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Conformational Control by Intramolecular Hydrogen Bonding 
 

James Luccarelli, Oriel College 
DPhil, Trinity 2013 

Abstract 

Hydrogen bonds are directional, non-covalent interactions between hydrogen and 

electronegative atoms. Although generally weak, these interactions are critical to the 

stability of many biological systems including proteins and DNA. This dissertation explores 

small molecules in which an intramolecular hydrogen bond is the key determinant of 

conformation.  

Chapter 1 introduces the protein Grb2 SH3C, details its role in cancer signalling, and 

delineates the idea of peptidomimetics—small molecules which are functionalized to mimic 

the structure of a peptide and disrupt protein-protein interactions.  

Chapter 2 describes a virtual screen for binders to Grb2 SH3C. From a library of 6.3 

million compounds, 34 were tested in vitro and two found to bind to the protein in two 

orthogonal assays.  

Chapter 3 describes mimics of the polyproline II helix using a benzoylurea scaffold. A 

small library of these compounds was synthesized and tested for binding to Grb2 SH3C 

using SPR, a competition assay, and NMR.  

Chapter 4 describes attempts to mimic a 310 helix using benzamide-based 

peptidomimetics. The synthesis and in vitro evaluation of these molecules as ligands of 

Grb2 SH3C is described.  

Chapter 5 uses quantum chemical calculations to assess the energies of a series of 

molecular switches. These calculations benchmark a range of modern density functional 

theory calculations, and attempt to quantify the accuracy of these methods for a large, 

flexible system. The role of solvation, entropy, geometry, and torsional angles are assessed 

in accurately calculating the energies of the critical hydrogen bonds. 
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1. Introduction: SH3 domains as drug targets 

1.1. Protein-protein interactions 

Virtually all cellular processes involve interactions between multiple proteins. Among 

these are protein-protein interactions (PPIs), which allow for dynamic information exchange 

and the precise control of cellular function beyond the genetic coding of proteins. Indeed, 

the quantity and type of PPIs is hypothesized to be more important to an organism’s 

complexity than the actual size of the genome.1 This was made abundantly clear following 

the sequencing of the human genome, when the total number of human genes (ca. 20,000) 

was found to roughly equal that of the flatworm C. elegans.2,3 The total number of 

interactions in humans, however, is much greater, with an estimated 650,000,4 compared to 

ca. 120,000 for C. elegans.5 

Signal transduction is a particular area of cellular function that relies on PPIs.6 In 

multicellular organisms, extracellular signalling molecules are key determinants of a cell’s 

state. In general, these molecules are detected by protein receptors on the cell surface, which 

change conformation in response to the signal. This conformational change is detected by 

intracellular proteins, which, via a series of interactions with other proteins, ultimately cause 

propagation of the signal.7 Often these interactions occur at the level of domains—stable 

units of protein structure that fold autonomously.8 Domains are often specific for particular 

binding targets, and several can be combined to form larger proteins, allowing multidomain 

proteins to bind multiple targets.9 This versatility is enhanced by specialized adapter 

proteins, which like plug adapters for electrical appliances fit between proteins with 

different signalling domains to allow them to interact.10 Critically, several protein 

interaction domains are conserved throughout life, indicating that the interactions mediated 

by these domains are similarly conserved.11  
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1.2. SH3 domains 

The Src homology 3 (SH3) domain is one such conserved fold critical to cell 

signalling.12–18 Since the discovery of the first of these domains in a viral Src oncogene19 

and phopholipase-C20 in 1988, researchers have identified more than 300 in the human 

genome.21 SH3 domains are found across biology: in addition to sarcoma viruses and man, 

the Pfam database22 lists 79 proteins in C. elegans, 175 in Drosophola, and 551 in M. 

musculus which contain at least one SH3 domain. SH3-like domains are also found in 

prokaryotes, including bacteria23 and archaea.24 In humans, SH3 domains are found in a 

wide range of structures, including tyrosine kinases (e.g. c-Src, Abl, and Fyn), adaptor 

proteins (e.g. Grp2, Grb2, Nck, and Crkl), GTPase-activators (e.g. Graf), lipase (PLC-γ1), 

and a structural protein (spectrin), among others. 

1.2.1. Structure 

Three dimensional structures of spectrin25 and Src26 SH3 domains were solved via X-ray 

crystallography and NMR, respectively, in 1992. Since then nearly 500 structures of SH3 

domains have been deposited in the PDB. SH3 domains contain approximately 50-70 amino 

acids, arranged in a β-sandwich consisting of five β-strands (Figure 1-1). These strands 

form two anti-parallel β-sheets of three strands each: the first comprising strands a, e, and 

the first half of b, and the second strands c, d, and the second half of b. The β-sandwich 

resulting from the interaction of these sheets forms the hydrophobic core of the domain. 
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Figure 1-1: X-ray structure of the SH3 domain of Src (PDB ID 1SHG)25 showing strand a (red), RT loop 

(cyan), kinked b strand (yellow), n-Src loop (black), c strand (green), d strand (grey), and e strand (purple). 

The remaining loops are coloured dark blue. Molecular graphics images were produced using the UCSF 

Chimera package.27 

The β-strands are connected by three loops. Strands a and b are separated by a long RT 

loop, which generally contains several charged residues and forms an irregular antiparallel 

structure. A neuronal Src (n-Src) insertion loop connects strands b and c, while a short distal 

loop (which lies opposite the other two loops) connects strands c, and d. The active site of 

the protein is the groove defined by the RT and n-Src loops. Strands d and e are often 

connected by a short stretch of 310 helix, bringing the N- and C- termini close in space on 

the face of the domain opposite the binding site. 

1.2.2. Variability  

The thousands of SH3 domains identified across biology show only moderate sequence 

conservation. The pair-wise identity among a large series of SH3 domains, comparing each 

sequence in the database to every other one, was on average 27 %, with most in the range of 

15 % to 45 % (Figure 1-2).28 Much of the variance in sequence length occurs within the n-

Src and distal loops, with general conservation of the length of the RT loop. A series of 

mutagenesis experiments on the core of the Fyn SH3 domain showed that mutation of the 
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conserved hydrophobic residues resulted in greatly decreased protein stability, indicated by 

reduced denaturation temperatures.29 Particularly important were the residues flanking the 

RT loop, which are conserved as Asp and Leu, respectively in 75% of domains.28 Mutation 

of these residues reduced the denaturation temperature of Fyn SH3 from 80.1 ºC to as low 

as 36.3 ºC for L18A, indicating that they are critical to the stable fold of most SH3 

domains.29 While great sequence variability has been observed for SH3 domains, relatively 

little structural variability has been found. Overlays of multiple structures have been 

conducted, with average root mean square deviations (RMSD) of less than 2 Å for the 

residues within the β strands.28 

 
Figure 1-2: Sequence alignment of a series of SH3 domains from humans and other species. Conserved 

positions in the hydrophobic core are shaded yellow, while conserved ligand-binding residues are highlighted 

in blue. Uniprot accession codes for each protein are listed after the sequence. Sequence alignment was 

performed using the ClustalW algorithm.30 The secondary structure boundaries listed above the sequence are 

those for the C-terminal SH3 domain of Grb2. 

1.2.3. Binding motifs 

NMR studies confirmed the SH3 binding site to be the aromatic-rich region between the 

RT and n-Src loops.26 Further work identified the canonical SH3 domain binder as a 

proline-rich peptide.31 Several structural features of proline make it well-adapted as a 

cellular signalling motif.32 It is unique among the natural amino acids in containing a cyclic 

secondary amine as its sidechain. This sidechain is conformationally constrained, giving rise 

to a rigid structure of fixed dihedral angle that is capable only of accepting, not donating, 

hydrogen bonds. Moreover, proline C-terminal amide is significantly more likely than any 

other amino acid to adopt the cis-amide conformation, as its barrier to cis/trans 

isomerization is lower.33 The overall effect is to allow many proline-rich sequences to form 
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a unique, left-handed polyproline II helix (Figure 1-3).34 PPII helices have a three-fold 

symmetry formed by three amino acids per turn, with a distance between the i and i+3 

residues of approximately 9 Å.35 Sidechains are projected roughly perpendicular to the helix 

axis. Hydrogen bonding is primarily to solvent,36 and amino acids with limited steric bulk 

that do not shield the backbone from solvent are relatively favourable for PPII helix 

formation.37 

        

Figure 1-3: Perpendicular (left) and axial (right) view of the PPII helix of Gab2a (APPPRPPKP), which binds 

to the C-terminal SH3 domain of Grb2 (PDB ID 2W0Z).38 The extended helix exposes the backbone of each 

residue to solvent, and has three-fold symmetry about its axis.  

Using a biased combinatorial peptide library, Chen et al. identified two different classes 

of sequences that bind to SH3 domains.37 The consensus sequence for the class I ligands is 

[R/K]xXPxXP, while the class II sequence is PxXPx[R/K], where x signifies any amino 

acid and X signifies any non-glycine hydrophobic amino acid. Due to the symmetry of the 

PPII helix, a 180º rotation perpendicular to the helix results in a very similar structure: only 

the N- and C-termini, and the directionality of the XP dimer changes with this inversion. 

Thus, the invariant proline residues of class I and class II ligands occupy different sides of 

the PPII helix depending on the orientation of the ligand. The binding affinities of the 

peptides identified ranged from 7 µM – 30 µM.39,40  

Structural evidence has been found for the binding of both class I41 and class II42 

orientations. Based on these data, the Schreiber group proposed a general model for SH3 

domain binding relying on a specific hydrogen bond from the basic residue in the ligand and 
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extensive hydrophobic contact between proline residues and the SH3 binding pocket (Figure 

1-4).43 Under this model, the SH3 domain has distinct binding pockets defined by conserved 

hydrophobic residues. The two essential prolines from the ligand bind into these pockets, 

making extensive hydrophobic contacts which provide much of the favourable energy of the 

interaction. While these hydrophobic pockets are not very deep or distinct, they show 

remarkable selectivity for proline residues. Detailed investigations by Nguyen et al. have 

shown that this recognition preference is specifically for N-substituted amide residues.44 

Proline is thus required for binding as it is the only common naturally-occurring N-

substituted amino acid, and not due to a specific steric preference for the proline sidechain. 

