (3-(but-3-en-1-yloxy)-4-isocyanatobenzoyl)§obutyl)carbamate (18)

> 14 > Following the general procedure for the formatidnismcyanates,
0 \(Ll/lg reaction with alkenel6é (71 mg, 0.20 mmol) afforded the title
10
O T\I/\){ compound as a colourless oil (76 mg, 0.20 mmakn): Jy4 (250

MHz, CDCk) 7.17 (1H, dJ 1.7, Ar), 7.09 (1H, ddJ 8.1; 1.7, Ar),

1 3
O™, 7.03 (1H, d,J 6.9, Ar), 6.05-5.86 (1H, m, H3), 5.30-5.15 (2H, m,

N.
*C.
15 O H4), 4.19 (2H, tJ 6.5, H1), 3.68 (2H, dJ 7.3, H6), 2.67 (2H, q]

6.6, H2), 2.15 (1H, sepl,6.9, H7), 1.28 (9H, s, H12-14), 1.01 (6H,J.7, H8 and H9)Yc
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(62.5 MHz, CDC}) 172.9 (C5), 154.5 (Ar), 153.0 (C10), 136.1 (AtB4.1 (C3), 131.4
(Ar), 127.2 (C15), 123.2 (Ar), 120.7 (Ar), 117.64)C 111.1 (Ar), 83.3 (C11), 69.0 (C1),
53.3 (C6), 33.7 (C2), 28.7 (C7), 27.9 (C12-14)62AC8 and C9). IRmax 2962, 2241, 1731,

1621, 1520, 1332, 1145.

3.14.6. General Procedure for Benzoylurea Formation

Potassium hexamethyldisilazide (0.5 M in toluené, dq) was added dropwise to a stirred
solution of an amide (1.0 eq) in THF (2 mL/mmol)-@8 °C. A solution of an isocyanate
(2.0 eq) in THF (2 mL/mmol) was added dropwise #re& mixture stirred for 2 hours at -
78 °C. AcOH (0.1 mL) was added dropwise, and theatism was allowed to warm to room
temperature. The solution was diluted with /H(10 mL/100 mg) and DCM (10 mL/100
mg) and extracted with DCM (3 x 10 mL/100 mg). Trganic layers were combined, dried

(NaeSQy), filtered, and purifiedria flash column chromatography.

tert-Butyl(3-(3-azidopropoxy)-4-(3-(3-(3-azidopropoxy}-nitrobenzoyl)-3-
isobutylureido) benzoyl)(isobutyl)carbamate (19)

” Following the general procedure for benzoylureamfation,

20 21

\‘/ amide9 (129 mg, 0.4 mmol) was reacted with isocyariaté195
O 14

\)\ mg, 0.4 mmol) and purified (2:1 petrol:ether) teelgi the title

compound as a yellow oil (212 mg, 0.29 mmol, 72 8p)(500

o/\/\Ng, MHz, CDCE) 11.67 (1H, s, H23), 8.37 (1H, d,8.4, Ar), 7.93

23H NS J\ (1H, d,J 8.2, Ar), 7.18 (2H, s, Ar), 7.16 (1H, d,8.8, Ar) 7.12
16 (1H, d,J 8.3, Ar), 4.23 (2H, tJ 5.7, H1 or H8), 4.17 (2H, § 5.7,

1 3 - -
oA H1 or H8), 3.69-3.57 (8H, m, H3, H10, H4, and H11),9-2.06

NO; (5H, m, H2, H9, and H12), 1.97 (1H, s&%.8, H5), 1.24 (9H, s,
H20-22), 0.95 (6H, dJ 6.7, H6 and 7 or H13 and 14), 0.81 (6H,)®,.7, H6 and 7 or H13

101



and 14)dc (125 MHz, CDCJ) 173.5 (C15 or C16), 173.2 (C15 or C16), 154.78)C152.6
(C17), 151.5 (Ar), 147.7 (Ar), 141.7 (Ar), 141.0rjA133.3 (Ar), 130.8 (Ar), 126.6 (Ar),
121.7 (Ar), 119.3 (Ar), 119.0 (Ar), 113.8 (Ar), 180(Ar), 83.2 (C19), 66.8 (C1 or C8),
65.8 (C1 or C8), 54.6 (C4 or C11), 53.4 (C4 or G¥B)5 (C3 or C10), 48.1 (C3 or C10),
29.2 (C5 or C12), 29.1 (C5 or C12), 28.8 (C2 any|, 8.0 (C20-22), 20.7 (C6-7 or C13-
14), 20.3 (C6-7 or C13-14). IRma 3221, 2962, 2874, 2098, 1715, 1530, 1331, 1147.

HRMS (ESI) found 737.3369:8H.5N1¢0s" [M+H]* requires 737.3376.

tert-Butyl(3-(but-3-en-1-yloxy)-4-(3-(3-(but-3-en-1-ylay)-4-nitrobenzoyl)-3-

isobutylureido) benzoyl)(isobutyl)carbamate (20)

23 Following the general procedure for benzoylureamfmion,
24 22
\(L/ amide10 (493 mg, 1.69 mmol) was reacted with isocyarise
15
J\ (655 mg, 1.69 mmol) and purified (4:1 petrol.ethier)yield the

title compound as a yellow oil (726 mg, 1.07 mn&8, %): oy

O/\/\ 12 (500 MHz, CDCY) 11.47 (1H, s, H25), 8.34 (1H, d,8.4, Ar),

25H 1 J\ 7.88 (1H, dJ 8.2, Ar), 7.21-7.08 (4H, m, Ar), 5.99-5.85 (2H, m,
17
> H3 and H11), 5.24-5.06 (4H, m, H4 and H12), 4.18,(2J 6.5,
1 3
o/\2/\4 H1 or H9), 4.14 (2H, tJ 6.7, H1 or H9), 3.63 (4H, m, H5 and

H13), 2.63 (4H, sextefl 6.5, H2 and H10), 2.11 (1H, sept6.8,
H6 or H14), 1.98 (1H, sepi,6.8, H6 or H14), 1.24 (9H, s, H22-24), 0.96 (6H) 6.7, H7
and H8 or H15 and H16), 0.82 (6H,36.6, H7 and H8 or H15 and H16) (125 MHz,
CDCl;) 173.3 (C19 and C17), 154.7 (C18), 154.1 (C202.8%Ar), 151.7 (Ar), 148.0 (Ar),
141.7 (Ar), 141.3 (Ar), 134.3 (C3 or C11), 133.8(ar C11), 133.3 (Ar), 130.9 (Ar), 126.4
(Ar), 121.5 (Ar), 119.0 (C4 or C12), 118.6 (Ar),8.0 (C4 or C12), 113.7 (Ar), 111.1 (Ar),

83.2 (C21), 69.6 (C1 or C9), 68.9 (C1 or C9), €5 or C13), 53.4 (C5 or C13), 34.0 (C2
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or C10), 33.7 (C2 or C10), 30.1 (C6 or C14), 2€6 or C14), 28.0 (C22-24), 20.7 (C7 and
8 or C15 and 16), 20.3 (C7 and 8 or C15 and 16)4R 3219, 2961, 2927, 1715, 1532,

1333, 1148. HRMS (ESI) found 703.3314d4sN,OgNa”™ [M+Na]" requires 703.3314.

3.14.7. General Procedure for N-Boc Deprotection
TFA (1 mL) was added to a stirred solution of MiBoc protected molecule in DCM (1
mL). The mixture was stirred at room temperaturd toluene (5 mL) was added. The
solvent was removeth vacuoand the resulting compound azeotroped three twids
chloroform.
3-(3-Azidopropoxy)-N-((2-(3-azidopropoxy)-4-(isobutylcarbamoyl)phenyl)arbamoyl)-
N-isobutyl-4-nitrobenzamide (21)

19 14
0 HJ{Z

Following the general procedure foN-Boc deprotection,

15 1] 13 benzoyluredl9 (130 mg, 0.18 mmol) was stirred for 5 minutes at
8 10 0°C and the residue purifieda flash column chromatography
07N
18H'\1??O 7 (5:2 ether:petrol) to yield the title compound &sa@ange oil (94
5
O 1?%\ . mg, 0.15 mmol, 84 %) (250 MHz, CDCY) 11.63 (1H, s, H18),

. 3 8.33(lH,dJ 84, Ar), 7.90 (1H, dJ 8.3, Ar), 7.46 (1H, dJ 1.4,
NO, Ar), 7.28 (1H, dd;) 8.6; 1.5, Ar), 7.18 (1H, d] 1.1, Ar), 7.11 (1H,
dd,J 8.3; 1.3, Ar), 6.43 (1H, t] 5.9, H19), 4.21 (2H, 1] 5.8, H1 or H8), 4.16 (2H, 1 5.8,
H1 or H8), 3.68-3.52 (6H, m, H3, H10, H4), 3.25 (2H 6.4, H11), 2.19-2.02 (4H, m, H2,
H9), 2.02-1.78 (2H, m, H5 and H12), 0.95 (6HJ®,7, H6 and 7 or H13 and 14), 0.79 (6H,
d,J 6.7, H6 and 7 or H13 and 14); (62.5 MHz, CDC}) 173.4 (C16), 167.3 (C15), 152.6
(C17), 151.6 (Ar), 148.1 (Ar), 141.7 (Ar), 141.0rjA130.8 (Ar), 130.6 (Ar), 126.5 (Ar),
119.4 (Ar), 119.4 (Ar), 119.3 (Ar), 113.8 (Ar), 1BO(Ar), 66.9 (C1 or C8), 65.8 (C1 or
C8), 54.5 (C4), 48.5 (C3 or C10), 48.1 (C3 or CH3)9 (C11), 29.2 (C5 or C12), 29.1 (C5
or C12), 29.0 (C2 or C9), 28.8 (C2 or C9), 20.7-{C6ér C13-14), 20.3 (C6-7 or C13-14).
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IR vmax 3226, 2960, 2873, 2097, 1710, 1520, 1122. HRMSI)(E&und 661.2817

CaoH3gN100/Na" [M+Na]" requires 661.2817.

3.14.8. General Procedure for Catalytic Hydrogenation

Palladium on activated carbon (10 % by mass) wdsa@dtb a stirred solution of an organic
molecule in EtOH. The solution was flushed threses with hydrogen gas then allowed to
stir under an atmosphere of hydrogen overnight. Sdietion was filtered through Celite®

with DCM (50 mL/mmol) and the solvent removiedvacuo

3-(2-(3-(4-Amino-3-(3-ammoniopropoxy)benzoyl)-3-idautylureido)-5-
(isobutylcarbamoyl) phenoxy)propan-1-aminiume 2 TFA (2)
Following the general procedure for catalytic hygioation,
14
H
@] N\)g benzoylurea2l (41 mg, 0.064 mmol) was hydrogenated

15 11 13
overnight to yield the title compound as a browin(49 mg).

8 10
O ""NH,TFA

9 A small amount of the compound was purifieh semi-
H N\?O 7
o) 17N \){ preparative HPLC (isocratic 74:26 water:acetomittil 0.1 %
16 6

TFA) to yield a viscous tan oiliy (400 MHz, MeOD) 8.34

0/1\2/3\NH2'TFA (1H, d,J 8.4, Ar), 7.54-7.48 (2H, m, Ar), 7.14 (1H, dbig8.1;

e 1.8, Ar), 7.10 (1H, dJ 1.7, Ar), 6.83 (1H, dJ 8.1, Ar), 4.29
(2H, t,J 5.6, H1 or H8), 4.16 (2H, 11 5.7, H1 or H8), 3.86 (2H, d,7.2, H4 or H11), 3.36
(2H, 1,J 6.5, H3 or H10), 3.28 (2H, §,6.5, H3 or H10), 3.22 (2H, d, 7.0, H4 or H11), 2.36
2.24 (4H, m, H2 and H9), 1.97 (2H,Jt6.5, H5 and H12), 0.98 (6H, 6.6, H6 and H7 or

H13 and H14), 0.82 (6H, d} 6.4, H6 and H7 or H13 and H14); (125 MHz, MeOD)
177.8 (C16), 169.6 (C15), 162.5 (qt, TFAF35 Hz),154.0 (C17), 148.8 (Ar), 146.5 (Ar),
143.0 (Ar), 132.1 (Ar), 130.8 (Ar), 124.5 (Ar), 124(Ar), 121.3 (Ar), 120.0 (Ar), 114.7
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(Ar), 112.6 (Ar), 111.4 (Ar), 66.9 (C1 or C8), 6581 or C8), 56.3 (C4 and C11), 38.5 (C3

or C10), 38.4 (C3 or C10), 29.9 (C5 or C12), 2€8 br C12), 28.4 (C2 and C9), 20.6 (C6-

7 or C13-14), 20.2 (C6-7 or C13-14). thax 3369, 2962, 1678, 1628, 1204, 1136. HRMS

(ESI) found 557.3442 £gH4sNeOs' [M+H] " requires 557.3446.

3-(2-(3-(4-Amino-3-(3-ammoniopropoxy)benzoyl)-3-idoutylureido)-5-

(isobutylcarbamoyl) phenoxy)propan-1-aminiume 2HCI (22)

ON\)\

O/\/\NHZHCI

O™ ™" "NH,HCI
2
NH,,

The TFA salt2 (34 mg, 0.04 mmol) was dissolved in HCI
(0.1 M, 5mL) stirred for 5 minutes. The solutiorasv
frozen at -78 °C and lyophilized to yield the tilempound

as a viscous tan oil (29 mguan). Spectroscopic data
matched that of compourziexcept for the absence of the
13C NMR peak at 162.5 ppm and the IR stretch at 1679

cm?,

tert-Butyl(3-(but-3-en-1-yloxy)-4-(3-(3-(but-3-en-1-ylay)-4-nitrobenzoyl)-1- tert-

butoxycarbonyl)-3-isobutylureido)benzoyl)(isobutylcarbamate (23)

Di-tert-butyl dicarbonate (467 mg, 2.14 mmol, 2.0 eq) was
added to a stirred solution of benzoylug&(726 mg, 1.07
mmol, 1.0 eq) in THF (25 mL). DMAP (262 mg, 2.14
mmol, 2.0 eq) was added and the mixture stirred 1for
hours at room temperature. The reaction was dilwgd
NH4CI (50 mL) and DCM (50 mL) and extracted with DCM
(3 x 50 mL). The organic layers were combined, dirie

(NaSQy), filtered, concentrated, and purifieda flash
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column chromatography (6:1 petrol:ether) to yidid tittle compound as a light brown oil
(787 mg, 1.01 mmol, 94 %Yy (250 MHz, CDCJ) 7.84 (1H, dJ 8.3, Ar), 7.41 (1H, dJ
1.3, Ar), 7.31 (1H, ddJ 8.3; 1.5, Ar), 7.12 (1H, dJ 2.0, Ar), 7.01 (1H, ddJ 8.0; 1.6, Ar),
6.61 (1H, dJ 8.0, Ar), 5.98-5.71 (2H, m, H3 and 11), 5.23-5(@4, m, H4 and H12), 4.15
(2H, t,J 6.6, H1 or H9), 4.02 (2H, § 6.9, H1 or H9), 3.65 (4H, m, H5 and H13), 2.57 (2H,
q,J 6.6, H2 or H10), 2.45 (2H, d,6.8, H2 or H10), 2.24 (1H, septp.8, H6 or H14), 2.10
(1H, septJ 6.9, H6 or H14), 1.31 (9H, s, H22-24 or H26-28),9L(9H, s, H22-24 or H26-
28), 0.99 (6H, dJ 6.7, H7 and H8 or H15 or H16), 0.95 (6HJd&.7, H7 and H8 or H15 or
H16). 8¢ (125 MHz, CDC}) 172.7 (C17 or C19), 170.5 (C 17 or C19), 156.04)C 154.7
(C20), 154.3 (C24), 152.4 (Ar), 151.6 (Ar), 141AF) 141.6 (Ar), 139.8 (Ar), 133.8 (C3 or
C11), 133.7 (C3 or C11), 130.5 (Ar), 127.5 (Ar)518 (Ar), 120.2 (Ar), 120.1 (Ar), 118.4
(C4 or C12), 118.1 (C4 or C12), 115.3 (Ar), 112A2)( 84.5 (C21 or C25), 83.7 (C21 or
C25), 69.7 (C1 or C9), 68.6 (C1 or C9), 55.8 (C8dB), 53.3 (C5 or C13), 33.8 (C2 or
C10), 33.6 (C2 or C10), 30.1 (C6 or C14), 29.0 (E€14), 28.2 (C22-24 or C26-28), 28.0
(C22-24 or C26-28), 20.8 (C7 and C8 or C15 and Ca®) (C7 and C8 or C15 and C16).
IR vmax 2961, 2923, 1734, 1671, 1334, 1150. HRMS (ESInf803.3838 GHs6N4011Na’

[M+Na]" requires 803.3838.

tert-Butyl(4-(3-(4-amino-3-butoxybenzoyl)-1-{ert-butoxycarbonyl)-3-isobutylureido)-
3-butoxybenzoyl)(isobutyl)carbamate (24)

Following the general procedure for catalytic hygeoation, benzoylurez3 (106 mg, 0.14
mmol) was hydrogenated and purifie flash column chromatography (5:2 petrol:ether)
to yield the title compound (85 mg, 0.11 mmol, 79 & a tan oiloy (400 MHz, CDC))
8.33 (1H, dJ 8.4, Ar), 7.15 (1H, dd) 7.7; 1.7, Ar), 7.07 (1H, d] 1.6, Ar), 6.95 (1H, dd)

8.0; 1.8, Ar), 6.66 (1H, d] 7.8, Ar), 6.59 (1H, dJ 8.0, Ar), 4.26 (br s, 2H, H29), 3.98 (2H,
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23 t, J 6.4, H1 or H9), 3.93 (2H, 11 6.6, H1 or HY), 3.66 (2H,

24\~/ 22
o\\[,ozis d, J 6.5, H5 or H13), 3.60, (2H, d,7.3, H5 or H13), 2.21
20
@) N\)g (1H, sept,J 6.8, H6 or H14), 2.09 (1H, sept,6.8, H6 or
19 13 16

, .  H14), 175 (2H, quint) 6.5, H2 or H10), 1.68 (2H, quind,

- 12 6.8, H2 or H10), 1.54-1.34 (4H, m, H3 and H11)61(aH,
2¥03° i J\ s, H22-24 or H26-28), 1.19 (9H, s, H22-24 or H26;28
L 0.99-0.88 (18H, m, H4, H7, H8, H12, H15, and H1®).
I 0”4 (100 MHz, CDC}) 172.6 (C17 or C19), 171.9 (C17 or
29 C19), 156.1 (C18), 154.6 (C20 or C30), 154.6 (C2G20),
151.1 (Ar), 145.7 (Ar), 140.8 (Ar), 138.6 (Ar), 180(Ar), 127.6 (Ar), 125.2 (Ar), 123.3
(Ar), 119.2 (Ar), 112.4 (Ar), 112.1 (Ar), 111.3 (AB3.1 (C21 or C25), 82.9 (C21 or C25),
68.4 (C1 or C9), 68.0 (C1 or C9), 55.5 (C5 or CE2.8 (C5 or C13), 31.2 (C2 or C10),
31.0 (C2 or C10), 28.2 (C6 or C14), 28.2 (C6 or C24.7 (C22-24 or C26-28), 27.4 (C22-
24 or C26-28), 20.4 (C7 and 8 or C15 and 16), 20.2and 8 or C15 and 16), 19.3 (C3 or
C11), 19.0 (C3 or C11), 13.8 (C4 or C12), 13.7 (€4C12). IRvmax 3374, 2960, 2934,

1733, 1699, 1359. HRMS (ESI) found 777.442%:Hg,N,OoNa” [M+Na]® requires

777.44009.

4-Amino-3-butoxy-N-((2-butoxy-4-(isobutylcarbamoyl)phenyl)carbamoyl)N-

21 15 isobutylbenzamide (4)

H
O. N. 14
19 ;3 16

Following the general procedure foN-Boc deprotection,
o 1 benzoylurea24 (73 mg, 0.097 mmol was stirred for 5 minutes at

O 10 12 0°C and the residue purifieda flash column chromatography

\)\ (2:1 ether:petrol) to yield the title compound athigk tan oil (41

mg, 0.074 mmol, 76 %)y (400 MHz, CDC}) 11.16 (1H, s,
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H20), 8.36 (1H, dJ 8.4, Ar), 7.45 (1H, dJ 1.7, Ar), 7.22 (1H, ddJ 8.4; 1.8, Ar), 7.03 (1H,
dd,J 8.0; 1.7, Ar), 7.00 (1H, d] 1.6, Ar), 6.66 (1H, dJ 8.0, Ar), 6.29 (1H, tJ 5.7, H21),
4.22 (2H, s br, H22), 4.07 (2H,16.7, H1 or H9), 4.01 (2H, 11 6.5, H1 or H9), 3.80 (2H,
d, J 7.2, H5), 3.27 (2H, t) 6.4, H13), 1.99 (1H, sepd, 6.8, H6), 1.95-1.75 (5H, m, H2,
H10, H14), 1.50 (4H, dgl 7.5; 2.3, H3 and H11), 1.01-0.93 (12H, m, H4, H#25-H16),
0.80 (6H, dJ 6.7, H7-H8).5¢ (125 MHz, CDC4) 175.6 (C17 or C19), 167.6 (C17 or C19),
153.3 (C18), 148.5 (Ar), 146.2 (Ar), 140.5 (Ar), 118 (Ar), 129.9 (Ar), 124.9 (Ar), 122.8
(Ar), 119.0 (Ar), 118.8 (Ar), 113.6 (Ar), 111.8 (Ar110.9 (Ar), 69.1 (C1 or C9), 68.7 (C1
or C9), 55.4 (C5), 47.8 (C13), 31.7 (C2 or C10)53C2 or C10), 29.1 (C14), 29.0 (C6),
20.6 (C15-16), 20.4 (C7-8), 19.7 (C3 or C11), 1&3 or C11), 14.3 (C4 or C12), 14.2 (C4
or C12). IRumax 3487, 3351, 2959, 2935, 1702, 1520, 1359. HRMS)(88nd 577.3352

CaiH46N40sNa’ [M+Na]" requires 577.3360.

tert-Butyl(4-(1-(tert-butoxycarbonyl)-3-isobutyl-3-(4-nitro-3-(3-oxopropoxy)benzoyl)

ureido)-3-(3-oxopropoxy)benzoyl)(isobutyl)carbamatg25)

o 23 ’ Benzoylurea20 (92 mg, 0.12 mmol, 1 eq) was dissolved in
\(L/B DCM (2.5 mL) and methanol (0.5 mL) and cooled 8 °C.
U\ The solution was flushed with,@r 5 minutes, then Owvas
o - flushed into the solution until it turned a paleidlcolour.
e O/\O/QO The solution was flushed for 4 minutes with, GhenDMS
25>4024 1\? (37 mg, 0.59 mmol, 5 eq) was added and the solstiored
> 8 at room temperature overnight. The solution wasiteld
o/l\/io with pH 7 buffer (20 mL) and extracted with DCM X320

2
NO.
? mL). The organic layers were combined, dried ;3@),

filtered, and solvent removead vacuoto yield the title compound as a yellow oil (78, ,mg
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0.10 mmol, 85 %)sy (500 MHz, CDCY) 9.83 (1H, s, H3 or H11), 9.74 (1H, s, H3 or H11),
7.84 (1H, dJ 8.3, Ar), 7.41 (1H, s, Ar), 7.31 (1H, d,8.3, Ar), 7.15 (1H, s, Ar), 7.04 (1H,
d,J 7.9, Ar), 6.65 (1H, dJ 7.6, Ar), 4.42 (2H, 1] 5.9, H1 or H9), 4.32 (2H, 6.1, H1 or
H9), 3.66-3.56 (4H, m, H5 and H13), 2.98 (2H] §.8, H2 or H10), 2.80 (2H, § 6.0, H2

or H10), 2.19 (1H, sepf 6.8, H6 or H14), 2.07 (1H, sef6.8, H6 or H14), 1.30 (9H, s,
H22-24 or H26-28), 1.18 (9H, s, H22-24 or H26-28%6 (6H, dJ 6.6, H7 and H8 or H15
or H16), 0.92 (6H, dJ 6.7, H7 and H8 or H15 or H16)c (125 MHz, CDCY) 199.4 (C3 or
C11), 199.0 (C3 or C11), 172.5 (C17 or C19), 17@417 or C19), 155.9 (C18), 154.3
(C20 or 24), 154.2 (C20 or 24), 152.0 (Ar), 151A8)( 141.7 (Ar), 141.6 (Ar), 139.9 (Ar),
130.4 (Ar), 127.8 (Ar), 125.7 (Ar), 120.8 (Ar), 1BO(Ar), 115.4 (Ar), 112.4 (Ar), 84.8
(C21 or C25), 83.7 (C21 or C25), 64.0 (C1 or CBPECL or C9), 55.8 (C5 or C13), 53.3
(C5 or C13), 43.2 (C2 or C10), 43.0 (C2 or C10)82&6 or C14), 28.6 (C6 or C14), 28.1
(C22-24 or C26-28), 27.9 (C22-24 or C26-28), 2€7 &nd 8 or C15 and 16), 20.6 (C7 and

8 or C15 and 16). IBmax 2963, 2873, 1733, 1671, 1335, 1151.

tert-Butyl(4-(1-(tert-butoxycarbonyl)-3-(3-(3-hydroxypropoxy)-4-nitrobenzoyl)-3-

isobutylureido)-3-(3-hydroxypropoxy)benzoyl)(isobuyl)carbamate (26)

o 23 " Bis-aldehyde 25 (37 mg, 0.047 mmol, 1.0 eq) was
o \(‘)/15 dissolved in MeOH (2 mL) and sodium borohydride (3
\/k mg, 0.075 mmol, 1.6 eq) was added. The solution was
o - stirred for 40 minutes, after which time DCM (10 nL
. 289 /\/\OH 12 and NHCI| (10 mL) were added. The solution was
25~029 ﬂi/k extracted with DCM (3 x 10 mL), dried (h&0O), and

purified via flash column chromatography (8:1

13
o/\z/\OH4 ether:petrol) to yield the product as a colourle#g13
NO,
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mg, 0.016 mmol, 35 %), (500 MHz, CDCY) 7.89 (1H, dJ 8.3, Ar), 7.48 (1H, s, Ar),
7.33 (1H, dJ 8.3, Ar), 7.15 (1H, s, Ar), 7.02 (1H, ddi8.0; 1.2, Ar), 6.97 (1H, s, Ar), 4.30
(2H, t,J 5.8, H1 or H9), 4.14 (2H, 11 6.2, H1 or H9), 3.86 (2H, 1] 5.6, H3 or H11), 3.70
(2H, t,J 5.8, H3 or H11), 3.65 (2H, s br, H5 or H13), 3.@H(d,J 7.4, H5 or H13), 2.23
(1H, septJ 6.9, H6 or H14), 2.15-2.03 (3H, m, H6 or H14 andd#2410), 1.94 (2H, quint,
J 6.0, H2 or H10), 1.35 (9H, s, H22-24 or H26-28R0L(9H, s, H22-24 or H26-28), 0.98
(6H, d,J 6.7, H7 and H8 or H15 or H16), 0.93 (6HJd.7, H7 and H8 or H15 or H16)¢
(125 MHz, CDC}) 172.7 (C17 or C19), 170.7 (C 17 or C19), 154.18C 154.3 (C20 or
29), 154.5 (C20 or 29), 151.9 (Ar), 141.8 (Ar), 1B9Ar), 136.2 (Ar), 130.3 (Ar), 127.7
(Ar), 126.0 (Ar), 125.9 (Ar), 120.4 (Ar), 120.0 (Ar115.0 (Ar), 112.3 (Ar), 84.7 (C21 or
C25), 83.8 (C21 or C25), 67.9 (C1 or C9), 66.5 (€19), 59.9 (C3 or C11), 59.6 (C3 or
C11), 55.8 (C5 or C13), 53.3 (C5 or C13), 32.1 (€Z10), 31.9 (C2 or C10), 28.8 (C6 or
C14), 28.6 (C6 or C14), 28.2 (C22-24 or C26-28)93T22-24 or C26-28), 20.7 (C7-8 or
C15-16), 20.6 (C7-8 or C15-16). WRax 3452, 2958, 2873, 1735, 1669, 1335, 1149. HRMS

(ESI) found 811.3747 £gHseN4O13Na" [M+Na]* requires 811.3736.

3-(3-Hydroxypropoxy)-N-((2-(3-hydroxypropoxy)-4-
(isobutylcarbamoyl)phenyl)carbamoyl)-N-isobutyl-4-nitrobenzamide (3)

Following the general procedure fiS¢Boc deprotection, dio26

© EL\I\B)\ (13 mg, 0.016 mmol) was stirred for 45 minutes podfied via
9 11 flash column chromatography (100:3 DCM:MeOH) tolgi¢he
O/\/\OH
21|-||\| titte compound as a yellow oil (3 mg, 5 mmol, 31:%) (500
- J\ MHz, CDCk) 11.48 (1H, s, H21), 8.35 (1H, d,8.4, Ar), 7.93
5
. 3 (1H, d,J 8.3, Ar), 7.51 (1H, dJ 1.7, Ar), 7.25 (2H, s, Ar), 7.12
0" >""OH
NO, 2 (1H, dd,J 8.2; 1.5, Ar), 6.21 (1H, 1] 5.8, H20), 4.33 (2H, 1] 5.9,
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H1 or H9), 4.28 (2H, £ 5.9, H1 or H9), 3.93-3.87 (4H, m, H3 and H11), 3BM, d,J 7.1,
H5), 3.29 (2H, t,) 6.4, H13), 2.17-2.08 (4H, m, H2 and H10), 1.98 (fkint, J 6.8, H6),
1.91 (1H, quint] 6.8, H14), 0.99 (6H, d] 6.7, H15-16), 0.83 (6H, dd,6.6; 1.8, H7-8)dc
(125 MHz, CDC}) 173.0 (C17), 166.9 (C19), 152.1 (C18), 151.2 (A#8.0 (Ar), 141.4
(An), 140.4 (Ar), 130.4 (Ar), 130.3 (Ar), 126.2 (Ar118.9 (Ar), 118.7 (Ar), 118.5 (Ar),
113.3 (Ar), 111.7 (Ar), 68.6 (C1 or C9), 66.2 (CL@9), 59.8 (C3 or C11), 59.5 (C3 or
C11), 54.1 (C5), 47.4 (C13), 31.9 (C2 or C10), T2 or C10), 28.7 (C6 or C14), 28.6
(C6 or C14), 20.1 (C7-8 or C15-16), 19.9 (C7-8 d5€16). IRvmax 3343, 2960, 2873,
1711, 1714, 1607, 1588 1525. HRMS (ESI) found 63902 GeHaN4OsNa" [M+Na]*

requires 611.2687.

3-Bromopropylamine-N,N-dicarboxylate (27)
o v According to the procedure of Duttoet al?® di-tert-butyl
13
1 3 1g<
Br/\Z/\NJLJl\O iminodicarboxylate (969 mg, 4.46 mmol, 1.0 eq) wiasolved
5

11

90 in DMF (20 mL) and THF (20 mL). Sodium hydride (18%,

8 ! 4.57 mmol as 60 % dispersion in oil, 1.0 eq) wadeddand the

mixture heated to 65 °C. To the solution was add8elibromo propane (2 mL, 19.7 mmol,
4.0 eq) and the mixture heated for 3 hours. Aftesliag to room temperature, water (30
mL) and ether (30 mL) were added. The solution washed with water (2 x 30 mL) and
organic layer separated, washed with brine (20 ndied (MgSQ), concentrated, and
purified via flash column chromatography (20:1 petrol:etheryid the title compound
(0.925 g, 2.73 mmol, 61 %) as a colourless &il:(400 MHz, CDC}) 3.70 (2H, t,J 7.1,
H3), 3.38 (2H, t,) 6.6, H1), 2.12 (2H, quint] 6.8, H2), 1.49 (18H, s, H7-9 and H11-1&).

(100 MHz, CDC}) 152.4 (C4 and C5), 82.5 (C6 and C10), 45.2 (33)] (C1), 30.5 (C2),
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28.1 (C7-9 and C11-13). IRmax 2980, 1790, 1697, 1394, 1367, 1134. Spectroscopic

measurements agree with literature vafifes.

(3-Bromopropoxy)(tert-butyl)dimethylsilane (28)

7 5 According to the procedure of Trapeba al?® 3-bromo-propanol
3 4isli~o/l\2/3\3r (2 mL, 11.44 mmol, 1.0 eq) was added to a stirmddti®n of tert-
butyl dimethychloro silane (2.24 g, 14.9 mmol, &@ and imidazole (2.34 g, 34.3 mmol,
3.0 eq) in THF (20 mL). The mixture was stirred 8 hours before NiCI (40 mL) and
ether (40 mL) were added. The mixture was extragigll ether (2 x 40 mL) and the
organic layers combined, dried (MggQ filtered, and purifiedvia flash column
chromatography (9:1 petrol:ethyl acetate) to yidlel title compound (1.26 g, 5.0 mmol, 44
%) as a colourless oiby (400 MHz, CDCY) 3.74 (2H, tJ 5.7, H1), 3.53 (2H, t] 6.5, H3),
2.04 (2H, quintJ 6.0, H2), 0.91 (9H, s, H7-9), 0.08 (6H, s, H4-&).(100 MHz, CDC})
60.4 (C1), 35.5 (C3), 30.7 (C2), 25.9 (C7-9), 1&V), -5.4 (C4-5). IRmax 2930, 1257,

1103, 836, 777. Spectroscopic measurements agigetiterature value$’

3-(Bis(tert-butoxycarbonyl)amino)propoxy)(tert-butyl)dimethylsilane (29)
. Di-tert-butyl iminodicarboxylate (215 mg, 0.99 mmol,
5 17
8>\Q L1 3 JCJ)\ 1§<19 1.25 eq) was dissolved in DMF (5 mL) and THF (5
07, O NONTO g

4 2 11

O O
14 13

heated to 65 °C. Protected alcoB8l(200 mg, 0.79 mmol, 1.0 eq) was added to the isolut

mL). Sodium hydride (40 mg, 0.99 mmol as 60 %

dispersion in oil, 1.25 eq) was added and the maxtu

and the mixture heated for 4 hours. After coolingdom temperature, water (20 mL) and
ether (20 mL) were added. The solution was washiéd water (2 x 30 mL) and organic

layer separated, washed with brine (20 mL), drdMd30y), concentrated, and purifiada
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flash column chromatography (12:1 petrol:etheryitsdd the title compound (183 mg, 0.47
mmol, 59 %) as a colourless ail; (400 MHz, CDC}) 3.67-3.61 (4H, m, H1 and H3), 1.80
(2H, quint,d 7.2, H2), 1.51 (18H, s, H13-15 and H17-19), 0.94,(8, H7-9), 0.05 (6H, s,
H4-5). 5c (100 MHz, CDCJ) 152.5 (C10 and C11), 82.0 (C12 and C16), 61.1),(¢4.1
(C3), 32.4 (C2), 28.1 (C13-15 and C17-19), 25.9-85;718.3 (C6), -5.4 (C4-5). IRmax
2931, 1748, 1699, 1393, 1160. HRMS (ESI) found 2495 GoH3NOsSiNa [M+Na]"

requires 412.2490.

tert-Butyl (3-((tert-butoxycarbonyl)oxy)propyl)carbamate (30)
1 5 Protected alchohoR9 (100 mg, 0. 26 mmol, 1.0
13 O O 7
%J\ /1\/3\ IS §< equiv) was added to a solution of tetra-
11 90 5 N 4°0O 8
14 butylammonium fluoride (1.0 M solution in THF, 0.28
mL, 0.28 mmol, 1.1 equiv) in THF (1 mL). The sobriwas stirred overnight, after which
time it was concentrated and purifiech flash column chromatograpy (4:1 petrol: ethyl
acetate) to yield the title compound (91 mg, 0.3Bah 25 %) as a yellow oiléy (400
MHz, CDCk) 4.73 (1H, s br, H14), 4.12 (2H, 1,6.2, H1), 3.20 (2H, dJ 5.9, H3), 1.84
(2H, quint,J 6.4, H2), 1.48 (9H, s, H6-8 or H11-13), 1.43 (9HHS&-8 or H11-13)dc (100
MHz, CDCk) 155.9 (C4 or C9), 153.6 (C4 or C9), 82.1 (C5 @py; 79.2 (C5 or C10), 64.4
(C1), 37.2 (C3), 29.7 (C2), 28.3 (C6-8 or C11-1Aj,7 (C6-8 or C11-13). IRmax 3371,
2943, 2853, 1743, 1519, 1368, 1280. HRMS (ESI) ow98.1631 @GH,sNOsNa"

[M+Na]" requires 298.1625.