 

Figure 1-4: Schematic showing the binding positions for a class I (A) and class II (B) ligands bound to c-Src. 

Ligand residues are indicated by circles, and amide bonds as sticks. Conserved SH3 domain residues are 

shown as ovals. The class I ligand is RLP2 (RALPPLPRY), while the class II ligand is PLR1 (AFAPPLPRR). 

The critical proline residues are italicized. In each case, a salt bridge between a conserved Arg residue in the 

ligand and an SH3 domain Glu determines the orientation of the ligand (site 1). The essential Pro residues bind 

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

While the majority of work on SH3 domains has focused on the classical class I and 

class II domains, certain atypical binding motifs have been recognized in specific proteins. 

For instance, the Grb2-related adapter protein 2 (Grap2)45 binds to the signalling protein 

SLP-76 through an RxxK motif.46 NMR47 and crystallographic48 analysis of the complex 

revealed the specific molecular interactions of the site: the cationic peptide arrays the 
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critical residues in a 310 helix (vide infra Chapter 4.1), as opposed to the typical polyproline 

helix. This binding displayed sub-µM affinity—more than two orders of magnitude stronger 

than observed for PxxP ligands—with the mutagenesis of either cationic residue to alanine 

completely destroying binding affinity.47,48 In contrast, replacement of proline residues in 

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

1.2.4. Selectivity 

Since SH3 domains are involved in the assembly of multi-protein structures, their 

selectivity for their targets could greatly affect signal transduction. One possibility is that in 

vivo binding is generally non-selective: that is, rather than existing as definite, linear 

pathways of A�B�C, the reality is a combinatorial series of interactions, with A binding 

to P, Q, R, S and T, and each of those in turn having other binding partners in addition to 

A.49 Under this view, should a protein develop a new SH3 domain or binding sequence (e.g. 

by exon shuffling or gene duplication), it would begin to interact with numerous other 

proteins, thus subtly altering the equilibrium of the cell. This change would occur without a 

concurrent evolution of a specific binding partner for the new domain, thereby eliminating 

the need for all SH3-mediated PPIs to have evolved selectively.50  

In contrast to this theory, a great deal of intrinsic SH3 domain selectivity has been found 

in yeast. The response by S. cerevisiae to high osmolarity involves the binding of a proline-

rich region in Pbs2 to the SH3 domain of Sho1.51 To probe the selectivity of this interaction, 

Zarrinpar et al. created a library of Sho1 chimeras, in which the SH3 domain of the wild-

type protein was replaced with other SH3 domains.52 Of the dozen metazoan SH3 domains 

tested, six were able to restore function of the osmotic pathway in vivo, and the same six 

bind Pbs2 in in vitro assays. This high degree of promiscuity is consistent with the notion 

that SH3 domains are not intrinsically selective. On the other hand, when any of the other 

26 yeast SH3 domains were inserted into Sho1, none restored function in vivo or bound the 
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peptide in vitro.52 This result was explained with a model of “negative evolution,” whereby 

proteins in an organism evolve not merely to bind a target, but also to do so in a manner 

orthogonal to other proteins within that organism (Figure 1-5). Thus, while the overall 

selectivity of yeast SH3 domains to a library of peptides may be low, selectivity for those 

peptides in the yeast proteome is absolute. Mutating the sequence within the Pbs2 motif and 

again comparing cross-reactivity for other yeast SH3 domains probed this evolutionary 

pressure. While some of the mutations actually increased binding affinity for Sho1, all 

increased cross-reactivity,52 indicating that evolutionary pressure in this system did not seek 

merely high binding affinity. 

    

Figure 1-5: Model for domain-mediated selectivity via “negative evolution.” (A) recognition profiles within 

an organism (circles). These profiles are substantially overlapping, but evolutionary selection against cross-

reactivity drives each domain to a niche sequence (star, for the grey domain). (B) recognition profiles among 

different organisms. Once again these profiles are substantially overlapping, but as evolutionary pressure for 

selectivity has not been applied there is significant cross-reactivity for the starred binding sequence. Figure 

adapted from Zarrinpar et al.52 

A more recent experiment investigated whether human SH3 domains show similarly-

limited cross-reactivity. Seet et al. probed the selectivity of the RxxK motif in SLP-76 for 

147 different human SH3 domains, and found that only four bound.53 Of these, the 

physiologic binding partner Grap2 bound with 8 nM affinity, a factor of 1000 stronger than 

Grb2 SH3C, which bound with 8 µM affinity. The remaining two binders, STAM1 and 

STAM2, are endocytic proteins which have not been linked to SLP-76 in vivo and may be 

localized in a different cellular compartment. Furthermore, a series of point mutations of the 

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

A B 
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maintaining high affinity for Grap2. Thus the atypical RxxK recognition domain in SLP-76 

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

displays some cross-reactivity to other SH3 domains. The authors repeated these 

experiments with the RxxK motif of Gab1, the PxxPxRxxK motif of HPK1, and a separate 

class II PxxP ligand in HPK1 and found binding to 15, 12, and 53 SH3 domains, 

respectively. As only a fraction of human SH3 domains were screened in this study, it is 

likely that the cross-reactivity of each of these peptides is even higher.53 

While further work is required to probe the selectivity of human SH3 domains, a 

multitude of factors are likely exploited within the proteome. For some interactions (e.g. 

SLP-76 with Grap2), domain-mediated evolution may be sufficient to explain the very high 

selectivity observed. This is not, however, general for other proteins, even those sharing an 

atypical binding motif, as other RxxK peptides are less intrinsically selective. The most 

common PxxP motif is the least selective, and it is quite possible that the majority of SH3 

domains which bind this sequence bind many proteins in vivo. To a certain extent this may 

be tempered by spatiotemporal isolation of proteins, but overall SH3-mediated interactions 

within human cells likely form a complex web much more than simple, linear chains. 

1.3. Grb2 SH3C 

One SH3 domain-containing adapter protein that has been extensively studied for its 

role in human disease is growth factor receptor-bound protein 2 (Grb2). This ubiquitously-

expressed, 25 kDa signalling protein consists of three protein recognition domains: a central 

SH2 domain (which binds phosporylated Tyr)54 flanked by two SH3 domains.55 Grb2 lacks 

enzymatic activity but is essential in a range of signalling pathways, so much so that a 

targeted gene disruption of Grb2 is lethal to mice at an early embryonic stage.56 Frequently 

Grb2 acts as intermediary between receptor tyrosine kinases and intracellular processes.57,58 

Mounting evidence points to a strong role for Grb2 in developing malignancies.59 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.60 Grb2 is also overexpressed in a range of human breast cancer 

cell lines61 and tissue samples.62  

 

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,63 then recruits Sos 

through both SH3 domains,64 or the Gab family of large multi-site docking proteins via its 

C-terminal SH3 domain (SH3C).65,66 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 et al.67 
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Overexpression of Her2 occurs in ca. 20 % of breast cancers, and is associated with poor 

survival prognosis (Figure 1-7).68 Four therapies targeted towards Her2 have been approved 

for the clinic. Treatment with Trastuzumab, a monoclonal antibody targeting the 

extracellular domain of Her2, improves survival for patients with these cancers. While large 

clinical trials have revealed benefits from trastuzumab therapy in metastatic cancer69 and as 

an adjuvant therapy,70 patients rapidly develop resistance.71 Lapatinib, a small-molecule 

inhibitor of the Her2 tyrosine kinase domain, has also shown clinical benefits in patients 

with metastatic Her2-positive cancers, but most patients did not respond to therapy and 

disease progression continued after a short time.72 In 2012 the anti-Her2 antibody 

pertuzumab was approved by the FDA in combination therapy with trastuzumab.73 The 

antibody targets the dimerization of Her2, increasing the median progression-free survival 

time for metastatic disease from 12- to 18-months. Most recently, the antibody-drug 

conjugate trastuzumab emtansine received FDA approval in February 2013. This drug 

covalently attaches the cytotoxic agent mertansine to Lys residues on tratsumab. Each 

antibody binds zero to eight mertansine molecules and delivers them selectively to Her2-

expressing cells.74,75 Phase III clinical trials indicate that this drug improves survival from 

metastatic breast cancer by approximately six months vs. lapatinib and cytotoxic 

chemotherapy, but median survival was still only 31 months.76 Thus while this trial strongly 

suggests a role for combination therapies in treating Her2-positive cancers, there remains a 

significant need for novel pharmaceuticals. 

One approach is to target the Her2 pathway downstream of the receptor.77 Cell-based 

studies have shown that down-regulation of Grb2 inhibits growth in tumours expressing 

high levels of Her2.78 Likewise, knockdown of Gab2 reduces proliferation of Her2-

overexpressing cells.79 Further in vivo studies in mice have identified a peptide inhibitor of 

Grb2 SH3 domains which may slightly reduce cancer progression in a xenograft model.80 
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While inhibitors have been developed for the SH2 and SH3N domains of Grb2,59 small-

molecule inhibitors of the SH3C domain have not been reported. 

 

Figure 1-8 The X-ray crystal structure of Gab2a peptide (green) bound to Grb2 SH3C (purple). PDB ID 

2W0Z. The interaction is stabilized by hydrogen bonds from the conserved Arg and Lys of the peptide as well 

as extensive hydrophobic contact with the protein surface. 

The Grb2 SH3C domain binds to two different epitopes in Gab2, each with an RxxK 

core motif within a variable proline-rich sequence. A structural study has elucidated the 

precise molecular interactions involved in Grb2–Gab2 binding (Figure 1-8).38 The Gab2a 

epitope presents the Arg and Lys residues within a polyproline II helix conformation, while 

in the Gab2b epitope they are found within a 310 helix. Gab2b binds approximately 20-fold 

stronger than Gab2a (3 µM vs. 58 µM), but crystal structures of both peptides bound to 

Grb2 SH3C show very similar binding orientations (Figure 1-9). In both cases, essential 

hydrogen bonds are formed to Glu13 and Glu16 on the Grb2 protein, though due to the 

different length of turns in 310 and PPII helices (6 Å vs 9 Å), the cationic sidechains are 

projected at different angles towards the Glu sidechains. Significant hydrophobic contacts 

stabilize both interactions, so rationalizing the difference in binding affinity for the two 

peptides is difficult. Mutagenesis experiments indicate that replacing the Arg or Lys 

residues in either sequence with alanine results in unquantifiably 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 Gab2b 310 peptide (A) and Gab2a PPII peptide (B) binding to Grb2 
SH3C. In both cases, hydrogen bonds are made to Glu16, 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 Harkiolaki et al.38 

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 surfaces.81,82 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 PPI.83 By carefully targeting these key regions of the 

interaction surface, even large PPIs have been successfully inhibited.84,85 Particularly 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. Peptide ligands 

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, introducing mutations (M4Y, P5S, L8P) based 

on computer modelling increased affinity for Abl-SH3 20-fold while decreasing affinity for 

Fyn-SH3 10-fold.86 The study showed that the first six amino acids of 3BP1 are important 

for determining selectivity, while the remaining four are important for affinity. The authors 

rationalized that differences in affinity are due not only to specific sidechain-sidechain 

interactions, but also to the different entropic costs of adopting a PPII conformation. 