3-(3-Bromopropoxy)-4-nitrobenzoic acid (32)

O._OH Adapting the procedure of Boget al?’ 3-fluoro-4-nitrobenzoic
4

acid6 (1.00 g, 5.4 mmol, 1.0 eq) was dissolved in THE 1fA.) and

1 3
o/\z/\ Br
NO, 113



cooled to 0 °C. Sodium hydride (670 mg, 16.7 mrAdl,eq) was added in portions and the
mixture stirred for 5 minutes before 3-bromo-1-m@opl (1.5 g, 10.8 mmol, 2 eq) was
added over 3 hours by syringe pump. The reaction than warmed to room temperature
and stirred overnight, before being diluted wittOBt (100 mL). HCI (1M, 60 mL) was
added, and the mixture was washed with HCI (0.2MmL x 3). The organic layer was
collected, dried (MgS%), filtered, and concentrated, and the productfigarivia flash
column chromatography (3:2 Pet:EtOAc + 1 % AcOHYitld the title compound as a pale
yellow solid (1.44 g, 4.7 mmol, 87 %): MP 124-12¢.(400 MHz, MeOD) 7.87-7.82 (2H,
m, Ar), 7.72 (1H, dd)) 8.3; 1.6, Ar), 4.32 (2H, t) 5.7, H1), 3.66 (2H, t) 6.4, H3), 2.35
(2H, quint,J 6.1, H2).5c (100 MHz, MeOD) 166.5 (C4), 151.6 (Ar), 136.0 (AtB2.3 (Ar),
125.0 (Ar), 121.8 (Ar), 115.7 (Ar), 67.4 (C1), 32@2), 29.2 (C3). IRvmax 2960, 2886,
2605, 1726, 1688, 1525, 1304, 1251, 743. HRMS (HS8Und 301.9677, 303.9659

C10H9BrNOs™ [M-H] requires 301.9670, 303.9650.

3-(3-(Bistert-butoxycarbonyl)amino)propoxy-4-nitrobenzoic acid @1)

O. OH Di-tert-butyl iminodicarboxylate (633 mg, 2.92 mmol, 1.1

14
7 eq) was added to a solution of sodium hydride (7 &

O 9
o/l\/g\NJé\o% mmol, 1.1 eq) in DMF (10 mL) and the mixture heated
13 65 °C. Alkyl bromide acidB2 was dissolved in THF (10
mL) and sodium hydride (72 mg, 3 mmol as a 60 %
dispersion in oil, 1.1 eq) added. This solution vetisred for 5 minutes then addeth
syringe to the heated solution containing théedi-butyl iminodicarboxylate. The mixture
was stirred overnight at 65 °C before being allowedcool to room temperature. The
mixture was diluted with EtOAc, washed with HCIZ0, 10mL x 3), and the organic

layer dried (NaSQy), filtered, concentrated, and purifigdh flash column chromatography
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(3:2 EtOAc:petrol + 1 % AcOH) to yield the titleropound as a viscous yellow oil (1.08 g,
2.45 mmol, 92 %)sy (400 MHz, MeOD) 7.87-7.80 (2H, m, Ar), 7.71 (1HJt7.7, Ar),
4.25 (2H, tJ 5.8, H1), 3.81 (2H, ] 6.9, H3), 2.11 (2H, quin 6.2, H2), 1.48 (18H, s, H7-

9, H11-13).5c (100 MHz, MeOD) 166.6 (C14), 153.0 (Ar), 151.7 (&4d C5), 143.0 (Ar),
135.8 (Ar), 125.0 (Ar), 121.7 (Ar), 115.5 (Ar), 8(C6 and C10), 67.8 (C1), 43.9 (C3),
28.7 (C2), 27.3 (C7-9, C11-13). hbax 3300, 2980, 1785, 1704, 1493, 1367, 1254, 1099.

HRMS (ESI) found 439.170346H,:N-0¢" [M-H] requires 439.1722.

3.14.9. General Procedure Il for Amidation

DIPEA (2.5 eq) was added dropwise to a solutiora afarboxylic acid (1.0 eq) in DCM.
Mukaiyama’s reagent (2-chloro-1-methylpyridiniumdide, 1.2 eq) was added to the
mixture and the reaction heated to 40 °C for 30uteia Amine (1.1 eq) was then added and
the reaction stirred for 20 hours at 40 °C. Theitsmh was diluted with NECI (10 mL/100
mg) and DCM (10 mL/100 mg) and extracted with DC3Wx(10 mL/100 mg). The organic
layers were combined, dried (0y), filtered, and purified via flash column
chromatography.
3-(3-(Bistert-butoxycarbonyl)amino)propoxy- N-isobutyl-4-nitrobenzamide (33)

1H9 18 Following the general procedure Il for amidationBdc

N6 . .
© 14 ¢ 17 acid 31 (960 mg, 2.18 mmol) was coupled with isobutyl

7
13 ] ﬂ<9 amine (207 mg, 2.83 mmol, 1.3 eq) and purified (3:2
0" ™g
NO, 2 o 4O petrol:ether) to yield the title compound as a palg729
13

119< . mg, 1.47 mmol, 67 %)3 (400 MHz, CDC}) 7.82 (1H, d,
J8.3, Ar), 7.56 (1H, dJ 1.4, Ar), 7.29 (1H, ddJ 8.3; 1.5, Ar), 6.44 (1H, 1] 5.3, H19), 4.20
(2H, t,J 6.1, H1), 3.79 (2H, tJ 7.1, H3), 3.28 (2H, tJ 6.7, H15), 2.11 (2H, quint] 6.3,
H2), 1.91 (1H, sept] 6.7, H16), 1.47 (18H, s, H7-9 and H11-13), 0.9,(6, J 6.7, H17
and H18). 5c (100 MHz, CDCY) 165.5 (C14), 152.5 (C4 and C5), 152.3 (Ar), 1418,
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140.0 (Ar), 125.6 (Ar), 117.8 (Ar), 114.0 (Ar), 82(C6 and C10), 67.8 (C1), 47.6 (C15),
43.6 (C3), 28.6 (C2), 28.5 (C16), 28.0 (C7-9, CB);20.1 (C17 and C18). [Rnax 3337,
3084, 2963, 1772, 1645, 1528, 1366, 1110. HRMS )(ESind 518.2473 GHaNsOsNa'

[M+Na]" requires 518.2473.

tert-Butyl(3-(3-azidopropoxy)-4-(3-(3-(3-(bistert-butoxycarbonyl)amino)propoxy)-4-

nitrobenzoyl)-3-isobutylureido)benzoyl)(isobutyl)cabamate (34)

20 31 - Following the general procedure for benzoylurea
\(L/ze formation, amide33 (521 mg, 1.05 mmol) was reacted
! \)\ with isocyanatel7 (429 mg, 1.03 mmol) and purified
2420 ’s (1:1 petrol:ether) to yield the title compound as a
8/17\/\ N3 viscous orange oil (835 mg, 0.89 mmol, 86 %) (500
33H e J\ MHz, CDCk) 11.61 (1H, s, H33), 8.37 (1H, d,8.3,
14 g

o 7 , AN 7.91(1H,dJ83, An,7.21-7.14 (3H, m, Ar), 7.11
o/l\/g\N)sLoQ<8 (1H, dd,J 8.2; 1.4, Ar), 4.18 (4H, 1] 5.8, H1 and H20),
10 3.82 (2H, t,J 6.9, H3), 3.69-3.62 (6H, m, H15, H22,
H24), 2.20-2.06 (5H, m, H2, H21, and H16 or H25),
1.98 (1H, sept) 6.8, H16 or H25), 1.49 (18H, s, H7-9 and H11-11326 (9H, s, H30-32),
0.97 (6H, dJ 6.8, H17 and H18 or H26 and H27), 0.82 (6HJ 8,7, H17 and H18 or H26
and H27).5c (125 MHz, CDC}) 173.2 (C14 or C23), 172.7 (C14 or C23), 154.29C1
152.6 (C4 and C5 or C28), 152.5 (C4 and C5 or CP82,4 (Ar), 151.1 (Ar), 147.3 (Ar),
141.1 (Ar), 140.7 (Ar), 132.8 (Ar), 130.4 (Ar), 185(Ar), 121.2 (Ar), 118.6 (Ar), 113.3
(Ar), 110.4 (Ar), 82.7 (C29), 82.5 (C6 and C10),168C1 or C20), 65.4 (C1 or C20), 54.1
(C15 or C24), 53.0 (C15 or C24), 48.0 (C22), 4&8)( 28.7 (C16 or C25), 28.6 (C2 and

C21), 28.3 (C16 or C25), 28.0 (C7-9 and C11-13)53T30-32), 20.2 (C17 and C18 or
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C26 and C27), 19.9 (C17 and C18 or C26 and C27)nHr3223, 2964, 2099, 1716, 1531,
1367, 1333, 1148, 1039. HRMS (ESI) found 935.447H6ENsO13Na” [M+Na]” requires

935.4485.

tert-Butyl(4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)amino)propoxy)benzoyl)-3-
isobutylureido)-3-(3-aminopropoxy)benzoyl)(isobuty)carbamate (35)

Following the general procedure for catalytic

30 32
\‘O/ze hydrogenation, benzoylurea4 (181 mg, 0.19 mmol)
! J\ was hydrogenated to yield the title compound aana t

“ o 2 oil (162 mg, 0.19 mmolguan), which was used for

8/17\/\'\”"2 subsequent reactions without further purificatidh:
1YJ\ (500 MHz, CDC}) 11.43 (1H, s, H35), 8.35 (1H, d,
14 15 18

o 1 , 84 A0 7.187.10 (2H, m, Ar), 7.01 (1H,&8.0, Ar),

o/l\/s\Nisj\od<8 6.95 (1H, s, Ar), 6.64 (1H, d,8.0, Ar), 4.31 (1H, s br,

33 %13 H33), 4.14 (2H, 1 6.0, H20), 4.06 (2H, t) 5.7, H1),

3.83 (2H, t,J 6.5, H3), 3.78 (2H, dJ 8.0, H15 or 24),
3.61 (2H, d,J 7.3, H15 or 24), 2.95 (2H, §,6.8, H22), 2.15-1.92 (6H, m, H2, H16, H21,

H25), 1.47 (18H, s H7-9 and H11-13), 1.21 (9H, 80¥32), 0.95 (6H, dJ 6.7, H17 and

H18 or H26 and H27), 0.77 (6H, d,6.6, H17 and H18 or H26 and H23} (125 MHz,
CDCly) 176.0 (C14 or C23), 173.5 (C14 or C23), 154.89)C153.1 (C4 and C5 or C28),
153.2 (C4 and C5 or C28), 147.9 (Ar), 146.0 (AROT (Ar), 132.5 (Ar), 131.8 (Ar), 124.7
(Ar), 123.0 (Ar), 121.6 (Ar), 118.7 (Ar), 113.7 (Arl11.5 (Ar), 111.0 (Ar), 83.1 (C29 or
C6 and C10), 82.5 (C29 or C6 and C10), 67.3 (C@6)3 (C1), 55.6 (C15 or C24), 53.4
(C15 or C24), 44.3 (C3), 39.5 (C22), 33.3 (C21)832), 29.0 (C16 or 25), 28.8 (C16 or

C25), 28.5 (C7-9 and C11-13), 28.0 (C30-32), 2€I7(and C18 or C26 and C27), 20.4
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(C17 and C18 or C26 and C27).bRax 3371, 2962, 1729, 1529, 1368, 1233, 1125. HRMS

(ESI) found 857.5023 GHsoNeO11" [M+H] " requires 857.5019.

3.14.10. General Procedure for Protected Guanidino Group Formation

N,N-di-Boc-1H-pyrazole-1-carboxamidine (1.2 eq) was added tolatisn of a primary
amine (1 eq) in DCM. The reaction was stirred forhburs before water (10 mL/100 mg)
and DCM (10 mL/100 mg) were added. The mixture wagacted with DCM (2 x 10

mL/100 mg), dried (MgS9), filtered, and purifiedvia flash column chromatography.

tert-Butyl(4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)amino)propoxy)benzoyl)-3-
isobutylureido)-3-(3-((2,2,10,10-tetramethyl-4,8-aix0-3,9-dioxa-5,7-diazaundecan-6-
yl)amino)propoxy)benzoyl)(isobutyl)carbamate (36)

31 Method 1: N,N-diBoc-1H-pyrazole-1-carboxamidine

30 32
\(Lg (65 mg, 0.21 mmol, 1.1 equiv) was added to a stirre
26

@)

2 38 solution of amin&35 (162 mg, 0.19 mmol, 1.0 eq) in
23 o4 27 O 3j<39
N%J(s\o DCM (3 mL). The reaction was stirred overnight,

40
20 22 |
O/\ZI/\H 35 N4|1_2| o before water (10 mL) and DCM (10 mL) were added.
N
33H 19 017 34070 44 . _
16 9< The mixture was washed with DCM (3 x 10 mL),
14 5 18 45 46

o 7 . dried (MgSQ) and purified via flash column

o/l\/g\NJé\o% chromatography (3:2 petrol:ether) to yield theetitl
47 07 O 13 compound as a viscous, cloudy oil (90 mg, 0.082
mmol, 44 %).
Method 2: N,N-diBoc-1H-pyrazole-1-carboxamidine (171 mg, 0.55 mmol, 1 and
palladium on activated carbon (210 mg, 5 % Pd bganaere added to a stirred solution of
benzoylure&85 (420 mg, 0.46 mmol, 1.0 eq) in EtOAc (20 mL). T8wution was flushed
three times with hydrogen gas then allowed towstatler an atmosphere of hydrogen for 69
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hours. The solution was filtered through Celite®hwEtOAc (200 mL), concentrated, and
purified via flash column chromatography (1:1 ether:petrol)itddythe title compound as a
white foam (442 mg, 0.40 mmol, 87 %).

du (500 MHz, CDC}) 11.48 (1H, s, H33 or H41), 11.43 (1H, s, H33 @} 8.46 (1H, tJ
5.2, H34), 8.37 (1H, d] 8.8, Ar), 7.17-7.13 (2H, m, Ar), 7.05 (1H, dii8.2; 1.6, Ar), 6.94
(1H, d,J 1.6, Ar), 6.66 (1H, dJ 8.2, Ar), 4.31 (2H, s br, H47), 4.11 (2HJ16.2, H20), 4.07
(2H, 1,3 5.8, H1), 3.83 (2H, 1J 6.8, H3), 3.78 (2H, d] 7.2, H15), 3.70 (2H, qt] 6.4, H22),
3.62 (2H, d,J 7.4, H24), 2.19 (2H, quinf] 6.5, H21), 2.15-2.06 (3H, m, H2 and H25), 1.97
(1H, septJ 6.8, H16), 1.49 (9H, s, H30-23, or H38-40, or H4);4..48 (18H, s, H7-9 and
H11-13), 1.46 (9H, s, H30-32, or H38-40, or H44;46P1 (9H, s, H30-32, or H38-40, or
H44-46), 0.95 (6H, dJ 6.8, H26-27), 0.78 (6H, d 6.7, H17-H18)5c (125 MHz, CDC))
175.5 (C23), 173.0 (C14), 163.5 (C35), 156.3 (CBE €42), 154.3 (C19), 153.1 (C28),
152.6 (C4 and C5), 147.3 (Ar), 145.5 (Ar), 140.3)(A.35.7 (Ar), 132.1 (Ar), 131.3 (Ar),
122.7 (Ar), 121.3 (Ar), 118.1 (Ar), 113.3 (Ar), 111(Ar), 110.5 (Ar), 83.0 (C6 and C10 or
C29 or C37 and C43), 82.6 (C6 and C10 or C29 or &8C43), 82.4 (C4 C6 and C10 or
C29 or C37 and C43), 66.3 (C20), 66.2 (C1), 5515)C53.0 (C24), 43.8 (C3), 37.6 (C22),
29.3 (C2), 28.8 (C21), 28.7 (C25), 28.5 (C16), 2&830-32 or C38-40 or C44-46), 28.3
(C30-32 or C38-40 or C44-46), 28.0 (C7-9 and C1)1-23.5 (C30-32 or C38-40 or C44-
46), 20.2 (C26-27), 19.9 (C17-18). hbax 3366, 2963, 1724, 1639, 1619, 1368, 1330,

1133. HRMS (ESI) found 1099.628%:8s/NgO15  [M+H] " requires 1099.6285.

3-(2-amino-5-(((2-(3-((amino(iminio)methyl)amino)piopoxy)-4-

(isobutylcarbamoyl)phenyl) carbamoyl)(isobutyl)cartamoyl)phenoxy)propan-1-

aminiume2 TFA (1)
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Following the general procedure fbkboc deprotection,

24 15
H
O_N 14 protected benzoylurez6 (79 mg, 0.081 mmol) was stirred
19 13 16

NH-TFA for 1 hour in TFA to yield a brown oil (81 mg). Ansll

amount was purified via semi-preparative HPLC (35 %

HN
25
\)\ MeCN to 95 % MeCN over 40 minutes) to yield théetit
17 ¢
compound (18 mg, 0.03 mmol) as a pale yellow &il:
1 3
O/\z/\NHZ-TFA (500 MHz, MeOD) 8.32 (1H, d] 8.4, Ar), 7.52 (1H, dJ
NH,

1.5, Ar), 7.50 (1H, dd} 8.2; 1.8, Ar), 7.13 (1H, dd] 8.0;
1.4, Ar), 7.10 (1H, dJ 1.5, Ar), 6.86 (1H, dJ 8.1, Ar), 4.24 (2H, tJ 5.4, H9), 4.19 (2H, t,
J 5.5, H1), 3.85 (2H, dJ 7.2, H5), 3.58 (2H, tJ 7.1, H11), 3.26-3.19 (4H, m, H3 and
H13), 2.26-2.15 (4H, m, H2 and H10), 1.92.010-1(24, m, H6 and H14), 0.99 (6H, d,
6.7, H 15-16), 0.83 (6H, d} 6.7, H7-8).5c (125 MHz, MeOD) 176.6 (C17), 168.6 (C19),
161.0 (g,d 36, RCCO,), 157.7 (C20), 153.0 (C18), 148.0 (Ar), 145.8 (ATH1.2 (Ar),
131.0 (Ar), 129.9 (Ar), 124.0 (Ar), 123.3 (Ar), 120(Ar), 119.0 (Ar), 114.1 (Ar), 111.4
(Ar), 110.3 (Ar), 65.8 (C1 and C9), 55.2 (C5), 41G13), 38.5 (C11), 37.5 (C3), 28.8
(C10), 28.7 (C6 and C14), 27.4 (C2), 19.6 (C15-16)2 (C7-8). IRomax 3360, 3191, 2962,
1673, 1631, 1527, 1193, 1137. HRMS (ESI) found 38688 GgH47NgOs' [M+H] " requires

599.3664.

tert-Butyl 3-(3-azidopropoxy)-4-nitrobenzoate (44)
8 Carboxylic acid7 (1.4 g, 5.26 mmol, 1.0 eq) was dissolved in DCM

0.0 -°
j4 \<5/ (30 mL) and cooled to 0 °C and DMAP (96 mg, 0.79ahr.15

1 3 eq), tertbutanol (2mL, 21 mmol, 4.0 eq), and\,N-
O/\Z/\N3 Q) ( q)
NO, dicyclohexylcarbodiimide (1.25 g, 6 mmol, 1.15 emgre added.

The mixture was warmed to room temperature ancedtifor 68 hours before 10 % NaOH
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(100 mL) and DCM (100 mL) were added. The orgaaiet was washed with water (2 x
100 mL) and brine (1 x 100 mL), then dried (Mg¥$@nd purifiedvia flash column
chromatography (10:1 petrol:.ether) to yield thketdtompound as a yellow solid (952 mg,
2.95 mmol, 56 %): MP 74-75y (400 MHz, CDCJ) 7.78 (1H, d,) 8.36, Ar), 7.67 (1H, dJ
1.3, Ar), 7.60 (1H, ddJ 8.3; 1.5, Ar), 4.23 (2H, 1 5.8, H1), 3.65 (1H, t) 6.5, H3), 2.07
(2H, quint,J 6.1, H2), 1.58 (9H, s, H 6-8)c (100 MHz, CDC}) 163.6 (C4), 151.5 (Ar),
142.0 (Ar), 136.9 (Ar), 125.2 (Ar), 121.4 (Ar), 1B5Ar), 82.5 (C5), 66.1 (C1), 47.7 (C3),
28.4 (C2), 28.0 (C6-8). IRmax 3113, 3079, 2986, 2086, 1719, 1611, 1521, 124M8BR

(ESI) found 345.1163 gH1sN4OsNa" [M+Na]" requires 345.1169.

3-(3-Azidopropoxy)-N-isopropyl-4-nitrobenzamide (45)

Following the general procedure | for amidatioridazenzoic acid
o . W5/ 7 (470 mg, 1.77 mmol, 1 eq) was coupled to isopr@mgine (125
7 5 mg, 2.12 mol, 1.3 eq) and purified (1:1 ether:petmyield the title

NO, O/\z/\N3 compound as a yellow oil (294 mg, 0.96 mmol, 54 %):(400

MHz, CDCk) 7.82 (1H, dJ 7.6, Ar), 7.57 (1H, dJ 1.8, Ar), 7.27 (1H, ddJ 8.3; 1.5, Ar),
6.18 (1H, d,J 7.1, H4), 4.30-4.19 (3H, m, H1 and H5), 3.56 (2H] 5.1, H3), 2.08 (2H,
quint, J 6.1, H2), 1.26 (6H, dJ 6.6, H6-7).5c (100 MHz, CDC}) 164.6 (C4), 152.1 (Ar),
141.1 (Ar), 140.3 (Ar), 125.7 (Ar), 117.9 (Ar), LD4Ar), 66.2 (C1), 47.7 (C3), 42.5 (C5),
28.4 (C2), 22.7(C7-8). IRmax 3295, 3078, 2973, 2097, 1638, 1587, 1286. HRMS)(ES

found 330.1162 GH1/NsO4Na’ [M+Na]" requires 330.1173.

3-(3-Azidopropoxy)-N-methyl-4-nitrobenzamide (46)
Following the general procedure | for amidationgazenzoic acid (1.08 g, 4.83 mmol,

1.0 eq) was coupled to methyl amine (2M in THF,36rtol, 1.5 eq) and purified (2 %
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IE-Sl MeOH in DCM) to yield the title compound as a vigsarange oil
O«_N
4 s (2.09 g, 4.64 mmol, 96 %), (400 MHz, CDC}) 8.08 (1H, dJ 8.1,
1 3 Ar), 7.59 (1H, dJ 1.3, Ar), 7.28 (1H, dd) 8.3; 1.3, Ar), 6.41 (1H,
o N,
NO, br s, H6), 4.25 (2H, 5.8, H1), 3.57 (2H, t) 6.3, H3), 3.03 (3H, d,

J 4.5, H5), 2.09 (2H, quint] 6.1, H2).5¢c (100 MHz, CDC4) 163.2 (C4), 152.1 (Ar), 141.2
(Ar), 139.7 (Ar), 125.8 (Ar), 117.9 (Ar), 114.0 (Ar66.2 (C1), 47.7 (C3), 48.0 (C6), 28.4
(C5), 27.1 (C2). IRumax 3315, 3087, 2945, 2100, 1650, 1524, 1255. HRMS)(ESind

302.0855 GH13Ns04Na" [M+Na]” requires 302.0860.

3-(3-Azidopropoxy)-N-(cyclopropylmethyl)-4-nitrobenzamide (47)

9 7 Following the general procedure | for amidatioridazenzoic acid
A
O 4N : 8 7 (800 mg, 3.0 mmol) was coupled to cyclopropylmétagnine

13 (0.31 mL, 3.60 mmol) and purified (1:1 ether:pétr yield the

oS | -
NO, titte compound as an orange oil (775 mg, 2.43 mBbbb):oy (400

MHz, CDCk) 7.74 (1H, d,) 8.3, Ar), 7.53 (1H, s, Ar), 7.33 (1H, d8.4, Ar), 7.09 (1H, t)
5.3, H9), 4.14 (2H, t) 5.8, H1), 3.48 (2H, t) 6.4, H3), 3.22 (2H, dd] 6.7, 5.9, H5), 1.99
(2H, quint,J 6.1, H2), 1.04-0.94 (1H, m, H6), 0.47 (2H, dd13.2; 5.2, H7-8). 0.19 (2H,
dd,J 10.3; 4.9, H7-8)dc (100 MHz, CDC4) 165.5 (C4), 151.9 (Ar), 140.9 (Ar), 140.1 (Ar),
125.5 (Ar), 118.4 (Ar), 113.8 (Ar), 66.2 (C1), 47@3), 45.2 (C5), 28.3 (C2), 10.6 (C6),
3.5 (C7-8). IRumax 3307, 2970, 2098, 1739, 1523, 1352, 1230"chRMS (ESI) found

342.1162 G4H;17NsO4Na’ [M+Na]" requires 342.1173.
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tert-Butyl (3-(3-azidopropoxy)-4-nitrobenzoyl)(isopropy)carbamate (48)

0 11 " Following the general procedure for the Boc protecof amides,
0 \(L{ the azide45 (424 mg, 1.41 mmol, 1 eq) was stirred for 5 dayd a
0] jl\l/%s/ 6 purified (1:1 ether:petrol) to yield the title cooynd as a yellow oil
7 (150 mg, 0.37 mmol, 26 %y (100 MHz, CDC}) 7.81 (1H, d,J

1 3
To, O"™""N3 g3 An), 7.23 (1H, dJ 1.4, Ar), 7.09 (1H, ddJ 8.3; 1.5, Ar), 4.68
(1H, sept,) 6.9, H5), 4.18 (2H, t) 5.8, H1), 3.54 (2H, tJ 6.4, H3), 2.05 (2H, quint 6.1,
H2), 1.39 (6H, dJ 6.9, H6 and H7), 1.19 (9H, s, H10-12); (100 MHz, CDC}) 171.0
(C4), 152.8 (C8), 152.0 (Ar), 143.8 (Ar), 140.7 YAL25.4 (Ar), 118.8 (Ar), 113.3 (Ar),
84.7 (C9), 66.2 (C1), 49.0 (C5), 47.6 (C3), 28.2)(@8.1 (C10-C12), 20.3 (C6 and C7). IR
vmax 2075, 2098, 1732, 1675, 1238, 1120. HRMS (ESIN@430.1684 GH,sNsONa"

[M+Na]" requires 430.1697.

tert-Butyl (3-(3-azidopropoxy)-4-nitrobenzoyl)(methyl)arbamate (49)

o 9 i Following the general procedure for the Boc protecof amides,
0 \CL? the azide46 (1.09 g, 3.90 mmol) was stirred for 3 days andfpmdi
6
O T\l/\ (5:2 petrol:ether) to yield the title compound ageHow oil (1.07 g,
4 5

., 285mmol, 73 %), (400 MHz, CDCY) 7.83 (1H, d.) 83, Ar)
To, O™ ""N3 7.17 (1H, dJ 1.3, Ar), 7.07 (IH, dd] 8.3; 1.5, Ar), 4.18 (2H, 1)
5.8, H1), 3.55 (2H, tJ 6.4, H3), 3.28 (3H, s, H5), 2.06 (1H, sepb.1, H2), 1.23 (9H, s,
H8-10). 5 (100 MHz, CDCH) 171.1 (C4), 152.8 (C6), 151.9 (Ar), 143.3 (Ar4014 (Ar),
125.3 (Ar), 118.9 (Ar), 113.2 (Ar), 84.1 (C7), 66Q1), 47.7 (C3), 32.4 (C5), 28.4 (C2),
27.5 (C8-C10). IRomax 2979, 2100, 1735, 1673, 1301, 1145. HRMS (ESIneba02.1368

CieH21NsOgNa' [M+Na]" requires 402.1384.

123



tert-Butyl (3-(3-azidopropoxy)-4-nitrobenzoyl)(cyclopr@ylmethyl)carbamate (50)

13 Following the general procedure for the Boc pratecbf amides,
11 12
\(Lﬁ the azide47 (881 mg, 2.43 mmol) was stirred for 5 days and
7
e T\]/g\/ESAS purified (5:1 petrol:ether) to yield the title commd as a viscous
4 5

yellow oil (881 mg, 2.10 mmol, 86 %4 (400 MHz, CDCY) 7.79

0/1\2/3\N3 (1H, d,J 8.3, Ar), 7.18 (1H, s, Ar), 7.05 (1H, 4,8.3, Ar), 4.16

ne: (2H, t,J 5.8, H1), 3.62 (2H, dJ 7.2, H5), 3.50 (2H, t] 6.4, H3),

2.02 (2H, quintJ 6.0, H2), 1.21-1.09 (1H, m, H6), 1.19 (9H, s, HI3); 0.45 (2H, dd)
12.6; 5.7, H7-8), 0.30 (2H, dd,10.2; 4.9, H7-8)6c (100 MHz, CDC}) 171.0 (C4), 153.0
(C9), 151.9 (Ar), 143.6 (Ar), 140.4 (Ar), 125.3 (A18.7 (Ar), 113.2 (Ar), 83.7 (C10),

66.2 (C1), 50.0 (C5), 47.6 (C3), 28.3 (C2). 27.41a3), 10.55 (C6), 3.52 (C7-8). WRyax

2979, 2881, 2098, 1732, 1672, 1524, 1344. HRMS)(Efind 442.1679, GH2sNsOsNa"

[M+Na]" requires 442.1697.

tert-Butyl 4-amino-3-(3-azidopropoxy)benzoate (51)

8 Following the general procedure for nitro reductidime aromatic
o0l °©
4 \{5/ nitro compoun4 (952 mg, 2.95 mmol) was reduced and purified
7
1 3 (3:2 petrol:ether) to yield the title compound ascéorless oil (560
O/\Z/\ N

NH, mg, 1.92 mmol, 65 %) (250 MHz, CDCY) 7.48 (1H, ddJ 8.1;
1.7,9Ar), 7.40 (1H, dJ 1.7, Ar), 6.62 (1H, dJ 8.2, Ar), 4.24 (2H, br s, H9), 4.08 (2H,X,
6.0, H1), 3.46 (2H, tJ 6.6, H3), 2.04 (2H, quint] 6.3, H2), 1.55 (9H, s, H6-8)c (62.5
MHz, CDCE) 166.6 (C4), 145.4 (Ar), 141.4 (Ar), 124.5 (Arg1L7 (Ar), 113.7 (Ar), 112.6
(Ar), 80.6 (C5), 65.3 (C1), 48.8 (C3), 29.0 (C2R.2 (C6-8). IRumax 3488, 3369, 2976,
2932, 2098, 1691, 1617, 1297. HRMS (ESI) found B4B5 GsHoN4O:Na* [M+Na]*

requires 315.1428.
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(4-amino-3-(3-azidopropoxy)benzoyl)(isopropyl)carbeate (52)

11 Following the general procedure for nitro reductiamide48 (232
10 12
o \CL{ mg, 0.57 mmol) was reduced and purified (3:2 pe¢8tto yield the
o 7\785 6 titte compound as a yellow oil (116 mg, 0.30 mn&d, %): 6y (400
2 j/

7 MHz, CDCk) 7.10 (1H, s, Ar), 7.06 (1H, dd, 8.1, 1.7, Ar), 6.59
0/1\2/3\ N; (1H, d,J 8.1, Ar), 4.51 (1H, sepd 6.8, H5), 4.07 (2H, 1 6.6, H1),

N;'z 3.47 (2H, t,J 6.6, H3), 2.04 (2H, quint] 6.3, H2), 2.00 (2H, br s,
H13), 1.35 (6H, d,J 6.8, H6-7), 1.18 (9H, s, H10-12)c (100 MHz, CDC}) 173.5 (C4),

153.8 (C8), 145.1 (Ar), 140.6 (Ar), 127.4 (Ar), 123Ar), 112.9 (Ar), 111.4 (Ar), 81.8
(C9), 65.1 (C1), 49.0 (C5), 48.3 (C3), 28.6 (C2),62(C10-12), 20.6 (C6-7). |Bnax 3372,
2974, 2880, 2097, 1716, 1663, 1244. HRMS (ESI) 6oui0.1946, GHyNsO,Na'

[M+Na]" requires 400.1955.

tert-Butyl (4-amino-3-(3-azidopropoxy)benzoyl)(methyl)arbamate (53)

Following the general procedure for nitro reductiamide49 (462

8 10
o \(L{ mg, 1.22 mmol) was reduced and purified (3:2 effetrol) to yield
0 7\16 the title compound as a tan oil (392 mg, 1.12 mréal%):oy (400
~
4 75

MHz, CDCk) 7.06-7.00 (2H, m, Ar), 6.59 (1H, d,8.0, Ar), 4.51

1 3
o/\z/\N3 (1H, septJ 6.8, H5), 4.16 (2H, br s, H11), 4.06 (2HJ16.0, H1),
NH, .,

3.46 (2H, t,J 6.6, H3), 3.21 (3H, s, H5), 2.04 (2H, quid6.3, H2),
1.22 (9H, s, H8-10)5c (100 MHz, CDC}) 173.5 (C4), 154.1 (C6), 145.0 (Ar), 140.4 (Ar),
126.2 (Ar), 123.2 (Ar), 112.9 (Ar), 111.6 (Ar), 82(C7), 65.2 (C1), 48.3 (C3), 33.0 (C5),
28.6 (C2), 27.6 (C8-10). IRmay 3483, 3370, 2977, 2097, 1717, 1614, 1138. HRMS)(ES

found 372.1627, GH23NsOsNa" [M+Na]* requires 372.1642.
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tert-Butyl (4-amino-3-(3-azidopropoxy)benzoyl)(cycloprpylmethyl)carbamate (54)

" 13 1 Following the general procedure for nitro reductiaride50 (881

Oﬁjﬁ ., mg, 2.10 mmol) was reduced and purified (1:1 pedtbér) to yield
96
O N\/Ag the title compound as an orange oil (742 mg, 1.e90m91 %):dy
4 5
L s (400 MHz, CDC}) 7.10 (1H, s, Ar), 7.06 (1H, dd, 8.0, 1.7, Ar),
e
NH O 2 N3 6.62 (1H, ddJ 8.0, 3.7, Ar), 4.21 (2H, br s, H14), 4.09 (2H] 6.0,
2

14 H1), 3.61 (2H, dJ 7.1, H5), 3.48 (2H, t) 6.6, H3), 2.06 (2H, quint,

J 6.3, H2), 1.27-1.21 (10H, m, H6 and H11-13), 028, dd,J 13.9; 4.5, H7-8), 0.30 (2H,
dd,J 10.4; 4.8, H7-8)5c (100 MHz, CDCY) 173.5 (C4), 154.4 (C9), 145.1 (Ar), 140.3 (Ar),
126.8 (Ar), 122.9 (Ar), 111.4 (Ar), 82.1 (C10), 65C1), 50.5 (C5), 48.3 (C3), 28.6 (C2),
27.6 (C11-13), 10.9 (C6), 3.6 (C7-8). 1Rax 3372, 2977, 2935, 2097, 1718, 1660, 1615,

1136. HRMS (ESI) found 412.1942,48,;NsO,Na" [M+Na]" requires 412.1955.

tert-Butyl 3-(3-azidopropoxy)-4-isocyanatobenzoate (55)

6 Following the general procedure for the formatidnismcyanates,
o0l '
4 \N{ reaction with azide51 (946 mg, 3.23 mmol) afforded the title
8
1 3 compound as a tan oil (1.07 g, qua@at):(300 MHz, CDC§) 7.56-
Nec. 7.46 (2H, m, Ar), 6.97 (1H, d] 7.4, Ar), 4.19 (2H, tJ 6.0, H1),
9 ~O

3.56 (2H, tJ 6.6, H3), 2.11 (2H, quint] 6.3, H2), 1.57 (9H, s, H6-8)¢c (75 MHz, CDC})
164.9 (C4), 152.2 (Ar), 131.4 (Ar), 130.0 (Ar), 127C9), 123.1 (Ar), 122.8 (Ar), 111.8
(Ar), 81.4 (C5), 65.6 (C1), 47.8 (C3), 28.5 (C2B.2 (C6-8). IRumax 2978, 2935, 2240,

2097, 1708, 1292, 1159.
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tert-Butyl (3-(3-azidopropoxy)-4-isocyanatobenzoyl)(igmropyl)carbamate (56)

10 11 » Following the general procedure for the formatainsocyanates,
o 09 reaction with azide52 (100 mg, 0.27 mmol) afforded the title
o) 7\785 6 compound as an off-white oil (108 mg, 0.27 mmokm) Jy (300
g 1/1 . MHz, CDCL) 7.09-6.90 (3H, m, Ar), 4.58 (1H, sept9.2, H5), 4.11
f 0/\2/\ N3 (2H,1,J7.7, H1), 3.51 (2H, 1] 8.7, H3), 2.06 (2H, quin 8.1, H2),
1;C°O 1.34 (6H, dJ 9.1, H6-7), 1.13 (9H, s, H10-12) (75 MHz, CDCH})

171.5 (C4), 152.4 (C8), 151.4 (Ar), 135.4 (Ar), 1BQC13), 125.8 (Ar), 122.0 (Ar), 119.7
(Ar), 109.6 (Ar), 81.9 (C9), 64.6 (C1), 48.1 (CBE.8 (C3), 27.5 (C2), 26.6 (C10-12), 19.5

(C6-7). IRvmax 2975, 2935, 2883, 2243, 2098, 1730, 1671.

tert-Butyl (3-(3-azidopropoxy)-4-isocyanatobenzoyl)(métyl)carbamate (57)

9 Following the general procedure for the formatidnismcyanates,
08 07 B reaction with azide53 (350 mg, 1.00 mmol) afforded the title
0 T\F\ compound as an off-white oil (375 mg, 1.00 mmolkfu): oy (300
0 MHz, CDCk) 6.99-6.90 (3H, m, Ar), 4.10 (2H, §,7.7, H1), 3.50
0/1\2/3\N3 (2H, t,J 8.7, H3), 3.20 (3H, s, H5), 2.05 (2H, quidtg.2, H2), 1.17
ll\ZIL\\C‘\O (9H, s, H8-10)5¢ (75 MHz, CDC4) 171.5 (C4), 152.5 (C6), 151.2

(Ar), 134.5 (Ar), 130.0 (C11), 125.5 (Ar), 121.9r§JA119.8 (Ar), 109.6 (Ar), 82.2 (C7),
64.7 (C1), 46.8 (C3), 31.7 (C5), 27.5 (C2), 26.8D). IRvmax 2979, 2886, 2241, 2097,

1731, 1668, 1295, 1144.
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tert-Butyl (3-(3-azidopropoxy)-4-isocyanatobenzoyl)(cyopropylmethyl)carbamate

13 (58)
11 12
o \J)ﬁ Following the general procedure for the formatidnismcyanates,
;
0 T\l/g\/ﬁﬁs reaction with azide54 (318 mg, 0.817 mmol) afforded the title
4 5
compound as a yellow oil (328 mg, 0.78 mmol, 97 %):(500
13
O/\Z/\ N; MHz, CDCk) 7.10 (1H, dJ 1.6, Ar), 7.04 (1H, ddJ) 7.9, 1.9, Ar),
N,
14C°O 6.97 (1H, dJ 8.2, Ar), 4.16 (2H, tJ 7.0, H1), 3.64 (2H, dJ 7.1,

H5), 3.54 (2H, tJ 6.3, H3), 2.10 (2H, quint] 6.3, H2), 1.27-1.21 (10H, m, H6 and H11-
13), 0.47 (2H, ddJ 13.9; 4.5, H7-8), 0.33 (2H, dd,10.4; 4.8, H7-8)dc (125 MHz, CDCY)

172.5 (C4), 153.8 (C9), 135.9 (Ar), 131.0 (Ar), 126C14), 123.0 (Ar), 120.6 (Ar), 110.6
(Ar), 83.0 (C10), 65.6 (C1), 50.4 (C5), 47.8 (C33,5 (C2), 27.5 (C11-13), 10.8 (C6), 3.6

(C7-8). IRvmax2978, 2242, 2098, 1730, 1670, 1358, 1146.

3-(3-(Bistert-butoxycarbonyl)amino)propoxy- N-isopropyl-4-nitrobenzamide (59)

18 Following the general procedure Il for amidatiorBdc
H 16
S 1!1\1\15( acid 31 (1.05 g, 2.38 mmol) was coupled with isopropy!
17 1 3 J(J)\ J<9 amine (183 mg, 3.09 mmol, 1.3 eq) and purified (1:1
O NS0T N : , _
NO, 2 )\4 petrol:ether) to yield the title compound as a gwllolil
0" O 13
. %12 (428 mg, 0.89 mmol, 37 %} (400 MHz, CDCY) 7.81

(1H, d,J 7.8, Ar), 7.54 (1H, dJ 1.3, Ar), 7.27 (1H, ddJ 8.4; 1.3, Ar), 6.08 (1H, d] 7.6,
H18), 4.31-4.22 (1H, m, H15), 4.19 (2H,3t6.1, H1), 3.79 (2H, t) 6.9, H3), 2.12 (2H,
quint, J 6.3, H2), 1.47 (18H, s, H7-9 and H11-13), 1.27 ,(6HJ 6.6, H16 and H17)c
(100 MHz, CDC}) 164.6 (C14), 152.5 (C4 and C5), 152.3 (Ar), 14¢A8), 140.1 (Ar),

125.6 (Ar), 117.7 (Ar), 114.0 (Ar), 82.5 (C6 and@}167.8 (C1), 43.6 (C3), 42.4 (C15),
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28.6 (C2), 28.0 (C7-9, C11-13), 22.3 (C16 and CIR bmay 3336, 2977, 1775, 1642, 1528,

1366, 1111. HRMS (ESI) found 504.2313/35N30sNa’ [M+Na]” requires 504.2316.

3-(3-(Bistert-butoxycarbonyl)amino)propoxy- N-methyl-4-nitrobenzamide (60)

16 Following the general procedure Il for amidationBdc
H
O 12'\15 acid 31 (1.20 g, 2.72 mmol) was coupled with methyl

7

j)\ g<9 amine (2 M in THF, 3.53 mmol, 1.3 eq) and purifiddl

OMN g . _

NO, )5 petrol:ether) to yield the title compound as a pa#ow
O 13

solid (748 mg, 1.65 mmol, 61 %): MP 135-138. (400
1 12

MHz, MeOD) 7.87 (1H, dJ 8.4, Ar), 7.67 (1H, dJ 1.8, Ar), 7.48 (1H, dd) 8.4; 1.6, Ar),
4.27 (2H, t,J 5.7, H1), 3.83 (2H, tJ 7.0, H3), 2.95 (3H, s, H15), 2.12 (2H, quidts.3,
H2), 1.48 (18H, s, H7-9 and H11-13) (100 MHz, MeOD) 167.4 (C14), 152.9 (C4 and
C5), 152.0 (Ar), 142.0 (Ar), 139.6 (Ar), 125.3 (A019.0 (Ar), 113.7 (Ar), 82.8 (C6 and
C10), 67.7 (C1), 44.0 (C3), 28.7 (C2), 28.0 (CTG21-13), 26.1 (C15). IRmax 3385, 2977,
1766, 1657, 1521, 1368, 1112. HRMS (ESI) found 2062 GiHsNsOsNa™ [M+Na]*

requires 476.2003.

3-(3-(Bistert-butoxycarbonyl)amino)propoxy- N-cyclopropylmethyl-4-nitrobenzamide

19 17 (61)
H 16
O 1!1\1 18 Following the general procedure Il for amidationrBdc
15

7
L 3 J(J)\ d<9 acid 31 (300 mg, 0.68 mmol) was coupled with
@)

O "N
o 2 %\45 8 cyclopropylmethylamine (63 mg, 0.89 mmol) and padf
2 O” "0 13
9< (3:2 ether:petrol) to yield the title compound agediow
11 12

oil (233 mg, 0.47 mmol, 69 %y (400 MHz, CDC4) 7.84 (1H, dJ 8.3, Ar), 7.58 (1H, s,

Ar), 7.33 (1H, d,J 8.4, Ar), 6.29 (1H, s, H19), 4.21 (2H,X6.0, H1), 3.80 (2H, tJ 7.0,
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H3), 3.32 (2H, tJ 6.3, H15), 2.13 (2H, quint 6.4, H2), 1.50 (18H s, H7-9 and H11-13),
1.07 (1H, quint] 3.8, H16), 0.57 (2H, dd] 13.6; 4.8, H17-18), 0.29 (2H, dd,10.5; 5.0,
H7-8).Jc (100 MHz, CDCY) 165.3 (C14), 152.5 (C4 and C5), 152.3 (Ar), 1480, 139.9
(An), 125.6 (Ar), 117.9 (Ar), 114.0 (Ar), 82.5 (Gfhd C10), 67.8 (C1), 45.3 (C15), 43.6
(C3), 28.6 (C2), 28.0 (C7-9 and C11-13), 10.6 (CB5§ (C17-18). IRvmax 3337, 2980,
1772, 1692, 1527, 1366. HRMS (ESI) found 516.23g81&N-0.Na’ [M+Na]* requires

516.2316.

3-(3-(Bistert-butoxycarbonyl)amino)propoxy-tert-butyl- N-isobutyl-4-nitrobenzamide

” 23 ’s (62)
0 \(Lz/‘iY Following the general procedure for the Boc pratecof
o) 11\119 16 . amides, di-Boc amid&3 (760 mg, 1.53 mmol) was stirred
15 o j)\ d7<9 for 3 days and purified (4:1 petrol:ether) to yidhe title
Lo, O/\z/\ N45 O ™5 compound as a pale yellow oil (610 mg, 1.02 mmal, 6
© yoo<13 %): oy (400 MHz, CDCY) 7.76 (1H, d,J 8.3, Ar), 7.13
11 12

(1H, d,J 1.8, Ar), 7.00 (1H, ddJ 8.3; 1.5, Ar), 4.09 (2H,
t, J 6.1, H1), 3.72 (2H, tJ 7.3, H3), 3.57 (2H, dJ 7.3, H15), 2.10-1.95 (3H, m, H2 and
H16), 1.41 (18H, s, H7-9 and H11-13), 1.18 (9H{21-23), 0.88 (6H, dJ 8.0, H17-18)dc
(100 MHz, CDC4) 170.9 (C14), 153.2 (Ar), 152.4 (C4-5 or C19), 158C4-5 or C19),
143.4 (Ar), 140.5 (Ar), 125.2 (Ar), 118.4 (Ar), 123(Ar), 83.7 (C20), 82.5 (C6 or C10),
82.5 (C6 or C10), 67.8 (C1), 52.5 (C15), 43.5 (CZB6 (C2), 28.1 (C16), 28.0 (C7-9 and
C11-13), 27.4 (C21-23), 20.1 (C17 and C18)v}R, 2978, 2935, 1758, 1735, 1589, 1394,

1146. HRMS (ESI) found 618.2999484sNs0:0Na’ [M+Na]" requires 618.2997.
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3-(3-(Bistert-butoxycarbonyl)amino)propoxy-tert-butyl- N-isobutyl-4-aminobenzamide

23 (63)

21 22
\Nz/o Palladium on activated carbon (55 mg, 5 % by mass
O _0O17
o Nli)@ palladium) was added to a stirred solution of thecB

14 18

o o ! protected amidé&2 (547 mg, 0.918 mmol) in EtOH (15

9
1 3 Q<

o/\z/\NJé\o g ML). The solution was flushed three times with fog#m
NH, % '
24 9< 13 gas then allowed to stir under an atmosphere ofdggh

11 12

for 16 hours. The solution was filtered through @&
with DCM (50 mL), concentrated, and purifieda flash column chromatography (2:1
petrol:ether) to yield the title compound as a deks oil (466 mg, 0.82 mmol, 90 %)
(400 MHz, CDC}) 7.05 (1H, dJ 1.8, Ar), 7.05 (1H, ddJ 8.3; 1.5, Ar), 6.58 (1H, d] 8.1,
Ar), 4.22 (2H, br s, H24), 4.02 (2H,15.9, H1), 3.77 (2H, t) 7.1, H3), 3.54 (2H, d] 7.3,
H15), 2.10-1.96 (3H, m, H2 and H16), 1.44 (18HH%;9 and H11-13), 1.18 (9H, s, H21-
23), 0.88 (6H, dJ) 6.8, H17-18)5¢c (100 MHz, CDC}) 173.2 (C14), 154.6 (C4-5 or C19),
152.6 (C4-5 or C19), 145.4 (Ar),140.5 (Ar), 126At)( 122.8 (Ar), 112.7 (Ar), 111.2 (Ar),
82.4 (C6 and C10), 81.9 (C20), 66.0 (C1), 53.0 {C23.8 (C3), 28.8 (C2), 28.4 (C16),
28.0 (C7-9, C11-13), 27.6 (C21-23), 20.2 (C17 and)CIRvmax 3486, 3374, 2976, 1719,
1617, 1334, 1121. HRMS (ESI) found 588.3253sHz/NsOgNa’ [M+Na]" requires

588.3255.

3-(3-(Bistert-butoxycarbonyl)amino)propoxy-tert-butyl- N-isobutyl-4-
isocyanatobenzamide (64)

Following the general procedure for the formatidrisocyanates, reaction with amig8
(443 mg, 0.783 mmol) afforded the title compoundaasn oil (461 mg, quantyy (500

MHz, CDCk) 7.05 (1H, dJ 1.3, Ar), 6.99 (1H, dd] 8.1; 1.4, Ar), 6.92 (1H, d] 8.1, Ar),
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23 4.07 (2H, tJ 6.2, H1), 3.78 (2H, 1) 6.7, H3), 3.57 (2H, d,
017 J 7.3, H15), 2.11 (2H, quing 6.5, H2), 2.04 (1H, sepd,
Oy N~ 6.8, H16), 1.43 (18H, s, H7-9 and H11-13), 1.17 ,(8H
L s JOL Q<9 H21-23), 0.90 (6H, dJ 6.8, H17-18).5c (125 MHz,

2 a4 8 CDCl) 172.2 (C14), 154.0 (Ar), 152.6 (C4-5 or C19),
240 . %12 152.5 (C4-5 or C19),135.7 (Ar), 131.0 (Ar), 126G24),
122.8 (Ar), 120.4 (Ar), 110.6 (Ar), 82.9 (C6 and(}182.4 (C20), 67.0 (C1), 52.8 (C15),
43.2 (C3), 28.8 (C2), 28.3 (C16), 28.0 (C7-9, CB);R7.5 (C21-23), 20.2 (C17 and C18).

IR vmax 2977, 2243, 1786, 1713, 1422, 1121.

N,N-Di-tert-butyl 3-(3-azidopropoxy)-4-(3-(3-(3-({ert-

butoxycarbonyl)amino)propoxy)-4-nitrobenzoyl)-3-isgropylureido)benzoate (65)

%0 31 2 Following the general procedure for benzoylurea
o \CN? formation, amide59 (134 mg, 0.28 mmol, 1.0 eq) was
O \\INE\%/ 25 reacted with isocyanafg6 (110 mg, 0.31 mmol, 1.1 eq)
> 26 o and purified (1:1 petrol:ether) to yield the tidempound
! 8/\21/\'\'3 as a yellow oil (117 mg, 0.13 mmol, 48 %); (400
19(H)' 15,\/',/15 16 MHz, CDCk) 11.27 (1H, s, H19), 8.32 (1H, d8.8, Ar),
g ]7/ o 1 78 (1H, dJ 8.2, Ar), 7.27-7.10 (4H, m, Ar), 4.63 (1H,
e O/l\Z/E)\NJsLOd<8 sept,J 6.8, H24), 4.19-4.07 (5H, m, H1, H20, and H15),
7i

4
O 90< 13 3.80 (2H, tJ 6.9, H22), 3.61 (2H, 1] 6.6, H3), 2.16-2.06
(4H, m, H2 and H21), 1.53 (6H, d,6.7, H16-17), 1.47
(18H, s, H7-9 and H11-13), 1.40 (6H, #7.0, H25-26), 1.20 (9H, s, H29-31¢ (100
MHz, CDCE) 172.9 (C14 or C23), 172.7 (C14 or C23), 153.6)(A52.5 (C4-5), 152.5

(C27), 151.0 (Ar), 147.2 (C18), 141.9 (Ar), 1404) 133.5 (Ar), 130.6 (Ar), 126.1 (Ar),
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121.4 (Ar), 118.6 (Ar), 117.1 (Ar), 112.0 (Ar), 1LBO(Ar), 82.5 (C6, C10, and C28), 68.0
(C1), 65.5 (C20), 53.4 (C15), 49.1 (C24), 48.0 (G23.5 (C3), 28.6 (C21), 28.6 (C2), 28.0
(C7-9 and C11-13), 27.6 (C29-31), 21.0 (C16-17)52825-26). IRumax 2976, 2934, 2098,
1784, 1716, 1666, 1605, 1589. HRMS (ESI) found 8066 GaHesoNgONa' [M+Na]*

requires 907.4172.

N,N-Di-tert-butyl (3-(3-azidopropoxy)-4-(3-(3-(3-(tert-butoxycarbonyl)amino)

propoxy)-4-nitrobenzoyl)-3-methylureido)benzoyl)(méehyl)carbamate (66)

27 Following the general procedure for benzoylurea
25 26
o \(Lﬁ formation, amides0 (365 mg, 0.81 mmol, 1.0 eq) was
o) \\1’\15\3 reacted with isocyanate/ (330 mg, 0.89 mmol, 1.1 eq)
21 22
and purified (3:1 ether:petrol) to vyield the title
18 20
O/\:I.Q/\ N3 compound as an off-white solid (601 mg, 0.73 mmol,
N__O
172 131; 90 %): MP 56-575y (400 MHz, CDC}) 11.79 (1H, s,
~N
14 15
o 7 H17), 8.37 (1H, dJ 8.2, Ar), 7.91 (1H, dJ 8.2, Ar),
9
1 3 6
O/\Z/\NJEJJ\OJ< 8 7.27-7.16 (4H, m, Ar), 4.21-4.17 (4H, m, H1 and |18
NO, 0
w18 3.81 (2H, t,J 6.9, H3), 3.66 (2H, tJ 6.7, H20), 3.30
11 12

(3H, s, H15 or H22), 3.26 (3H, s, H15 or H22), 2.19
2.15 (4H, m, H2 and H19), 1.49 (18H, s, H7-9 and18), 1.24 (9H, s, H25-27)c (100
MHz, CDCk) 173.0 (C14 or C21), 172.5 (C14 or C21), 153.7)(A52.5 (C4-5), 152.5
(C23), 151.4 (Ar), 147.2 (C16), 140.9 (Ar), 140AF) 132.7 (Ar), 130.3 (Ar), 126.0 (Ar),
121.5 (Ar), 118.6 (Ar), 118.0 (Ar), 112.9 (Ar), 1U0(Ar), 83.0 (C24), 82.5 (C6 and C10),
68.0 (C1), 65.4 (C18), 48.0 (C20), 43.5 (C3), 3&45 or C22), 32.8 (C15 or C22), 28.7

(C19), 28.6 (C2), 28.0 (C7-9 and C11-13), 27.6 (@25 IR vmax 3458, 2971, 2098, 1739,
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, , : oun : gHe2NgO13Na +Na]” requires
1429, 1229, 1216. HRMS (ESI) found 851.351%Hs:NgO:1sNa’ [M+Na]* [

851.3546.

tert-Butyl(3-(3-azidopropoxy)-4-(3-(3-(3-(bistert-butoxycarbonyl)amino)propoxy)-4-

nitrobenzoyl)-3-(cyclopropylmethyl)ureido)benzoyl)cyclopropylmethyl)carbamate

31
30 \i/ 32 (67)
o 029 " Following the general procedure for benzoylurea
ze
O 23[)\1\?A 57 formation, amide51 (354 mg, 0.72 mmol, 1.0 eq) was
24
reacted with isocyanat8 (328 mg, 0.79 mmol, 1.1 eq)
20 22
057 N; and purified (1:1 ether:petrol) to vyield the title
33 H'l\iBfO N
o. N ¢ s compound as a white foam (507 mg, 0.56 mmol, 78 %):

o 7 , on(400 MHz, CDC)) 11.73 (1H, s, H33), 8.36 (1H, d,
0/1\/3\N J5Log<8 J 8.8, Ar), 7.90 (1H, dJ 8.2, Ar), 7.20-7.14 (3H, m,
%13 Ar), 7.10 (1H, dd) 8.2; 1.4, Ar), 4.17 (4H, 11 5.7, H1
and H20), 3.80 (2H, tJ 6.9, H3), 3.70 (2H, dJ 6.8,
H15), 3.68-3.62 (4H, m, H22 and H24), 2.19-2.09,(#HH2 and H21), 1.47 (18H, s, H7-9
and H11-13), 1.27-1.23 (11H, m, H16, H25, H30-32$3-0.43 (4H, m, H17-18 and H26-
27), 0.35 (2H, dd) 10.3; 4.8, H17-18 or H26-27), 0.14 (2H, dd10.4; 4.7, H17-18 or
H26-27). 5c (100 MHz, CDCY) 172.9 (C14 or C23), 172.8 (C14 or C23), 154.09C1
152.5 (C4 and C5 or C28), 152.4 (C4 and C5 or CP8),3 (Ar), 147.3 (Ar), 141.2 (Ar),
140.6 (Ar), 133.0 (Ar), 130.4 (Ar), 126.0 (Ar), 131(Ar), 118.7 (Ar), 118.1 (Ar), 112.8
(Ar), 110.3 (Ar), 82.7 (C29), 82.5 (C6 and C10),(8C1), 65.4 (C20), 51.1 (C15), 50.4
(C24), 48.0 (C22), 43.4 (C3), 28.7 (C2), 28.6 (GZB.0 (C7-9 and C11-13), 27.6 (C30-

32), 11.3 (C16), 10.8 (C25), 4.3 (C17-18), 3.6 (@28. IR vmax 3219, 2979, 2099, 17186,
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, , : oun : iHgoNgO13Na +Na]” requires
1532, 1314, 1122. HRMS (ESI) found 931.413QHgoNsO:1sNa” [M+Na]”* [

931.4172.

N,N-Di-tert-butyl-3-(3-azidopropoxy)-4-(3-(3-(3-(fert-

butoxycarbonyl)amino)propoxy)-4-nitrobenzoyl)-3-isdutylureido)benzoate (68)

25 Following the general procedure for benzoylurea
! o\k%
23 |24 formation, amide33 (255 mg, 0.51 mmol, 1.0 eq) was
27
O/zo\/ziN reacted with isocyanatgb (175 mg, 0.55 mmol, 1.1 eq)
21 3
s H 5O and purified (3:1 petrolether) to yield the title
O N\)&
14 15 18 compound as a white foam (380 mg, 0.47 mmol, 91 %):

d<9 54 (500 MHz, CDCY) 11.66 (1H, s, H28), 8.37 (1H, d,
NO, ’ o)éo i J 8.5, Ar), 7.88 (1H, dJ 8.2, Ar), 7.63 (1H, dd) 8.5;
1 12 1.5, Ar), 7.51 (1H, dJ 1.9 Ar), 7.26 (1H, s, Ar), 7.15
(1H, d,J 1.2, Ar), 7.09 (1H, ddJ 8.2; 1.4, Ar), 4.22-4.14 (4H, m, H1 and H20), 3(8H, t,
J 6.9, H3), 3.68-3.61 (4H, m, H15 and H22), 2.19-2(86, m, H2 and H21), 1.96 (1H,
sept,J 6.8, H16), 1.58 (9H, s, H25-27), 1.47 (18H, s, Hdnd H11-13), 0.80 (6H, d,6.7,
H17-18).6c (100Hz, CDCY) 173.2 (C14), 165.4 (C23), 152.5 (C19), 152.4 B)4151.1
(Ar), 147.1 (Ar), 141.2 (Ar), 140.7 (Ar), 132.5 (Ar127.2 (Ar), 125.9 (Ar), 123.2 (Ar),
118.8 (Ar), 118.6 (Ar), 113.3 (Ar), 111.4 (Ar), 82(C6 and C10), 81.0 (C24), 68.0 (C1 or
C20), 65.3 (C1 or C20), 54.1 (C15), 48.0 (C22)54&3), 28.8 (C2 or C21), 28.6 (C2 or
C21), 28.6 (C16), 28.2 (C25-27), 28.0 (C7-9 and -C3), 19.9 (C17-18). IRmax 3222,
2974, 2098, 1784, 1529, 1367, 1106. HRMS (ESI) 6bo@86.3791 GHssN7OpNa'

[M+Na]" requires 836.3801.
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tert-Butyl(3-(3-azidopropoxy)-4-(3-(3-(3-(bistert-butoxycarbonyl)amino)propoxy)-4-

nitrobenzoyl)-3-methylureido)benzoyl)(isobutyl)cartamate (69)

28 30 2 Following the general procedure for benzoylurea
0 \(LZ/; formation, amides0 (154 mg, 0.34 mmol, 1.0 eq) was
26
T\I/ 23 reacted with isocyanaté7 (149 mg, 0.36 mmol, 1.05
eq) and purified (1:1 petrol:ether) to yield thdleti
18 20
\ 8/\19/\’\'3 compound as an off white oil (200 mg, 0.23 mmol,
-
Yo N 64 %): 5n (400 MHz, CDCY) 11.78 (1H, s, H17), 8.36
14 15

o 7 o (1H, d,J 8.9, Ar), 7.91 (1H, dJ 8.2, Ar), 7.21-7.15
o/l\/S\NJsJ,\og<8 (3H, m, Ar), 7.12 (1H, ddJ 8.2; 1.4, Ar), 4.22-4.14
10 (4H, m, H1 and H18), 3.80 (2H, 1,6.9, H3 or H20),
3.69-3.60 (4H, m, H22 and H3 or H20), 3.26 (3H, s,
H15), 2.20-2.06 (5H, m, H2, H19, and H23), 1.48H18, H7-9 and H11-13), 1.23 (9H, s,
H28-30), 0.96 (6H, dJ 6.7, H24-25)5c (100 MHz, CDCJ) 172.8 (C14 or C21), 172.5
(C14 or C21), 154.2 (C4-5 or C26), 152.5 (C4-5 @6); 152.5 (C16), 151.4 (Ar), 147.3
(Ar), 140.9 (Ar), 140.8 (Ar), 132.9 (Ar), 130.3 (Ar126.0 (Ar), 121.2 (Ar), 118.5 (Ar),
118.0 (Ar), 112.9 (Ar), 110.3 (Ar), 83.7 (C27), BAC6 and C10), 68.0 (C1 or C18), 65.3
(C1 or C18), 52.9 (C22), 48.0 (C3 or C20), 43.5 (€¥20), 35.5 (C15), 28.7 (C2 or C19),
28.5 (C2 or C19), 28.3 (C23), 28.0 (C7-9 and C1}-23.5 (C28-30), 20.2 (C24-25). IR
Vmax 3220, 2976, 2099, 1784, 1716, 1534, 1367, 13380.1HRMS (ESI) found 893.4003

C41H58N8013Na+ [M+Na]+ requires 893.4016.
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tert-Butyl (4-(3-(3-(3-azidopropoxy)-4-nitrobenzoyl)-3isobutylureido)-3-(3-(bistert-

butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl)cartamate (70)

o 33 " Following the general procedure for benzoylurea
\(L/.z? formation, amide9 (265 mg, 0.83 mmol, 1.05 eq) was
9
\)\ reacted with isocyana@t (463 mg, 0.78 mmol, 1.0 eq)
24 ¢

o ' o and purified (2:1 petrol:ether) to yield the title
13 JJ\ §<
O/\/\N15 18 compound as a yellow foam (609 mg, 0.67 mmol, 81
OH \fJ\ 2op 2 %): dy (400 MHz, CDCY) 11.33 (1H, s, H10), 8.31 (1H,
d,J 8.3, Ar), 7.89 (1H, dJ 8.2, Ar), 7.19 (1H, dJ 1.2,

1 3
O N, Ar), 7.17-7.11 (2H, m, Ar), 4.21 (2H, 8 5.8, H1 or

NG H11), 4.09 (2H, tJ 6.3, H1 or H11), 3.83 (2H, § 6.7,
H3 or H13), 3.67-3.55 (6H, m, H3 or H13 and H5 &®b), 2.22-2.04 (5H, m, H2, H12,
and H6 or H26), 1.98 (1H, sept6.8, H6 or H26), 1.43 (18H, s, H17-19 and H21-2332
(9H, s, H31-33), 0.94 (6H, d,6.8, H7-8 or H27-28), 0.83 (6H, d,6.7, H7-8 or H27-28).
dc (100 MHz, CDC}) 172.7 (C4 or C24), 172.5 (C4 or C24), 154.2 (@5der C29), 152.7
(C14-15 or C29), 152.1 (C9), 151.4 (Ar), 147.5 (At#1.5 (Ar), 140.6 (Ar), 132.9 (Ar),
130.4 (Ar), 126.0 (Ar), 121.1 (Ar), 118.9 (Ar), 188(Ar), 113.3 (Ar), 110.5 (Ar), 82.7
(C30), 82.4 (C16 and C20), 66.6 (C1 or C11), 664 ¢r C11), 54.0 (C5 or C25), 53.0 (C5
or C25), 47.6 (C3 or C13), 43.2 (C3 or C13), 2&8 pr C26), 28.6 (C6 or C26), 28.4 (C2
or C12), 28.3 (C2 or C12), 28.0 (C17-19 and C21-23)6 (C31-33), 20.2 (C7-8 or C27-
28), 19.9 (C7-8 or C27-28). IBmax 3223, 2964, 2100, 1715, 1530, 1367, 1335, 1121.

HRMS (ESI) found 935.4509.Hs4NgO13Na’ [M+Na]" requires 935.4485.
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tert-Butyl(4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)amino)propoxy)benzoyl)-3-
(cyclopropylmethyl)ureido)-3-(3-aminopropoxy)benzoy)(cyclopropylmethyl)
carbamate (71)

31 Palladium on activated carbon (200 mg, 10 % Pd by

30 32
\46 mass) was added to a stirred solution of benzogléire
O._O 2
o \\'NESZS , (102 mg, 0.112 mmol) in EtOAc (5 mL). The solution
.
23
24 was flushed three times with hydrogen gas themwaib
20 22
o/\Zl/\ NH; 56 to stir under an atmosphere of hydrogen overnighée
N__O
H- 17 . . . .
33T 19" 46 solution was filtered through Celite® with EtOABQ(
O NP,
15

mL) and the solvent removed vacuoto yield the title
O 9
3
O/l\/\NJEJ)\Od<8 compound as a pale tan oil (95 mg, quant):(300
2 4
NH; >0 13 MHz, CDCh) 11.47 (1H, s, H33), 8.36 (H, d,8.7,

34 10

K ¥ Ar), 7.18-7.10 (2H, m, Ar), 7.01-6.89 (2H, m, A6.62
(1H, d,J 8.0, Ar), 4.30 (2H, s, H34), 4.13 (2H)t5.9, H1 or H20), 4.04 (2H, 8,5.5, H1 or
H20), 3.86-3.77 (4H, m, H3 and H15 or H24), 3.6M,(8,J 7.1, H15 or H24), 2.94 (2H, t,
J 6.3, H22), 2.12-1.96 (4H, m, H2 and H21), 1.86 (BHs, H35), 1.45 (18H, s, H7-9 and
H11-13), 1.24-1.19 (11H, m, H16, H25, H30-32), 66AL (8H, m, H17-18 and H26-27).
dc (75 MHz, CDC}) 175.2 (C14 or C23), 173.3 (C14 or C23), 154.19)C152.8 (C4 and
C5 or C28), 152.7 (C4 and C5 or C28), 147.6 (A®5.5 (Ar), 140.2 (Ar), 132.3 (Ar),
131.4 (Ar), 124.3 (Ar), 122.2 (Ar), 121.2 (Ar), 118(Ar), 113.3 (Ar), 110.9 (Ar), 110.6
(Ar), 82.6 (C29), 82.5 (C6 and C10), 67.0 (C1 010§56.4 (C1 or C20), 52.3 (C15 or
C24), 50.5 (C15 or C24), 43.8 (C3), 39.1 (C22)p3&2 or C21), 28.8 (C2 or C21), 28.1
(C7-9 and C11-13), 27.6 (C30-32), 11.4 (C16), 1C:95), 4.0 (C17-18), 3.6 (C26-27). IR

vmax 3479, 3371, 3201, 2977, 1727, 1702, 1531, 12325.1HRMS (ESI) found 853.4709

C44H65N6011+ [M+H] * requires 853.4706.
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tert-Butyl(4-(3-(4-amino-3-(3-aminopropoxy)benzoyl)-3gobutylureido)-3-(3-(bistert-

butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl)cartamate (72)

33 Palladium on activated carbon (20 mg, 5 % Pd by
31 32
o \‘03/2 mass) was added to a stirred solution of benzogltde
;
29
O T\I/\)Q (96 mg, 0.105 mmol) in EtOAc (5 mL). The solution
24 55 28
17 was flushed three times with hydrogen gas then

18 allowed to stir under an atmosphere of hydrogen

0 QNJ{ 20 overnight. The solution was filtered through Cdlite
4 T 8 22 23 _ _
with EtOAc (50 mL) and the solvent removiedvacuo
13
o/\z/\NH2 - to yield the title compound as a tan foam (83 mg§68
NH,
34 mmol, 92 %):y (300 MHz, CDC}) 11.25 (1H, s,

H10), 8.32 (1H, dJ 8.9, Ar), 7.13-7.07 (2H, m, Ar), 7.02-6.94 (2H, Ar), 6.63 (1H, d,J
7.0, Ar), 4.26 (2H, br s, H34), 4.09-4.01 (4H, n, &hd H11), 3.82 (2H, §,6.6, H13), 3.75
(2H, d,J 7.1, H5 or H25), 3.58 (2H, d,7.3, H5 or H25), 2.89 (2H, §,6.8, H3), 2.17-1.89
(8H, m, H2, H6, H12, H26, and H35), 1.41 (18H, 47H.9 and H21-23), 1.18 (9H, s, H31-
33), 0.91 (6H, dJ 6.7, H7-8 or H27-28), 0.76 (6H, d,6.6, H7-8 or H27-28)sc (75 MHz,
CDCl) 175.3 (C4 or C24), 172.9 (C4 or C24), 154.3 (A%R.7 (C14-15 or C29), 152.6
(C4 C14-15 or C29), 147.4 (Ar), 145.6 (Ar), 1408)( 132.1 (Ar), 131.4 (Ar), 124.4 (Ar),
122.6 (Ar), 121.3 (Ar), 118.2 (Ar), 113.3 (Ar), 161(Ar), 110.6 (Ar), 82.6 (C30), 82.3
(C16 and C20), 66.6 (C1 or C11), 66.5 (C1 or Cb5)]l (C5 or C25), 53.0 (C5 or C25),
43.3 (C13), 39.2 (C3), 33.0 (C2), 29.0 (C12), 2&6 or C26), 28.4 (C6 or C26), 28.0
(C17-19 and C21-23), 27.6 (C31-33), 20.2 (C7-8 @7-28), 20.0 (C7-8 or C27-28). IR
Vmax 3369, 2962, 1730, 1698, 1496, 1317, 1188. HRMS)(#8nd 857.5023 GHsoNeO11"

[M+H] * requires 857.5019.
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tert-Butyl(4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)amino)propoxy)benzoyl)-3-
isobutylureido)-3-(3-(isopropylamino)propoxy)benzoy)(isobutyl)carbamate (73)

a1 Palladium on activated carbon (36 mg, 5 % Pd bysinas

30 32
\~{9 was added to a stirred solution of benzoyludda(36
O 26
j)\ mg, 0.039 mmol) in acetone (2 mL). The solution was
23
24 36 flushed three times with hydrogen gas then alloweed
20 22 J% . '
O/\/\N stir under an atmosphere of hydrogen overnight. The
O 17
37H 1 J\ solution was filtered through Celite® with EtOAB
14 15 mL) and the solvent removed vacuoto yield the title

O/l\/?’\Nj)\ §< ’ compound as a tan oil (34 mg, 0.038 mmol, 96 &4):

NH, %0 s (400 MHz, CDCY) 11.49 (1H, s, H37), 8.36 (1H, d,

1 12 8.3, Ar), 7.15-7.11 (2H, m, Ar), 7.00 (1H, db8.1; 1.7,

Ar), 6.92 (1H, dJ 1.6, Ar), 6.64 (1H, dJ 8.0, Ar), 4.31 (2H, br s, H38), 4.12 (2HJt6.0,

H1 or H20), 4.05 (2H, t) 5.7, H1 or H20), 3.83 (2H, 8,6.7, H3), 3.78 (2H, d] 7.1, H15

or H24), 3.61 (2H, dJ 7.3, H15 or H24), 2.89 (2H, §, 7.3, H22), 2.82 (1H, sepd, 6.4,
H34), 2.15-1.88 (6H, m, H2, H16, H21, H25), 1.48H1 s, H7-9 and H11-13), 1.22 (9H, s,