Selectivity resulted from the interactions between residues four and five of the peptide with 

the RT and n-Src loops. It was also found that in principle, every Pro residue could be 

substituted without causing a large loss of binding, provided that a suitable replacement was 

found for each site. 

1.4.2. Peptide dimers 

Inhibition may be dramatically enhanced via the simultaneous binding of two domains 

with a single molecule, an approach exemplified by Cussac et al. in binding both SH3 

domains of Grb2.87 A dimeric peptide made of two identical proline-rich sequences from 

Sos linked by a lysine spacer showed an increase in binding affinity from 16 µM to 40 nM 

when compared to the monomeric peptide (Figure 1-10). The dimer was selective for Grb2 

over PI3K and Nck, and could be modified to enter cells where it showed antiproliferative 

activity. Further studies showed that the compound inhibits the growth of HER2 cancer 

cells and has antitumor effects in human cancer xenografts.80 The group went on to show 

that the compound is a potential therapeutic agent for chronic myelogenous leukaemia 

(CML).88 A theoretical model of multivalent binding to SH3 domains predicts this dimeric 

effect to be general, with significant binding enhancement possible if each ligand has at 

least mM affinity.89  
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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 the N- and C-SH3 domains (red) of Grb2. The SH2 

domain is in green. Copyright © 1998 by the Federation of American Societies for Experimental Biology.87  

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 sequence.39 Many residues were found to be 

highly conserved, which led to the synthesis of the peptide RKLPPRPRR which binds the 

PI3K SH3 domain with a Kd of 7.6 µM—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 a Kd of 3.4 µM. When measured against 

the PI3K SH3, this molecule displayed a 52-fold increase in selectivity compared with the 

best known peptide.90 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,91 although not in all cases.92 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 floor.93 Having 

succeeded in attaining high binding affinities, the group focused on achieving selectivity 
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between highly conserved domains.94 Following the same method of split-pool synthesis it 

was possible to select an analogue of Figure 1-11 that displayed 165-fold greater affinity for 

Hck over PI3K. 

 

Figure 1-11: Structure of a Scr inhibitor in which non-peptide elements are conjugated with a peptide. This 

molecule has an affinity of 3.4 µM for Src and shows good selectivity over PI3K. 

1.4.4. N-Substituted peptoids 

Nguyen et al. were the first to explain the SH3 domain’s selectivity for proline residues 

as a preference for N-substituted residues, of which proline is the most common endogenous 

example.44,95 Replacing the key prolines of a peptide with N-substituted residues gave a 

Grb2 SH3N binder with 100-fold greater affinity. The authors screened a series of SH3 

ligands in which each of the two required PxxP prolines was replaced by a series of 11 non-

natural N-substituted glycines against Sem5, Crk, Grb2 and Src; more than half of these 

peptoids bound as well as, or better than, the natural peptides. The group went on to show 

that these peptoids could be selectively tuned to target a single SH3 domain in a test set, 

with orthogonal selectivity for Crk SH3 against Grb2 and Src.96 The groups of Tuchscherer 

and Feller developed this approach (Figure 1-12) to give pseudoproline-containing peptides 

able to inhibit Grb2 SH3/SoS complex formation in a competition assay using whole-cell 

lysates.97 In a unified strategy, Vidal et al. incorporated the N-alkyl glycine amino acids 

used by Nguyen into their previously reported proline-rich peptide dimers (Section 1.4.2).98 

The resultant lysine-linked peptoid, VPPPV(peG)PRRR)2K (peG: (S)-(α-phenyl) 

ethylglycine), gave a Ki of 0.20 nM for the Grb2 SH3 domains, compared to 38 nM when 

peG is replaced with proline. While a crystal structure of the complex was not obtained, 
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molecular modelling studies suggest that enhanced binding 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 PPII 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.,97 copyright © 2001 by WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany.  

1.4.5. Small-molecule inhibitors 

A combination of virtual and experimental screening allowed Betzi et al. to identify 

drug-like molecules that functionally target the HIV-1 Nef SH3 binding surface.99 The 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, Inglis et al. used computational methods to identify several simple heterocyclic 

inhibitors, including a series of quinolines.100,101 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 a Kd of 22 µM. 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 a Kd of 9 µM, where the physiologically 

incompatible acetal functionality is replaced with a heterocycle.102 The group went on to 

synthesize a series of N-benzyl derivatives of these compounds,103 and while binding 

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

complex (Figure 1-13). 

 

Figure 1-13: Model for mechanism of binding of 2-aminoquinoline to the Tec SH3 domain, in which residues 

to the left and right of the binding site make contacts with the aminoquinoline substituents. The nature of R1 is 

especially important as it impacts upon the salt bridge formed with D196. 

Structurally related benzoquinoline molecules were discovered by computational 

docking and validated by a fluorescence polarization-based assay as micromolar inhibitors 

for the Src-SH3 domain (Figure 1-15e).104 Based on this in silico work, a binding model for 

Figure 1-15e was proposed in which both hydrophobic and hydrogen bonding contacts are 

critical (Figure 1-14).  
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Figure 1-14: A representation of the hydrophobic (red) and hydrogen bonding contacts (blue) in the complex 

of a benzoquinoline (see Figure 1-15e) with Src SH3, calculated using LIGPLOT (distances are in Å).105 
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Using a yeast-based high-throughput assay, the Sharma group identified UCS15A, 

produced by Streptomyces, as an SH3 domain inhibitor.106 Inhibition was observed for the 

interaction of Sam68, a nuclear RNA-binding protein, with a wide variety of SH3 domains 

including those of Src, Grb2 and PLCγ, but no effect was seen on SH2-mediated 

interactions. Analyses suggested the compound did not bind to the SH3 domain, but rather 

interacted directly with the proline-rich regions on target proteins.107 The nature of protein 

binding, was not elucidated, though large discrepancies between in vitro and in vivo studies 

were observed in that much higher doses were required in the former case. Inhibition was 

not seen when the SH3 bound complex was dosed, but only when Sam68 was preincubated 

with UCS15A, hinting at a possible conformational change in the proline-rich region. The 

Sharma group went on to synthesize greatly simplified structures that showed more potent 

activity and proved to be less cytotoxic (Figure 1-15f).108 

2

2

 
Figure 1-15: Small-molecule SH3 inhibitors. (a) DLC27, an HIV-1 Nef binder, (b) A 6-substituted-2-

aminoquinoline targeting the Tec kinase, (c) Natural product UCS15A, thought to bind proline-rich peptides 

and resulting in the inhibition of many SH3 families, (d) Derivative of compound (b) with an improved 

physiological profile, (e) A benzoquinoline Src binder, (f) Structurally simplified synthetic analogue of 

UCS15A. 



 

20 

1.5. Peptidomimetics for inhibiting PPIs 

 

Figure 1-16 Theoretical progression from a peptide to a peptidomimetic. The PPII helix (left) can be 

construed as a backbone for projecting sidechains (centre). These can be displayed in same manner by a 

wholly-synthetic scaffold (right).  

One recent approach to PPI inhibitors seeks to design molecules which mimic the 

proteins involved in the interaction. These peptidomimetics display sidechains with the 

same spatial and angular orientation as proteins, but using non-peptidic elements (Figure 

1-16).81,109,110 Approaches included covalently bonded peptides,111–113 β-peptides,114–116 and 

synthetic small molecules117–120 have been applied to mimic a variety of protein secondary 

structures. Among small molecule peptidomimetics, the greatest effort has been devoted to 

mimics of α-helices. The majority of the free energy of binding of helical protein domains 

comes from sidechain, as opposed to backbone, interactions,121,122 thus a wide variety of 

scaffolds have proved useful (Figure 1-17). There is no clear consensus on an “ideal” 

peptidomimetic since all such molecules necessarily simplify the actual protein structure. 

Concerns such as ease of synthesis, adaptability to different sidechains, and the number of 

sidechains to be mimicked all affect the choice of a peptidomimetic scaffold. 
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Figure 1-17 Peptidomimetic scaffolds. (a) indane, (b) terphenyl, (c) terephthalamide, (d) benzoylurea, (e) 

benzamide.123 

One inescapable objective, however, is that the conformation of the peptidomimetic 

matches that of the protein. Certain scaffolds have been designed to incorporate a great deal 

of flexibility, allowing a single molecule to mimic multiple secondary structures via an 

induced fit mechanism.119,124 Flexibility, however, adds an entropic penalty to binding, 

which may cancel otherwise favourable interactions. Minimizing this entropic penalty 

requires a relatively constrained molecule which targets a particular protein structure. While 

this approach is less general and requires more care in the design phase, it holds promise for 

discovering more potent and selective inhibitors of PPIs.  

1.5.1. Intramolecular hydrogen bonding in peptidomimetics 

While covalently-constrained systems allow for precisely-tuned structures, they may be 

synthetically inaccessible or suffer from poor solubility. As an alternative strategy, a 

peptidomimetic can instead be constrained by an intramolecular interaction such as a 

hydrogen bond. Although the nature of hydrogen bonding has been debated in the literature 

since at least the 1930s,125 IUPAC issued a technical definition of the interaction in 2011, 

prefacing it with:  

The hydrogen bond is an attractive interaction between a hydrogen atom from a 
molecule or a molecular fragment XH in which X is more electronegative than H, and 
an atom or a group of atoms in the same or a different molecule, in which there is 
evidence of bond formation.126 
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The definition then proceeds to list various forms of structural, spectroscopic, and 

computational evidence that may indicate whether a hydrogen bond is present. Additionally, 

large-scale database searches have elucidated the favoured conformations and energies of 

hydrogen bonds in published crystal structures.127,128 In general, hydrogen bond strength 

increases as the angle between the donor and acceptor tends towards 180º, and as the acidity 

of the H increases. Intramolecular hydrogen bonds are most favourable when six-membered 

rings are formed,127 although larger and smaller rings can still be favourable. Numerous 

peptidomimetic scaffolds, including the terephthalamide, benzoylurea, and benzamide 

(Figure 1-17c-e) form such intramolecular rings to direct conformation, allowing the 

molecules to remain more polar than covalently-bonded structures such as the terphenyl 

(Figure 1-17b). By modifying the hydrogen bonding pattern of the system, mimics have 

been prepared for both α-helices117,118,120 and β-strands,129 and could potentially be adapted 

for other systems. 

1.6. Conclusions 

Nearly 25 years of studies have uncovered the pivotal role of SH3 domains in a wide 

range of biological processes. As only a few key residues appear sufficient to define the 

fold, diverse changes are possible within the binding domain, allowing SH3 to play a 

versatile role in PPIs. Proline-rich peptide ligands bind in a well-understood manner and 

show moderate affinities, but display poor selectivity within SH3 families. Adding non-

peptidic appendages allows the development of compounds with greater affinities and 

selectivities since a greater number of binding sites are utilized. Despite the efforts of many 

researchers, the number of classes of small-molecule inhibitors remains disappointing, 

hinting that new approaches are required. This thesis aims to extend the field of 

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

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

2.1. Introduction 

In a first approach towards inhibitors of Grb2, the ability of commercially-available 

molecules to disrupt the Grb2/Gab2 interaction was investigated. Previous high-throughput 

and computational screens have identified several SH3 domain inhibitors (vide supra 

Ch.1.4.5),1–8 indicating that the existing chemical space includes molecules capable of 

binding to these proteins. To assess as wide a range of molecules as possible, a virtual 

screening approach was adopted for its speed, low cost, and broad chemical diversity.9 

Virtual screening attempts to compute the free-energy of binding of small molecules to a 

protein target. This is a very difficult task as the physics of such interactions are still not 

fully understood,10 but methods such as free energy perturbation calculations have shown 

success in calculating the relative and absolute binding energies of ligand series.11–13 

Nonetheless, achieving accurate and precise results is a great undertaking, involving 

extensive consideration of initial structure,14,15 solvation,13 flexibility,16 and sampling.17 

This results in considerable computational expense, with the accurate calculation of a single 

relative free energy of binding requiring days of processor time.18 These methods are also 

generally restricted to relatively small perturbations of molecular structure,19 making them 

unsuitable for investigating diverse libraries.  

Rapid virtual screens ignore a great deal of the complexity of protein-ligand interactions 

in exchange for speed. In general, the protein structure is treated as fixed, small molecules 

are not fully flexible, and solvation is limited to simple dielectric models. Rather than using 

explicit free energy perturbation calculations, binding energies are calculated by largely 

empirical scoring functions, which consider only a few parameters.20 Such calculations are 
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thus wholly unsuitable for accurately ranking compounds,9 but empirically have been 

sufficient in numerous cases to find starting points for further molecular optimization.21,22  

2.2. Virtual ligand selection 

While alanine scanning and spot blot analysis of peptide truncates have probed the 

binding site of Grb2,23 the chemical space of small molecule inhibitors has not been 

explored. To maximize the scope of this investigation, a large database of molecules was 

desired. Given the crude predictive power of virtual screening calculations, even high-

ranking molecules are relatively unlikely to be true hits, so to avoid wasted synthesis the 

search was limited to commercially available compounds. Even the purchasable chemical 

space, however, is vastly too large to screen, with the database ZINC listing nearly 20 

million commercially available compounds.24,25 To narrow this further, molecules were 

filtered to comply with Lipinski’s “rule of 5,”26 limiting the search set to molecules with 

molecular weight < 500, calculated octanol-water partition coefficient of ≤ 5, hydrogen 

bond donors ≤ 5, and hydrogen bond acceptors ≤ 10. This resulted in a set of ca. 6.3 million 

molecules (downloaded from ZINC in September 2010). This set included the molecules in 

their protonation states expected in the range of pH 5.75-8.25, as calculated by ZINC. 

2.3. Virtual screen 

The docking program GLIDE (version 5.6) was used to conduct the screen.27,28 The 

crystal structure of the complex containing the more-tightly binding Gab2b 310 helix (PDB 

code: 2VWF),23 was used as the docking target. The protein was processed using GLIDE’s 

default protein preparation workflow: the bound peptide and all water molecules were 

removed, and the protein structure refined using exhaustive sampling for H-bonding 

networks. Following a constrained Impref minimization with the OPLS-AA 2005 

forcefield,29 optimizing all atoms to an RMSD of 0.3 Å, the receptor grid was generated as a 
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cube 7 Å in radius around Trp35 in the center of the binding pocket. As the peptide studies 

confirmed the critical role of a hydrogen bond to the Glu16 sidechain, a constraint was 

applied requiring all docked molecules to form at least one hydrogen bond to that residue. 

The molecules were then flexibly docked onto the target protein, using the high-

performance computational capabilities of the Biowulf Linux cluster at the National 

Institutes of Health, Bethesda, MD, USA. Binding energies were evaluated using the 

GlideSP scoring function. The resulting screen ranked each compound by glide-score, 

which roughly approximates their free energies of binding. 

 

Figure 2-1: Docked poses of the molecules ranked 5 (left) and 164 (right) in the virtual screen bound to the 

Grb2 SH3C (purple). Both molecules are predicted to make extensive hydrogen-bond and hydrophobic 

contacts with the protein. 

The top 200 virtual hits were screened by eye for binding pose and chemical diversity 

(Figure 2-1). In general, the molecules had both hydrophobic and hydrophilic components, 

and consistent with the applied constraint all bound to similar binding pockets on the 

surface of the protein. Of the top hits, 34 were obtained for in vitro testing from the 

NCI/DTP Open Chemical Repository (Figure 2-2). Samples were obtained as pure solids, 

which were dissolved as DMSO stocks for further analysis.  

 A         B 
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Figure 2-2: Structures of the 34 compounds obtained from the NCI/DTP open chemical repository. 
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2.4. SPR binding assay 

 

Figure 2-3: Schematic of the SPR experiment. At the SPR wavelength, incident light excites surface plasmons 

along the metal. Changes to the index of refraction along the interface (in this case, caused by antibody 

binding), alter the index of refraction, thus changing the SPR angle. This change in angle is detected and 

plotted to measure the binding kinetics and thermodynamics. Creative commons image from Sari Sabban. 30 

The selected molecules were first tested for binding using surface plasmon resonance 

(SPR). This technique measures the change of the index of refraction along a metal surface 

caused by the binding of an analyte.31,32 In practice, a laser is shined at a thin gold surface 

adjacent to an aqueous medium. At precise angles, the incoming photons excite an 

electromagnetic wave along the interface between the metal and the liquid, resulting in a 

drop in reflected light intensity (Figure 2-3). The angle of maximal excitation (and thus 

minimal reflectance) is the SPR angle, which varies with the index of refraction of the 

system. As the metal surface itself is unchanging, the observed change in SPR angle is 

caused by changes along the metal/liquid interface, in this case caused by the binding of a 

ligand. The technique, however, measures all changes in refractive index, which could 

include changes to the buffer or concentration rather than desired binding. Plotting the 

change in SPR angle with respect to time allows the thermodynamics and kinetics of an 
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interaction to be calculated.33 Rather than binding protein directly to the gold surface, a 

carboxydextran layer is first applied to which the protein is covalently attached. This leaves 

the protein tethered to the dextran, but otherwise free to rotate and translate.34 

Benchmarking studies have determined that carefully-performed SPR experiments yield 

reproducible measurements comparable to those obtained by solution experiments (e.g. 

ITC), indicating that the dextran tether does not generally affect the protein.35–38 

For this study, wild type Grb2 SH3C was attached to the carboxydextran surface of a 

CM5 chip via amine groups on the protein. The matrix was first activated with a mixture of 

EDC and NHS, which results in an activated NHS ester. The protein was then dissolved in 

an acidic (pH 4 acetate) buffer to create an overall positively-charged protein, which was 

electrostatically attracted to the matrix. The activated esters then coupled to the N-terminus 

and sole Lys of Grb2 SH3C, leaving the protein covalently attached to the dextran surface. 

The small molecules were then screened for binding to Grb2 SH3C at 50 µM and 100 µM 

concentrations (Figure 2-4).  

To distinguish binders from non-binders, a practical minimum binding affinity was 

defined as ≤ 1 mM. The maximal theoretical response observed by SPR depends on the 

concentration of bound protein and the relative molecular weights of the protein and ligand: 
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where ‘analyte’ refers to the small molecule and ‘ligand’ to the SH3C domain. Given 1500  

response units (RU) of ligand bound, a protein mass of 7036 Da, and an average small 

molecule weight of 250 Da, this gives a maximum theoretical response of 53 RU. Thus the 

minimum desired response level (Req) could be determined using the formula: 
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where Canalyte represents the concentration of compound, giving a minimum cutoff of 5 RU 

for the 100 µM concentration.  

 
Figure 2-4: Maximum binding response for the 34 molecules at 50 µM and 100 µM concentrations (pairs of 

adjacent injections). Those molecules exhibiting a response level greater than 5 RU for the 100 µM samples 

are highlighted (black diamonds) and correspond to compounds: 1, 3, 5, 9, 41, 46, 72, 147, 156 and 164; non-

binders are shown as grey diamonds. DMSO-only samples (white circles) and a positive binding control 

Gab2b peptide (24 µM; white triangles) were injected throughout. A negative control Gab2b peptide double 

mutant (RxxK → AxxA) is also indicated as the last injection (black cross), showing the lack of significant 

binding. 

Using this threshold, 24 molecules were classified as non-binders (17 with a response 

level around zero) and ten as binders: 1, 3, 5, 9, 41, 46, 72, 147, 156, 164 (Figure 2-4). 