H30-32), 1.06 (6H, dJ 6.3, H35-36), 0.95 (6H, d, 6.7, H17-18 or H26-27), 0.77 (6H, &,
6.7, H17-18 or H26-27) (100 MHz, CDC}) 175.7 (C14 or C23), 173.1 (C14 or C23),
154.5 (C19), 152.8 (C4 and C5 or C28), 152.7 (Gt @B or C28), 147.6 (Ar), 145.6 (Ar),
140.4 (Ar), 132.2 (Ar), 131.4 (Ar), 124.4 (Ar), 122(Ar), 121.3 (Ar), 118.3 (Ar), 113.4
(An), 111.2 (Ar), 110.6 (Ar), 82.7 (C29), 82.6 (@&d C10), 67.2 (C1 or C20), 66.5 (C1 or
C20), 55.3 (C15 or C24), 53.1 (C15 or C24), 48.94C43.9 (C3), 43.9 (C22), 29.8 (C16
or C25), 28.9 (C16 or C25), 28.7 (C2 or C21), 2&3 or C21), 28.2 (C7-9 and C11-13),

27.7 (C30-32), 22.6 (C35-36), 20.3 (C17-18 or CZ-20.0 (C17-18 or C26-27). BRnax
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3373, 2962, 1728, 1698, 1528, 1325, 1148. HRMS )(ESInd 889.5511 GH7sNgO11"

[M+H] " requires 889.5488.

tert-Butyl(4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)amino)propoxy)benzoyl)-3-
cyclopropylmethylureido)-3-(3-((2,2,10,10-tetrametil-4,8-dioxo-3,9-dioxa-5,7-

diazaundecan-6-yl)amino)propoxy)benzoyl)(cycloproplynethyl)carbamate (74)

31 N,N-diBoc-1H-pyrazole-1-carboxamidine (42 mg,
30 32
\iz/g 0.134 mmol, 1.2 equiv) was added to a stirred
O 26
825 solution of amine/1 (95 mg, 0.112 mmol, 1.0 eq) in
39
23 > Q| 40
Néjs\oj< DCM (3 mL). The reaction was stirred for 70 hours,
38
20 22 ||
O/\Zl/\Hd?NH41 before water (10 mL) and DCM (10 mL) were
0 42
33 1 \/A % E/T\ added. The mixture was washed with DCM (3 x 10
15 “mL), dried (NaSQy) and purifiedvia flash column
1 3 O 6
O/\/\Njé\oks chromatography (1:1 petrol:ether) to yield theetitl
NH 2 s
342 0" O 13 compound as a tan oil (93 mg, 0.085 mmol, 76 %):
10
1 12 Sy (400 MHz, CDC)) 11.47 (1H, br s, H41), 11.44

(1H, s, H33), 8.44 (1H, 1] 5.4, H35), 8.36 (1H, d] 8.3, Ar), 7.18-7.11 (2H, m, Ar), 7.00
(1H, dd,J 8.0; 1.6, Ar), 6.91 (1H, d] 1.6, Ar), 6.63 (1H, dJ 8.0, Ar), 4.47 (2H, s br, H34),

4.08 (2H, t,J 6.1, H20), 4.04 (2H, t) 5.7, H1), 3.86-3.62 (8H, m, H3, H15, H22, H24),
2.17 (2H, quint] 6.3, H2 or H21), 2.08 (2H, quind,6.2, H2 or H21), 1.46 (9H, s, H38-40
or H44-46), 1.45 (18H, s, H7-9 and H11-13), 1.4@dH{1m, H38-40 or H44-46 and H16 or
H25), 1.40 (1H, s, H16 or H25), 1.20 (9H, s, H30;3250-0.30 (8H, m, H17-18 and H26-
27), 0.05 (2H, ddJ 10.3; 4.9, H17-18 or H26-27)c (100 MHz, CDC}) 175.2 (C14 or

C23), 173.3 (C14 or C23), 163.7 (C47), 156.4 (C1%B).1 (C28 or C36 or C42), 153.2

(C28 or C36 or C42), 152.8 (C28 or C36 or C42),.15Z4-5), 147.3 (Ar), 145.5 (Ar),
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140.3 (Ar), 132.3 (Ar), 131.3 (Ar), 124.3 (Ar), 122(Ar), 121.4 (Ar), 118.3 (Ar), 113.4

(An), 110.9 (Ar), 110.5 (Ar), 83.1 (C29 or C37 048), 82.7 (C29 or C37 or C43), 82.5 (C6
and C10), 79.3 (C29 or C37 or C43), 66.4 (C20)3§6.1), 52.4 (C15 or C24), 50.5 (C15
or C24), 43.9 (C3), 37.7 (C22), 28.9 (C21), 28.8)(28.4 (C38-40 or C44-46), 28.1 (C38-
40 or C44-46), 28.1 (C7-9 and C11-13), 27.6 (C3))-32.4 (C16 or C25), 10.6 (C16 or
C25), 4.07 (C17-18 or C26-27), 3.64 (C17-18 or @Z- IR vmax 3340, 2979, 1721, 1683,

1493, 1364, 1334, 1128. HRMS (ESI) found 1117.5C#$1s:,NgO1sNa’ [M+Na]* requires

1117.5792.

tert-Butyl (4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)guanidinopropoxy)benzoyl)-3-
isobutylureido)-3-(3-(bisgert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl)

carbamate (75)

a1 33 - N,N-diBoc-1H-pyrazole-1-carboxamidine (36 mg,
OYO o7 0.116 mmol, 1.2 equiv) was added to a stirred
29
N_ )26 solution of amine72 (83 mg, 0.097 mmol, 1.0 eq)
24 55 28
Lo © e in DCM (3 mL). The reaction was stirred for 91
/\/i JJ\ 1§<
O N 140 18 hours, before water (10 mL) and DCM (10 mL)
O O 21 . .
\)\ were added. The mixture was washed with DCM
23 O 38 _ . -
40 (3 x10 mL), dried (Ng5Qy), filtered, and purified
L3 4y 360/%
O/\Z/\N NH 41 via flash column chromatography (3:2
NH, 3L {42
34 430 46 ether:petrol) to yield the title compound as a
45
44 colorless oil (104 mg, 0.095 mmol, 98 %) (400

MHz, CDCk) 11.52 (1H, s, H41), 11.32 (1H, s, H10), 8.48 (1H,4.8, H35), 8.34 (1H, d,
J8.9, Ar), 7.15-7.09 (2H, m, Ar), 7.03 (1H, dii8.6; 1.9, Ar), 6.96 (1H, d] 1.3, Ar), 6.65

(1H, d,J 8.1, Ar), 4.31 (2H, s br, H34), 4.13-4.03 (4H, n1, &hd H11), 3.84 (2H, § 6.7,

142



H13), 3.77 (2H, dJ 7.1, H5 or H25), 3.70-3.57 (4H, m, H3 and H15 o5H2.21-2.02
(5H, m, H2 and H12 and H6 or H26), 1.96 (1H, sapt8, H6 or H26), 1.48 (9H, s, H38-40
or H44-46), 1.47 (9H, s, H38-40 or H44-46), 1.48H1s, H17-19 and H21-23), 1.20 (9H,
s, H31-33), 0.94 (6H, d 6.7, H7-8 or H27-28), 0.78 (6H, d,6.7, H7-H8 or H27-28)éc
(75 MHz, CDC}) 175.3 (C4 or C24), 173.0 (C4 or C24), 163.6 (C4Bp.3 (C9), 154.4
(C29 or C36 or C42), 153.5 (C29 or C36 or C42),.8%229 or C36 or C42), 152.7 (Cl14-
15), 147.5 (Ar), 145.5 (Ar), 140.4 (Ar), 132.2 (A031.4 (Ar), 124.5 (Ar), 122.9 (Ar),
121.3 (Ar), 118.4 (Ar), 113.6 (Ar), 111.6 (Ar), 1T0(Ar), 83.4 (C30 or C37 or C43), 82.7
(C30 or C37 or C43), 82.4 (C16 and C20), 79.5 (68C37 or C43), 66.7 (C1 and C11),
55.2 (C5 or C25), 53.1 (C5 or C25), 43.4 (C13)73&3), 29.1 (C2 or C12), 28.9 (C2 or
C12), 28.7 (C6 or C26), 28.4 (C6 or C26), 28.4 (@B8r C44-46), 28.2 (C38-40 or C44-
46), 28.1 (C17-19 and C21-23), 27.7 (C31-33), Z0.3-8 or C27-28), 20.0 (C7-8 or C27-
28). IR vmax 3338, 2976, 1721, 1640, 1530, 1325, 1130. HRMS)(Eind 1099.6288

C55H37N8015+ [M+H] * requires 1099.6285.

tert-Butyl (4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)guanidinopropoxy)benzoyl)-3-
methylureido)-3-(3-(bisfert-butoxycarbonyl)amino)propoxy)benzoyl)(methyl)

carbamate (76)

N,N-diBoc-1H-pyrazole-1-carboxamidine (10 mg, 0.031 mmol, 1g3 &d palladium on
activated carbon (20 mg, 5 % Pd by mass) were attdadstirred solution of benzoylurea
66 (20 mg, 0.024 mmol, 1.0 eq) in EtOAc (1.5 mL). 8wution was flushed three times
with hydrogen gas then allowed to stir under anoaghere of hydrogen for 42 hours. The
solution was filtered through Celite® with EtOABO(mL), concentrated, and purifieth
flash column chromatography (3:2 ether:petrol)igddythe title compound as a colorless oll

(17 mg, 0.017 mmol, 70 % (500 MHz, CDC4) 11.83 (1H, s, H17), 11.48 (1H, br s,
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27 H35), 8.51 (1H, tJ 4.9, H28), 8.37 (1H, dJ 8.4,

25\|/26
o 024 Ar), 7.15 (1H, ddJ 8.4; 1.3, Ar), 7.07 (1H, s, Ar),
s
O N o 7.07 (1H, ddJ 8.1; 1.3, Ar), 6.97 (1H, s, Ar), 6.66
21 22 J\ 3ﬂ< 34
5 a0 N2O (1H, d,J 8.1, Ar), 4.13 (2H, tJ 6.0, H18), 4.08 (2H,
N 35
! 8 o NAtNH t, J 5.7, H1), 3.83 (2H, tJ 6.8, H3), 3.73 (2H, ¢
17H7 18 2807 'O 40
37 6.2, H20), 3.34 (3H, s, H15 or H22), 3.28 (3H, s,
14 15 39 38
o 7 , H50rH22),2.21 (2H, quing6.2, H19), 2.11 (2H,
1 3 §<
O/\Z/\N4Jé\0 g quint,J 6.2, H2), 1.48 (9H, s, H32-34 or H38-40),
NH,
29 O £01<13 1.47 (18H, s, H7-8 and H11-13), 1.45 (9H, s, H32-

34 or H38-40), 1.20 (9H, s, H25-27); (125 MHz,
CDCl3) 174.8 (C14 or C21), 173.4 (C14 or C21), 163.51(C456.3 (C16), 153.9 (C23 or
C30 or C36), 153.2 (C23 or C30 or C36), 153.0 (6RE30 or C36), 152.7 (C4-5), 147.3
(Ar), 145.4 (Ar), 140.4 (Ar), 132.0 (Ar), 131.3 (Ar123.8 (Ar), 122.5 (Ar), 121.6 (Ar),
118.3 (Ar), 113.2 (Ar), 111.0 (Ar), 110.6 (Ar), 83(C24 or C31 or C37), 82.9 (C24 or C31
or C37), 82.5 (C6 and C10), 79.4 (C24 or C31 or)C88.3 (C1) 66.3 (C18), 43.9 (C3),
37.8 (C20), 36.7 (C15 or C22), 32.9 (C15 or C28)33C2), 28.8 (C19), 28.3 (C25-27 or
C32-34 or C38-40), 28.1 (C7-9 and C11-13), 27.65@2 or C32-34 or C38-40) 27.6
(C25-27 or C32-34 or C38-40). Rax 3366, 3208, 2979, 1724, 1670, 1324, 1132. HRMS

(ESI) found 1015.5362 fgHsNgO15' [M+H] " requires 1015.5346.

tert-Butyl 4-(3-(4-amino-3-(3-(bistert-butoxycarbonyl)amino)propoxy)benzoyl)-3-
isobutylureido)-3-(3-(2,3-bistert-butoxycarbonyl)guanidino)propoxy)benzoate (77)
N,N-diBoc-1H-pyrazole-1-carboxamidine (23 mg, 0.075 mmol, 1g? &d palladium on
activated carbon (51 mg, 5 % Pd by mass) were atidadstirred solution of benzoylurea

68 (51 mg, 0.063 mmol, 1.0 eq) in EtOAc (4.0 mL). 8wution was flushed three times
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25 with hydrogen gas then allowed to stir under an

@) O\~/ 26 0 34
23 |24 L 3§< 3 atmosphere of hydrogen for 92 hours. The solution
"0 22 N| SLO” P

was filtered through Celite® with EtOAc (50 mL),
7
H’ 3007 O concentrated, and purifiedvia flash column
14 15 18 40 39 chromatography (1:1 ether:petrol) to yield theetitl

t 3 JOL 6o”  compound hi
pound as a white foam (49 mg, 0.049 mmol,

4
NH, o%\o . 78 %): 9y (400 MHz, CDC4) 11.47 (1H, br s, H36),
29 10
11)<12 11.37 (1H, s, H28), 8.47 (1H, br s, H30), 8.37 (1H,

d, J 8.5, Ar), 7.60 (1H, ddJ 8.5; 1.6, Ar), 7.47 (1H, d] 1.6 Ar), 7.04 (1H, dd,) 8.1; 1.6,
Ar), 6.93 (1H, d,J 1.6, Ar), 6.65 (1H, dJ 8.1, Ar), 4.32 (2H, br s, H29), 4.13 (2HJt6.1,
H20), 4.06 (2H, t) 5.7, H1), 3.83 (2H, 1) 6.8, H3), 3.78 (2H, d] 7.2, H15), 3.70 (2H, q]
5.9, H22), 2.19 (2H, quint] 6.4, H21), 2.10 (2H, quint 6.3, H2), 1.97 (1H, sep$, 6.8,
H16), 1.58 (9H, s, H25-27), 1.48 (9H, s, H33-33H39-41), 1.47 (18H, s, H7-9 and H11-
13), 1.45 (9H, s, H33-35 or H39-41), 0.78 (6HJ &, 7, H17-18)5c (100Hz, CDCJ) 175.5
(C14), 165.7 (C42), 156.3 (C23), 153.3 (C31 or C3BR.8 (C4-5), 152.7 (C31 or C37),
147.2 (C19), 145.6 (Ar), 140.4 (Ar), 132.5 (Ar),612 (Ar), 125.6 (Ar), 124.3 (Ar), 123.3
(Ar), 122.9 (Ar), 118.5 (Ar), 113.4 (Ar), 111.7 (Arl11.3 (Ar), 83.1 (C32 or C38), 82.5
(C6 and C10), 80.9 (C24), 79.3 (C32 or C38), 66.5)(66.3 (C20), 55.2 (C15), 43.8 (C3),
37.8 (C22), 28.9 (C2), 28.9 (C21), 28.7 (C16), 2&883-35 or C39-41), 28.4 (C33-35 or
C39-41), 28.2 (C25-27 and C7-9 and C11-13), 2017¢08). IRvmax 3337, 2977, 1703,
1638, 1619, 1368, 1164, 1133. HRMS (ESI) found 18686 GoH7gN7O:14" [M+H]"

requires 1000.5601.
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tert-Butyl (4-(3-(4-amino-3-(3-(bis{ert-butoxycarbonyl)guanidinopropoxy)benzoyl)-3-
isobutylureido)-3-(3-(bisfert-butoxycarbonyl)amino)propoxy)benzoyl)(methyl)

carbamate (78)

- 30 - N,N-diBoc-1H-pyrazole-1-carboxamidine (21 mg,
O\\;J)z/;' 0.066 mmol, 1.2 eq) and palladium on activated
26
36 carbon mg, 0 y mass) were added to a
O _N__& bon (48 5% Pd b ) dded

O 37
21 55, 25 1 3ﬂ<

N 330 5 Stirred solution of benzoylure@9 (48 mg, 0.055

19 H 39 mmol, 1.0 eq) in EtOAc (4.0 mL). The solution was
N_O
wH 5F 3207 'O 43 _ _
O. N @< flushed three times with hydrogen gas then allowed
14 15 42 41
L, jj)\ j<9 to stir under an atmosphere of hydrogen for 88
6
O/\Z/\N45 O™ >g  hours. The solution was filtered through Celite®
NH,
O . o
31 w0 with EtOAc (50 mL), concentrated, and purifieic
11 12

flash column chromatography (3:2 ether:petrol) to
yield title compound as a white foam (52 mg, 0.6#4%0l, 89 %):64 (400 MHz, CDCY))
11.81 (1H, s, H17), 11,48 (1H, br s, H38), 8.47 (LH 5.4, H32), 8.36 (1H, d] 8.8, Ar),
7.16-7.13 (2H, m, Ar), 7.06 (1H, dd,8.1; 1.7, Ar), 6.97 (1H, d] 1.6, Ar), 6.65 (1H, dJ
8.1, Ar), 4.61 (2H, br s, H31), 4.12 (2HJ16.0, H18), 4.07 (2H, 1] 5.7, H1), 3.82 (2H, t)
6.8, H3), 3.71 (2H, @) 5.9, H20), 3.62 (2H, dJ 7.3 H22), 3.33 (3H, s, H15), 2.19 (2H,
quint, J 6.3, H19), 2.15-2.06 (3H, m, H2 and H23), 1.47 (8HH35-37 or H41-43), 1.47
(18H, s, H7-9 and H11-13), 1.41 (9H, s, H35-37 @1H3), 1.23 (9H, s, H28-30), 0.95
(6H, d,J 6.7, H24-25).5c (100 MHz, CDC}) 174.8 (C14 or C21), 173.1 (C14 or C21),
163.7 (C44), 156.4 (C16), 153.2 (C26 or C33 and)CB3B.0 (C26 or C33 and C39), 152.8
(C4-5), 147.5 (Ar), 145.5 (Ar), 140.5 (Ar), 13281}, 131.3 (Ar), 123.9 (Ar), 122.5 (Ar),
121.4 (Ar), 118.4 (Ar), 113.3 (Ar), 111.1 (Ar), 1T0(Ar), 83.1 (C27 or C34 or C40), 82.7

(C27 or C34 or C40), 82.5 (C6 and C10), 79.3 (CRT®4 or C40), 66.4 (C1 and C18),
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53.0 (C22), 43.9 (C3), 37.8 (C20), 36.7 (C15), 26°99), 28.8 (C2), 28.8 (C23), 28.4
(C28-30 or C35-37 or C41-43), 28.4 (C28-30 or C35e8 C41-43), 28.0 (C7-9 and C11-
13), 27.6 (C28-30 or C35-37 or C41-43), 27.6 (CBA-2R vmax 3368, 2977, 1724, 1638,
1536, 1330, 1134. HRMS (ESI) found 1057.5823HaiNgOis* [M+H]* requires

1057.5816.

tert-Butyl (4-(3-(4-amino-3-(3-aminopropoxy)benzoyl)-3sobutylureido)-3-(3-

aminopropoxy) benzoyl)(isobutyl)carbamate (80)

20 22 )1 Following the general procedure for catalytic hygoation,
o \L{; benzoylurea19 (495 mg, 0.67 mmol) was hydrogenated
O E\IIUQ . overnight to yield the title compound as a viscgteen oil (439
" s 10 mg, 0.67 mmolguan), which was used for subsequent reactions
8/7\9/\’\“*2 without further purificationsy (500 MHz, CDCY) 11.39 (1H, s,
233 ﬁN//J{ H23), 8.36 (1H, dJ 8.4, Ar), 7.16 (1H, dJ 1.3, Ar), 7.13 (1H,
20 dd,J 8.4; 1.5, Ar), 7.04-6.99 (2H, m, Ar), 6.66 (1H,Jd7.9, Ar),
o/l\z/fs\NH2 4.24 (2H, s, H24), 4.15-4.08 (4H, m, H1 and H8J83(2H, d,J
N2I:1|2 7.1, H4 or H11), 3.61 (2H, &,7.3, H4 or H11), 2.98-2.90 (4H,

m, H3 or H10), 2.10 (1H, quind,6.9, H5 or H12), 2.04-1.94 (5H, m, H2 and H9 anddd5
H12), 1.21 (9H, s, H20-22), 0.95 (6H,36.7, H6 and H7 or H13 and H14), 0.79 (6H,d,
6.7, H6 and H7 or H13 and H14) (125 MHz, CDC}) 175.9 (C15 or C16), 173.4 (C15 or
C16), 154.8 (C18), 153.0 (C17), 147.9 (Ar), 146A1)(140.6 (Ar), 132.6 (Ar), 131.7 (Ar),
124.9 (Ar), 122.9 (Ar), 121.6 (Ar), 118.6 (Ar), 183(Ar), 112.0 (Ar), 111.0 (Ar), 83.1
(C19), 67.3 (C1 or C8), 66.9 (C1 or C8), 55.6 (€441), 53.4 (C4 or C11), 39.6 (C3 or
C10), 39.5 (C3 or C10), 33.3 (C5 or C12), 33.2 (€%°12), 29.0 (C2 or C9), 28.8 (C2 or

C9), 28.0 (C20-22), 20.7 (C6-7 or C13-14), 20.4-{C6r C13-14). IRumax 3361, 3200,
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2960, 1705, 1587, 1527, 1327, 1234. HRMS (ESI) 60667.3953 @HsaNgO;" [M+H]™

requires 657.3970.

tert-Butyl  (4-(3-(4-amino-3-(2,3-bisfert-butoxycarbonyl)guanidino)propoxy)benzoyl)-
3-isobutylureido)-3-(3-aminopropoxy) benzoyl)(isobtyl)carbamate (81)
- 25 o Following the general procedure for protected
o % guanidino group formation, di-amin@0 (352 mg,
35 0.53 mmol, 1.0 eq) was reacted wkhN-di-Boc-
N32°0 34 1H-pyrazole-1-carboxamidine (381 mg, 1.232
5 H 18 Nz';'zjg’ﬂ mmol, 2.3 eq) and purified (3:2 ether:petrol) telgi
20'(") @;\/ﬁ HOT Oashag the title compound (351 mg, 0.31 mmol, 58 %) as a
yellow oil: 64 (400 MHz, CDC}) 11.52 (1H, s, H26
07, N6 Nﬁzdgn or H42), 11.47 (1H, s, H26 or H42), 11.40 (1H, s,
19 45 H20), 8.50-8.42 (2H, m, H15 and H17), 8.35 (1H, d,
J8.8, Ar), 7.15-7.10 (2H, m, Ar), 7.05 (1H, dH8.1; 1.3, Ar), 6.96 (1H, s, Ar), 6.65 (1H, d,
J 8.1, Ar), 4.35 (2H, br s, H19), 4.13-4.06 (4H, ml. Bind H8), 3.77 (2H, d] 7.1, H4),
3.72-3.62 (4H, m, H3 and H10), 3.60 (2HJd,.3, H11), 2.22-2.05 (5H, m, H2 and H9 and
H12), 1.96 (1H, sept] 6.8, H5), 1.48 (9H, s, H29-31 or H34-36 or H39-4Hd5-47), 1.47
(18H, s, two of: H29-31, H34-36, H39-41, H45-47%4.(9H, s, H29-31 or H34-36 or H39-
41 or H45-47), 1.21 (9H, s, H23-25), 0.93 (6H) 6.8, H13-14), 0.78 (6H, d,6.7, H6-7).
dc (100 MHz, CDCY§) 175.5 (C48), 173.0 (C50), 163.7 (C16 or C18),.66€16 or C18),
156.4 (C21 or C27 or C32 or C37 or C43), 156.2 (G2€C27 or C32 or C37 or C43), 154.4
(C49), 153.4 (C21 or C27 or C32 or C37 or C43),.259821 or C27 or C32 or C37 or
C43), 152.6 (C21 or C27 or C32 or C37 or C43), 34Ar), 145.4 (Ar), 140.4 (Ar), 132.2

(Ar), 131.4 (Ar), 124.3 (Ar), 123.0 (Ar), 121.4 (Ar118.2 (Ar), 113.5 (Ar), 111.6 (Ar),
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110.6 (Ar), 83.3 (C22 or C27 or C32 or C37 or C&3,1 (C22 or C28 or C33 or C38 or
C44), 82.7 (C22 or C28 or C33 or C38 or C44), {222 or C28 or C33 or C38 or C44),
79.3 (C22 or C27 or C32 or C37 or C43), 66.7 (CL8Y), 66.3 (C1 or C8), 55.2 (C4), 53.0
(C11), 38.6 (C3 or C10), 37.7 (C3 or C10), 28.9 (€X9), 28.8 (C2 or C9), 28.6 (C5),
28.4 (C23-25 or C29-31 or C34-36 or C39-41 or C4p-28.2 (C23-25 or C29-31 or C34-
36 or C39-41 or C45-47), 28.1 (C23-25 or C29-31C84-36 or C39-41 or C45-47), 28.1
(C12), 27.6 (C23-25 or C29-31 or C34-36 or C39-4C45-47), 20.3 (C13-14), 20.0 (C6-
7). IR vmax 3332, 2966, 2873, 1720, 1587, 1131. HRMS (ESI)nibul163.6372

CseHasN1001sNa” [M+Na]* requires 1163.6323.

tert-Butyl (4-(3-(3-(3-azidopropoxy)-4-nitrobenzoyl)-1{tert-butoxycarbonyl)-3-
isobutylureido)-3-(3-(bisgert-butoxycarbonyl)amino)propoxy)benzoyl)

(isobutyl)carbamate (82)

a1 33 - Di-tert-butyl dicarbonate (227 mg, 1.04 mmol,
\L{; 2.0 eq) was added to a stirred solution of
9
\/k benzoylureas0 (475 mg, 0.52 mmol, 1.0 eq) in

1 THF (11 mL). DMAP (127 mg, 1.04 mmol, 2.0

18 eq) was added and the mixture stirred for 19

37 36 12 15
4033 Q\I\]T )O<21 hours at room temperature. The reaction was
8 ” = diluted with NH,CI (50 mL) and DCM (50 mL)
I 0/1\2/3\N3 and extracted with DCM (3 x 50 mL). The
2

organic layers were combined, dried {N@),
filtered, concentrated, and purifiadia flash column chromatography (3:1 petrol:ether) to
yield the title compound as a yellow foam (454 Agl5 mmol, 86 %)y (400 MHz,

CDCly) 7.86 (1H, d,J 8.3, Ar), 7.38 (1H, dJ 1.5, Ar), 7.32 (1H, ddJ 8.3; 1.5, Ar), 7.08
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(1H, d,J 1.8, Ar), 6.98 (1H, dd) 8.1; 1.8, Ar), 6.58 (1H, d] 7.6, Ar), 4.18 (2H, t) 5.8, H1
or H11), 3.98 (2H, tJ 7.3, H1 or H11), 3.66 (2H, § 7.1, H3 or H13), 3.60-3.55 (6H, m,
H3 or H13 and H5 and H25), 2.22 (1H, se}%,8, H6 or H26), 2.13-1.94 (5H, m, H2, H12,
and H6 or H26), 1.48 (18H, s, H17-19 and H21-23119H, s, H35-37), 1.17 (9H, s, H31-
33), 0.95 (6H, dJ) 6.8, H7-8 or H27-28), 0.92 (6H, 6.6, H7-8 or H27-28) (100 MHz,
CDCly) 172.1 (C4 or C24), 169.0 (C4 or C24), 155.5 (C16%.3 (C14-15 or C29), 153.8
(C14-15 or C29), 152.6 (C9), 151.8 (Ar), 151.1 (AB#1.3 (Ar), 141.0 (Ar), 139.3 (Ar),
129.8 (Ar), 127.1 (Ar), 125.3 (Ar), 119.9 (Ar), 1LB9(Ar), 114.7 (Ar), 111.6 (Ar), 84.1
(C34), 83.2 (C30), 82.5 (C16 and C20), 67.0 (CLTf), 66.2 (C1 or C11), 53.4 (C5 or
C25), 52.8 (C5 or C25), 47.6 (C3 or C13), 43.2 (€& 13), 28.8 (C6 or C26), 28.3 (C6 or
C26), 28.3 (C2 or C12), 28.1 (C2 or C12), 28.0 (@@7and C21-23), 27.6 (C31-33), 27.4
(C35-37), 20.3 (C7-8 or C27-28), 20.1 (C7-8 or @8J- IRvmax 3128, 2978, 2098, 1731,
1672, 1335, 1152. HRMS (ESI) found 1035.5006H3:NgO1sNa’” [M+Na]" requires

1035.50089.

tert-Butyl(4-(3-(4-amino-3-(3-azidopropoxy)benzoyl)-1iért-butoxycarbonyl)-3-
isobutylureido)-3-(3-(bisgert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl)

carbamate (83)

31 32
\4% Following the general procedure for nitro group
Oy 027
\\INES" 26 reduction, benzoylure82 (454 mg, 0.45 mmol)
24 55 28

o v was reduced and purified (2:1 petrol:ether) todyiel
1 13 1Q< 19 _ _
O/\/\N 140 the title compound as a white foam (182 mg, 0.18

37 36 >_N 15
>3Lolo 5 J\ O 2 mmol, 40 %):5. (400 MHz, CDCY) 7.18 (1H, dd,

” Ps 0% = J8.1; 1.5, Ar), 7.14 (1H, d1 1.2, Ar), 7.06 (1H, d,
0/1\/3\ N, J 1.5, Ar), 6.96 (1H, dd] 7.5; 1.5, Ar), 6.71 (1H,
2
NH,
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d,J4.8, Ar), 6.59 (1H, dJ 7.5, Ar), 4.09 (2H, tJ 6.1, H1 or H11), 3.95 (2H, §,7.3, H1 or
H11), 3.71-3.56 (6H, m, H3 or H13 and H5 and H25)132H, t,J 6.3, H3 or H13), 2.19
(1H, septJ 6.8, H6 or H26), 2.14-1.89 (5H, m, H2, H12, and H6 06}42.49 (18H, s,
H17-19 and H21-23), 1.28 (9H, s, H35-37), 1.19 (9H, s,-B@1 0.94 (12H, dJ 7.2, H7-8
and H27-28)5c (100 MHz, CDCY) 172.4 (C4 or C24), 171.6 (C4 or C24), 156.1 (C10),
154.4 (C14-15 or C29), 154.4 (C14-15 or C29), 154.0 (C9),51EAr), 152.5 (Ar), 151.1
(An), 138.7 (Ar), 138.7 (Ar), 130.6 (Ar), 127.6 (Ar), 123.6 (Ar), 12FAr), 119.5 (Ar),
112.3 (Ar), 111.5 (Ar), 83.2 (C30 or C34), 83.2 (C30 or C32)58§C16 and C20), 67.0
(C1 or C11), 65.2 (C1 or C11), 55.5 (C5 or C25), 52.8 (C52%)C48.3 (C3 or C13), 43.3
(C3 or C13), 28.9 (C6 or C26), 28.6 (C6 or C26), 28.3 (C21@)(28.2 (C2 or C12), 28.1
(C17-19 and C21-23), 27.7 (C31-33), 27.5 (C35-37), 20.4 (67@&R7-28), 20.2 (C7-8 or
C27-28). IRvmax 3373, 2964, 2099, 1733, 1663, 1367, 1150, 1124MERESI) found

1005.5224 GoH74NgO1aNa" [M+Na]* requires 1005.5268.

tert-Butyl(4-(3-(3-(3-azidopropoxy)-4-isocyanatobenzoyl-(tert-butoxycarbonyl)-3-
isobutylureido)-3-(3-(bisgert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl)

carbamate (84)

33 Following the general procedure for the formation
31 32
\‘6 of isocyanates, reaction with amigd (182 mg,
O\\I,O 27
Nzg 26 0.19 mmol) afforded the title compound as a
24 55 28

o ¥ yellow foam (187 mg, quant)dy (300 MHz,
11 13 . 1§<19
O 7 N140” >, CDCl) 7.24-7.18 (2H, m, Ar), 7.06 (1H, d,1.3,

£.oW Q\VJG\ yo<21 AP, 7.02 (1H, d,J 7.9, Ar), 6.96 (1H, ddJ 8.0;

O N
35 4 5 8 22 23
1.5, Ar), 6.48 (1H, dJ 8.0, Ar), 4.15 (2H, t) 5.7,
1 3
O NN, H1 or H11), 3.96 (2H, ) 7.0, H1 or H11), 3.72-
N 2
3870
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3.50 (8H, m, H3, H5, H13, and H25), 2.29-1.91 (6H, 1, H6, H12, and H26), 1.48 (18H,
s, H17-19 and H21-23), 1.27 (9H, s, H35-37), 1.18 (9H34-33), 0.99-0.88 (12H, m, H7-
8 and H27-28)dc (75 MHz, CDC}) 172.3 (C4 or C24), 171.0 (C4 or C24), 155.8 (C10),
154.4 (C14-15 or C29), 153.9 (C14-15 or C29), 152.6 (CD),51EAr), 151.1 (Ar), 139.2
(An), 134.1 (Ar), 131.1 (Ar), 130.3 (Ar), 127.4 (C38), 127.2 (Ad2D (Ar), 121.7 (Ar),
119.6 (Ar), 111.8 (Ar), 111.6 (Ar), 83.7 (C30 or C34), 83.3q@r C34), 82.5 (C16 and
C20), 67.0 (C1 or C11), 65.7 (C1 or C11), 55.5 (C5 or C25) EC5 or C25), 47.8 (C3 or
C13), 43.3 (C3 or C13), 28.9 (C6 or C26), 28.5 (C6 or C2ZBR (C2 or C12), 28.2 (C2 or
C12), 28.1 (C17-19 and C21-23), 27.8 (C31-33), 27.5 (C35BW) (C7-8 or C27-28),

20.2 (C7-8 or C27-28). IBmax 2964, 2245, 2099, 1734, 1668, 1394, 1150, 1125.

3-Isopropoxy-4-nitrobenzoic acid (85)
O _OH Following the general procedure fox/A coupling, isopropyl alcohol (1

4

3 mL, 13.0 mmol, 1.2 eq) was added to a@i(R g, 10.8 mmol, 1.0 eq) to
1

O o yield the title compounds a yellow solid (2.56 g, quant): MP 155-157.

"o (400 MHz, CDC}) 7.80-7.77 (2H, m, Ar), 7.73 (1H, dd,8.3; 1.3, Ar),
4.78 (1H, sept) 6.0, H1), 1.42 (6H, dJ 6.1, H2-3).6c (100 MHz, CDCJ) 170.0 (C4),

150.1 (Ar), 144.4 (Ar), 133.3 (Ar), 125.2 (Ar), 121.8 (Ar), 117A8), 73.1 (C1), 21.8 (C2-
C3). IRvmax2923, 1689, 1605, 1523, 1297. HRMS (ESI) found 248105,0H;:NOs Na*

[M+Na]" requires 248.0529.