Varying levels and quality of interactions were observed by the analysis of their 

sensorgrams (Figure 2-5; compound 156 was rejected due to poor sensorgram shape). In 

several cases (molecules 5, 9, 147, 164) the observed binding behaviour was 

superstoichiometric. Compound 147, for instance, displayed superstoichiometric binding, 

characteristic of undesirable promiscuous interactions,39 with a response level of nearly 600 

RU (over 10 times the maximum theoretical response) and a long dissociation time. This 

can be explained by the availability of multiple binding sites on Grb2 SH3C or the presence 

of small-molecule aggregates that have a propensity to adhere to the protein surface. 

Injections of DMSO-only controls at regular intervals as well as a positive control Gab2b 
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peptide (24 µM; sequence: IQPPPVNRNLKPDRK-amide) indicated that the integrity of the 

coupled Grb2 SH3C surface was maintained throughout the experiment (Figure 2-4).  

 

Figure 2-5: SPR sensorgrams of the nine compounds accepted as positive Grb2 SH3C binders. Shown are two 

traces at different compound concentrations: 50 µM (grey line) and 100 µM (black line). 

2.5. Competition binding assay 

While the SPR screen reliably measures binding, it gives no information about the 

binding site. To determine which compounds could competitively target the Gab2 binding 

groove in Grb2 SH3C, we performed a biochemical competitive binding assay on the full 

set of 34 molecules. GST–Grb2 SH3C was incubated with each molecule before contact 

with streptavidin beads coupled to biotinylated Gab2b peptide. Control experiments by 

Philip Simister indicated that GST alone did not couple to the peptide-bound beads. Neither 

did GST nor GST–Grb2 SH3C bind to beads lacking peptide, nor to beads coupled to a 

Gab2 double alanine mutant peptide (RxxK → AxxA) that cannot bind to the Grb2 SH3C 

domain (Figure 2-6).23 Thus, interaction with the beads was a direct result of the Gab2b 

peptide – Grb2 SH3C coupling. 
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Figure 2-6: 12 % SDS-PAGE gel showing controls for validation of the biochemical competition assay. 

Samples in gel lanes are: [1, 2] GST–Grb2 SH3C incubated with streptavidin-sepharose beads coupled to 

Gab2b wild-type (wt) peptide; [3, 4] GST–Grb2 SH3C incubated with streptavidin-sepharose beads coupled to 

the defunct Gab2b double mutant peptide (i.e. RxxK → AxxA); [5, 6] GST–Grb2 SH3C incubated with 

streptavidin-sepharose beads alone, no peptide coupled; [7, 8] GST alone incubated with streptavidin-

sepharose beads coupled to Gab2b wt peptide; [9, 10] GST alone incubated with streptavidin-sepharose beads, 

no peptide coupled; [11] Protein size markers, a band of 31 kDa is indicated (black arrowhead), which has a 

size in between that of GST alone (26 kDa), loaded in lane [12], and GST–Grb2 SH3C fusion protein (33 

kDa), loaded in greater amount (30 µg) in lane [13] to show the quality of protein used in the assay. 

Given this assay’s lower sensitivity, a stringent threshold of 20 % minimum inhibition 

was applied to eliminate ambiguous-, weak-, or non-binders. This represents a margin 

greater than the error on any individual sample, and five times the average error on the data 

points (Figure 2-7a). Consequently, 24 molecules showed no binding (Figure 2-7B, grey 

bars), and ten molecules: 3, 5, 41, 46, 50, 55, 72, 139, 147, 164, exhibited various levels of 

competitive inhibition > 20 % (Figure 2-7b, black bars). Importantly, seven of these 

competitive inhibitors overlapped with those determined to bind well by SPR: 3, 5, 41, 46, 

72, 147, 164. However, three of these molecules: 50, 72, 164, displaying nearly complete 

inhibition precipitated during the assay. This made them problematic to handle and may 

have contributed to their apparent superior inhibitory behaviour (compound 72 was the least 

soluble); molecule 46 also displayed poor aqueous solubility, and so these four compounds 

were rejected. The superstoichiometric binder from SPR analysis – compound 147 – was 

excluded too, leaving a subset of three compounds (3, 5, 41) for further assessment. Above 

concentrations of 200 µM, these compounds displayed superstoichiometric binding by SPR, 

preventing the collection of meaningful affinity data using that method. Instead, the 
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biochemical competition assay was employed using increasing compound concentrations, 

with the aim of assessing the affinities of these compounds for Grb2 SH3C. 

 

Figure 2-7: Grb2 SH3C competitive binding screen with 34 hit molecules using a biochemical competition 

assay. Purified GST–Grb2 SH3C was incubated with each compound (5 mM) in duplicate before contact with 

streptavidin-sepharose beads previously coupled to biotinylated Gab2b peptide (Bio-EAHK-

IQPPPVNRNLKPDRK-amide). Washed beads were run on a 12 % SDS–polyacrylamide gel and the extent of 

binding visualized by SDS–PAGE and Coomassie blue dye staining (A), and the band intensities quantified by 

densitometry (B). In (A), ‘no’ refers to no compound—the DMSO-only control. Numbering indicates the 

compound used, and relates to the rank of each in the virtual screen. Unbiotinylated Gab2b peptide was used 

as a positive binding control for inhibition (+ve) at two concentrations. In (B), chart bars are shaded as 

follows: the ten positive binders showing > 20 % inhibition (black); non-binders (grey); controls, or 10 µg of 

GST–Grb2 SH3C input (light grey). Error bars indicate the spread of the data. 

This assay, like other classical biochemical assays, relies on a simple kinetic model from 

the law of mass action. Under this assumption, a binding equilibrium exists between 

ligand—in this case, bead-bound Gab2b peptide—and Grb2 SH3C. The fraction of binding 

sites occupied depends on the dissociation constant Kd of the ligand and the amount of 

ligand present: 
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The addition of a competitive inhibitor disrupts this binding, reducing the amount of ligand 

bound. At low concentrations of inhibitor the ligand is fully bound, and at high 

concentrations of inhibitor only nonspecifically-bound ligand remains. The difference 

between these values is the specific binding of the ligand, and the concentration of inhibitor 

that reduces specific biding by 50 % is the IC50. The curve is mathematically defined as: 

 

 

Where [LR] is the concentration of the protein-peptide complex, total is the maximum 

observed binding, NS is the nonspecific binding, and [I] is the concentration of inhibitor. If 

the ligand and inhibitor compete for a single binding site, an 81-fold increase in inhibitor 

concentration reduces the specific binding from 90 % to 10 %, and the great majority of the 

curve fits within a two log unit range.40  

 

Figure 2-8: Concentration-response curves determined by the biochemical competition assay for two 

competitively binding compounds. Increasing concentrations of (A) compound 3, and (B) compound 5, were 

incubated with GST–Grb2 SH3C before mixing with streptavidin beads coupled to a biotinylated Gab2b 

peptide. (A) and (B) lower panels: Coomassie blue-dyed bands of the GST–Grb2 SH3C/beads samples run on 

a 12 % SDS polyacrylamide gel; upper panels: densitometric quantification and curve-fit of the protein band 

intensities. The calculated IC50 values and Hill slope parameters are shown. Error bars show standard 

deviations; the gels are representative of four to six repeats. 
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Using this competition assay, compound 41 demonstrated unquantifiably weak 

inhibition in the limited dose range used (up to 20 mM). Compound 3 yielded a 

concentration-response (inhibition) curve with an apparent IC50 of 5.7 mM, indicating low 

affinity (Figure 2-8A). Despite its structural similarity to compound 3, compound 5 bound 

competitively to Grb2 SH3C with an apparent IC50 of 320 µM, representing an 18-fold 

increase (Figure 2-8B). Notwithstanding this positive competitive inhibitory effect, an 

important feature of the inhibition curves for both compounds 3 and 5 is their steepness, as 

complete inhibition takes place over only one log unit. This represents markedly non-

stoichiometric binding, which is quantified as the Hill slope n: 
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For simple one-to-one binding, the Hill slope is -1.0, while in this instance both molecules 

display very high Hill slopes (Figure 2-8). Molecules displaying such binding 

characteristics are less ideal but not purely artifactual.41 

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

The dihydro-s-triazine motif present in seven of the compounds (1, 3, 5, 9, 11, 41, 47) 

exists as the mono HCl salt. Either of the basic nitrogen atoms on the ring could be 

protonated, so the relative thermodynamic stability of the two annular tautomers was 

assessed by quantum chemical calculations. Using the composite CBS-QB3 method,42 the 

heterocycle is calculated to be protonated on the 5-position (Figure 2-9a). This is consistent 

with neutron diffraction experiments on a related molecule, cycloguanil•HCl (Figure 2-9), 

which was found to be protonated on the same nitrogen.43 
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Figure 2-9: Two annular tautomers of the dihydro-s-triazine motif. The relative energies (where R = H) were 

calculated in the gas phase using the composite quantum chemical method CBS-QB3. The calculated free 

energy of tautomer A is 12.94 kcal.mol-1 lower than that of tautomer B. This is consistent with neutron 

diffraction measurements of cycloguanil•HCl. 

2.7. Discussion 

 

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

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

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

interaction sites on Grb2 SH3C, the biochemical competition assay confirms two molecules 

(compounds 3 and 5) that interact competitively with the Gab2b peptide-binding surface of 

Grb2 SH3C. Their related structures provide some structure-activity relationship (Figure 

Purchasable space: ca. 20 million molecules 

6.3 million molecules screened 

200 molecules examined visually 

34 molecules purchased 

7 active in SPR and competition assays 

2 IC50 determined from competition assay 
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2-2); in fact, among the 34 molecules, seven, 1, 3, 5, 9, 11, 41, 47, featured a common 

dihydro-s-triazine motif which has previously been investigated for the inhibition of 

dihydrofolic reductase44 and voltage-gated sodium channels.45 These seven molecules span 

several orders of magnitude in binding affinity, ranging from 320 µM to undetectably low 

levels. Consistent with previous peptide array studies,23 only mixed cationic and 

hydrophobic molecules bound to Grb2 SH3C, whereas molecules 11 and 47, which are 

cationic but lack significant hydrophobic motifs, showed no activity in either assay. 

Compound 9, which differs from 3 in having a hydrophilic polyethylene glycol linker in 

place of a hydrophobic alkyl chain, similarly shows no activity. The most strongly binding 

compounds 3 and 5 have linkers of equal length, though the more rigid alkene linker for 

compound 5 may contribute to its improved binding affinity by lessening the entropic 

penalty of binding in an extended conformation.  

2.8. Conclusion and future work 

This is the first computational screen reported for the identification of small molecules 

able to bind to Grb2 SH3C. Given the challenging nature of targeting protein-protein 

interaction surfaces, it is encouraging that a virtual screen allowed identification of small 

molecule in vitro binders. Despite the modest number of compounds acquired for in vitro 

testing, it is remarkable that over 20 % of these displayed inhibitory activity in two 

orthogonal screens. The identified molecules, however, are very weak, non-stoichiometric 

binders. 

It remains to be explored whether the potency of these molecules can be further 

developed, potentially allowing cell-based studies. The modest affinities achieved from 

these commercially available molecules (cf. 15-mer Gab2b peptide, Kd 3.2 µM towards 

Grb2 SH3C) and their likely multi-point interaction on the SH3 surface suggests that a more 
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bottom-up approach could be beneficial for producing effective inhibitors. This will be 

explored in Chapters 3 & 4. The virtual screen is not expected to rank the compounds 

perfectly, so visual inspection of molecules beyond the top 200 may identify other 

interesting compounds and greater diversity in predicted binding poses. Additionally, more 

molecules could be acquired from among the highest-ranked binders and tested in vitro. 

This process would be aided by the SAR generated from the dihidro-s-triazine molecules, 

which suggests that small or uncharged compounds are unlikely to be true binders. 

Wider virtual screening may probe chemical space that is more favourable for protein-

protein interaction inhibitors, though delineating that space is an ongoing challenge.46,47 It is 

possible that the initial choice of library, containing “Lipinski-compliant” molecules, was 

itself biased away from more fruitful areas of chemical space. With additional 

computational resources, the screening library could be expanded to the larger set of 

purchasable molecules. This might identify larger or more heteroatom-rich molecules that 

may make larger contacts with the surface of Grb2 SH3C. Additionally, numerous other 

scoring functions exist including an “extra precision” mode in GLIDE.48 A subset of 

molecules which scored highly in the present screen (perhaps ca. 100,000) could be docked 

again using these more precise scoring functions, potentially identifying stronger binding 

interactions and creating a more accurate ranking of the compounds. In vitro assessment of 

these new compounds could help further delineate the structural features required to bind to 

Grb2 SH3C. 

2.9. Experimental details 

2.9.1. SPR binding screen 

SPR was performed using a Biacore T200 optical biosensor. A fresh CM5 chip was 

docked to the instrument and hydrated with duplicate 12 s injections of 50 mM NaOH, 10 
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mM Glycine•HCl pH 1.5, and 0.1 % SDS at 50 µL.min-1 flow rate. The flow cells were then 

normalized with 70 % glycerol using the default normalization wizard. The chip was primed 

into HBS-N running buffer (10 mM Hepes pH 7.4, 150 mM NaCl), and the flow cells 

activated with a 1:1 mixture of 0.4 M EDC and 0.1 M NHS for 10 minutes at 10 µL.min-1 

and 25 ˚C. Untagged Grb2 SH3C (100 µM in pH 4.0 acetate buffer) was coupled to the 

surface for 8 minutes to an immobilization level of 1500 RU. After coupling, all flow cell 

surfaces were deactivated with 4 x 30 s injections of a 1:1 mixture of 1.0 M ethanolamine 

and running buffer. The chip was subsequently primed twice into the experimental running 

buffer (HBS-N, 5.0 % DMSO, 0.01 % Tween 20). 

Each molecule was dissolved in running buffer (HBS-N, 5.0 % DMSO, 0.01 % Tween 

20) at 50 µM and 100 µM concentrations and then screened using 120 s contact time at 

40 µL.min-1 flow rate and 25 ˚C, with a data collection rate of 10 Hz. The data were 

analyzed using standard double referencing procedures by subtracting the response from the 

protein-free cell and the response from a blank injection of running buffer from the response 

from the SH3C flow cell.49 

2.9.2. Competition binding assay 

GST–Grb2 SH3C (10 µg per sample) was pre-incubated with each inhibitor (5 mM, 

initially) in duplicate for 2 hours at 4 ˚C in assay buffer (25 mM Tris, pH 7.5, 150 mM 

NaCl, 1 mM DTT, 0.05 % Tween 20, 5 % DMSO). Biotinylated Gab2b peptide (binding 

affinity 3.2 µM for Grb2) was synthesized as previously described.23 0.3 nmol of peptide 

per µL of packed streptavadin-sepharose beads were incubated together for 30 minutes in 

assay buffer before extensive washing of the beads to remove any unbound peptide. Next, 8 

µL of peptide-coated beads were transferred to each assay tube containing GST–Grb2 

SH3C and compound for 30 minutes, the solution clarified by centrifugation (2000 x g for 1 

minute) and the beads washed three times with PBS-T (phosphate-buffered saline, 0.05 % 
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Tween 20). The samples were analyzed by SDS-PAGE and visualized after staining the 

protein bands with Coomassie Blue dye (Figure 2-7A). As controls, parallel samples were 

run in the absence of inhibitor, and with preincubation of 10 or 100 x molar excess of free, 

unbiotinylated Gab2b peptide. The band intensities, indicating the levels of GST–Grb2 

SH3C binding to the beads, were further quantified by densitometry and scaled relative to 

the control sample without inhibitor (100 % level; Figure 2-7). This normalization allowed 

the cross-comparison of multiple gels. 

For concentration-response experiments, increasing concentrations of compound were 

used. The data were fitted to a sigmoidal inhibition model using nonlinear regression 

analysis in GraphPad Prism software (version 4.00 GraphPad Software, San Diego 

California USA). 

2.9.3. Spectroscopic details of compounds 3 and 5 

1-(3-(4-(3-Aminophenyl)butyl)phenyl)-6,6-dimethyl-1,6-dihydro-1,3,5-triazine-2,4-

diamine•HCl (3) 

δH (500 MHz, (CD3)2SO) 9.00 (1H, br s), 7.64 (1H, br s), 7.44 (1H, t, J 8.0), 7.35 (2H, br s), 

7.34 (1H, d, J 7.8), 7.19-7.15 (2H, m), 6.89 (1H, t, J 7.6), 6.38-6.34 (2H, m), 6.31 (1H, d, J 

7.4), 6.25 (1H, br s), 4.91 (2H, s), 2.66 (2H, t, J 7.3), 2.44 (2H, t, J 8.0), 1.66-1.51 (4H, m), 

1.10 (6H, d, J 2.1); δC (125 MHz, (CD3)2SO) 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, 111.5, 69.6, 35.2, 34.5, 30.3, 30.3, 27.3, 

27.2; HRMS (ESI) found 365.2442, C21H29N6
+ [M+H] + requires 365.2448. 

 

6,6-Dimethyl-1-(3-((1E,3E)-4-(3-nitrophenyl)buta-1,3-dien-1-yl)phenyl)-1,6-dihydro-

1,3,5-triazine-2,4-diamine•HCl (5) 

δH (500 MHz, (CD3)2SO) 9.04 (1H, s), 8.35 (1H, t, J 1.8), 8.10 (1H, dd, J 8.2, 0.6), 8.01 

(1H, d, J 7.9), 7.71-7.64 (2H, m), 7.57 (1H, s), 7.53 (1H, t, J 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, d, J 5.4), 6.90 (1H, d, J 5.4), 6.42 (1H, br s), 1.39 

(6H, d, J 7.5); δC (125 MHz, (CD3)2SO) 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, 127.8, 127.8, 122.1, 120.6, 69.6, 27.3, 27.3; 

HRMS (ESI) found 391.1872, C21H23N6O2
+ [M+H] + requires 391.1877. 

2.9.4. Ab initio  structure calculations 

The dihydro-s-triazine was built using Gaussview (version 5)50 and protonated on each of 

the two basic ring positions (Figure 2-9). The two annular tautomers were minimized in the 

gas phase using the composite quantum chemical method CBS-QB3,42 using the default 

parameters in Gaussian09 (revision B.01).51 Based on the CBS-QB3 computed free 

energies, tautomer A is expected to be the more stable form of the molecule by 

12.94 kcal.mol-1 in the gas phase at 298.16 K (Figure 2-11). 

Tautomer A 
CBS-QB3 (0 K) =        -701.163938   CBS-QB3 Energy =         -701.148641 
CBS-QB3 Enthalpy =  -701.147697   CBS-QB3 Free Energy = -701.205483 

 
Tautomer B 
CBS-QB3 (0 K) =        -701.143427   CBS-QB3 Energy =         -701.128176 
CBS-QB3 Enthalpy =  -701.127232   CBS-QB3 Free Energy = -701.184869 

 

Figure 2-11: Thermodynamic properties of tautomers A and B calculated using the CBS-QB3 composite 

method. All energies are listed in Hartrees at 298.16 K. The calculated free energy of tautomer A is 12.94 

kcal.mol-1 lower than that of tautomer B. 
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3. Benzoylurea-based PPII peptidomimetics 

3.1. Introduction 

The polyproline type II helix (PPII) is a structural motif critical to a range of cell-

signalling processes (vide supra Chapter 1.2.3). Compared to the common α-helix, PPII 

helices are more extended (ca. 9 Å per turn vs. 5.4 Å) and feature a three-fold axis of 

symmetry (Figure 3-1). Proline’s unique structural features promote PPII formation,1 

although recent work has emphasized that many other peptide sequences, including 

polyalanine2 and polylysine3 form a PPII structure. Solvent polarity is important to PPII 

helix formation,4 though intramolecular salt bridges do not appear to be stabilizing.5 In 

aqueous solution the PPII helix is rigid, so upon binding to a partner there is only a small 

loss in entropy, making PPII well-adapted for participating in PPIs.6 While proline-rich 

sequences are ubiquitous (> 100 E. coli proteins have at least three consecutive Pro), 

ribosomal synthesis of these proteins is challenging. Indeed, in vivo protein elongation stalls 

for even short Pro (or ProGly) sequences, requiring a ubiquitously-conserved enzyme EF-P 

to continue synthesis.7,8  
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Figure 3-1: Comparison of α-helix (green) and PPII helix (purple) structures. When viewed parallel to the 

helix axis, the PPII helix has a 3-fold axis of symmetry (top left), compared to the unsymmetrirical α helix 

(bottom left). The PPII helix is also significantly longer, with one turn of the PPII helix corresponding to 

approximately 1.5 turns of the α helix (right). The PPII sequence here is the Gab2a peptide (APPPRPPKP). 