N-isobutyl-3-isopropoxy-4-nitrobenzamide (86)
5 9 Following the general procedure | for amidation, isoprgpmenzoic acid
H
o N
4 6

3
J{ 17.05 mmol, 1.5 eq) and purified (1:1 ether:petrol) tddyitne title
O 2

g 86(2.56 g, 11.37 mmol, 1.0 eq) was coupled to isobatyine (1.25 g,

NO,
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compound as a viscous yellow oil (2.12 g, 7.57 mrGal%): oy (400 MHz, CDC}) 7.73
(1H, d,J 8.3, Ar), 7.60 (1H, dJ 1.6, Ar), 7.20 (1H, dd] 8.3; 1.7, Ar), 6.20 (1H, br s, H5),
4.80 (1H, sept] 6.1, H1), 3.30 (2H, t) 6.1, H6), 1.91 (1H, sepd, 6.7, H7), 1.40 (6H, dJ

6.0, H2-3), 0.99 (6H, dJ 6.7, H8-9).5c (100 MHz, CDC}) 165.4 (C4), 152.6 (Ar), 141.6
(Ar), 140.6 (Ar), 126.2 (Ar), 118.1 (Ar), 114.5 (Ar), 66.6 (C4B.0 (C6), 29.7 (C7), 28.5
(C2-3), 20.6 (C8-9). IRmax 3307, 2969, 1738, 1641, 1525, 1248. HRMS (ESI) found

303.1307 G4H20N04Na" [M+Na]* requires 303.1315.

tert-Butyl(4-(3-(3-(3-azidopropoxy)-4-(3-isobutyl-3-(3sopropoxy-4-
nitrobenzoyl)ureido)benzoyl)-1-tert-butoxycarbonyl)-3-isobutylureido)-3-(3-(bisfert-

butoxycarbonyl)amino) propoxy)benzoyl)(isobutyl)cabamate (87)

33 Following the general procedure for benzoylurea
31 32
\‘/ formation, amideB6 (52 mg, 0.19 mmol, 1.0 eq)
O 27
J\ was reacted with isocyana® (187 mg, 0.19
24 oo

17 mmol, 1.0 eq) and purified (2:1 petrol:ether) to

11 13 j])\ 1d< 19
36 O/\/\N 1407 ¢ yield the title compound as a yellow oil (143 mg,
37 15
>44010 sﬂé )O<21 0.11 mmol, 60 %)5y (400 MHz, CDCY) 11.75

8 2 = (1H, s, H38), 8.43 (1H, d,8.4, Ar), 7.83 (1H, dJ

1 3

O N, 8.2, Ar), 7.31 (1H, ddJ 8.4; 1.6, Ar), 7.25 (1H, d,

38H "o 33\1 J1.6, Ar), 7.16 (1H, dJ 1.1, Ar), 7.07 (1H, ddJ
“ a0, 8.3; 1.5, Ar), 7.05 (1H, d] 1.6, Ar), 6.97 (1H, dd,
Ojﬁ% J8.0; 1.6, Ar), 6.56 (1H, dJ 8.0, Ar), 4.71 (1H,

sept,J 6.1, H45), 4.14 (2H, t) 5.7, H1 or H11),
3.97 (2H, tJ 7.1, H1 or H11), 3.71-3.55 (10H, m, H3, H5, H13, H2%] &40), 2.29-1.91

(7H, m, H2, H6, H12, H26, and H41), 1.48 (18H, s, H®7ahd H21-23), 1.40 (6H, d,
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6.0, H46-47), 1.28 (9H, s, H35-37), 1.19 (9H, s, H31-3®6 @6H, d,J 6.7, H7-8 or H27-
28 or H42-43), 0.93 (6H, d,6.7, H7-8 or H27-28 or H42-43), 0.81 (6H,X6.7, H7-8 or
H27-28 or H42-43)dc (100 MHz, CDC}) 173.5 (C4 or C24 or C44), 172.5 (C4 or C24 or
C44), 171.5 (C4 or C24 or C44), 155.9 (C10), 154.5 (C14¢1629), 154.0 (C14-15 or
C29), 152.6 (C9 or C39), 151.4 (C9 or C39), 151.3 (Ar), 1BAr), 147.5 (Ar), 142.1 (Ar),
140.8 (Ar), 139.1 (Ar), 131.4 (Ar), 131.3 (Ar), 130.7 (Ar),712 (Ar), 125.9 (Ar), 122.3
(Ar), 119.7 (Ar), 118.6 (Ar), 118.4 (Ar), 114.8 (Ar), 111.6 (Ar), 18.1Ar), 83.6 (C30 or
C34), 83.3 (C30 or C34), 82.5 (C16 and C20), 73.3 (C45), @71 or C11), 65.5 (C1 or
C11), 55.6 (C5 or C25 or C40), 54.3 (C5 or C25 or C40Y% 825 or C25 or C40), 48.1 (C3
or C13), 43.4 (C3 or C13), 29.0 (C6 or C26 or C41), 28.8010626 or C41), 28.7 (C6 or
C26 or C41), 28.4 (C2 or C12), 28.3 (C2 or C12), 28.2 (@A &1d C21-23), 27.9 (C31-
33), 27.6 (C35-37), 21.8 (C46-47), 20.5 (C7-8 or C27-28 or GJ220.3 (C7-8 or C27-28
or C42-43), 20.3 (C7-8 or C27-28 or C42-43).0Rx 3220, 2964, 2100, 1715, 1665, 1533,

1367, 1122. HRMS (ESI) found 1311.646&!5:N100:gNa’ [M+Na]" requires 1311.6483.

tert-Butyl(4-(3-(3-(4-amino-3-(3-(bistert-butoxycarbonyl)guanidinopropoxy)-4-(3-
isobutyl-3-(3-isopropoxy-4-nitrobenzoyl)ureido)bennyl)-1-(tert-butoxycarbonyl)-3-
isobutylureido)-3-(3-(bisgert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl)
carbamate (88)

N,N-diBoc-1H-pyrazole-1-carboxamidine (14 mg, 0.044 mmol, 1.2 eq) faidhdium on
activated carbon (47 mg, 5 % Pd by mass) were addadstiored solution of benzoylurea
87 (47 mg, 0.036 mmol, 1.0 eq) in EtOAc (4.0 mL). The solutivas flushed three times
with hydrogen gas then allowed to stir under an atimespof hydrogen for 67 hours. The
solution was filtered through Celite® with EtOAc (5@ )nconcentrated, and purifieda

flash column chromatography (2:1 ether:petrol) to yi¢ld tompound as a colorless oil
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33 (48 mg, 0.033 mmol, 89 %}y (500 MHz,

31 32
027 CDCl) 11.48 (1H, s, H55), 11.44 (1H, s,
J\ H38), 8.48 (1H, ] 5.2, H49), 8.45 (1H, ]
o oV . 8.4, Ar), 7.38 (1H, ddJ 8.4; 1.7, Ar), 7.24
o/\/liNJlJEo1§< (1H, d,J 1.6, Ar), 7.07 (1H, dJ 1.6, Ar),

37 36
>LO>13N9 \)\ OA\O 21
34 "0. N

O/\/\N Eg0’<' 54 8.0, Ar), 458 (1H, sept) 6.0, H45), 4.14
2 49H |—| 55

7.05 (1H, ddJ 8.1; 1.8, Ar), 7.00-6.97 (2H,

m, Ar), 6.67 (1H, d;) 8.1, Ar), 6.63 (1H, dJ

43

38H 3\]7 (2H, br s, H48), 4.08 (2H, §,6.0, H11), 3.98

o

57,

W A (2H, t,3 7.2, H1), 3.82 (2H, dJ 7.1, H5 or

59

OJ@ H25 or H40), 3.73-3.64 (6H, m, H3 and H13
46
NH,

48 and H5 or H25 or H40), 3.60 (2H, 4,7.3,
H5 or H25 or H40), 2.28-1.95 (7H, m, H2, H6, H12, H26¢ #141), 1.50(18H, s, H17-19
and H21-23), 1.48 (9H, s, H52-54 or H58-60), 1.45 (9H,52-B4 or H58-60), 1.35 (6H, d,

J 6.0, H46-47), 1.25 (9H, s, H35-37), 1.19 (9H, s, H31-33)6 06H, d,J 6.7, H7-8 or H27-
28 or H42-43), 0.94 (6H, &,6.7, H7-8 or H27-28 or H42-43), 0.81 (6H,X6.7, H7-8 or
H27-28 or H42-43)dc (125 MHz, CDCY}) 175.6 (C4 or C24 or C44), 172.6 (C4 or C24 or
C44), 171.8 (C4 or C24 or C44), 163.6 (C61), 156.4 (CEH,QL(C14-15 or C29 or C50 or
C56), 154.6 (C14-15 or C29 or C50 or C56), 154.1 (C14-1G28& or C50 or C56), 153.2
(C14-15 or C29 or C50 or C56), 152.8 (C9 or C39), 152.6 (O°39), 151.1 (Ar), 147.5
(Ar), 144.3 (Ar), 141.2 (Ar), 139.0 (Ar), 132.2 (Ar), 130.9 (Ar), 1BGAr), 127.5 (Ar),
124.4 (Ar), 122.7 (Ar), 122.3 (Ar), 119.9 (Ar), 118.0 (Ar),318 (Ar), 113.4 (Ar), 111.8
(Ar), 111.6 (Ar), 83.5 (C16 and C20 or C30 or C34 or C51 of)83.4 (C16 and C20 or
C30 or C34 or C51 or C57), 83.2 (C16 and C20 or C30 orac3b1 or C57), 82.6 (C16

and C20 or C30 or C34 or C51 or C57), 79.5 (C16 and €ZB6O or C34 or C51 or C57),
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71.0 (C45), 67.1 (C1), 66.4 (C11), 55.6 (C5 or C25 or C3B) (C5 or C25 or C40), 52.9
(C5 or C25 or C40), 43.4 (C3), 37.9 (C13), 29.1 (C2 or C2®) (C2 or C12), 28.7 (C6 or
C26 or C41), 28.4 (C52-54 or C58-60), 28.3 (C6 or C26 or CBL} (C17-19 and C21-
23), 28.2 (C6 or C26 or C41), 28.2 (C52-54 or C58-60), @FH.-33), 27.6 (C35-37), 22.2
(C46-47), 20.5 (C7-8 or C27-28 or C42-43), 20.3 (C7-8 or C28ra842-43), 20.1 (C7-8
or C27-28 or C42-43). IRmax 3338, 2976, 1731, 1667, 1532, 1368, 1329, 113MER

(ESI) found 1497.8088 &H114N10020Na’” [M+Na]" requires 1497.8103.

4-Amino-3-(3-aminopropoxy)-N-((2-(3-guanidinopropoxy)-4-

(methylcarbamoyl)phenyl) carbamoyl)N-methylbenzamide«2TFA (37)

o H Following the general procedure fdi-boc deprotection,
N
10 13 protected benzoylurez6 (16 mg, 0.016 mmol) was stirred
NHTFA
Oﬁ\S/ELHJ?LNHZ for 90 minutes in TFA. A portion of the residue was pudifie
HNg\]&O via semi-preparative HPLC (15 % MeCN to 60 % MeCN
O _N
8 12 over 40 minutes) to yield the title compound (7 md; 9
1 3 umol) as an orange amorpohous sodid:(500 MHz, BO)
O™ NH, TFA
NH, 7.96 (1H, dJ 8.4, Ar), 7.38 (1H, dJ 8.1, Ar), 7.29 (1H, dd,

J8.4; 1.8, Ar), 7.26 (1H, d] 1.5, Ar), 7.21 (1H, br s, Ar), 7.17 (1H, d&i8.1; 1.6, Ar), 4.18
(2H, t,J 5.8, H1 or H4), 4.06 (2H, 1 5.7, H1 or H4), 3.31 (2H, 1] 7.0, H3 or H6), 3.19-
3.13 (5H, m, H3 or H6 and H12 or H13), 2.80 (3H, s, |WLH13), 2.15 (2H, quint] 7.3,
H2 or H5), 2.00 (2H, quint] 6.3, H2 or H5)4¢ (125 MHz, B0) 174.7 (C8), 169.8 (C10),
162.9 (q,J 35.6, RCCO,), 156.7 (C7), 153.4 (C9), 150.7 (Ar), 148.0 (Ar), 135.0 (Arp.12
(Ar), 129.5 (Ar), 124.4 (Ar), 123.2 (Ar), 120.2 (Ar), 120.1 (Ar), 189Ar), 116.3 (9J
291.5, ECCOy), 111.1 (Ar), 110.2 (Ar), 66.2 (C1 or C4), 65.9 (C1 or C4)1383 or C6),

36.9 (C3 or C6), 35.4 (C12 or C13), 27.7 (C2 or C5), 262 or C5), 26.3 (C12 or C13).
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IR vmax 3361, 3186, 2956, 1677, 1632, 1531, 1202, 1136MBRESI) found 515.2722

C24H3sNgOs" [M+H] " requires 515.2725.

4-(3-(4-Amino-3-(3-aminopropoxy)benzoyl)-3-isobutylreido)-3-(3-guanidinopropoxy)
benzoic acid*2TFA (38)

0. OH Following the general procedure f&-Boc deprotection,

10 protected benzoyluredr (51 mg, 0.051 mmol) was stirred

O/\/\N%LNHZ for 90 minutes in TFA. A portion of the residue was pudifie

9 via semi-preparative HPLC (25 % MeCN to 95 % MeCN
o N2
8 12 15 over 40 minutes) to yield the title compound (18 m@20
0/12\/3\NH2-TFA mmol) as a viscous orange odly (500 MHz, BO) 7.73
NH; (1H, d,J 8.4, Ar), 7.45-7.39 (2H, m, Ar), 7.28 (1H, #5.0,

Ar), 7.22 (1H, s, Ar), 7.18 (1H, d 8.1, Ar), 4.16 (2H, tJ 5.7, H1 or H4), 3.92 (2H, di
4.5, H1 or H4), 3.56 (2H, d,7.1, H12), 3.26 (2H, t] 7.1, H3 or H6), 3.14 (2H, 7.6, H3
or H6), 2.14 (2H, quint) 7.0, H2 or H5), 1.94 (2H, quind,6.2, H2 or H5), 1.79 (1H, sept,
J6.5, H13), 0.71 (6H, dl 6.5, H14-15)5¢ (125 MHz, DO) 174.7 (C8), 169.4 (C10), 162.8
(g,J 35.6, RCCOy), 156.7 (C7), 153.0 (C9), 151.1 (Ar), 147.8 (Ar), 135.9 (ArD.83Ar),
125.6 (Ar), 123.8 (Ar), 123.2 (Ar), 123.0 (Ar), 120.3 (Ar),914 (Ar), 116.3 (qJ 291.7,
FsCCO,), 112.0 (Ar), 111.3 (Ar), 66.3 (C1 or C4), 65.7 (C1 or C4)15€12), 38.2 (C3 or
C6), 36.8 (C3 or C6), 28.1 (C13), 27.7 (C2 or C5), 26.4 (O25), 19.1 (C14-15). IRmax
3370, 3191, 2964, 1676, 1632, 1540, 1190, 1137. BRE&SI) found 544.2878

C26H38N706+ [M+H] ¥ requires 544.2878.
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4-Amino-3-(3-aminopropoxy)N-((2-(3-guanidinopropoxy)-4-isobutylcarbamoyl)

phenyl)carbamoyl)-N-methylbenzamides2TFA (39)

15 Following the general procedure fdl-Boc deprotection,
N
© 19' " 16 protected benzoylurez8 (58 mg, 0.055 mmol) was stirred
4 6 J'\JLH'TFA for 90 minutes in TFA. A portion of the residue was
O ™""N"7"NH,
HN\I//Q > H purified via semi-preparative HPLC (25 % MeCN to 95 %
9
O 8N\ 1 MeCN over 40 minutes) to yield the title compound (25
1 3 mg, 0.032 mmol) as an amorphous white solig;
“""NH,TFA
S 2 (500 MHz, DO) 7.94 (1H, d,) 8.5, Ar), 7.44 (1H, dJ 8.1,

NH,
Ar), 7.25-7.20 (2H, m, Ar), 7.15 (1H, d,1.5, Ar), 7.13 (1H, dd] 8.1; 1.3, Ar), 4.20 (2H, t,

J5.7, H1 or H4), 3.94 (2H, § 5.6, H1 or H4), 3.26 (2H, 11 7.3, H3 or H6), 3.14 (2H,
7.6, H3 or H6), 3.06 (3H, s, H12), 3.02 (2H,Jd7.1, H13), 2.16 (2H, quint] 7.6, H2 or
H5), 1.92 (2H, quint] 6.7, H2 or H5), 1.71 (1H, sept6.8, H14), 0.78 (6H, d] 6.7, H15-
16). oc (125 MHz, DO) 174.6 (C8), 168.8 (C10), 162.2 ({35.6, RCCO,), 156.6 (C7),
152.6 (C9), 151.3 (Ar), 147.5 (Ar), 136.0 (Ar), 129.8 (Ar), 12082), 124.1 (Ar), 122.7
(Ar), 120.0 (Ar), 119.8 (Ar), 118.9 (Ar), 116.2 @291.7, ECCOy), 111.0 (Ar), 109.7 (Ar),
66.3 (C1 or C4), 65.8 (C1 or C4), 47.3 (C13), 38.2 (C3 or 8} (C3 or C6), 35.5 (C12),
28.1 (C14), 27.8 (C2 or C5), 26.4 (C2 or C5), 19.3 (C154F)max 3353, 3189, 3079,
2963, 1674, 1630, 1528, 1201, 1136. HRMS (ESI) fourtl E®8 G:H4NsOs™ [M+H]

requires 557.3194.
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4-Amino-3-(3-aminopropoxy)N-(cyclopropylmethyl)-N-((4-((cyclopropylmethyl)

carbamoyl)-2-(3-guanidinopropoxy)phenyl)carbamoyl)enzamides2TFA (40)

17 Following the general procedure fd&-Boc deprotection,
H 16
O 19' T 18 protected benzoylure@4 (32 mg, 0.029 mmol) was stirred
4 6 NHTFA  tor 90 minutes in TFA. A portion of the residue was pudifie
O "N7NH, _ _
HN__O .53 H via semi-preparative HPLC (25 % MeCN to 95 % MeCN
O 12
O SN\/A 14 over 40 minutes) to yield the title compound (15 m@§16
11

mmol) as a viscous orange odly (500 MHz, BO) 7.80
(1H, d,J 8.3, Ar), 7.48 (1H, dJ 8.1, Ar), 7.34 (1H, dd)
8.4; 1.7, Ar), 7.32 (1H, br s, Ar), 7.31-7.27 (2H, m, ArR3}(2H, t,J 5.7, H1 or H4), 4.09
(2H, t,35.7, H1 or H4), 3.72 (2H, d,7.3, H11 or H15), 3.36 (2H, 4,7.0, H3 or H6), 3.24-
3.19 (4H, m, H3 or H6 and H11 or H15), 2.25-2.17 (2K H#@ or H5), 2.08-2.01 (2H, m,
H2 or H5), 1.14-1.00 (2H, m, H12 and H16), 0.54-0.46, (411 H13-14 or H17-18), 0.23
(2H, dd,J 10.0; 4.9, H13-14 or H17-18), 0.16 (2H, dd10.0; 5.0, H13-14 or H17-18)c
(125 MHz, BO) 173.9 (C8), 169.3 (C10), 162.9 #:35.6, RCCO,), 156.7 (C7), 154.0
(C9), 151.0 (Ar), 148.7 (Ar), 135.9 (Ar), 130.6 (Ar), 129.0 (Ar)312(Ar), 123.3 (Ar),
120.6 (Ar), 120.1 (Ar), 120.0 (Ar), 116.3 (§291.6, ECCO,), 111.2 (Ar), 110.5 (Ar), 66.2
(C1 or C4), 65.8 (C1 or C4), 51.6 (C11 or C15), 44.6 (C1114)C38.1 (C3 or C6), 36.8
(C3 or C6), 27.7 (C2 or C5), 26.4 (C2 or C5), 10.1 (C12 or)C48 (C12 or C16), 3.2
(C13-14 or C17-18), 2.6 (C13-14 or C17-18).uR« 3358, 3187, 2963, 1676, 1631, 1525,

1200, 1136. HRMS (ESI) found 595.3366,d43Ns0s" [M+H] " requires 595.3351.
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4-Amino-N-((2-(3-aminopropoxy)-4-(isobutylcarbamoyl)phenyl)arbamoyl)-3-(3-

guanidinopropoxy)-N-isobutylbenzamide«2TFA (41)

17 Following the general procedure fdl-Boc deprotection,
H
O 1(|)\| N 18 protected benzoylure#s (24 mg, 0.022 mmol) was stirred
15

for 90 minutes in TFA. A portion of the residue was

4 6
N .
0 NHZTFA purified via semi-preparative HPLC (25 % MeCN to 95 %

HN\I?O 13
9
0] N\)g MeCN over 40 minutes) to yield the title compouri (
8 11 14
. NHTFA mg, 0.021 mmol) as a viscous orange 6j: (500 MHz,
J
" O/\Z/\H 7' NHz  D,0) 7.77 (1H, d,J 8.2, Ar), 7.48 (1H, dJ 8.2, Ar), 7.34
2

(1H, dd,J 8.5; 1.9, Ar), 7.32-7.29 (2H, m, Ar), 7.28 (1H, brAs), 4.17-4.11 (4H, m, H1
and H4), 3.69 (2H, dJ 8.3, H11 or H15), 3.34 (2H, §,7.7, H3 or H6), 3.20 (2H, 1] 7.4,
H3 or H6), 3.15 (2H, dJ 7.3, H11 or H15), 2.18 (2H, quini,6.8, H2 or H5), 2.07 (2H,
quint, J 6.0, H2 or H5), 1.96 (1H, sepi,6.7, H12 or H16), 1.86 (1H, se®,6.8, H12 or
H16), 0.90 (6H, d) 7.3, H13-14 or H17-18), 0.85 (6H, d,6.6, H13-14 or H17-18)c
(125 MHz, BO) 174.0 (C8), 169.5 (C10), 162.8 #35.6, RCCO,), 156.8 (C7), 154.3
(C9), 151.1 (Ar), 148.7 (Ar), 136.0 (Ar), 131.0 jA28.9 (Ar), 123.8 (Ar), 123.3 (Ar),
120.8 (Ar), 120.4 (Ar), 120.0 (Ar), 116.3 (§291.6, ECCO,), 111.3 (Ar), 110.6 (Ar), 66.1
(C1 or C4), 65.7 (C1 or C4), 54.2 (C11 or C15)34(C11 or C15), 37.8 (C3 or C6), 36.8
(C3 or C6), 28.0 (C12 and C16), 27.5 (C2 or C5)54€2 or C5), 19.3 (C13-14 or C17-
18), 19.1 (C13-14 or C17-18). IBnax 3351, 3190, 2964, 1680, 1587, 1524, 1201, 1137.

HRMS (ESI) found 599.36714gH47NgOs" [M+H] " requires 599.3664.
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4-Amino-N-((4-(((2-(3-aminopropoxy)-4-(isobutylcarbamoyl)phayl)carbamoyl)
(isobutyl) carbamoyl)-2-(3-guanidinopropoxy)phenylfarbamoyl)-N-isobutyl-3-
isopropoxybenzamide (42)

Following the general procedure fdN-Boc deprotection,
O N\)\ protected benzoylure@8 (46 mg, 0.031 mmol) was stirred

for 90 minutes in TFA. A portion of the residue was e

015 1 via semi-preparative HPLC (25 % MeCN to 95 % MeCN
O Zé\'J\ over 40 minutes) to yield the title compound (17 ©®15
12

NHTFA mmol) as an orange oify; (500 MHz, MeOD) 8.42 (1H, dl

H 2 8.9, Ar), 8.36 (1H, dJ 8.4, Ar), 7.54 (1H, dJ 1.7, Ar), 7.52

o 2;\|J\ (1H, dd,J 8.4; 1.8, Ar), 7.28-7.24 (2H, m, Ar), 7.11-7.06
* 2 (2H, m, Ar), 6.84 (1H, d)) 8.1, Ar), 4.65 (1H, sept] 6.1,
OJ\ 3 H2), 4.30 (2H, t,) 5.7, H8 or H16), 4.22 (2H, §,5.6, H8 or

NH,
H16), 3.87 (2H, dJ 7.2, H4 or H12 or H19), 3.82 (2H, d,7.2, H4 or H12 or H19), 3.59

(2H, t,J 7.4, H10 or H18), 3.36 (2H, 3,7.4, H10 or H18), 3.23 (2H, d,7.1, H4 or H12 or
H19), 2.30 (2H, quint) 7.5, H9 or H17), 2.19 (2H, quin},7.6, H9 or H17), 2.02-1.90 (3H,
m, H5 and H13 and H20), 1.38 (6H,J36.1, H1 and H3), 0.99 (6H, d,6.7, H6-7 or H14-
15 or H21-22), 0.83 (12H, d,6.7, two of H6-7 and H14-15 and H21-23}. (125 MHz,
MeOD) 177.9 (C23 or C25), 176.9 (C23 or C25), 169.6 (CPG2,8 (g,J 34.3, RCCO,),
158.7 (C11), 154.1 (C24 or C26), 153.6 (C24 or C26), 18P 148.9 (Ar), 145.8 (Ar),
143.3 (Ar), 132.0 (Ar), 132.0 (Ar), 131.9 (Ar), 131.1 (Ar), 48 (Ar), 123.7 (Ar), 122.2
(Ar), 121.4 (Ar), 120.3 (Ar), 120.2 (Ar), 117.2 (Ar), 115.2 (Ar), 184Ar), 111.4 (Ar), 72.3
(C2), 67.3 (C8 or C16), 66.8 (C8 or C16), 58.4 (C4 or C1218), 56.2 (C4 or C12 or
C19), 55.6 (C4 or C12 or C19), 39.6 (C10 or C18), 38.2 (@1018), 29.9 (C5 or C13 or

C20), 29.8 (C5 or C13 or C20), 29.8 (C5 or C13 or C20), @@ or C17), 28.5 (C9 or
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C17), 22.3 (C1 and C3), 20.6 (C6-7 or C14-15 or C21-22), @637 or C14-15 or C21-
22), 20.2 (C6-7 or C14-15 or C21-22). ¥Rax 3362, 3196, 2962, 1679, 1630, 1587, 1201,

1190, 1136. HRMS (ESI) found 875.5109:ds/N100s" [M+H] " requires 875.5138.

4-amino-3-(3-guanidinopropoxy)N-((2-(3-guanidinopropoxy)-4-
(isobutylcarbamoyl)phenyl) carbamoyl)N-isobutylbenzamide « 2 TFA (43)

Following the general procedure fomM-Boc

o NVK |
28 17 deprotection, benzoylure@l (94 mg, 0.082 mmol)
22
10 j}I\H was stirred for 90 minutes and the resulting residue
O/\/\N 18 NH, TFA
o N H 24° purified via semi-preparative HPLC (35 % MeCN to
2o 27
56 \/k 80 % MeCN over 40 minutes) to yield the title
4 23
L a3 JTH compound as a colorless was; (500 MHz, d3-
O ""N16 NH, TFA
NH 2 H o5 MeCN) 11.33 (1H, s, H20), 8.33 (1H, d,8.3, Ar),
2 15

19
7.99 (1H, t,J 5.0, H15 or H17), 7.72 (1H, 1 5.1,

H15 or H17), 7.42 (1H, ddl 8.5; 1.8, Ar), 7.40 (1H, d] 1.6, Ar), 7.08 (1H, tJ 5.6, H21),
7.03 (1H, dd) 8.3; 1.7, Ar), 7.00 (1H, d] 1.7, Ar), 6.91 (8H, br s, H19 and H22-25), 6.71
(1H, d,J 8.1, Ar), 4.19 (2H, t) 5.7, H1 or H8), 4.06 (2H, § 5.7, H1 or H8), 3.80 (2H, d,
7.3, H4), 3.50 (2H, g] 6.3, H3 or H10), 3.35 (2H, d,6.5, H3 or H10), 3.16 (2H, § 6.6,
H11), 0.93 (6H, dJ 6.6, H13-14), 0.77 (6H, d,6.9, H6-7).54 (500 MHz, BO) 7.68 (1H,

d, J 8.5, Ar), 7.38 (1H, dJ 8.2, Ar), 7.35 (1H, ddJ 8.3; 1.9, Ar), 7.33-7.29 (2H, m, Ar),
7.24 (1H, s, Ar), 4.14-4.09 (4H, m, H1 and H8), 3.72,(8H) 7.3, H4), 3.38-3.31 (4H, m,
H3 and H10), 3.18 (2H, d,6.9, H11), 2.09-1.97 (5H, m, H2 and H9 and H12), 1.88 (1
sept,J 6.6, H5), 0.92 (6H, d] 6.9, H13-14), 0.89 (6H, d,6.9, H6-7).0c (125 MHz, BO)
173.8 (C26), 169.6 (C28), 162.9 (q, L£B,, kr35 Hz),156.8 (C27 or C16 and C18), 156.7

(C27 or C16 and C18), 150.1 (Ar), 149.3 (Ar), 133.9 (Ar), 1389, 128.7 (Ar), 122.2
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(An), 122.2 (Ar), 121.3 (Ar), 121.0 (Ar), 119.9 (Ar), 116.3 {92, CFsCOy), 111.5 (Ar),
110.7 (Ar), 66.1 (C1 or C8), 65.8 (C1 or C8), 54.2 (C4), 4CBL), 38.1 (C3 or C10), 37.9
(C3 or C10), 28.0 (C5 or C12), 28.0 (C5 or C12), 27.6 (C2%)r £7.5 (C2 or C9), 19.3
(C6-7 or C13-14), 19.2 (C6-7 or C13-14). tRa 3350, 3194, 2962, 1675, 1628, 1522,

1202.HRMS (ESI) found 641.38654H4N100s" [M+H]* requires 641.3882.

4-Amino-3-(3-aminopropoxy)N-isobutyl-N-((4-(isobutylcarbamoyl)-2-(3-
isopropylamino)propoxy)phenyl)carbamoyl)benzamide«ZFA (79)

Following the general procedure foi-Boc deprotection,

17
H
O N\)@ protected benzoylure@3 (31 mg, 0.034 mmol) was stirred
10 15 18
46 jz for 90 minutes in TFA. A portion of the residue was padfi
O NNy i i 0 0
HN. O ® HTFA via semi-preparative HPLC (25 % MeCN to 95 % MeCN
9 . : .
O N\)E over 40 minutes) to yield the title compound (13 m@16
mmol) as a viscous orange ail; (500 MHz, DO) 7.77 (1H,
13
O "NH,TFA d,38.2, Ar), 7.36 (1H, dJ 8.2, Ar), 7.28 (1H, ddJ 8.4; 1.8,
NH,

Ar), 7.23 (1H, dJ 1.7, Ar), 7.22-7.19 (2H, m, Ar), 4.14 (2H,
t, J5.7, H1 or H4), 4.10 (2H, 5.6, H1 or H4), 3.62 (2H, d,7.3, H11 or H15), 3.24 (1H,
sept,J 6.6, H7), 3.20-3.11 (4H, m, H3 and H6), 3.08 (2HJ @,1, H11 or H15), 2.17-2.07
(4H, m, H2 and H5), 1.86 (1H, sept6.8, H12 or H16), 1.79 (1H, sept6.8, H12 or H16),
1.14 (6H, d,) 6.6, H19-20), 0.83 (6H, d6.7, H13-14 or H17-18), 0.75 (6H, 36.7, H13-
14 or H17-18)4c (125 MHz, BO) 174.7 (C8), 169.6 (C10), 162.9 35.6, RCCOy,),
154.0 (C9), 153.9 (Ar), 150.7 (Ar), 148.5 (Ar), 135.1 (Ar), T3(Ar), 129.1 (Ar), 124.8
(Ar), 123.0 (Ar), 120.6 (Ar), 120.1 (Ar), 116.3 #291.7, RCCOy), 111.4 (Ar), 110.5 (Ar),
66.2 (C1 or C4), 65.6 (C1 or C4), 54.3 (C11 or C15), 50.9,(€7.3 (C11 or C15), 41.9

(C3 or C6), 36.9 (C3 or C6), 28.1 (C12 or C16), 28.0 (C1218)(26.4 (C2 or C5), 25.7
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(C2 or C5), 19.3 (C13-14 or C17-18), 19.1 (C13-14 or C17-18), (B19-20). IRumax
3352, 3201, 2962, 1678, 1630, 1524, 1202, 1135. BRESI) found 599.3899

C3oHs5:NgOs" [M+H] " requires 599.3915.
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4. Benzamide-based @ peptidomimetics

4 .1.Introduction

The 3o helix is a compact, steeply-rising fold adoptedoblypeptides and proteins. It is
a right-handed helix consisting of three residuestprn, rising 6 A per turh.Hydrogen
bonding is between the backbones of itrendi+3 residues, and due to a 3-fold axis of
symmetry, the sidechains of successive turns aeged in the same directions (Figure
4-1). While this helix maintains optimal intramolgar hydrogen bond lengths, it does so
by twisting the amide C-N bond, to an extent tihat $tructure was thought impossible by
Pauling in his initial study of protein helicédt is now known that the ;3 secondary
structure is in fact common, making up 15 % - 2@f%elices in the PDB.On average :3
helices are quite short, three to five residuesypared to ten to twelve residues for
helices, although longer stretches of thesdructure are knowhFurther analysis suggests
that the 3o helix structure in proteins deviates from idealityith 3,0 stretches containing

nine residues or more uniformly lacking long-rangder®

4+—p
53A

Figure 4-1: Comparison of am-helix (green) and four residues of thg Belix of Gab2b (purple). The,3
structure has a 3-fold axis of symmetry and is veagrow (bottom left) when compared to the unsynmieast
o-helix (top left). The Gab2b peptide spans 5.3 Ajol deviates from the ideal 6.0 A for & Belix.
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Mimicry of the 3¢ structure began with the observation thai-disubstituted amino
acids show a high degree of helicity resulting fraimeir constrained backbone
conformation. Sequences rich in 2-aminoisobutydi da-methylalanine) are rich in-
helix or 3, helix conformation, depending on the precise sege®’ Synthetic a-o-
disubstituted amino acids have been used in atyasie“stapling” approaches, including
thosevia lactam bridge§,ring-closing metathesis'™° and click chemistry* which stabilize
310 helical character. Recent work on “universal plgmimetics” has included thgghelix
among the mimicked structures, and has resultethensynthesis of several classes of
molecules®*? Unfortunately, the conformational flexibility ohése molecules means they
suffer a great entropic penalty upon bindthgnd so far their biological utility has not been
demonstrated. One interesting conclusion from thk is that scaffolds previously
designed fou-helix mimicry (e.g. the terphenyl of Hamiltat al') might in fact be more

effective at matching a@structure™®

4.2.Peptidomimetic design

While the relatively compact structure of thg I3elix is important in allowing peptides
to form optimal H-bonds, a peptidomimetic with aoli synthetic backbone need only
match the distance between adjacent sidechainghairdorojection along the same face of
the scaffold. The Gab2b peptide, which has a bmadiffinity 3.2 uM for Grb2 SH3C (by
ITC), adopts a four reside;g3helix (Arg-Asn-Leu-Lys) containing the key Arg amhgs
residues required for binding to Grb2 SH3C. Nondhef other amino acids in this helix
make significant contributions to binding enef§o their inclusion into a peptidomimetic

scaffold may not be necessary.
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Figure 4-2 Comparison of the key residues of the Gab2a peftideen; 2WVF) and the Gab2b peptide
(yellow; 2W0Z) binding to the surface of Grb2 SH3aiple). Displayed are the four-residue sequenées o
each peptide which contain the RxxK sequence. Dileetanuch greater length of a PPII helix relativehe

310 helix, the two peptides display the cationic raslin different conformations to maintain optirfiabond
distances to the protein.

The shorter length of theghelix of Gab2b relative to the PPIlI of Gab2a resudt a
different projection of the cationic residues itih@ binding groove of Grb2 SH3C (Figure
4-2). The protein structure distorts slightly te@mmodate hydrogen bonds to the same key
residues \ide supraChapter 1.3), but the overall fold of Grb2 SH3Ma significantly
changed when the peptides are bound. Nonethelesswb peptide structures underscore

the need for different peptidomimetic scaffoldsfmmicking Gab2a and Gab2b.

|
O _NH Os_NH
[:5\9,1{ E5\OR
O Nif
p,R
N

Figure 4-3 Comparison of the oligobenzamide scaffold (left)i &he oligopyridylamide scaffold (right). The
benzamide scaffold is less rigid as there is nedtitiunconstrained rotation around the Ar-C bonderghs the
conformation of the oligopyridylamide is largelxdid by a three-centre hydrogen bond. As a resuthisf
constraint, however, the oligopyridylamide scatfid also more curved than the oligobenzamide.
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Computational modelling led to consideration of thenzamide scaffold, which has
been used extensively for peptidomimetit$his scaffold is synthesized through sequential
amide coupling reactions, and its properties sushcarvatur€® and conformational
flexibility *° are fixed by intramolecular hydrogen bonding (Fégd-3). For instance, the
three-centre hydrogen bonds of the oligopyridylamataffold create a rigid structure
projecting sidechains along one face, but at th& ob an overall curved backbone. In
contrast, oligobenzamides are less conformationadlystrained, and are correspondingly
less curved’ This scaffold nonetheless shows a strong preferdioc forming the
intramolecular hydrogen bond, even in high dieleaimedia such as watét.Synthesis of
the benzamide scaffold is relatively simpteand extensive work by multiple groups has
allowed the incorporation of numerous sidechafi€,so this scaffold was selected as a
potential mimic of Gab2b.