Few synthetic PPII mimics have been developed. One approach is not to mimic the 

helix, but rather to functionalize a poly-Pro sequence on the pyrrolidine rings to exploit the 

natural helicity of these sequences (Figure 3-2a). Such “proline-templated amino acids” 

have been used in the design of cell-penetrating peptides9 and in investigating the binding 

site of kinases.10 Dipeptide Pro-Pro mimics have been designed which covalently constrain 

adjacent residues to adopt a PPII conformation.11 A peptide incorporating such a mimic was 

found to bind to the Fyn SH3 domain by NMR and ITC, but with an affinity of 62 µM vs. 

18 µM for the unconstrained peptide (Figure 3-2b). A different bicyclo mimic from the 

Geyer group mimics the Ser-Pro dipeptide unit, with a hexapeptide-mimic derived from 

three such units forming an ordered PPII structure by NMR (Figure 3-2c).12 For tripeptides, 

particular effort has been directed towards the Pro-Leu-Gly-NH2 neuropeptide, which 

modifies dopamine expression in the brain. Structural evidence suggests that this sequence 

binds either as a β-turn or as a PPII helix, so mimics have been designed in both 

conformations to investigate the selectivity of binding. PPII mimics were found to be 

 8.6 Å 
 

    5.4 Å 
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positive allosteric modulators of dopamine receptors, suggesting that this conformation may 

be critical in vivo (Figure 3-2d).13,14 Additionally, a wholly synthetic 3-

azabicyclo[3.1.0]hexane was shown to mimic the PPII structure using solution NMR 

experiments (Figure 3-2e), but biological data is lacking.15 Despite these successes, these 

molecules incorporate significant peptidic elements, so the design of an entirely synthetic 

PPII peptidomimetic is appealing.  

 

Figure 3-2: PPII helix mimics: (a) a Pro-templated amino acid, (b) Pro-Pro dipeptide mimic (c) Ser-Pro 

dipeptide mimic, (d) bicyclic Pro-Leu-Gly mimic, (e) 3-azabicyclo[3.1.0]hexane scaffold. 

3.2. Peptidomimetic design 

The key challenge in mimicking PPII helices is the development of a scaffold which 

matches the extended length of these peptides. While existing scaffolds have not been 

designed for PPII mimicry, if one fortuitously matched the structure it would simplify 

synthesis, so previous Hamilton group mimics were computationally modelled for similarity 

to the Gab2a PPII peptide. An adapted benzoylurea scaffold,16–18 previously used in the 

group to mimic α-helices, was found to closely match the desired conformation. Two 

aromatic rings and one urea linkage mimic three turns of an α-helix, including i, i+4, and 

i+7 residues. Instead, given the ca. 50% greater length of the PPII helix, the same scaffold 

might match the i, i+1/i+2, and i+3 residues of a PPII helix.  
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 Solution-phase NMR16 and X-ray crystallography17 studies indicate that the central 

benzoylurea moiety is planar due to an intramolecular hydrogen bond. Further modelling to 

the PM3 (semi-empirical) level of theory19 calculates that the central urea moiety remains 

planar even with butyl chains on the benzene rings. Additionally the calculated Cβ-Cβ 

distance measured from the ortho-positions of the scaffold could be 8.95 Å (Figure 3-3), 

comparing favourably to the crystallographically-determined distance of 8.56 Å for the Arg 

and Lys residues of Gab2a.  
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Figure 3-3: Clockwise from top left: Structure of mimetic 1; overlay of mimetic 2 (green) and Gab2a peptide 

(purple); control mimetic 4; control mimetic 3; simplified mimetic 2. 

Overlaying a thermodynamically-accessible conformation of the proposed mimetic 1 

(calculated by a semi-empirical optimization) on the crystal structure of Gab2a indicates 

that the RMSD of the Cα and Cβ atoms of both structures is 0.37 Å (Figure 3-3). The 

scaffold also retains significant flexibility, implying that it may bind via an “induced fit” 

mechanism. With this scaffold selected, functionalization was possible along several points: 

the identity of the polar sidechains, the identity of the aliphatic sidechains, and the number 

of benzoylurea linkages employed. In the first instance, the simplest benzoylurea capable of 

3 
 

  4 

1 
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incorporating the key Arg and Lys sidechains was selected. This consists of a single urea 

linkage, two substituted phenyl rings, and two amides. Molecule 1 thus features Arg and 

Lys sidechains to match the critical residues in the Gab2a peptide. Isobutyl groups are 

incorporated to provide hydrophobic contact with the protein. These are intended to mimic 

the essential proline residues in the peptide, though they may not be ideal for this purpose as 

they are aliphatic groups instead of N-substituted rings. Isobutyl groups, however, are much 

easier to incorporate synthetically, and may be adequate to allow binding. Directionally, the 

molecules is synthesized with Arg on the “top” ring to allow the isobutyl groups to best 

overlay with prolines in the peptide (Figure 3-3). Compound 2, a simplified model of 1 with 

two Lys sidechains, was selected as an initial target for synthesis. Additionally two control 

molecules, diol 3 and aliphatic 4, investigate the importance of hydrogen bonding to binding 

affinity for Grb2 SH3C. 

3.3. Synthesis of 1st generation mimics 

Previous work on the benzoylurea scaffold has only incorporated hydrophobic and 

anionic sidechains.16–18 This project requires the more challenging cationic Lys and Arg 

sidechains. Due to the difficulty of purifying and handling primary amines and guanidines, 

the synthesis of the target molecules was designed such that the these groups remained 

protected until a late stage. An azide was chosen as the protected form for the Lys 

sidechains of 2 as its presence could be easily detected via its distinctive IR stretch and it 

was expected to be easily reduced via hydrogenation. The control molecules were derived 

from an alkene, which could be transformed via hydrogenation to the aliphatic chains of 4, 

or via ozonolysis followed by reduction to yield diol 3. Furthermore, the alkene functional 

group is amenable to a variety of functional group conversions, 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.16,17 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 

acid 6 (Scheme 1). The azidoalcohol 5 was synthesized by displacement of bromide from 3-

bromo-propanol with sodium azide. Nucleophilic aromatic substitution then set the first of 

the sidechains (7, 8). 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).  
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Scheme 3-1: Synthesis of the benzoylurea scaffold.  

The route to the isocyanate proceeded with the protection of the amide as the tert-butyl 

carbamate (12, 13), followed by reduction of the nitro group. This reduction proved 

challenging in the presence of azide 12, 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 

6
 

17, 18 
99 % 
 

15: 93 % 
16: 95 % 

7: 97 % 
8: 82 %  

19: 72 %  
20: 63 % 

9:   99 % 
10: 91 % 

5, 7, 9, 12, 15, 17, 
19: R = CH2N3 
 

8, 10, 13, 16, 18, 
20: R = CHCH2 

12: 91 % 
13: 73 % 

5
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conditions, but if the reaction was stopped promptly aniline 15 was formed in excellent 

yield. The same reaction was applied to the alkene substrate to form aniline 16. Isocyanate 

formation then proceeded in quantitative yield using triphosgene and sodium bicarbonate in 

biphasic DCM/water (17, 18). With both fragments now in hand, the amide was 

deprotonated using potassium hexamethyldisilazide in THF at -78 ºC before dropwise 

addition of the isocyanate. 

From di-azide benzoylurea 19, the di-lysine mimic 2 was formed by sequential Boc 

deprotection using TFA and hydrogenation with palladium on activated carbon (Scheme 

3-2). At this stage, purification could only be effected using semi-preparative HPLC. Even 

using this method, the product proved difficult to separate from an unidentified contaminant 

which eluted very closely with the product. Eventually, separation was achieved by 

injecting relatively dilute samples (~25 mg.mL-1), but this required several injections in 

order to purify a sufficient quantity of material 2 for biological testing. A final counterion 

exchange using 0.1 M HCl could also produce the product as the HCl salt 22. 

O N

N

O N

NO2

O
O

O

R1

R1

Boc

R2

O
H
N

N

O N

NH2

O
O

O NH2
.TFA

NH2
.TFA

i) TFA

ii) H 2, Pd/C

O
H
N

N

O N

NH2

O
O

O

i) H2, Pd/C

ii) TFA

O
H
N

N

O N

NO2

O
O

O OH

OH

i) O3, DMS

ii) NaBH4
iii) TFA

H H H

 

Scheme 3-2: Synthesis of mimics 2-4 from the coupled benzoylureas 19 and 23. 

The control molecules were synthesized in a divergent strategy from diene 20 (Scheme 

3-2). The benzoylurea nitrogen was first protected as the tert-butyl carbamate 23. For the 

aliphatic compound 4, the olefins were then reduced via hydrogenation to alkane 24, 

19: R1 = CH2N3, R2 = H           2       
23: R1 = CHCH2, R2 = Boc 

 

4 3 

23 

23 19 
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followed by removal of the Boc groups with TFA. To form diol 3, the olefins were cleaved 

via ozonolysis and dimethylsulfide workup to yield di-aldehyde 25. Reduction with sodium 

borohydride yielded the diol 26, which was subsequently deprotected with TFA to the final 

product 3.  

The more elaborate Arg/Lys molecule required two orthogonal protecting groups to 

form the different sidechains. Moreover, due to the harshly basic conditions utilized in the 

coupling step, all acidic protons had to be protected and the desired amine and guanidine 

groups masked. An azide was chosen for the isocyanate half of the molecule, and Boc 

protection was pursued for the amide portion.  