Solid-state, NMR, and computational data all intBchat the benzamide conformation
in which sidechains are projected along the sarme ifaconformationally-accessidie'®
In this conformation, the distance between adjas@égchains on the scaffold is 5.74 A,
which compares favourably to the 5.32 A of the Gmp@ptide. The peptide forms only a
single turn of a @ helix, so molecules incorporating two aromatigsrand two sidechains
were chosen as the target of synthesis (Figure Be&gigned mimics investigate the role of
hydrogen bonding by incorporating two Lys sideckaft), mixed Arg and Lys sidechains
(2 and3), and two Arg sidechaing). The Arg sidechains & and3 differ in length by one
carbon: counting the ether oxygen as part of ttenchhe shorteR correctly matches the
length of Arg. Counting only carbon atoms, howev8r,s the appropriate length.
Additionally, the role of the next key amino acml the sequence, Pro, was studied by
including cyclopentane 5f or Pro @) as an additional residue. Overlaying a

thermodynamically-accessible conformation of theppsed mimeti3 (calculated at the
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PM3 semi-empirical level of theoR)with the crystal structure of the bound Gab2b idept

gives an RMSD of the &and G atoms of both structures of 0.73 A (for four pojnts

Oy OH

@
NH2 NH,
A /\,N NH2 AN AN JL
o NH3 0 N NH2 o) N” “NH.
Ny Ny O Mgy H
0574 nm
O/\/\NH3 O/V\NH3 O/\/\NH3
NH NH

2

Oy OH Oy OH
® ®
NH, NH,
0"™"N""NH, 0"™"N""NH,
O Ny Ny
0""NH, 0""NH,
O N. O N.

Figure 4-4: Structures of proposed mimids6. Bottom right: overlay of proposed mimgc(green) with the
Gab2b peptide 3 helix (purple).

4.3. Synthesis

The key amide bond in the scaffold is formed fromredatively electronically
deactivated aniline. As a result, robust couplimnditions are required to form the
benzamide. Early synthesis of this scaffold waspustsible with two alkoxy sidechaifis,
but recent work has found that 2-chloro-1-methyigipium iodide (Mukaiyama’s reagent)
allows facile synthesis of fully-functionalized kEmides>?® Unlike the benzoylurea
coupling described in Chapter 3, for which all lalprotons required protection, in this case
the coupling uses only weak base, so mildly aqjdi€a > ca. 10) sidechains are tolerated.
For the planned Arg/Lys mimics, orthogonal protegtgroups are required. Building from
the benzoylurea synthesis (Chapter 3), an azideseigsted as the first of these, while a

single Boc group was sufficient to protect the otfidechain.
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Synthesis began with nucleophilic aromatic substitution of azido-alcohwelth 3-
fluoro-4-nitro-benzoic aci® (Scheme 4-1). The azide prod@&tvas the bottom fragment
required for the eventual Lys/Lys and Arg/Arg mimicand 4. For the top fragment, the
acid was then protected as tket-butyl esterl0. Reduction of the nitro group to the aniline
furnished the completed fragmelit. The carboxylic acid of the bottom fragment was then
activated using Mukaiyama’s reagent and DIPEA, and the amide bond formed with the
aniline of the top fragment. Coupling azido-benzoic &iw azido-anilinell yielded di-
azidel5, which was the precursor to the Lys/Lys and Arg/Arg mirhiesid4. The first of
these was formedia hydrogenation of the azide to the primary aml@efollowed by
deprotection of théert-butyl ester with TFA. Alternatively, the hydrogenated product could
be reacted withN,N-di-Boc-1H-pyrazole-1-carboxamidine to yield the protected di-Arg

molecule 23, which upon global deprotection with TFA became mimic 4.

OH OH Oy OtBu Oy OtBu
HO/\/\N3 z BuOH Fe, NH,Cl
—_—
DCC DMAP O/\/\N3 80° C O/\/\N3

NOZ 9 97% NO; 10 569% NH; 11 659%
Os_OtBu Os_OtBu
NBoc O~ _OH
07N NHBoc i) Hy, PA/C 0N, DIPEA
0. N‘H - 0. N.H -
ii) DIPEA N 0 "R
N4 AR Ny ey,
0""R SN NHBoc 0 "R | 12 R =NHBoc
NH, NO,
23 77 % R = NHC(NBoc)(NHBoc) 15 95% R=N,
22 90% R =NHBoc 16 81 % R =NHBoc

Scheme 4-1:Synthesis of benzamide mimics. Deprotectiorl®f{with hydrogen and TFA) yields mimit,
while deprotection 022 or 23 with TFA yields mimics3 and4, respectively.

An analogous synthetic route, this time coupling the Boc-protected affne
(previously synthesized in the Hamilton group) to azide yielded the orthogonally-
protected16, which was the precursor to Arg/Lys mimi8s5, and6 (Scheme 4-1).

Synthesis of all three proceeded hydrogenation of the azide to primary amir® which
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then furnished the protected Arg sidechain2@f Global deprotection with TFA yielded
mimic 3.

OsOtBu

NBoc Os OH

O/\/\N NHBoc @ &
2

0 N
0""N""NH,
i) DlPEA 0w N H 2
R 'H
0"™"NHBoc ii) TFA
NH2 @
22 O/\/\NH3
+ Os_N.

H 5 R=CH
Oy OH i
R = CH, ER 6 R=NH
R R =NHBoc
Scheme 4-2Synthesis of the trifunctionalized Arg/Lys/Promigs.

Alternatively, 22 could be further functionalized to explore the rak additional
hydrophobic groups (Scheme 4-2). Although not pathe 3o helix, the next amino acid in
the Gab2b peptide is Pro. ThisBoc protected.-proline was coupled to the benzamide
using Mukaiyama’s reagent, which, following TFA deection, formed mimic6.
Cyclopentylcarboxylic acid, a potential isostere pbline, was separately coupled and

deprotected with TFA to yield mimi.

O 08" O, OBn 0OgOBn
-~ NHBoc H
\# O e /\/NHBoc O/\/N NBoc
2 _DIPBA_ i) TFA O Ny NHBoc i) stoic. Pd/C, H,
+ —_— - 2
O OH /@ ii) DIPEI/\XIB i) TFA
Cl 0/\/\N3 /N—q ocC O/\/\N3
NO
NN %2 14 059 NHBoc 220 71%
3
No, 9

Scheme 4-3Synthesis of the shorter Arg sidechain of migic

The synthesis of the shorter Arg sidechairatquired more-complicated protecting
group manipulation (Scheme 4-3). Synthesis of &gt azide one carbon shorter than

was deemed unnecessarily hazardous, so insteadpiBwection was pursued for the
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eventual Arg sidechain. This required an acid-st@bbtecting group for the carboxylic acid
of that fragment, so molecul3 (previously synthesized in the Hamilton group) waed
as the top fragment artdas the bottom half. These were coupled using Makag amide
conditions, and the Boc group removed with TFA moiree 17. The guanidine group was
synthesized from this amine, and the final mimiategsized by sequential deprotection

(hydrogenation and TFA).

4.4.Biological evaluation of mimics

441 SPR

The mimics were initially screened for binding tob@& SH3C using SPR. Molecules
were dissolved in running buffer containing 5 % DM&nd tested at 50M and 100uM
concentrations. Disappointingly, none showed stioinging, with a maximum response of
11.4 RU for mimicl (Table 4-1).

Table 4-1: SPR binding responses for putativg fimics screened at 50M and 100uM concentrations.
None shows strong binding, with the maximum respdosthe Lys/Lys mimid of 11.4 RU.

1 2 3 4 5 6
50 uM 7.2 2.0 2.9 1.0 2.7 3.4
100puM 11.4 4.4 6.9 1.3 5.5 7.6

In order to further characterize the binding ofsthenimics, a titration was conducted
with mimics 1 and3, which showed relatively strong responses. Mimwese screened at
concentrations from 6.26M to 200 uM for binding to both unlabelled Grb2 SH3C and
>N-labeled protein. At low concentrations, the birgliof mimic 3 was anomalous, with
noise eclipsing signal (Figure 4-11). The affindf the Lys/Lys mimicl, however, was
calculated to be very similar for both surfacesO(3560 uM and 150 + 30uM for the
unlabelled and®N surfaces, respectively; Figure 4-5). The valueBgi, (the maximum
binding level, if the binding site were fully satied) calculated from the fits, however, was
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substantially different, with the unlabelled sudagstimated to have two-fold greaBkax

While a higher concentration of one of the protewsuld explain this discrepancy, in
reality nearly identical amounts of each were bolRatentially some of one of the proteins
could be inactive, resulting in less total (but &duactional) binding to the surface, but this

cannot be directly measured once the proteinsttehad to the SPR surface.

Response (RU)

40

20

Response (RU)

U L L L L)
0 50 100 150 200 250
[Inhibitor]

0 100 200 300 400
Time (s)

Figure 4-5: Left: sensograms of binding of mimicto **N-Grb2 SH3C. Mimic concentrations are a two-fold
dilution series from 20QM (highest response) to 6.2 (lowest non-zero response). Right: fit of binding
response vs. mimic concentration to a one-to-ondibg model. This calculates a dissociation corstéin
150+ 30puM.

4.4.2. Competition binding assay

In order to assess the ability of the mimics to petitively inhibit the binding of Gab2b
to Grb2 SH3C, a competition assay was conductet thi¢ putative 3 mimics. Each
compound was screened at 2.0 mM concentrationphicdie, and the levels of Grb2 SH3C
protein detected were scaled relative to sampléisowi compound. Results (Figure 4-6)
indicate that none of the mimics are capable ofi@antly reducing the binding of the
Gab2b peptide. The positive control (100x of fresptile) did inhibit the activity, as

expected.
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Figure 4-6: Normalized intensities (top) ar@oomassie blue-dyed bands (bottom) for the competition assay
using the g mimics. Mimics were screened at a concentration of 2.0 mM. None showed significant inhibitory
effect. The positive control Gab2b peptide is in 100x molar excess.

4.4.3. NMR: N HSQC shifts

With SPR and the competition assay providing conflicting information about the
binding of the small molecules, the NMN HSQC shift experiment was conducted with
mimic 3. Control experiments (described in Chapter 3) established that the Gab2b peptide
causes large NMR shifts in the protein. The residues perturbed in the NMR experiment map
very closely to the residues along the crystallographic interface, confirming that the
experiment is able to reproduce the solid-state binding of the peptide. In thiSNaGeh2
SH3C (120uM, 25 mM phosphate pH 7.2, 15 mM NaCl) was incubated with 20 molar
equivalents of mimic3 (2.4 mM). Compared to the spectrum acquired without ligand,
several large shifts are evident (Figure 4-7). There is no selective purification of the protein
as seen for some of the PPII mimics, but the magnitude of the HSQC shifts is much greater.
Mapping the largest shifts to the crystal structure of Grb2 SH3C bound to the Gab2b
peptide (PDB 2VWFY demonstrates that most of the shifted residues are in the core of the
protein. The two largest shifts (lle25 and Phe47) are completely solvent-excluded, with their
sidechains pointing into the conservpegandwich of the protein. Relatively few shifts
occur to the surface residues of the protein, implying that most of the binding is nonspecific

unfolding of the domain.
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Figure 4-7: (A): >N HSQC overlay of the apo protein (34M, pH 7.2; red) and protein (12M, pH 7.2;

blue) with 20 eB. Several large chemical shift changes are apparent, although many residues shift very little.
(B): model of the interacting residues found by the NMR shift experiments. Residues which shifted > 0.03
ppm are coloured green and mapped onto the crystal structure (2VWF) of Grb2 SH3C binding the;&5ab2b 3
peptide (blue). (C) view into the core of Grb2 SH3C. The most strongly shifting residues (lle25 and Phe47)
are coloured redlhese point into the core of the protein, suggesting that the key change upon binding is an
unfolding of the domain. (D): histogram of HSQC shifts for each residue in Grb2 SH3C.
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4 5. Discussion

The work presented in this chapter attempted to imitme 3, helix of the tightly-
binding Gab2b peptide. This helix contains the Keg and Lys residues required for
peptide binding, and so it was hoped that a smatienincorporating the appropriate
functionality would be able to bind to Grb2 SH3Qud proved not to be the case. Although
SPR suggests that one of the mimics may bind taltimeain, the overall response is low
and not consistent among two protein constructge. ddmpetition assay likewise failed to
show significant binding for any of the moleculegerestingly, NMR suggests that binding
is in fact occurring, but rather than it being a&a@pc interaction it results in a general
unfolding of the protein. Not only is this effeatdesirable in a mimic, it is unlikely to be
specific for Grb2 SH3C. Denaturing of the proteionuld be expected to decrease binding in
the competition assay (by unfolding protein rattiem interrupting specific binding), and
given the pre-incubation of mimic and protein imttlassay it is strange that no response
was seen. It is possible that upon addition oflibad-bound peptide, the protein refolds.
Alternatively, the response seen in NMR could be weighted average of mostly folded
protein with a small fraction that is reversiblyfolded. In this case, most of the protein
would be available to bind the peptide, and perhapse bound the protein becomes
resistant to unfolding by the mimic.

The benzamide scaffold is somewhat too long toge#sf match the 3 helix, and it is
possible that the scaffold is thus inherently leditas a mimic for this structure. There has
been no successful use of peptidomimetics for itihdp 3,0 helix-mediated interactions, so
the molecules designed here cannot be compardtidosoAlternatively, the mimic may be
too small to gain sufficient favourable bindingardctions. The incorporation of additional
sidechains may therefore cause binding. In the ca&ab2b, such sidechains would have

to match the structure of the rest of the peptidech does not fold in a neatpshelix. The
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minimum peptide length required for binding couldtgntially be investigated with
truncates of the Gab2b sequence, but the pointeMbss of activity is found could be due
to misfolding of a shorter peptide rather than uataable binding energies.

Moving forward, significantly larger screening atfo are needed to assess both the
utility of the benzamide scaffold and the posdipitf such mimics targeting Grb2 SH3C.
Large libraries of benzamide-type compounds hawen tsynthesizetf** though these do
not include Arg sidechains. The chemistry describhete of synthesizing Arg from Lys
sidechains creates a molecule that is amenabledtiitianal coupling reactions, as
evidenced by the successful synthesis of Arg/LysfRimics. As a result, these monomers
should be incorporated into future screening liesarwhich would extend the versatility of
these collections. By testing such a library aga®g2 SH3C, it could be determined
whether any benzamide is capable of binding to dbenain. Alternatively, the same
collections (or even the subset of molecules switled here) could be tested against

multiple SH3 domains as a means of probing thecBeity of these proteins.

4.6. Conclusion

The synthesis of benzamide mimics containing cati@dechains was completed.
These molecules incorporate Arg sidechains inte siaffold for the first time, and are
synthesized using orthogonal azide and Boc proigagroups. A small library of such
compounds was synthesized, and found not to bigdifsiantly to Grb2 SH3C. NMR
evidence suggests that one of the molecules catiseast partial unfolding of the domain,
although this does not appear to stop the bindfripe Gab2b peptide. Screening of these
mimics against other SH3 domains may help eluciddtether this response is specific to

Grb2 SH3C or if cationic benzamides are generalgtérious to protein structure.
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4.7.Perspective on small molecule binders to Grb2 SH3C

The field of peptidomimetics assumes that completgin-protein interactions can be
inhibited by a small scaffold displaying relativégw sidechains. This approach has proved
remarkably successful against a range of targetspme cases with multiple scaffolds able
to bind to the same protein with similar affinityopided the correct sidechains are
presented. This has been the case with Bcwhich has been successfully bound with the

13 and “wet

terphenyl*>?” oligopyridylamide® terephthalamidé’ benzoylure&? bipheny
edge®? scaffolds (Figure 4-8). These mimics incorporatarbphobic sidechains, and bind
to a relatively solvent-excluded pocket on Bekhich natively binds a rigid, hydrophobic
helix. Grb2 SH3C, however, provides three challsrige peptidomimetic design: first, it is
a signalling molecule, with weak affinities even tbe native ligands. This may limit the
maximum affinities that can be achieved by smalletwles since the protein has evolved
to avoid very tight binding of any ligand. Secotide native ligands have very different
PPIl and 3, structures, neither of which has been mimickedhwat small synthetic

molecule. Finally, the key binding residues are rbpdlilic, which introduces potential

desolvation penalties in binding a ligafid.
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Figure 4-8 Different peptidomimetics which bind to Bcl-x (a) terphenyl, K; 0.114 uM. (b)
oligopyridylamide K; 2.3 uM. (c) terephthalamides; 0.781uM. (d) benzoylureak; 2.4 uM. (e) biphenylK;
1.8uM. (f) “wet-edge” mimic,K; not determined.
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Two classes of peptidomimetics were synthesizexdgaarch for binders to Grb2 SH3C.
Neither class was overwhelmingly successful, andewSBPR and NMR indicate that
several of the molecules bind to the domain, timslibg is relatively nonspecific and was
not successfully quantified using the biophysiaabiochemical methods tested. This raises
general concerns regarding rational design appesachVhen successful, rationally-
designed molecules can target the key structuealifes of a particular target. This avoids
the cost and difficulties associated with largelesss@reening, and may produce molecules
that are highly selective for their targets. On dteer hand, when unsuccessful or when
steep SAR is found, the designed molecules do ex#ssarily provide much explanation as
to why they failed. It could be that the designcisse, and that a minute change to the
scaffold may result in an active molecule. Alteively, the molecules may be intrinsically
unsuitable, and novel scaffolds or approaches neayeluired. Differentiating between
these options is challenging, and thus the onlyeréarward may be to synthesize and test
additional moleculesin extremis this results in the screening of large combinator

libraries, as has indeed taken place within the fie®*
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Figure 4-9 Potential theoretical progression from (a) peptiigand to (b) peptide truncate to (c)
peptide/peptidomimetic hybrid to (d) fully-synthepeptidomimetic.

One strategy for bridging the large gap betweertiggegigands and peptidomimetics
may be to systematically probe the ligand chenspalce (Figure 4-9). For instance, in an
initial approach the sequence of the native peptmldd be varied, for instance in a spot

blot assay. This may reveal which residues areatitor binding, as well as the tolerance
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of the site for mutations (e.g. in the size of arimphobic residue). This could lead to
peptide truncates and the screening of small iksasf mutant peptides, which could define
a minimal number of interacting residues. Very $maptides may not fold, however, but
these could be stabilized by approaches such plinstd’ With a better idea of the binding
site, hybrid mimic/peptide molecules could be adawvhich eliminate selected residues of
the native sequence. This approach has been usgidctwver inhibitors of the Fyn SH3
domain using a Pro-Pro mimic within a native PRilypeptide® Particularly for scaffolds
such as the benzamide, this chemistry could coabsivbe conducted using entirely solid-
phase methods. Finally, a smaller number of whejigthetic peptidomimetics could be
synthesized, taking advantage of the structurakmétion gleaned from these studies.

The lack of published inhibitors of Grb2 SH3C comales ligand design enormously,
and increases the potential rewards for a sucdessflecule. Principally, it has not yet
been established whether the interaction is “drbfgjanith a small molecul&® and thus
whether inactive compounds result from poor designa generally intractable target.
Unfortunately, the results found with the screemeadecules in Chapter 2 and the designed
molecules in Chapters 3 & 4 do not conclusivelywarsthis question. Encouragingly,
several molecules have been identified which ofebimd to the Gab2-binding groove of
Grb2 SH3C, but all do so in a multipoint mannere8ivity of these molecules for Grb2
SH3C, as opposed to other SH3 domains or even diffigrent proteins, remains to be

explored.
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Figure 4-1Q Flexibility of Grb2 SH3C to bind the structurally-diverse Gab2a and Gab2b peptides. Crystal
structures of the complex (left) show that the peptides contact similar residues on the protein, despite very
different orientations of the key Arg and Lys sidechains (right). Adapted from Harkislaki®

Given the flexibility of Grb2 SH3C to bind such structurally-diverse peptides as Gab2a
and Gab2b (Figure 4-10), it is possible that the domain is simply too flexible to
accommodate small molecules in a single, well-defined binding site. If this is the case, a
molecule might have to be relatively large to bind to a single site on the protein. The
benzamide molecules, which lack significant hydrophobic bulk, are certainly less potent
binders then the benzoylureas, but this might be due to the different projection of sidechains
in the scaffold rather than hydrophobic properties. Likewise, greater activity was found for
the dihydro-driazine screened molecules which incorporated larger hydrophobic bulk, but
even this was not sufficient to allow the molecules to bind stoichiometrically. Moreover, the
trimeric benzoylurea bound with less specificity than the smaller mimics, despite the
increased hydrophobicity of that molecule. What is clear, however, is a strong preference
for Grb2 SH3C binding cationic molecules, with no neutral molecules found to bind with

any noticeable activity. Incorporating additional hydrogen bonding capability, for instance,
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as seen on the Arg/Arg molecules, is not a panaagahese molecules did not bind
significantly more strongly by SPR and may be lsskective than the mixed Arg/Lys
mimics. Spot blot analysis with the native Gab2ptpke indicates that mutation of Lys to
Arg is not tolerated, but this should be confirnigdn vitro testing of the mutated peptide.
Moving forward, additional screening is required ftother probe binding to Grb2
SH3C. Computationally, screens might include largeslecules outside the “Lipinski
space” which may be better for inhibiting PPIs. Aiddally, virtual screens in which no
hydrogen bond constraint is applied might helpalsc novel binding modes to the protein.
Now that tractable SPR and NMR conditions for inigeging binding to Grb2 SH3C have
been determined, either of these methods couldsbd in fragment-based vitro screens
for small molecule binders. Future vitro screens should also be expanded to include
additional RxxK SH3 domains. By cross-screening eooles against multiple protein
targets, some idea of the selectivity of each bbigdite may become apparent, which could
lead to more-selective therapies. The large nurob&H3 domains in the genome make
finding absolute selectivity unlikely, but if a gegmimietic binds to only a subset of these
proteins, it could allow the development of a phacophore model for their binding sites.
This would be useful in the synthesis of additiopaptidomimetics, and in guiding virtual

screening.
4.8. Experimental details

481. SPR

This assay was performed according to the gen&&l8ethods described in Chapter 3.
Measurements were taken according to the procddugd® generation mimics described in

Chapter 3.
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Figure 4-11: Sensograms of mimig binding to™N-labeled Grb2 SH3C. Mimic concentrations are a fald-
dilution series from 20QuM (highest response) to 6.28M (lowest non-zero response). The lowest mimic
concentrations yield sensograms that are to sindlae analyzed.

4.8.2. Competition binding assay

This assay was performed according to the procatkseribed in Chapter 3.

48.3. NMR
This assay was performed according to the procedieseribed in Chapter 3, with the
exception that spectra of ligand-boultN Grb2 SH3C were obtained at a protein
concentration of 12QM in a buffer of 25 mM phosphate pH 7.2 + 15 mM NaQ mM

DTT in 90:20 HO:D-,O.

4.8.4. Synthesis
General synthetic details and methods are desciib&hapter 3. The spectroscopic

details of all compounds synthesized in this chagte given below.
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4.10. Experimental Data for Synthesized Compounds
3-Azidopropan-1-ol (7)
) Sodium azide (1.95 g, 30 mmol, 1.05 eq) was diggblm DMSO (60

HO A~ N3

1 3 mL). To this solution was added 3-bromo-1-propaB®d7 g, 28.6 mmol,
1.0 eq) and the mixture heated to 70 °C and stokeanight. The reaction was partitioned
between water (100 mL) and ether (100 mL) and wdshki¢h ether (3 x 60 mL). The
organic layers were combined, washed with brineddiMgSQ), filtered, and concentrated
at 500 mBar and 40 °C. Purificatiama flash column chromatography (1:1 ether:petrol)
yielded the title compound as a volatile, colowsled (2.70 g, 26.7 mmol, 93 %)y (500
MHz, CDCk) 3.82 (2H, q,J 5.7, H1), 3.53 (2H, quint] 3.5, H3), 1.90 (2H, quint] 6.3,
H2). dc (100 MHz, CDC}) 60.0 (C1), 48.5 (C3), 31.4 (C2). IRax 3335, 2946, 2882, 2090,

1045. HRMS (FI) found 101.0590.38;NsO" [M]" requires 101.0590. Spectroscopic

measurements agreed with literature vafiies.

3-(3-Azidopropoxy)-4-nitrobenzoic acid (9)
O. OH Following the procedure of Bogest al®? azide7 (655 mg, 6.5
’ mmol, 1.2 eq) was added dropwise to a stirred soludf sodium
0/1\2/3\ N; hydride (60 % dispersion in oil, 540 mg, 13.5 mnib§ eq) in THF
Ne: (30 mL) at 0 °C. The mixture was stirred for 15 otes at 0 °C
before 3-fluoro-4-nitrobenzoic acil (1.00 g, 5.4 mmol, 1.0 eq) was added. The reaction
was stirred for 5 minutes at 0 °C, then 2 hoursain temperature, before being diluted
with EtOAc (20 mL). NHCI (20 mL) was added, and the mixture was washed wWCl
(0.5 M, 20 mL x 3). The organic layer was collectettied (MgSQ), filtered, and

concentrated, and the product purifsd flash column chromatography (3:2 EtOAc:Pet +

1 % AcOH) to yield the title compourams a yellow solid (1.40 g, 5.26 mmol, 97 %): MP
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123-126.54 (400 MHz, MeOD) 7.86 (1H, d] 10.9, Ar), 7.85 (1H, s, Ar), 7.72 (1H, dd,
8.3; 1.6, Ar), 4.30 (2H, 1 5.9, H1), 3.56 (2H, t) 6.6, H3), 2.09 (2H, quint] 6.2, H2).5¢
(125 MHz, MeOD) 166.6 (C4), 151.6 (Ar), 143.0 (A1)36.0 (Ar), 125.1 (Ar), 121.8 (Ar),
115.6 (Ar), 66.6 (C1), 28.5 (C2). lRnax3061, 2924, 2853, 2102, 1690, 1589, 1530, 12509.

HRMS (ESI) found 265.0569:684sN4Os [M-H] requires 265.0578.

tert-Butyl 3-(3-azidopropoxy)-4-nitrobenzoate (10)
8 Carboxylic acid (1.4 g, 5.26 mmol, 1.0 eq) was dissolved in DCM

° 40\{5/6 (30 mL) and cooled to 0 °C and DMAP (96 mg, 0.79ahr.15
Eé\ 1 3 eq), tertbutanol (2mL, 21 mmol, 4.0 eq), and,N-

NO, dicyclohexylcarbodiimide (1.25 g, 6 mmol, 1.15 aeggre added.
The mixture was warmed to room temperature ancedtifor 68 hours before 10 % NaOH
(100 mL) and DCM (100 mL) were added. The orgaaiet was washed with water (2 x
100 mL) and brine (1 x 100 mL), then dried (Mgp@nd purifiedvia flash column
chromatography (10:1 petrol:ether) to yield thkettompound as a yellow solid (952 mg,
2.95 mmol, 56 %): MP 74-7%4 (400 MHz, CDC4) 7.78 (1H, dJ 8.36, Ar), 7.67 (1H, dJj
1.3, Ar), 7.60 (1H, ddJ 8.3; 1.5, Ar), 4.23 (2H, t) 5.8, H1), 3.65 (1H, t) 6.5, H3), 2.07
(2H, quint,J 6.1, H2), 1.58 (9H, s, H 6-8)c (100 MHz, CDC}) 163.6 (C4), 151.5 (Ar),
142.0 (Ar), 136.9 (Ar), 125.2 (Ar), 121.4 (Ar), 1LB5Ar), 82.5 (C5), 66.1 (C1), 47.7 (C3),
28.4 (C2), 28.0 (C6-8). IRmax 3113, 3079, 2986, 2086, 1719, 1611, 1521, 1240M8ER

(ESI) found 345.1163 {gH1sN4OsNa” [M+Na]* requires 345.1169.

8 tert-Butyl 4-amino-3-(3-azidopropoxy)benzoate (11)

OO0 -°
4 \{5/ Iron powder (1.65 g, 29.5 mmol, 10 eq) and ammonahtoride

7

/1\/3’\ (79 mg, 1.48 mmol, 0.5 eq) were added to a stis@dtion of the
@) Nj
2

NH,
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aromatic nitro compoundO (952 mg, 2.95 mmol) dissolved in ethanol/water (d0:10
mL). The mixture was heated to 80 °C for 30 minute=n filtered through Celite® with
EtOAc (150 mL). Solvent was removedvacuoand the product purifiedia flash column
chromatography (3:2 petrol:ether) to yield theetitompound as a colorless oil (560 mg,
1.92 mmol, 65 %) (250 MHz, CDCY) 7.48 (1H, ddJ 8.1; 1.7, Ar), 7.40 (1H, d] 1.7,

Ar), 6.62 (1H, dJ 8.2, Ar), 4.24 (2H, br s, H9), 4.08 (2H,}6.0, H1), 3.46 (2H, tJ 6.6,
H3), 2.04 (2H, quint] 6.3, H2), 1.55 (9H, s, H6-8)c (62.5 MHz, CDCJ) 166.6 (C4),
145.4 (Ar), 141.4 (Ar), 124.5 (Ar), 121.7 (Ar), LTXAr), 112.6 (Ar), 80.6 (C5), 65.3 (C1),
48.8 (C3), 29.0 (C2), 28.7 (C6-8). IRax 3488, 3369, 2976, 2932, 2098, 1691, 1617, 1297.

HRMS (ESI) found 315.1425,¢H,0N4OsNa’ [M+Na]* requires 315.1428.

4.10.1. General Procedure for Amidation

DIPEA (2.5 eq) was added dropwise to a solutiorcarboxylic acid (1.0 eq) in DCM.
Mukaiyama’s reagent (2-chloro-1-methylpyridiniumdide, 1.2 eq) was added to the
mixture and the reaction heated to 40 °C for 30uteim Amine (1.1 eq) was then added and
the reaction stirred for 20 hours at 40 °C. Theutsmh was diluted with NbCI
(10 mL.100 mg) and DCM (10 mL.100 mi) and extracted with DCM (3 x
10 mL.100 md). The organic layers were combined, dried @), filtered, and purified

via flash column chromatography.

Benzyl-4-(3-(3-azidopropoxy)-4-nitrobenzamido)-3-(Z(tert-
butoxycarbonyl)amino)ethoxy) benzoate (14)

Following the general procedure for amidation, &i{’1 mg, 0.27 mmol) was coupled
with benzyl 4-amino-3-(2-{ért-butoxycarbonyl)amino)ethoxy)benzoate (114 mg, 0.30
mmol) and purified (1:1 petrol:ether) to yield ttitdee compound as a yellow solid (161 mg,
0.25 mmol, 95 %): MP 105-108, (400 MHz, CDC}) 9.19 (1H, s, H11), 8.64 (1H, d,
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Q 9.5, Ar), 7.89 (1H, d;) 8.4, Ar), 7.80-7.74 (2H, m, Ar),
0.0

14 15 7.69 (1H, dJ 8.2, Ar), 7.52 (1H, s, Ar), 7.47-7.33 (5H, m,
15
10
4 H 6.0 8 Ar), 5.35(2H, s, H12), 4.97 (1H, 3,6.6, H15), 4.23 (2H,
oY \<?
O~ _N. O t, J 5.7, H1), 4.11 (2H, tJ 4.9, H4), 3.62 (2H, 5.4,
13 H 11 9 ) ( J ) ( q'J

L 3 H5), 3.57 (2H, tJ 6.6, H3), 2.10 (2H, quint] 6.3, H2),
O/\/\N3

NO, 2 1.18 (9H, s, H8-10)c (100 MHz, CDC}) 165.9 (C13 or

C14), 164.1 (C13 or C14), 156.5 (C6), 151.8 (A47.2 (Ar), 141.5 (Ar), 139.6 (Ar), 136.0
(Ar), 132.0 (Ar), 128.6 (Ar), 128.5 (Ar), 128.3 (Ar128.0 (Ar), 125.5 (Ar), 123.6 (Ar),
119.6 (Ar), 119.1 (Ar), 114.6 (Ar), 111.1 (Ar), BXC7), 69.6 (C4), 66.8 (C12), 66.2 (C1),
47.8 (C3), 40.6 (C5), 28.4 (C2), 28.0 (C8-10).uHRx 3369, 2934, 2252, 1704, 1601, 1522,

1269. HRMS (ESI) found 657.2284E3sNsOgNa’ [M+Na]" requires 657.2279.

tert-Butyl 3-(3-azidopropoxy)-4-(3-(3-azidopropoxy)-4-itrobenzamido)benzoate (15)

Following the general procedure for amide formataeid9 (100

O 1:9\<7/8 mg, 0.38 mmol, 1.0 eq) was coupled with aming115 mg, 0.39
9 P mmol, 1.05 eq) and the product purified (3:2 ethetrol) to yield
0. N O/\s/\ N3 the title compound (193 mg, 0.36 mmol, 95 %) aglow solid:
12 M MP 128-1295y (250 MHz, CDC)) 8.78 (1H, s, H11), 8.55 (1H,
0/1\2/3\ N, 0385 An), 7.94 (1H, dJ 8.3, Ar), 7.73-7.67 (2H, m, Ar), 7.56
NO,

(1H, d,J 1.6, Ar), 7.44 (1H, ddj 8.4, 1.6, Ar), 4.34-4.23 (4H, m,
H1 and H4), 3.63-3.50 (4H, m, H3 and H6), 2.22-2418, m, H2 and H5), 1.60 (9H, s, H8-
10).6¢ (62.5 MHz, CDCY) 165.6 (C12 or C13), 163.6 (C12 or C13), 152.7)(A47.2 (Ar),

141.9 (Ar), 140.4 (Ar), 131.5 (Ar), 128.3 (Ar), 126(Ar), 123.8 (Ar), 119.4 (Ar), 118.2
(Ar), 114.6 (Ar), 112.0 (Ar), 81.7 (C7), 67.1 (CL ©4), 66.8 (C1 or C4), 49.4 (C3 or C6),

48.1 (C3 or C6), 28.9 (C2 or C5), 28.8 (C2 or C&).6 (C8-10). IRomax 3427, 2933, 2094,
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1706, 1601, 1521, 1164. HRMS (ESI) found 539.2002H&NsO;" [M+H]" requires

539.2008.

tert-Butyl 3-(3-azidopropoxy)-4-(3-(3-({ert-butoxycarbonyl)amino)propoxy)-4-

nitrobenzamido) benzoate (16)

10 . Following the general procedure for amidation, 3-(3
0.0
13 \~{ ((tert-butoxycarbonyl)amino)propoxy)-4-nitrobenzoic
9
0/4\/6\N acid (443 mg, 1.30 mmol, 1.0 eq) was coupled tonami
5 3
O 1{\|'H12 11 (400 mg, 1.37 mmol, 1.05 eq) and purified (2:1
18
13 )(J)\ 1§<19 ether:petrol) to yield the title compound (651 Mg)6
Ol \iT-Yo g
NO, 2 H mmol, 81 %) as a white solid: MP 147-148, (300
14

MHz, CDCL) 8.75 (1H, s, H12), 8.47 (1H, d,8.5, Ar), 7.87 (1H, dJ) 8.3, Ar), 7.67-7.60
(2H, m, Ar), 7.51 (1H, s, Ar), 7.38 (1H, d,8.3, Ar), 5.08 (1H, s, H14), 4.26-4.18 (4H, m,
H1 and H4), 3.51 (2H, § 6.1, H6), 3.31 (2H, g] 5.8, H3), 2.12 (2H, quin] 6.1, H5), 2.02
(2H, quint,J 5.8, H2), 1.56 (9H, s, H8-10), 1.38 (9H, s, H17-18) (75 MHz, CDC})
165.2 (C11 or C13), 163.2 (C11 or C13), 156.1 (C15p.4 (Ar), 146.8 (Ar), 141.4 (Ar),
140.0 (Ar), 131.0 (Ar), 127.9 (Ar), 126.0 (Ar), 133(Ar), 119.0 (Ar), 117.7 (Ar), 114.2
(Ar), 111.5 (Ar), 81.3 (C7), 79.1 (C16), 68.0 (CL®4), 66.6 (C1 or C4), 48.9 (C6), 37.8
(C3), 29.0 (C2), 28.5 (C5), 28.4 (C17-19), 28.2 {IT8. IR vmax 3434, 3338, 2978, 2101,
1711, 1681, 1519, 1162. HRMS (ESI) found 637.26@3H&NsOoNa’ [M+Na]" requires

637.2592.

4.10.2. General Procedure for N-Boc Deprotection

TFA (1.0 mL) was added to a stirred solution ofNtBoc protected molecule in DCM (1

mL). The mixture was stirred at room temperaturd toluene (5 mL) was added. The
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solvent was removeth vacuoand the resulting compound azeotroped three tiwwitds

chloroform.

2-(2-(3-(3-azidopropoxy)-4-nitrobenzamido)-5-((bengoxy)carbonyl)phenoxy)

ethanaminium «TFA (17)

\/@ Following the general procedure fd¥-Boc deprotection,

0.0

14 5 protected amind4 (161 mg, 0.25 mmol) was deprotected to

15 : : . .
Of\/NHZ'TFA yield the title compound as a yellow solid, whichsaused for
5

@) 13N~|_| " subsequent reactions without further purificatid®l mg,

L 3 0.24 mmol, 94 %): MP 157-158y (500 MHz, CDC4) 9.05
O ™""Ng
o 2 (1H, s, H11), 8.16 (1H, d 7.8, Ar), 8.07 (3H, s, H15), 7.70
2

(1H, d,J 8.7, Ar), 7.65 (1H, dJ 8.3, Ar), 7.53 (1H, s, Ar), 7.49 (1H, s, Ar), 7.2B1 (4H,

m, Ar), 7.20-7.16 (2H, m, Ar), 5.27 (2H, s, H12)2@ (2H, s, H4), 4.14-4.09 (2H, m, H1),
3.45-3.36 (4H, m, H3 and H5), 1.96 (2H, quidis.0, H2).5c (125 MHz, CDCY) 166.1

(C14), 164.8 (C13), 161.4 (4,38, CRCOy), 151.9 (Ar), 147.5 (Ar), 141.1 (Ar), 139.4 (Ar),
135.5 (Ar), 131.0 (Ar), 128.6 (Ar), 128.2 (Ar), 1P8(Ar), 126.7 (Ar), 125.6 (Ar), 123.9
(Ar), 121.9 (Ar), 118.8 (Ar), 115.6 (d, 289, CFsCOy), 114.3 (Ar), 112.0 (Ar), 67.2 (C12),
66.4 (C1), 64.5 (C4), 47.6 (C3), 39.4 (C5), 28.2)AR vmax 3034, 2955, 2254, 1779,

1525, 1284, 1202. HRMS (ESI) found 535.1948H3:N¢O;" [M+H] " requires 535.1936.

4.10.3. General Procedure for Catalytic Hydrogenation

Palladium on activated carbon (10 % by mass; 10&dihg) was added to a stirred solution
of an organic molecule in EtOH. The solution wasslfled three times with hydrogen gas
then allowed to stir under an atmosphere of hydromeernight. The solution was filtered

through Celite® with DCM (50 mL.mmd) and the solvent removéu vacuo
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tert-Butyl 4-(4-amino-3-(3-aminopropoxy)benzamido)-3-(aaminopropoxy)benzoate

(18)
Following the general procedure for catalytic hygloation,
10
8
O 130\<7/ benzamidel5 (187 mg, 0.35 mmol) was hydrogenated to
° 46 yield the title compound (185 mmol, 0.40 mmgliant) as a
O " "NHy,e - .
o N‘H 5 viscous yellow oil, which was used for subsequeaictions
12 M1

without further purificationsy (500 MHz, CDC}) 8.70 (1H,
o/\z/\NH215 s, H11), 8.55 (1H, d] 8.5, Ar), 7.63 (1H, ddJ 8.5; 1.5, Ar),
14 7.52 (1H, dJ 1.5, Ar), 7.43 (1H, dJ 1.5, Ar), 7.24 (1H, dd)

8.2; 1.7, Ar), 6.68 (1H, d] 8.1, Ar), 4.28 (2H, s, H14), 4.20 (2H,6.2, H1 or H4), 4.14
(2H, t,J 6.1, H1 or H4), 2.95-2.87 (4H, m, H3 and H6), 21082 (4H, m, H2 and H5), 1.57
(9H, s, H8-10), 1.32 (4H, s, H15-16) (125 MHz, CDC}) 165.0 (C12 or C13), 165.6
(C12 or C13), 147.2 (Ar), 146.5 (Ar), 141.1 (ArB28 (Ar), 126.9 (Ar), 124.5 (Ar), 123.8
(Ar), 120.5 (Ar), 118.7 (Ar), 113.7 (Ar), 112.0 (ArL11.3 (Ar), 81.3 (C7), 67.3 (C1 or C4),
66.7 (C1 or C4), 39.7 (C3 or C6), 39.6 (C3 or (3.3 (C2 or C5), 33.2 (C2 or C5), 28.7

(C8-10). IR vmax 3432, 3360, 2934, 1703, 1516, 1259. HRMS (ESI)ndbu459.2602

C24H3sN405" [M+H] " requires 459.2602.

tert-Butyl 4-(4-amino-3-(3-(tert-butoxycarbonyl)amino)propoxy)benzamido)-3-(3-
aminopropoxy)benzoate (19)
o OlO o Following the general procedure for catalytic
13 \N{ hydrogenation, benzamidks (651 mg, 1.06 mmol) was

AN hydrogenated to yield a grey foam (632 mg, 1.13 inmo
@) NH; ,,

71 Hio quand, which was used for subsequent reactions without
18
1 3 J(J)\ 1é<19 further purification:oy (300 MHz, CDC4) 8.63 (1H, s,
Oy N EO Ny
NH, 14
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H12), 8.50 (1H, dJ 8.5, Ar), 7.58 (1H, dd] 8.5; 1.7, Ar), 7.47 (1H, d] 1.7, Ar), 7.32 (1H,
d,J 1.7, Ar), 7.22 (1H, dd) 7.5, 1.7, Ar), 6.64 (1H, dJ 8.1, Ar), 5.10 (2H, s, H21), 4.23
(2H, s, H20), 4.14 (2H, 1 6.1, H1 or H4), 4.06 (2H, §6.0, H1 or H4), 3.26 (2H, d,6.1,
H3), 2.88 (2H, tJ 6.9, H6), 2.00-1.90 (4H, m, H2 and H5), 1.52 (9HH8-10), 1.36 (9H,
s, H17-19).5c (75 MHz, CDC}) 165.6 (C11 or C13), 165.1 (C11 or C13), 156.15C1
146.7 (Ar), 145.8 (Ar), 140.7 (Ar), 132.3 (Ar), 126(Ar), 124.0 (Ar), 123.3 (Ar), 120.4
(An), 118.2 (Ar), 113.5 (Ar), 111.5 (Ar), 110.6 (A80.9 (C7), 79.2 (C16), 66.8 (C1 or C4),
66.0 (C1 or C4), 39.2 (C6), 37.6 (C3), 33.0 (C20&), 29.6 (C2 or C5), 28.4 (C17-19),
28.2 (C8-10). IRumax 3360, 2976, 1697, 1515, 1255, 1165. HRMS (ESINEE59.3127

C29H43N4O7+ [M+H] * requires 559.3126.

4.10.4. General Procedure for Protected Guanidino Group Formation

DIPEA (2.5 eq) andN,N-di-Boc-1H-pyrazole-1-carboxamidine (1.2 eq) were added to a
solution of a primary amine (1 eq) in DCM. The m&at was stirred for 40 hours before
water (10 mL/100 mg) and DCM (10 mL/100 mg) wereledl The mixture was extracted
with DCM (2 x 10 mL/100 mg), dried (MgS{) filtered, and purifiedvia flash column

chromatography.

Benzyl-4-(3-(3-azidopropoxy)-4-nitrobenzamido)-3-(Z2,3-bistert-butoxycarbonyl)

guanidino)ethoxy)benzoate (20)

’ Following the general procedure for protected
®) O\/© 21 22 L . .
guanidino group formation, amink7 (151 mg, 0.24

14 5 20
6 O_0 .
4 H 24 mmol) was acylated and purified (3:2 ether:pettol)
~_N.N
O 18 19 , , . ,
O. N. ® HN.250 18 vyield the title compound as a white solid (131 mg,
13 Hiy 7 16
O 17 0.169 mmol, 71 %): MP 129-131 (500 MHz,
13
NO,
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CDCl) 11.52 (1H, s, H7), 8.78 (1H,1,5.5, H6), 8.72 (1H, s, H11), 8.61 (1H,18.5, Ar),
7.96 (1H, dJ 8.3, Ar), 7.82 (1H, dd) 8.5; 1.7, Ar), 7.76 (1H, d] 1.5, Ar), 7.62 (1H, dJ
1.6, Ar), 7.49-7.34 (6H, m, Ar), 5.37 (2H, s, H12)33-4.27 (4H, m, H1 and H4), 3.95 (2H,
a,J 5.4, H5), 3.59 (2H, tJ 6.3, H3), 2.11 (2H, quint) 6.0, H2), 1.50 (9H, s, H17-19 or
H21-23), 1.38 (9H, s, H17-19 or H21-23}, (125 MHz, CDC}) 166.2 (C14), 163.8 (C13),
163.4 (C15), 156.7 (C24 or C25), 153.9 (C24 or C25p.7 (Ar), 147.0 (Ar), 142.1 (Ar),
140.1 (Ar), 136.4 (Ar), 131.8 (Ar), 129.1 (Ar), 188(Ar), 128.7 (Ar), 126.6 (Ar), 126.4
(Ar), 124.4 (Ar), 119.7 (Ar), 118.2 (Ar), 115.0 (Arl12.1 (Ar), 84.1 (C16 or C20), 80.2
(C16 or C20), 67.6 (C1), 67.3 (C4), 66.7 (C12)14&3), 40.2 (C5), 28.9 (C2), 28.7 (C17-
19 or C21-23), 28.3 (C17-19 or C21-23). 1Rax 3421, 3337, 3119, 2978, 2934, 2100,
1717, 1609, 1527, 1272. HRMS (ESI) found 799.303HGNsO1Na” [M+Na]" requires

799.3022.

4-(4-Amino-3-(3-aminopropoxy)benzamido)-3-(2-(2,34B(tert-

butoxycarbonyl)guanidino) ethoxy)benzoic acid (21)

1 o1 23 - Following the general procedure for -catalytic
Oy_OH \N/
14 . O 020 hydrogenation, benzamid20 (118 mg, 0.15 mmol)
H 24 . :
o NN 19 was hydrogenated to yield the title compound as an
15
Og Ny 7 HNZOL" e ihite powder (60 mg, 0.095 mmol, 63 96), which
13 Hqp 7 1 powder (60 mg, O. mmol, 0), whic
O
1 3 17 was used for subsequent reactions without further
07 NH, .
NH, 2 purification: MP 250-25254 (500 MHz, DMSO) 8.95

(1H, s, H11), 8.62 (1H, 1] 6.0, H6), 8.22 (1H, dJ 8.3, Ar), 7.58 (1H, d)) 8.4, Ar), 7.56
(1H, s, Ar), 7.37 (1H, dJ 1.5, Ar), 7.33 (1H, ddJ 8.3; 1.6, Ar), 6.68 (1H, dJ 8.2, Ar),
5.60 (2H, s, H8), 4.25 (2H,4,5.2, H4), 4.12 (2H, 1) 5.9, H1), 3.80 (1H, g] 5.1, H5), 3.04

(2H, t,J 7.1, H3), 2.06 (2H, ) 6.7, H2), 1.39 (18H, s, H17-19 and H21-28) (125 MHz,
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DMSO) 164.7 (C13 or C14), 164.6 (C13 or C14), 1§805), 155.5 (C24 and C25), 152.0
(An), 147.4 (Ar), 145.1 (Ar), 1445 (Ar), 142.2 (Arl31.2 (Ar), 122.4 (Ar), 121.1 (Ar),
120.7 (Ar), 119.9 (Ar), 112.0 (Ar), 110.7 (Ar), 83(C16 or C20), 78.3 (C16 or C20), 66.3
(C1 or C4), 65.0 (C1 or C4), 36.4 (C3), 27.9 (CZ),6 (C17-19 or C21-23), 27.5 (C17-19
or C21-23). IRvmax 3331, 2928, 1718, 1613, 1517, 1254. HRMS (ESn631.3082

CaoH43NgOo" [M+H] " requires 631.3086.

tert-Butyl 4-(4-amino-3-(3-(tert-butoxycarbonyl)amino)propoxy)benzamido)-3-(3-(2,3-
bis(tert-butoxycarbonyl)guanidino)propoxy)benzoate (22)
Following the general procedure for protected
@) O\L/8 o ¥ ” guanidino group formation, aming9 (592 mg,
%Jic?% ,6 1.06 mmol) was reacted for 5 days and purified
5 H & 31 (3:1 ether:petrol) to yield the title compound (767
18 mg, 0.96 mmol, 90 %) as a white foady (500
L s e 1§<19 32
O NSO MHz, CDCk) 11.46 (1H, s, H23), 8.65 (1H, s,
E H12), 8.52-8.47 (2H, m, Ar and H20), 7.62 (1H, d,
J7.8, Ar), 7.49 (1H, s, Ar), 7.43 (1H, s, Ar), 7.¢8H, dd,J 8.2; 0.9, Ar), 6.68 (1H, d 8.2,
Ar), 4.92 (1H, s, H14), 4.29 (2H, s, H33), 4.16 (2H] 5.8, H4), 4.09 (2H, tJ 5.9, H1),
3.66 (2H, gJ 6.1, H6), 3.30 (2H, q] 5.8, H3), 2.12 (2H, quint] 6.1, H5), 1.97 (2H, quint,
J 6.1, H2), 1.56 (9H, s, H 8-10), 1.39 (27H, s, HBrand H26-28 and H30-32)c (125
MHz, CDCk) 166.0 (C11 or C13), 165.5 (C11 or C13), 163.92)C256.8 (C15 or C24 or
C25), 156.5 (C15 or C24 or C25), 153.7 (C15 or 62€25), 147.2 (Ar), 146.2 (Ar), 141.1
(Ar), 132.6 (Ar), 127.0 (Ar), 124.3 (Ar), 123.8 (Ar120.9 (Ar), 119.3 (Ar), 113.9 (Ar),
111.9 (Ar), 111.3 (Ar), 83.8 (C16 or C29 or C33).B(C7), 79.8 (C16 or C29 or C33),

79.6 (C16 or C29 or C33), 66.7 (C4), 66.4 (C1)43€6), 38.2 (C3), 30.0 (C2), 29.4 (C5),
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28.8 (C8-10 or C17-19 or C26-28 or C30-32), 28.8-(0 or C17-19 or C26-28 or C30-
32), 28.4 (C8-10 or C17-19 or C26-28 or C30-32)v}RR« 3342, 2977, 1710, 1617, 1515,

1273, 1165. HRMS (ESI) found 823.42240@s0NsO1:Na’ [M+Na]" requires 823.4212.

tert-Butyl 4-(4-amino-3-(3-(2,3-bis{ert-butoxycarbonyl)guanidino)propoxy)

benzamido)-3-(3-(2,3-bidert-butoxycarbonyl)guanidino)propoxy)benzoate (23)

10 Following the general procedure for protected
O 0] -° 23 . o
13 |7 )(J)\ Zﬂ< 24 guanidino group formation di-aming8 (165 mg,
9 N7380 22 _
4 6 | 2 0.36 mmol, 1.0 eq) was reacted with DIPEA (185
O/\s/\H 17NH_
39 27 ;
@) 121 H., 16 326 mg, 1.43 mmol, 4.0 eq) and\,N-di-Boc-1H-
29
L s O 'z8 pyrazole-1-carboxamidine (255 mg, 0.82 mmol, 2.3
N 32
N 40\ 3
Sl HE« O 33 eq) and purified (2:1 ether:petrol) to yield theeti
NH, 15 O NH20
41
14 O)QO compound (261 mg, 0.28 mmol, 77 %) as a

3‘W< 35 i
37 colourless oil:oy (500 MHz, CDC}) 11.51 (1H, s,
H20 or H21), 11.47 (1H, s, H20 or H21), 8.66 (1H41), 8.51 (1H, tJ 5.0, H15 or H16),
8.46 (1H, tJ 5.0, H16 or H15), 7.64 (1H, dd,8.5; 1.6, Ar), 7.57 (1H, dJ 1.9, Ar), 7.50
(1H, d,J 1.5, Ar), 7.48 (1H, dJ 1.5, Ar), 7.28 (1H, ddJ 8.2; 1.6, Ar), 6.69 (1H, dJ 8.2,
Ar), 4.33 (2H, s, H14), 4.21-4.13 (4H, m, H1 and HB1y2-3.61 (4H, m, H3 and H6), 2.18-
2.06 (4H, m, H2 and H5), 1.57 (9H, s, H8-10), 1(422-24 or H27-29 or H31-33, or H35-
37), 1.47 (H22-24 or H27-29 or H31-33 or H35-37),21(¥22-24 or H27-29 or H31-33 or
H35-37), 1.41 (H22-24 or H27-29 or H31-33 or H35:3%)(125 MHz, CDC}) 166.0 (C12
or C13), 165.5 (C12 or C13), 164.0 (C17 and C185.8%C38 or C39 or C40 or C41),
156.6 (C38 or C39 or C40 or C41), 153.7 (C38 or O3€40 or C41), 153.7 (C38 or C39
or C40 or C41), 147.2 (Ar), 146.2 (Ar), 141.1 (ArB217 (Ar), 127.0 (Ar), 124.3 (Ar),

123.8 (Ar), 120.7 (Ar), 119.3 (Ar), 114.0 (Ar), 191(Ar), 111.5 (Ar), 83.7 (C25 or C26 or
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C30 or C34), 83.6 (C25 or C26 or C30 or C34), §C3), 79.8 (C25 or C26 or C30 or
C34), 79.7 (C25 or C26 or C30 or C34), 66.8 (C1 oy, 68.7 (C1 or C4), 39.0 (C3 or C6),
38.5 (C3 or C6), 29.4 (C2 or C5), 29.2 (C2 or CB.,7AC22-24 or C27-29 or C31-33 or
C35-37), 28.7 (C22-24 or C27-29 or C31-33 or C35-3Y @8-10), 28.5 (C22-24 or C27-
29 or C31-33 or C35-37), 28.4 (C22-24 or C27-29 80383 or C35-37). IRmax 3329,
2979, 1718, 1614, 1327, 1131. HRMS (ESI) found 9864 GeH;oNgO:1aNa' [M+Na]”

requires 965.4955.

tert-Butyl 3-(3-(2,3-bistert-butoxycarbonyl)guanidino)propoxy)-4-(3-(3-(tert-

butoxycarbonyl)amino)propoxy)-4-cyclopentanecarboxeido)benzamido)benzoate

(24)
10 Following the general procedure for amidation,
00O 8 o ¥
13 17 g 2Q< 28 cyclopentanecarboxylic acid (16 mg, 0.14
9 N240" ™ 4
0/4\/6\ N22 | 250 mmol, 1.1 eq) was coupled with amip2 (102
O _N 5 H N7¥ ¢l .
1 Ho, 20 0%y~ mg, 0.13 mmol, 1.0 eq) and purified (3:2
o 18 3 _ _
13 1§< 19 ether:petrol) to yield the title compound (78
O " N1B07 N _
o 2 H mg, 0.087 mmol, 69 %) as an off-white wax:
33 H 21 14
e 3438 on (500 MHz, CDCY) 11.49 (1H, s, H23), 8.77
36 37 (1H, s, H12), 8.53 (1H, s, H20), 8.52-8.48 (2H,

m, Ar), 8.37 (1H, s, H21), 7.66 (1H, dii8.4; 1.5, Ar), 7.58 (1H, d] 1.6, Ar), 7.52 (1H, d,
J1.4, Ar), 7.48 (1H, ddJ 8.5; 1.5, Ar), 4.72 (1H, s, H14), 4.22-4.17 (4H, iH1, and H4),
3.67 (2H, g,J 6.2, H6), 3.36 (2H, gJ 6.3, C3), 2.92 (1H, quint) 7.8, H34), 2.15 (2H,
quint,J 6.3, H5), 2.05-1.96 (4H, m, H2 and H35 or H38),311987 (2H, m, H35 or H38),
1.83-1.76 (2H, m, H36 and H37), 1.66-1.60 (2H, Md6Hnd H37), 1.59 (9H, s, H8-10),

1.44 (9H, s, H17-19 or H26-28 or H30-32), 1.42 (8HH17-19 or H26-28 or H30-32), 1.41
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(9H, s, H17-19 or H26-28 or H30-32) (125 MHz, CDC}) 175.7 (C33), 165.9 (C11 or
C13), 165.2 (C11 or C13), 164.0 (C22), 156.8 (C1E24 or C25), 156.5 (C15 or C24 or
C25), 153.7 (C15 or C24 or C25), 147.5 (Ar), 147M),(132.4 (Ar), 132.2 (Ar), 129.8
(An), 127.5 (Ar), 123.7 (Ar), 120.2 (Ar), 119.8 (Ar), L8YAr), 112.0 (Ar), 111.0 (Ar), 83.7
(C16 or C21 or C29), 81.4 (C7), 79.9 (C16 or C21 0®)C29.7 (C16 or C21 or C29), 66.5
(C4), 65.8 (C1), 47.3 (C34), 38.2 (C6), 37.4 (C3), ICB5 and C38), 30.4 (C2), 29.4
(C5), 28.8 (C8-10 or C17-19 or C26-28 or C30-32), 288-1C or C17-19 or C26-28 or
C30-32), 28.6 (C8-10 or C17-19 or C26-28 or C30-28)4 (C8-10 or C17-19 or C26-28
or C30-32), 26.5 (C36-37). [Rnax 3425, 3326, 2975, 1710, 1641, 1517, 1166. HRMS)(ES

found 919.4793 &HesNsO1Na" [M+Na]" requires 919.4787.

4-(4-Amino-3-(3-aminopropoxy)benzamido)-3-(3-aminopoxy)benzoic  acid*2TFA

1)
O 8OH Following the general procedure fdkBoc deprotection,
46 protected benzamidE8 (150 mg, 0.327 mmol) was stirred
O NH O/\s/\NHZ'TFA for 30 minutes in TFA. A portion of the residue was
’ purified via semi-preparative HPLC (25 % MeCN to 75 %
13

O/\z/\ NH,TFA  MeCN over 40 minutes) to yield the title compou6idrg,

NH 9.5umol) as a yellow oiloy (400 MHz, BO) 7.68 (1H, d,

J 8.3, Ar), 7.54 (1H, d) 8.3, Ar), 7.47 (1H, s, Ar), 7.28-7.23 (2H, m, A6.89 (1H, d,J

8.7, Ar), 4.16-4.08 (4H, m, H1 and H4), 3.18 (2H] 7.4, H3 or H6), 3.07 (2H, {1 7.4, H3
or H6), 2.18-2.06 (4H, m, H2 and H%) (100 MHz, BO) 170.2 (C7 or C8), 168.1 (C7 or

C8), 163.0 (g, 35.5, CECO,), 149.9 (Ar), 146.6 (Ar), 138.7 (Ar), 130.4 (Ar), 8.3 (Ar),

124.4 (Ar), 123.5 (Ar), 123.0 (Ar), 121.4 (Ar), 1B86(q, J 291.6,CFsCOy), 116.1 (Ar),

113.2 (Ar), 111.2 (Ar), 65.8 (C1 or C4), 65.7 (C1G#), 37.2 (C3 or C6), 37.0 (C3 or C6),
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26.5 (C2 or C5), 26.4 (C2 or C5). Iax 3359, 3067, 2959, 1677, 1520, 1201, 1135.

HRMS (ESI) found 403.19716H,:NsOs" [M+H]* requires 403.1976.

1-(2-(2-(4-Amino-3-(3-ammoniopropoxy)benzamido)-5-
carboxyphenoxy)ethyl)guanidiniume2 TFA (2)

O OH Following the general procedure firBoc deprotection,

14
protected benzamid2l (38 mg, 0.06 mmol) was stirred

4
o~~N-NH " for 90 minutes and the residue purifiada semi-

15
N. > "NH,TFA _
13 H preparative HPLC (10 % MeCN-35 % MeCN over 40
1 3 minutes) to yield the title compound as a yellow(6i8
O™ " NH,TFA
NH, mg, 0.01 mmol)sy (500 MHz, BO) 7.72 (1H, d,J 8.3,

Ar), 7.65 (1H, dd,J 3.3; 1.7, Ar), 7.61 (1H, d] 1.6, Ar), 7.49 (1H, dJ 2.0, Ar), 7.45 (1H,
dd,J8.2;1.7, Ar), 7.37 (1H, dJ 8.2, Ar), 4.26-4.21 (4H, m, H1 and H4), 3.55 (2H] 4.9,
H5), 3.19 (2H, t,) 7.5, H3), 2.18 (2H, quint] 6.3, H2).5c (125 MHz, BO) 169.6 (C13 or
C14), 167.8 (C13 or C14), 162.9 @36, RCCO,), 157.1 (C15), 150.7 (Ar), 159.4 (Ar),
133.5 (Ar), 130.4 (Ar), 128.2 (Ar), 125.6 (Ar), 124(Ar), 123.4 (Ar), 122.8 (Ar), 120.6
(Ar), 116.3 (q.J 292, ECCOy), 113.9 (Ar), 111.9 (Ar), 67.0 (C1 or C4), 66.1 (GILC4),
40.8 (C5), 36.9 (C3), 26.4 (C2). WRux 3358, 3177, 2951, 1675, 1518, 1201, 1135. HRMS

(ESI) found 431.2037 £gH27Ne¢Os" [M+H] " requires 431.2037.

4-(4-Amino-3-(3-aminopropoxy)benzamido)-3-(3-guanithopropoxy)benzoic
acid«2TFA (3)

Following the general procedure fSrBoc deprotection, protected benzamid(60 mg,
0.075 mmol) was stirred for 80 minutes in TFA. Artpan of the residue was purifieda

semi-preparative HPLC (15 % MeCN to 45 % MeCN o#@rminutes) to yield the title
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O-_OH compound (10 mg, 0.015 mmol) as a yellow &i:(500
NHTFA MHz, D;O) 7.80 (1H, dJ 8.3, Ar), 7.56 (1H, d,) 8.2,
Ar), 7.48 (1H, d,J 6.7, Ar), 7.46-7.37 (3H, m, Ar), 4.25
(2H, t,J 5.6, H1 or H4), 4.14-4.08 (2H, m, H1 or H4),
0/1\2/3\ NH, TFA 3.30 (2H, t,J 6.7, H3 or H6), 3.26 (2H, 1] 7.5, H3 or
H6), 2.24 (2H, quint) 7.8, H2 or H5), 2.04 (2H, quind,
6.3, H2 or H5)Jc (125 MHz, BO) 169.4 (C7 or C8), 166.9 (C7 or C8), 162.8185.6,
CRCO;), 156.7 (C9), 151.0 (Ar), 149.7 (Ar), 134.1 (Ar3QL3 (Ar), 127.3 (Ar), 124.4
(Ar), 123.3 (Ar), 122.9 (Ar), 122.8 (Ar), 120.2 (An)16.2 (q,d 291.7,CFsCOy), 113.0 (Ar),
111.6 (Ar), 66.0 (C1 or C4), 65.9 (C1 or C4), 38.B (@ C6), 36.9 (C3 or C6), 27.6 (C2 or
C5), 26.4 (C2 or C5). IRmax 3361, 3172, 2959, 1674, 1603, 1198, 1136. HRMS)(ESI

found 445.2193 GH2dNgOs" [M+H] * requires 445.2194.

4-(4-amino-3-(3-guanidinopropoxy)benzamido)-3-(3-ganidinopropoxy)benzoic acide2

TFA (4)
Following the general procedure folN-Boc
O._OH
10 deprotection, protected benzamidd (93 mg, 0.10
NH
O/\S/\H%\NH TEA mmol) was stirred for 105 minutes and the residue
) purified via semi-preparative HPLC (15 % MeCN-45
JI\JI\H % MeCN over 40 minutes) to vyield the title
o/\/\ 7 NH, TFA

compound as a yellow oil (11.1 mg, 0.016 mmal):
(500 MHz, O) 7.71 (1H, d.J 8.3, Ar), 7.59 (1H, ddJ 8.3; 1.7, Ar), 7.55 (1H, dJ 1.6,
Ar), 7.45 (1H, dJ 1.3, Ar), 7.42 (1H, dd} 8.2; 1.6, Ar), 7.37 (1H, d1 8.2, Ar), 4.17 (2H, t,
J 6.0, H1 or H4), 4.13 (2H, § 5.9, H1 or H4), 3.34 (2H, 1 6.8, H3 or H6), 3.24 (2H, 1

6.7, H3 or H6), 2.07 (2H, quind,6.4, H2 or H5), 1.99 (2H, quini,6.3, H2 or H5)Jc (125
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MHz, D,0) 169.6 (C9 or C10), 167.7 (C9 or C10), 162.9](86, CRCO,), 156.8 (C7 or
C8), 156.7 (C7 or C8), 151.0 (Ar), 150.5 (Ar), 13048), 130.3 (Ar), 128.0 (Ar), 125.0
(An), 124.0 (Ar), 123.0 (Ar), 123.0 (Ar), 120.3 (A)16.3 (q,J 292, CFsCOy), 113.5 (Ar),
111.7 (Ar), 66.0 (C1 or C4), 65.9 (C1 or C4), 38.B (& C6), 37.9 (C3 or C6), 27.6 (C2 or
C5), 27.5 (C2 or C5). IRmax 3350, 3194, 2957, 1670, 1604, 1199, 1137. HRMS)(ESI

found 487.2397 &H31NgOs" [M+H] " requires 487.2412.

4-(3-(3-Aminopropoxy)-4-(cyclopentanecarboxamido)bezamido)-3-(3-

guanidinopropoxy)benzoic acide2TFA (5)

O+ _OH _
10 Following the general procedure foN-Boc
NH
48 deprotection, benzamid& (76 mg, 0.085 mmol)
o/\S/\H 7"NH,TFA
O N.|_| was reacted for 2 hours and the residue purified
9
L 3 via semi-preparative HPLC (25 %-50 % MeCN)
N
oo N O 57 NHTFA to yield the title compound (12.9 mg, 0.018
H
?8
" 1 mmol) as a white solid: MP 93-95, (500 MHz,
b 13 D,0) 7.72 (1H, dJ 8.3, Ar), 7.60 (1H, dJ 8.3,

Ar), 7.31 (1H, ddJ 8.3; 1.5, Ar), 7.07 (1H, d] 0.8, Ar), 6.91 (1H, s, Ar), 6.81 (1H, d,
8.2, Ar), 3.91-3.85 (4H, m, H1 and H4), 3.27 (1H] 6.9, H3 or H6), 3.09 (2H, {1 7.7, H3
or H6), 2.79-2.71 (1H, m, H15), 2.08 (2H, quidt.3, H2 or H5), 1.97 (2H, quing, 6.5,
H2 or H5), 1.91-1.84 (2H, m, H11 and H14), 1.68-1(6B, m, H11-14)Jc (125 MHz,
D,0) 178.3 (C8), 169.2 (C9 or C10), 165.0 (C9 or C1683.0 (g,J 36, CRCO,), 156.8
(C7), 148.4 (Ar), 147.5 (Ar), 130.4 (Ar), 129.9 (Ar),88 (Ar), 125.5 (Ar), 122.8 (Ar),
121.1 (Ar), 119.7 (Ar), 118.8 (Ar), 116.3 (§.292, CFsCOy), 111.7 (Ar), 110.3 (Ar), 65.6

(C1 or C4), 65.4 (C1 or C4), 46.1 (C15), 38.2 (CZ6), 36.9 (C3 or C6), 30.2 (C11 and
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14), 27.7 (C2 or C5), 26.5 (C2 or C5), 25.6 (C12-13)vhR 3412, 3367, 2960, 1667,

1519, 1198, 1134. HRMS (ESI) found 541.2760H3:NsOs" [M+H] " requires 541.2769.

(9)-4-(3-(3-Aminopropoxy)-4-(pyrrolidine-2-carboxamido)benzamido)-3-(3-
guanidinopropoxy)benzoic acids2 TFA (6)

Following the general procedure for amidation,

O+ _OH
10 N-Boc--proline (22 mg, 0.1 mmol) was coupled
NH
4 6
O/\/\NJ7J\NH2-TFA with amine 22 (86 mg, 0.105 mmol). After
5 H
© gN‘H workup, following the general procedure fir
1 3 Boc deprotection, the protected molecule was
o/\z/\ NH,TFA
O N'H reacted for 100 minutes and the residue purified
?8
117 NH via semi-preparative HPLC (15 %-45 % MeCN
12 13 over 40 minutes) to yield the title compound

(18.5 mg, 0.025 mmol) as a colorless aiflof> +17.5 (T=24 °C, c=1.6, MeOHyy (500
MHz, D;O) 7.74 (1H, d,) 8.4, Ar), 7.69 (1H, dJ 8.2, Ar), 7.43-7.39 (1H, m, Ar), 7.28 (1H,
s, Ar), 7.20-7.14 (2H, m, Ar), 4.59 (1H, d#8.7; 6.7, H14), 4.09-3.97 (4H, m, H1 and H4),
3.49-3.36 (2H, m, H13), 3.25 (2H, 6.8, H3 or H6), 3.14 (2H, ] 7.6, H3 or H6), 2.56-
2.47 (1H, m, H11), 2.19-2.10 (3H, m, H2 or H5 and H11)92.02 (2H, m, H12), 2.02-
1.94 (2H, m, H2 or H5)¢c (125 MHz, BO) 169.4 (C8 or C9 or C10), 169.3 (C8 or C9 or
C10), 168.2 (C8 or C9 or C10), 163.0 &6, CRCO,), 156.8 (C7), 149.6 (Ar), 148.8 (Ar),
130.5 (Ar), 130.4 (Ar), 128.8 (Ar), 123.1 (Ar), 122.9 (Ar),21& (Ar), 121.5 (Ar), 119.8
(Ar), 116.3 (q,J 292, CFsCO,), 112.6 (Ar), 110.9 (Ar), 65.9 (C1 or C4), 65.8 (C1 or C4),
60.3 (C14), 46.7 (C13), 38.2 (C3 or C6), 36.9 (C3 or C6), @011), 27.6 (C2 or C5), 26.4
(C2 or C5), 23.8 (C12). IRmax 3351, 3179, 2970, 1673, 1526, 1201, 1131. HRMS (ESI)

found 542.2728 gH3eN;O6" [M+H] " requires 542.2722.
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5. Thermodynamics of hydrogen bond-controlled moleculaswitches by DFT

5.1.Introduction

In the systems described in Chapters 3 & 4, thecoubks were held in relatively well
defined conformations by single hydrogen bonds.s&hmtramolecular hydrogen bonds
were correctly calculated even with unsophisticatednputational methods, and were
validated by NMR and crystallographic measuremdntsontrast to these largely restricted
systems, other molecules of organic or biologied&vwance rely on much more complicated
hydrogen bonding. On a large scale, proteins fomerconnected H-bond networks
between backbone atoms, sidechains, and Wafgrese networks are exploited by
antifreeze proteins, which bond to nascent icetalyso depress the freezing point of water
and permit organisms to survive at low temperattitdsiltiple hydrogen bonds are also a
feature of numerous molecular recognition systesospe of which bind with sufficient
affinity to operate even in aqueous metiaurthermore, many asymmetric catalysts use
multiple hydrogen bonds to direct the formationspgcific substrate-catalyst compleXes.
The accurate, quantitative prediction of interatdion such systems would be of great
benefit to organic chemists in designing futureexales, but this has proved challenging.

Much recent computational work has highlighted tineportance of accurately
accounting for non-bonding interactions in the depment of electronic structure theory.

" While high-level computational methods do accdonton-covalent interactions such as
dispersion and torsional parameters, such techsigtesfar too computationally expensive
to be applied to systems with more than a few atdnstead, less-precise density functional
theory (DFT) methods are used by the great majasityorganic chemists to model
compounds of interest. In order to improve thesees®arily imperfect calculations, it is

critical to assess the types of systems for whichremt DFT methods fail. Large
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benchmarking datasets at the gold-starftl@@SD(T)/CBS level of theory, including the
S22 and S66 sets of Hobza and co-workers for somatiplexes bound by hydrogen-
bonding and dispersion interactioh, the composite GMTKN30 set of Goerigk and
Grimme! and a large composite database constructed bynerieand co-workers,
provide clear standards against which new methadsbe developed and evaluated. Using
these and other benchmarking sets, improved désoigpof non-bonding interactions have
been implemented into semi-empirical DFT methodshsas hybrid meta-GGA functionals
(e.g. the Minnesota family} explicit dispersion corrections for London dispenssuch as
D3, andvan der Waaldunctionals™*® Much specific work has been directed towards
understanding hydrogen bonding, with recent repamigestigating DFT’s ability to
reproduce the distandésand angle®$ of small H-bonded complexes. While forcefields
systematically underestimate the stability of seomplexes® accurate potential energy
curves can be calculated with appropriately-chd3€h method<%*

The Hamilton group recently reported the synthasid characterization of a series of
benzamido-diphenylacetylene (DPA) molecular swiscire which the relative hydrogen
bonding capability of two amide groups is the catideterminant of conformatiéf->* In
this system, two relatively planar, hydrogen-bondedformations can readily interconvert
by a 180° rotation about the acetylene axis. Dafiersubstituents affect the electronics of
the amides and thus change the relative strendie dwo intramolecular hydrogen bonds.
By varying the attached functionalities (at posisoR and R) the conformational

preference of the system is changed (Figure 5-1).
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Figure 5-1: Two rotamers of the DPA-based molecular switchraefiby a 180rotation about the DPA axis.
By varying the two substituents, the relative a@ditof the amides is changed, allowing control aber
equilibrium conformation of the molecule. Due teerst clashing with the methyl ester, the proximal
benzamide ring rotates out of the plane.

Ten molecules of this class have been synthesi@edrporating electron withdrawing
groups para-nitro 5, para-chloro 3, 4-pyridyl 8), electron donating grouppdra-methoxy
7, para-dimethylamino6), mixed casesp@ara-methoxy on one benzamide gpara-chloro2
or para-nitro 4 on the other), as well as 2-pyridyl substitut®rand moleculel0 which
substitutes a urea in place of one of the benzanfitizble 5-1).

The equilibrium conformational ratio is measureddoynparing the NMR shifts of the
amide NHs in chloroform with those of control malexs which are incapable of forming
hydrogen bond$2* Using this assay, the equilibria of ten moleculesve been
experimentally determined, and were found to en@sspelative hydrogen bond strengths
spanning a range of approximately 2 kcal Malith most of the molecules clustered in a
1 kcal.mol'* range. Free energy differences between the “on” ‘affi forms of the
switches are calculated using the definition ofliSifree energy:

AG = -RTIn(K)
whereR is the gas constant, is the experimental temperature of 298.15 K, Knid the

equilibrium conformational ratio determined by tHBIR assay.

205



Table 5-1: Subsituents and experimental free energies of A& Dholecular switches. Molecules marked
with a star are not substituents on a phenyl ting,rather represent replacement of the ring withrharked
group (e.g. molecule 8 juxtaposepaa-pyridine ring and a phenyl ring). Molecul® is of a different class,
and features acetamide and phenylurea rather tieamenzamides of the other molecules.

Molecule R R>  AG (kcal.mol®)
1 H H 0.00
2 cl MeO -0.21 o O o @
3 cl H -0.17 Ay NN

H NN

4 NO, MeO -0.44 I 5
5 NO, H -0.37
6 NMe, H 0.17 O o
7 MeO H 0.03 o)T
8 4-pyridyl* H -0.38 10
9 2-pyridyl* H 0.63
10 NHPh* Me* -1.37

These molecular switches provide a difficult testdomputation. They are too large to
be optimized with correlateab initio methods, and so DFT must be used. Furthermore, the
conformation is dictated by the relative magnituafehydrogen bonding interactions in
concert with torsional rotational potentials andestnon-bonding contacts. The ability of
computational methods to accurately account footheerved behavior spanning only a few
kcal.mol' is of importance, since functional group effects similar magnitude are
fundamental to organic chemistry. Given the precisaf the NMR assay in measuring the
equilibrium constants for the DPA switches, thisteyn serves as a novel experimental
dataset. Moreover, although high lead#l initio calculations provide the “gold standard” of

computation, it is useful to compare to experimehénever possible.

5.2. Computational methods

Structures (of both rotameric forms) were builtngsGaussview 5. All Hartree-Fock
(HF) and DFT calculations were performed wiBiaussian09rev B.012° Optimizations
were performed using HF, the B3LYP hybrid geneagligradient approximation (GGA)

functional®’?® the long-range corrected CAM-B3LYP which increaties amount of HF
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exchange at long-rangéthe M06-2X2 hybrid meta-GGA functional, and the dispersion-
correctednB97X-D* functional in combination with a Pople 6-31+G(diasis set for all
element$' Standard convergence criteria were used along witfine grid for all
numerical integrations. Stationary points on theeptal energy surface were confirmed as
minima by the presence of no imaginary harmonigatibnal frequencies. Free energies
include unscaled zero point vibrational energiefieY¥ indicated, low frequencies (< 100
cm?') are corrected in the vibrational component of #mropy using a rigid rotor
approximation according to the method of Grimehal, since entropy associated with these
loose vibrational modes is the most prone to coatpral erro?* Optimizations were
performed in the gas phase or with the implicitdwetor-like polarizable continuum model
(CPCM) of the NMR solvent, chloroforfi.Single point calculations were performed at
stationary points using Dunning’s quadrufilesc-pVQZ basis séf DFT methods in
general converge quickly to the Kohn-Sham lithiJthough not necessarily in a monotonic
way 33° To verify that the cc-pVQZ is sufficiently large assure basis set convergence,

extrapolation using the two-point formula of Halké. al*° was conducted:

_E.X*-E,Y?

where X and Y are the cardinal numbers of the Duagnbasis sets used for the
extrapolation. Based on extrapolations from cc-pVa#d cc-pVQZ optimizations in
solvent using B3LYP an@B97X-D, basis sets beyond the quadruplevel would change
the calculated energy differences of the switchgs<19.02 kcal.mot. Where indicated,
dispersion correction to energies were applied gusire DFT-D3 correction with zero-
damping and the three-body term includédUnless otherwise stated, all energies are
quoted in kcal.mot and Gibbs free energies (incorporating ZPE, therraatl entropic
contributions obtained with the 6-31+G(d,p) bagt are at 298.15 K and a standard state
of 1 mol.L™.
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5.2.1. Statistical analysis

No single statistical parameter is sufficient tsess the accuracy and utility of the
computational methods. For instance, error stesisuch as mean unsigned errors (MUES)
and root-mean-square deviations (RMSDs) descrilee dhsolute energy differences
between calculation and experiment, but may higeutfility of methods which accurately
model the trend in relative energies. As the kegsgjon in molecular design is often
“which molecule will show the greater effect?” andt “what will be the absolute effect
size?” a method which correctly ranks the compowadgld be useful even if the absolute
energies are not modeled correctly. As a resu#t, dgreement between predicted and
experimental free energy differences of the rotanveas assessed using MUEs, RMSDs,
linear coefficient of determination?y and Pearlman and Charifson’s predictive index
(P1).***? The latter quantifies the ability of the calcubews to appropriately order the
molecules in energy difference, with a value of intlicating perfect ranking and -1
indicating perfectly anticorrelated predictions.eDio the very limited energy range of the
system, a calculation that predicted all of thetalnas to have no biaAG = 0) would have
an RMSD of 0.56 kcal.mdland an MUE of 0.4 kcal.mdl Despite these low errors, such a
calculation would be useless in ranking the comgsui®| undefined) and would show no

linear correlation with the data.
5.3. Optimizations

5.3.1. Gasphase

In the first instance, the structures were optimhize the gas phase and energies
determined by a single point calculation in CPCMootform. Comparison with the
experimental data indicates relatively poor perfamge for several of the DFT methods

(Table 5-2). In particular, while B3LYP and theateld CAM-B3LYP showed the lowest
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errors and greatest correlation with experimerd,tfore recently developesB97X-D and
MO06-2X functionals fared substantially worse, wighrors more than double those of
B3LYP. The D3 dispersion correction of Grimme addedhe B3LYP geometries had the
overall effect of increasing the calculated eneddferences, resulting in higher errors but
better PI. HF had errors nearly as low as calcdlate B3LYP, but the low coefficient of
determination and PI reveal that HF cannot relialiginguish between the molecules; the
low errors are a serendipitous result of the smhai& range and calculations predicting all
molecules to be roughly equal (Figure 5-2).

Table 5-2: List of statistical results from benchmarking cddtions in the gas phase using HF and several
hybrid DFT functionals. The structures of each mo#a were optimized in the gas phase with the listed
functional and the 6-31+G(d,p) basis set. Electr@mergies were calculated from a single pointutation in

CPCM chloroform using the same functional and th@\¢@Z basis set. Listed are the statistical pararaete
comparing calculation to experiment.

Functional MUE RMSD r? Pl
HF 0.39 0.54 0.280.32
B3LYP 0.33 0.40 0.820.84
B3LYP-D3 1.13 1.32 0.830.95
CAM-B3LYP  0.37 0.49 0.970.94
oB97X-D 1.20 1.44 0.610.80
MO06-2X 0.76 091 0.790.91
B3LYP gas opt + cc-PVQZ CPCM SP HF gas opt + cc-pvVQZ CPCM 5P
0.5 1 p ° 0.5
O a6, O 86,
o Of + + o —C——+
-5 -15 0509 0.5 -5 -15 0.5 2 O 05
s oed
y = 0.582x - 0.1081 y =0.4718x - 0.1296
R? = 0.82259 R?=0.27743
-1 -1

=I5

=I5

Figure 5-2: Plots of the experimental free energy differena@stiie molecular switches vs. the calculated
differences. Energies are in kcal.moThe gray line is a plot of y = x, which is thepé that would ideally be
calculated. The red line, whose equation is listedhe plot, is a linear fit to the data. Thesegpkhow that
while the errors calculated using B3LYP and HF arg, Ithere is relatively poor differentiation betwethe
molecules, resulting in poor predictive power, esgity for HF.
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5.3.2. Solvent model

In order to investigate the effects of differentpimit solvent models on the energies,
single point calculations were repeated with thiagizable continuum model (PCKf)and
the universal solvation model (SMB)of chloroform at the B3LYP/cc-pVQZ level. While
SMD solvation was consistently worse than CPCM atodv, PCM was very similar, with
slightly improved PI and?but slightly worse errors (Table 5-3). Based orséheesults, the
CPCM solvent model was used for all future calcore.

Table 5-3: Statistical results from single point calculatiarsing the listed solvent models. Each structure was

optimized in the gas phase at the B3LYP/6-31+G(kpgl before a single point calculation in chlonwfo
with the cc-pVQZ basis set and the listed solveotleh was performed.

Solvent Model MUE RMSD r? Pl

PCM 0.35 0.48 0.860.88
SMD 0.50 0.57 0.530.50
CPCM 0.33 0.40 0.820.84

5.3.3. Solution phase

To further investigate the role of solvation, th&imizations were repeated in CPCM
chloroform, with electronic energy determined bsiragle point calculation, as before. This
leads to an overall improvement in the linear datirens between theory and experiment,
but in general does not reduce the actual errabl€T5-4). This can be explained by many
of the methods, in particulawmB97X-D, systematically overestimating the energy
differences of the switches. This leads to an ésweftank-ordering of the compounds (a PI
of 0.96), but relatively large MUE and RMSD as timear correlation has a low slope of
0.23 relative to the ideal 1.0 (Figure 5-3). Thef@enance of HF is most improved, with
the lowest errors of any of the methods and a &emsing from 0.32 for the gas phase
calculations to 0.87 with the addition of solvefmhis large improvement in predictive

power results from only modest changes in energy each molecule—on average
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0.5 kcal.mof—but given the small energy differences between shétches this is
sufficient to drastically affect the results.

Table 5-4: List of statistical results from optimizations pmrhed in CPCM chloroform. These solution phase
calculations improve the linear correlation of mesthods, but at a cost of higher absolute ermrsdme.

Functional MUE RMSD r? Pl
HF 0.25 0.36 0.850.87
B3LYP 0.42 056 0.880.98
B3LYP-D3 135 157 0.770.98
CAM-B3LYP 064 091 0.750.89
©B97X-D 152 175 0.740.96
M06-2X 0.77 1.04 0.810.88

HF CPCM opt wB97X-D CPCM opt
py I
BGpn 8G,,y,
o] [s]
05 -5
¥ . 86ae | | . futd | OSa
7 b + i }
4 3 2 1 S¢f 1 2 4 -3 029 g 1 2
) o o
G5 Q s
y = 0.6178x - 0.0604 y =0.2263x + 0.014
R? = 0.84735 R? = 0.73489
=14 1
o o

=I5 =15

Figure 5-3: Plots of the experimental free energy differenamstfie molecular switches vs. the calculated
solvent phase differences. Energies are in kcaf:nithe gray line is a plot of y = x, which is thepé that
would ideally be calculated. The red line, whosaagipn is listed on the plot, is a linear fit tetdata. The
inclusion of solvent to the optimization improvée tcorrelations substantially, although errors ilianmégh

for ®B97X-D as the calculated values are much more spm#din energy than the experimental
measurements.

5.4.Energies

5.4.1. Computational linear free energy relationships

Given the modest performance of the methods tested with careful attention to basis
sets and solvation, the accuracy of DFT methodsaloulating the acidities of simpler
systems was investigated. The ionization energiesubstituted benzoic acids were thus
considered in the manner of Hamnf&twhile extensive work has been directed towards
accurate pKa calculatiori8 here the interest was in the performance of th& Biethods

used for the full switches. The energies of thesstuied benzoic acids and their

211



deprotonated forms were calculated at the B3LYPBMQZ//B3LYP/6-31+G(d,p) level in
CPCM chloroform for both the optimization and SPheTAAEpepo: for the substituted
benzoic acids (relative to benzoic acid) was ptbtte. the experiment&G of the switches,
and an excellent linear correlation was fourfd=(0.96). Repeating these calculations for
the deprotonation of aryl amides (Figure 5-4) rneslblin a similarly strong linear trend
(r* = 0.95). This indicates both that DFT calculatioas correctly consider the acidities of
these systems, and that the free energies of titeh®s can largely be correlated to the

acidity of the amide NH.
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Figure 5-4: Top: Model system for calculating the relative deprotmraenergies of substituted aryl amides.
Bottom: Plot of the experimental free energy differes of the molecular switches vs. the calculagéative
deprotonation energies of the amide system. Tiseam iexcellent linear correlation between thespeoties,
implying that the DFT calculations are able to eotly predict acidities.

5.4.2. Single point energies of switches

As the DFT methods accurately model the aciditiethe simplified systems, the full
system was once again considered. While the prevémalysis (Chapter 5.3) considered
calculated free energies (which include zero peimérgy corrections and entropy), the
electronic energy from the cc-pVQZ single pointcatdtion can be analyzed separately.
Comparing these energy differences to the meadrtegedenergy differences of the switches
results in large errors, but excellent predictivavpr and correlation (Table 5-5). This is
largely because the consideration of thermal effeetves to reduce the energy differences
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between the switches, meaning the energies alamelang an erroneously large range
(Figure 5-5).

Table 5-5: List of statistical results comparing the electooenergy differences calculated for the switches vs
the experimentally-measured free energies. Theseggrvalues are from single point calculations vitie
listed functional and the cc-pVQZ basis set in CPCMoroform, using either the gas phase-optimized
geometries or the solvent-optimized geometrieallitases, these calculations result in excellentetation
and predictive index, but at the cost of relatiialge errors.

gas phase geometries solution phase geometries

Functonal MUE RMSD r> Pl |MUE RMSD r®> P
HF 0.38 0.63 0.940.95| 0.33 0.56 0.961.00
B3LYP 0.79 1.05 0.980.97| 0.78 1.06 0.990.99
B3LYP-D3 1.81 220 0.851.00| 1.71 2.06 0.881.00
CAM-B3LYP 0.98 1.25 0.980.99( 0.95 1.25 0.981.00
®oB97X-D 1.54 197 0.760.96| 2.03 243 0.78 0.96
MO06-2X 0.76 1.11 0.960.96| 0.73 1.09 0.960.93
B3LYP cc-pVQZ SP of CPCM geometries MO06-2X cc-pVQZ SP of CPCM geometries
B BG i G,
05 1 ° 05 1 7
0 AE_, o AE_,
+ ¢ o — t ¢ t o 0t f
41 31 21 110 G, 0.9 1. -a2 32 22 120 S92 08 18
a5 @y

o %5 4 o
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Figure 5-5: Plots of the experimental free energy differenamstfie molecular switches vs. the calculated
energy differences with the cc-pVQZ basis set in CR@Mroform. While ignoring thermal effects imprave
the correlation and PI of the calculations, it t&sin greater energy differences and larger errors

=I5

5.5. Entropic effects

The energy calculations clearly indicate the imgoce of accurately considering
entropic effects in calculating the free energyedd@nces of the switches. Standaldinitio
treatment of entropy relies on the simple harmascillator (SHO) model of frequencies.

For frequencyw, the vibrational entropy of such a system is:

1

hw

S/ib = m—ln(l—e‘ w ):|
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wherek is Boltzmann’s constanh is Planck’s constant, is the temperature, arRlis the
universal gas constant. As the frequency tendsrtisvzero, the logarithmic portion of this
equation diverges, meaning that small errors irtwating low vibrational modes can
greatly influence the final calculated entrdyJsing the model of Grimmet al,** these
low modes are instead converted to the momentesfiau: of a free-rotor:

h
8nlw

U=
In the limit of smallw, the moment of inertia becomes large, so it isluse reduced form:

/,II: lLIBaV
H+B,
whereB,, is the average molecular moment of inertia, takebe 10*%g.n?. This leads to

an overall rotational entropy for this rigid rotearmonic oscillator (RRHO) of:
W V2
S =R y2+ ] STEKT

In between the SHO treatment of large frequencres the RRHO treatment of smaller
ones, a damping function is applied which smoothedransition. The choice of the cutoff
frequency is somewhat arbitrary. The results dbsdrbelow are with a cutoff of 100 &m
but using cutoff energies of 50 &nor 150 crit only changes the results by an average of
< 0.05 kcal.mot per switch.

This model was applied to the gas and solvent plogsinizations, resulting in a
universal improvement in coefficient of determinatiand Pl (Table 5-6). HF benefited the
most from this entropic correction, with the gasghf improving from 0.28 to 0.82 with a
corresponding increase in Pl from 0.32 to 0.86. [Eingest correction was to the gas phase
HF-calculated 2-pyridyl switcl®, whoseAG changed by 0.9 kcal.mbl While both the
‘on” and “off” forms of that molecule were calcutak to have 12 low vibrational
frequencies, the lowest mode of the “on” form wad @n’, while for the “off” form it was
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12.3 cm'. Thus the standard SHO model incorrectly calcslaite “on” form to be more

stable than in reality (due to an overly favourableS term), an error which is corrected
with the RRHO treatment.

Table 5-6: Statistical parameters calculated using the rigitrr harmonic oscillator model for vibrational

modes < 100 cth This modified treatment of entropy improves tbefticient of determination and P! for all
of the functionals, but increases RMSD and MUE fame.

gas phase optimization solution phase optimization

Functional MUE RMSD r? Pl [MUE RMSD r? PI
HF 024 031 0.82 08024 0.33 0.950.97
B3LYP 042 055 098 0097043 0.49 0.900.98
B3LYP-D3 1.44 172 0.8080.99| 1.37 159 0.730.98
CAM-B3LYP 062 077 0.98 1.0p0.68 0.95 0.920.96
©B97X-D 137 169 069 0951.73 2.01 0.790.98
MO06-2X 072 091 091 091075 1.04 0.890.91

B3LYP gas opt + RRHO freq B3LYP CPCM opt + RRHO freq
o }_OO A . o S

1

1
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y = 0.4805x - 0.0444
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Figure 5-6: Plots of the experimental free energy differenaastifie molecular switches vs. the calculated
differences when the RRHO model is used for low deegries. This consideration of entropy improves
coefficient of determination of all of the calcudats.

For most other functionals and switches, the changkG is quite small, generally
< 0.2 kcal.mol, and very rarely > 0.5 kcal.mbl This is unsurprising as the vibrational
differences between the “on” and “off” states of $ystem should be quite small, and thus
errors generally cancel even without explicit cdaesation of the low modes. While the
magnitude of the RRHO corrections to the solutibage optimizations is similar to those
for the gas phase (ca. 7 — 9 kcal.thiol each case), the corrections generally cancehfor

solvent-optimized molecules, resulting in smallet changes taG.
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5.6. Geometries

While solution-phase optimizations coupled with RREntropy and cc-pVQZ energies
results in excellent rank ordering of the switcheth all of the functionals tested, errors
exceed the true energy differences of the systesra fesult, the optimized geometries from
the calculations were investigated more closelyst@it structures have been reported for
the para-nitro 5 andpara-dimethylamino6 switches’?* Both show an approximately 10°
dihedral angle for the central diphenyl moiety,hngin approximately 50° out of plane twist
of the phenyl ring adjacent to the H-bond causedtbyic clashing with the methyl ester H-

bond acceptor (Figure 5-7).

Figure 5-7: Stereo view of the crystal structure of {hera-nitro molecule. The central DPA is nearly planar,
while the phenyl ring bearing the nitro substituenforced 50%ut of plane due to steric clashing with the
methyl ester.

To explore the calculated geometries, histogramshef DPA dihedral angles were
plotted for each method. Significant disagreemeithiov and among the functionals was
found as to the preferred conformation (Figure 5h8the gas phase optimizations, each of
the methods results in a multimodal distribution gfgometries, with the plurality of
optimizations resulting in angles of less than B@a significant minority at angles of 50°
or greater. Optimizations in solvent gave lesstrgkewed histograms, but all methods still
calculated some rotamers as roughly planar ando#gesignificantly twisted out of plane.
The most consistent results were with HF solvetinapations, which calculated 40° - 50°

dihedral angles for all but two molecules. Whilestis inconsistent with the solid-state data
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and the other methods, these calculations werethésanost accurate at reproducing the

experimental free energies.

Number Histogram of DPA dihedral angle (gas opt)
12.0
100 T
“O=HF
0T ~=B3LYP
60 T MOB-2X
“=\WB97X-D
40 T
CAM-B3LYP
20 T /
0o * 4——‘ Angle
0.0 60.0 70.0 80.0  90.0
Number Histogram of DPA dihedral angle (CPCM opt)
12.0
100 T
<O=HF
1 e E
60 T MOB-2X
==wWB97X-D
40 T
CAM-B3LYP
2.0 1 /
0.0 © < Angle
0.0 0.0 90.0

Figure 5-8: Histograms of the calculated DPA dihedral angleefach functional for optimizations performed
in gas phase (top) or in CPCM chloroform (bottom)e Hudition of solvent reduces the skewing towards
higher dihedral angles, but does not eliminaternthdtimodal profiles for most functional§or the CPCM
optimization, the highest peaks for B3LYP and CAM-BBLoverlay at 30

Due to the relative flexibility of the system, sealepossible DPA dihedral angles can
accommodate an NHeeeO hydrogen bond by twistingaimédde and ester groups relative to
their phenyl rings. Overlays with the crystal stuwes reveal this effect. For instance, the
solvent optimization o6 with M06-2X results in a DPA dihedral of 24.5° coaned to
11.5° in the crystal structure (Figure 5-9). Aault of this 15° shift, the benzamide rings
of the calculated structure are both twisted appnately 30° relative to the DPA. This
results in a COee*N distance of 2.98 A and an NH©@Ila of 153°. In the crystal structure,
however, the phenyl ring adjacent to the amideiised 50° out of plane by steric repulsion

from the methyl ester, resulting in an H-bond dist of 3.10 A and an angle of 145°.
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Likewise for thepara-nitro substituteds, ®B97X-D calculates a DPA dihedral of 0.3°.
Instead of this resulting in one phenyl ring roatbsignificantly out of plane, however, the
calculated structure shows equal 30° rotations aih bbenzamide rings and a 3.07 A
hydrogen bond. The crystal structure shows a hyairdgpnd that is very similar in length
(3.09 A), but this is due to amide and ester caylsoariented in very different directions

from those in the calculations (Figure 5-10).

Figure 5-9: Overlay of the crystal structure g@fara-dimethylamino switch6é (purple) with the structure
calculated by M06-2X in CPCM chloroform (green). As from above, the crystal structure shows a more
planar DPA than the calculation, which forces tihenyl ring significantly out of plane. The greaf®PA
twist in the calculation overcomes this strainpitisg in a different benzamide conformation.

Figure 5-10: Overlay of the crystal structure péra-nitro switch5 (purple) with the structure calculated with
®B97X-D in implicit CPCM chloroform. In the crystalrgtture, the methyl ester hydrogen bond acceptor is
in the plane of the DPA, while the amide carbomyhtes out of conjugation to position the NH fondting.

In contrast, the calculation predicts both the améshd ester to rotate out of conjugation with thHeAD
resulting in a nearly identical hydrogen bond Iéngit a different conformation.

5.7.Constrained optimizations

5.7.1. DPA torsional profile

In an initial investigation, the accuracy of DFT thmads for reproducing the torsional

barrier of DPA was investigated (Figure 5-11). FFeszence spectroscopy has measured the
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barrier of rotation around the acetylene moietyb& 0.58 kcal.ma!,*® which has been
successfully reproduced with MP2 calculatih®revious DFT with B3LYP/6-31+G(d),
however, calculates the barrier to be 0.81 kcal'mdlin this case, optimizations were
performed where the DPA was constrained to be plangerpendicular and the energy
difference between these structures was taken toedearrier height. Since the geometry of
the full switches is fixed using the functional atiee 6-31+G(d,p) basis set in CPCM
chloroform, these methods were applied to the Diesn. All of the methods tested with
the exception of B3LYP agree closely with the expental barrier, with both M06-2X and

cam-B3LYP reproducing the energy difference exadhble 5-7).

o

===
—

g d

Figure 5-11: Rotation of the DPA moiety from the planar minimunesgy to a 90° maximum energy.

Table 5-7: Calculated and experimental energy barriers fol9ffeotation of the phenyl rings of DPA using
the listed functional and the 6-31+G(d,p) basis $€&nsistent with literature investigatiotisB3LYP
overestimates thetational barrier, but all other methods agresalpwith the experimental values.

Expt'l HF B3LYP cam-B3LYP  ®wB97X-D  MO06-2X
AE (kcal.mol") 0.58 0.51 0.84 0.58 0.59 0.58

5.7.2. Full systems

The excellent results with the model DPA systemttedonsideration of the geometries
of the switches. Optimizations were conducted usifgand B3LYP in which the central
diphenyl was constrained to planarity, 30° or 50hese solution-phase optimized
structures are not true minima, and so only theérgies are compared to the experimental

free energies of the switches (Table 5-8). For lhatictionals, the 50° dihedral angle results
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in the lowest errors calculated so far, within Rcl.mol* for HF and 0.4 kcal.mdl for
B3LYP. The coefficient of determination and PI fasth methods are similarly excellent,
with both methods perfectly ordering the compouat€°® and B3LYP doing so at 50° as
well.

Table 5-8: Statistical parameters calculated for optimizationsvhich the DPA is constrained to the listed

dihedral angle. As the optimized structures aretm@ stationary points, the statistics are derivech the cc-
pVQZ-derived energies for each molecule.

Functional | DPA dihedral MUE RMSD r? Pl
unconstrained 0.78 1.06 0.99.99
B3LYP 0° 0.65 1.22 0.931.00
30° 1.02 1.17 0.830.91
50° 0.23 0.39 0.981.00
unconstrained 0.33 0.56 0.96.00
HF 0° 0.48 0.87 0.911.00
300 0.49 0.81 0.900.97
50° 0.20 0.22 0.920.92
Constrained (30 °) B3LYP solv opt Constrained (50 °) B3LYP solv opt
) 4G, i BG,p
0.5 1 ? 0.5 1 7
o5 7 86e) t : — e
-35 -2.5 -X5 o) -0.5 0.5 =35 -2.5 =15 -0.5 & 0.5
0 (o] (8.0
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y =0.5924x - 0.0042
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Figure 5-12 Plots of the experimental free energy differenfesthe molecular switches vs. the calculated
energy differences at the B3LYP/cc-pVQZ//B3LYP/6-31a@) level when the DPA was constrained to the
listed dihedral angle. With a 30° dihedral, thergpalifferences between the molecules are grelager at 50°,
leading to greater errors and poorer linear caiotla

While the energy differences calculated at 0° abfidshedral angles were very close,
when constrained to 30° the B3LYP calculations sftbwiuch greater spread in energies,
with correspondingly larger errors (Figure 5-12r Ehepara-nitro molecules for instance,
comparison between the constrained optimizatiohs, wnconstrained solution phase
optimization,

and experiment reveal some discrepandqTable 5-9). All of the

optimizations overestimate the H-bond distanceupyto 0.2 A for the 50° optimization.
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The conformational difference is likewise overestied, but the consideration of entropic
effects may reduce this somewhat (e.g. in the wtcained case, the calculated energy
difference is just -0.22 kcal.mbwith RRHO frequency analysis).

Table 5-9: Structural parameters for thpara-nitro molecule5 calculated by constrained optimizations and
unconstrained optimizations with B3LYP in CPCM chloron solvation.

Unconstrained (26.5°) Q° 30° 50° Experiment

AE (kcal.mol*) -1.03 058 -1.69 -0.52 -0.37
NeeeO (A) 3.13 317 314 328 3.09
NCO angle (°) 158 160 157 152 161
Ar dihedral (°) 36.1 354 36.1 31.7 49.7

5.8.Discussion

The molecular switches of Hamiltagt al. are an example of an organic system for
which accurate quantum chemical calculations wdnglcextremely useful. While synthesis
of the molecules utilizes proven chemistry, eacjuires ca. eight steps to create, and two
additional control molecules of similar complexéye needed to determine the free energy
difference of the system. Calculations which coatdurately predict the energies of novel
switches could save considerable synthetic effod allow efforts to be directed towards
the most promising molecules. Once validated os $kistem, these computational methods
could also be applied with some confidence to otiyerogen-bonded molecules.

These results indicate that “black box” DFT caltiolas, even with state-of-the-art
functionals such as MO06-2X an@B97X-D, are extremely poor at modelling the
conformational preferences of the switches. Thonougestigation of the calculations
allowed some of the sources of error to be locdliz®ne is spurious entropy components
associated with low vibrational modes. In systeh# aire separated by small free energy
differences, these entropic terms can lead to lzakative errors. The RRHO correction to
entropy greatly reduces these errors and adds tedlsemo computational cost to the

calculations, so these results suggest that thieec®mn should become standard. The
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largest entropic corrections are applied to they v&@nallest frequencies, so the exact
frequency at which the RRHO treatment is appliedsdoot appear critical. Additionally,

results were improved when optimizations were peréa in an implicit solvent model.

This adds some cost to the calculations, but ineggnit is small and is more than

compensated for by the significant improvementriedr correlation and PI.

For the DPA-based switches, the most accuratetsesre ultimately achieved using
the relatively simple functional B3LYP in combirati with solution-phase optimizations,
RRHO treatment of entropies, and large electromgls point calculations. Using these
methods, RMSDs of < 0.50 kcal.rfond a Pl of 0.98 could be achieved, which are
sufficient for guiding the development of relatedlecules. Every component of this new
protocol is essential, and eliminating any resulteghoorer correlation with experimental
data. To date, no “black box” protocol incorporatiesse critical factors, which calls into
question calculations in the literature for whible tlaimed energy difference is only a few
kcal.mol* and is calculated using uncorrected DFT methotls. flerformance of the more
recent functionalesB97X-D and M06-2X was comparatively worse than tbbB3LYP.
These methods were parameterized with larger datase incorporate more sophisticated
treatment of non-bonded interactions, but nonetisetlo not perform very well for this
system.

These calculations, while still not perfect in mitidg the switches, provide possible
insight into the behaviour of these molecules. éplly, the torsional calculations and
constrained geometry optimizations indicate thatdjstem is quite flexible. In contrast to
the crystal structures which show relatively plastuctures, energies of the molecules
were found to be roughly equivalent both when plaarad when the DPA is twisted up to
50°. This is possible because in the calculations, Hhlbonding amide and accepting

carbonyl can themselves twist to accommodate amapH-bond length at a range of DPA
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dihedrals. This could represent a failure of DAM¢a these results are inconsistent with the
X-ray data. Alternatively, the crystal structuresymnot reflect the true flatness of the
potential energy surfaces. Instead, forces sudtryasal packing effects or intermolecular
hydrogen bonding may predominate in the solid state

The constrained geometry calculations raise furtlprestions regarding the
conformational equilibria. In the crystal structsyr@ pronounced twist in the phenyl ring
attached to the donating amide is present due ewcstlashing with the methyl ester
acceptor. In the calculations, this is not predestause the DPA twists to avoid this
unfavourable interaction. Individual molecules twis different extents, resulting in the
multimodal histogram of DPA dihedral seen in theamstrained cases. Restricting all of
the molecules to a single angle generally resultpaorer correlation with experiment,
unless the constrained angle was’.5R is unclear whether this is truly the optimal
equilibrium conformation, or if this angle allowarffortuitous error cancellation, but it does
provide the best correlation with experiment of aofy the methods tested. These
constrained calculations, however, do not allowwiarations to be accurately calculated,
and so this analysis does not include the entropitsiderations that were found to be
critical in the unconstrained cases. Nonethelelsy thighlight how changes in the
optimized geometry can greatly affect calculategrgies. DFT-derived geometries are used
for many composite methods such as CBS-B®BAd G3-B&® that use very large post-HF
electronic energy calculations. While these methoalge proven their accuracy for small
systems, for larger molecules the DFT geometry rhiayt accuracy more than the

electronic calculations themselves.

5.9. Conclusion and future work

Quantum chemical calculations were applied to &seaf DPA molecular switches in

which intramolecular hydrogen bonds template canédion. Poor correlation with
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experiment was found with standard gas phase amtions with a variety of DFT
methods, but a new protocol incorporating solupbiase optimizations, large basis sets,
and modified RRHO treatment of entropy gave mucheraxccurate results. Using these
methods, the switches could be ranked successfullelative order of hydrogen bond
strength, although errors remained between calonlaind experiment for the absolute free
energy differences of the molecules. Based on cainsd optimizations, the DPA dihedral
was not found to be essential to the energies ef dystem, in contrast to the clear
preference seen in crystal structures. Togethesethresults benchmark the accuracy of
DFT methods for medium-sized organic systems, aigtilight the importance of the
accurate treatment of solvation and entropy in rarchemical calculations. The modified
DFT procedure present here may be broadly appécalpld could result in greater accuracy
in modelling systems for which non-covalent intéi@ts are critical.

Additional benchmarking of the solvation and enicogorrections using large
CCSD(T)/CBS databases could help confirm the wtdit these methods. New functionals
could then be developed which may improve on ther gerformance of existing DFT
methods. Future work should apply this modified Dpibcedure to other systems of
interest. For instance, the conformational prefeeeaf novel H-bonded peptidomimetics
could be assessdd silico with greater accuracy than is possible with sempieical
methods. This could allow for a more precise urtdeding of the conformational
preferences of these molecules, which may aid éuteisign efforts. Additionally, improved
DFT modelling could aid the understanding of orgaatalysis and allow greater confidence
in the calculated structures of complexes. In amecthis study provides further evidence
that “black box” modelling of structures cannot dnsidered truly reliable, especially in

instances where the energy differences involvedlaght.
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5.10. Supporting information

Coordinates for all optimized structures and ersrgf all optimizations and single

point calculations are attached as a CD to thisishe

5.11. Supplementary description of computational methods

A brief outline of the computational methods usethis section is presented below:

5.11.1. Basis sets

6-31G. Pople split-valence basis set. Six contracteahifiie Gaussians are used to describe
the core orbitals. Valence orbitals are modeled ioubleZ manner as the sum of three
primitive Gaussians and an additional primitive €aan (of a different size).

6-31G(d,p): Polarized basis set augmenting the above withbpads on all H atoms and d
orbitals on all non-H atoms. This increases theilfiity of the atom-centred atomic
orbitals to describe molecular orbitals.

6-31+G(d,p)} The above plus the addition of diffuse s andlptals on heavy atoms. These
primitive Gaussians have small exponents and aresmondingly more spread out.
cc-pVTZ: Dunning’s correlation consistent polarized basts at the triple: level. This
basis set was optimized for calculations that idelaorrelation.

cc-pVQZ: Like the above, but at the quadrugleevel. The Dunning basis sets are designed
to scale smoothly to the CBS Ilimit.

CBS: The complete basis set. It is not actually asast, but is rather an extrapolation from

smaller calculations to the limit using an infimjtéarge basis set.

5.11.2. Computational methods

Hartree-Fock: A method for approximating solutions of the Sain@jer equation using a
single Slater determinant. Analytical solutiongtie HF equations are unknown for multi-
electron systems, so the energies are calculatawl iterative numerical manner.
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Density Functional Theory. A method for solving the Schrédinger equation by
considering functionals of the electron densityhaf system. The exact form of the electron
density of molecules has not been determined, Hereint DFT methods use different
approximations of the true value.

B3LYP: A hybrid DFT consisting of the three-parametensiy functional of Becke with
added Lee-Yang-Parr exchange. The total electrerahange-correlation functional is a
hybrid of the value from HF (20 %) with DFT tern&)(%).

CAM-B3LYP: Coulomb-attenuated modification to the B3LYP dtional meant to
address long-range interactions. In this functipiia fraction of HF exchange smoothly
increases from 19 % at short range to 65 % atitange.

MO06-2X: A hybrid DFT functional which incorporates 54 %- Hxchange in addition to
correlation values from several DFT approximatiomle functional is parametrized to
thermodynamic, kinetic, and noncovalent interaibbom a reaction database.

®»B97X-D: A recently-developed functional by Head-Gordonakhincorporates increasing
amounts of HF exchange at long range. Additionadly, attractive term is included to
describe dispersion interactions.

-D3: An empirical dispersion correction which is adaedo DFT results.
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