 

Scheme 3-3: Attempted syntheses of N,N-diBoc protected sidechains 

Standard Boc protection conditions would allow for the introduction of only a single 

Boc group, so it was decided to try to directly incorporate an N,N-di-Boc protected amine 

(Scheme 3-3). 1,3-di-Bromopropane was converted to 1-bromo-3-di-Boc-amine 27 in one 

step with the goal of a substitution reaction with 3-hydroxy-4-nitrobenzoic acid, but no 

reaction was observed. Efforts were then made to synthesize di-Boc-amine propanol for 

subsequent SNAr reaction. 3-Bromo-propanol was TBS protected to give 28, and the 

bromide displaced with the anion of N,N-di-Boc-amine to form 29. This was followed by 

TBAF deprotection of the alcohol intended to yield the free propanol, but instead Boc 

transfer occurred under the reaction conditions to form the mono-protected amine and Boc 

protected alcohol 30.  

 
        28: 44 %               29: 59 %                30: 25 % 
 

27: 61 % 
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the azide group to primary amine 35. This was purified by filtration through Celite® under 

neutral conditions to prevent protonation of the primary amine. The free amine of 35 was 

sufficiently nucleophilic to react with a protected guanidine group (N,N’-di-Boc-1H-

pyrazole-1-carboxamidine) to furnish the penta-Boc protected 36. Deprotection with TFA 

yielded the final molecule 1, which was purified by reverse-phase HPLC.  

3.4. Biological evaluation of 1st generation mimics 

3.4.1. Surface Plasmon resonance 

A surface plasmon resonance assay was the first step in probing the binding of the 

mimics. Unlabelled Grb2 SH3C was covalently bound to the dextran surface of a CM5 chip 

by amine coupling chemistry. The small molecule ligands were then dissolved in running 

buffer and screened for binding at 50 µM and 100 µM concentrations. 

Table 3-1: SPR binding response (given in arbitrary Response Units) for mimics 1-4 screened at 50 µM and 

100 µM concentrations. Molecule 1, featuring Arg and Lys sidechains, shows a much greater response than 

any of the other mimics. 

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

  

Molecule 1, which showed the most promising response by SPR, was titrated in a two-

fold dilution series at concentrations from 3.125 µM to 100 µM. Above this concentration, 

undesirable superstoichiometric binding began to occur, indicative of possible aggregation 

or non-specific interaction with the protein or dextran surface. The resulting maximal 

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

][

][
)( max IK

I
BRUResponse

d +
=  

where [I] is the concentration of the inhibitor, Bmax is the maximal binding response, and Kd 

is the inhibitor concentration yielding half-maximal binding. This model calculated 
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Kd = 240 ± 20 µM, or approximately one quarter of the 58 µM 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. 

 
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 µM. 

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 1st generation mimics. Samples are scaled relative to the negative control (left column) which does 

not include any compound. Mimic 4 (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 mimic 1 competitively inhibits the 

interaction. The positive control (right column) is a ten-fold excess of unbound Gab2b peptide. 

3.5. Design and synthesis of 2nd generation mimics 
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Figure 3-6: Targeted 2nd generation peptidomimetic library. 

With the success of mimic 1 by SPR and the competition assay, a focused 2nd generation 

library was designed to further probe the binding site specificity of the protein (Figure 3-6). 

The 1st 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 

37               38          39 
 
 
 
 
 
 
 
 

42 
   

 
 
40              41          43 
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were systematically varied: 37 replaces both isobutyl groups with smaller methylamides. 

Mimic 38 eliminates the first of the isobutyl sidechains, replacing it instead with the free 

acid, while mimic 39 retains the first isobutylamide and replaces the second with 

methylamide. In 40, both sidechains are cyclic cyclopropylmethyl groups. Molecule 41 

reverses the pseudo-N- and C- termi of 1, to investigate the directionaly of the scaffold. The 

extended mimic 42 adds a second urea linkage and two additional aliphatic sidechains to 

ideally pick up additional hydrophobic contacts. Molecule 43 contains two Arg sidechains 

with isobutyl groups. Additionally, a molecule featuring two isopropyl sidechains was 

planned to investigate the role of α-substitution on binding. 

 

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

Synthesis of these molecules proceeded through a nearly identical route as for molecule 

1. The azidoalcohol 5 was carefully prepared on a larger scale (2.7 g) and handled behind a 

blast shield until converted to the more stable 7 by SNAr reaction. This acid was either 

protected as the tert-butyl ester 44 (for the eventual acid of 38) or converted to an amide by 

synthesis of the acid chloride followed by reaction with the appropriate amine. The 

additional steps of N-Boc protection, nitro group reduction, and isocyanate formation 

proceeded in reasonable to excellent yields (Scheme 3-5).  

   Amide 

R = iPro 59: 37 % 

R = Me 60: 61 % 

R = cProMe 61: 69 % 
 

Scheme 3-6: Synthesis of the “bottom” fragment with different amides. 

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 % 
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The bottom fragments were again prepared through the common N,N-di-Boc-amine 

intermediate 32, from which the desired amides were synthesized using Mukaiyama amide 

coupling conditions (Scheme 3-6). The “reverse” molecule 41 was synthesized by 

analogous means, but this time with the identity of the sidechains reversed. Fragment 33, 

used as the bottom half of 1, was instead N-Boc protected to 62. The aromatic nitro group 

was reduced to aniline 63 by hydrogenation and the isocyanate 64 formed under biphasic 

conditions with triphosgene and NaHCO3.  

     Isocyanate Amide Benzoylurea 

 
 
 R1 = R3 = iPro 56 59 65: 48 % 

 
 
 R1 = R3 = Me 57 60 66: 90 % 

 
R2 = N3 

R4 = NBoc2 R1 = R3 = cProMe 58 61 67: 78 % 

 
 
 R1 = OtBu R3 = iBu 55 33 68: 91 % 

 
  
 R1 = iBu R3 = Me 17 60 69: 64 % 

 
R2 = NBoc2 

 R4 = N3 R1 = R3 = iBu 64 9 70: 81 % 
 

Scheme 3-7: Coupling of benzoylureas. 

For all of the molecules, coupling was conducted by deprotonating the amide with 

KHMDS in THF at -78 ºC and adding the isocyanate dropwise (Scheme 3-7). If excess base 

was used, yields were adversely affected by the formation of the elimination product in 

which di-Boc-amine leaves to yield an alkene. Stoichiometric base reduced this to a trace 

impurity that was easily separated via column chromatography. While yields for these 

reactions were in general very good, the synthesis of the molecule including isopropyl 

sidechains was less successful. This was rationalized as an effect of the greater steric 

hindrance of the α-substituted isopropyl sidechain relative to the other molecules (as 

evidence by the A value for isopropyl of 2.2 vs. 1.7 for methyl).21 While coupling was 

successful to form the di-isopropyl molecule 65, when this product was lost in subsequent 

reactions it was not resynthesized. 
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Benzoylurea 

 
Product 

 
 
 

R1 = R2 = iPro 65 Incomplete 

 
 
 

R1 = R2 = Me 66 Incomplete 

 
 
 

R1 = R2 = cProMe 67 Incomplete 

 
 
 

R1 = OtBu R2 = iBu 68 Incomplete 

 
  
 

R1 = iBu R2 = Me 69 Incomplete 

 
 
 

R1 = R2 = iBu 34 35: quant 

Figure 3-7: Attempted hydrogenation of the azide of the coupled benzoylurea to the primary amine. Although 

these conditions were successful for the 1st generation molecule 34, they failed for all of the 2nd generation 

mimics. 

At this stage, molecules 65-70 were subjected to hydrogenation under the conditions 

that were successful for 35: Pd/C in ethanol overnight under a balloon of hydrogen. This 

reaction, which had previously proceeded in quantitative yield, failed to produce pure 

product for these new substrates (Figure 3-7). Purification was not possible at this stage, so 

conditions were investigated for driving the reaction to completion. Crude 1H NMR showed 

mixtures of products, while crude IR indicated that the azide had been reduced to the amine. 

This difference in behaviour caused by changes in the aliphatic portions of the molecules 

could not be explained. Changing the reaction solvent to ethyl acetate resulted in complete 

reaction of substrates 67 and 70, but not of the other closely-related molecules. 

 
Scheme 3-8: Formation of the secondary amine 73 by condensation with acetone.                       73: 96 %             
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Changing catalyst to Pd(OH)2 or PtO2, increasing the catalyst loading to stoichiometric 

Pd/C, adding acetic acid, and heating all failed to produce pure product. A solvent screen 

(of THF, toluene, AcOH, acetone, DCM, DMF, and EtOAc) was similarly inconclusive, 

though when the reaction was conducted in acetone the secondary amine 73 was formed, 

presumably in a stepwise process of hydrogenation to the amine followed by reductive 

amination with solvent (Scheme 3-8). The reaction was conducted in wet acetone and Pd/C 

is frequently acidic, so the reaction may have proceeded through the iminium ion. Despite 

the three steps required, this reaction formed pure 73 by NMR. This inspired consideration 

of a mechanism by which the primary amine product of the hydrogenation somehow 

poisons the catalyst or reacts with other substrate molecules. If the amine could be removed 

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

completion. 
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Scheme 3-9: Formation of protected Arg sidechain in two steps (left) or one step (right). 

In a modification of the original procedure the protected guanidinium reagent was added 

to the hydrogenation mixture and the reaction stirred for two to four days (Scheme 3-9). 

This led to a single product peak by TLC and excellent yields in one step for the formation 

of the protected Arg sidechains from the azides. When this modified procedure was tested 

on the original substrate 34, it resulted in a significantly greater yield and avoided any 

     36: 44 % R1 = R2 = iBu   34            36: 87 % 
     74: 76 % R1 = R2 = cProMe  67  

R1 = R2 = Me  66            76: 70 % 
R1 = OtBu; R2 = iBu  68            77: 78 % 
R1 = iBu; R2 = Me  69            78: 89 % 
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problems with the possible protonation of 35. Finally, products 73-78 were deprotected in 

TFA and purified via reverse-phase HPLC to yield final molecules 37-41 and 79. 

 
Scheme 3-10: Synthesis of the trimeric benzoylurea 42.   

Di-Arg molecule 43 was synthesized from di-Lys precursor 80 by treatment with the 

guanidiunium reagent followed by global deprotection. The extended mimic 42 was 

synthesized from the coupled “reverse” molecule 70 (Scheme 3-10). The benzylurea 

nitrogen was Boc protected and the aromatic nitro group reduced using iron and ammonium 

chloride to yield 83. The isocyanate 84 was formed, before coupling with the aliphatic 

benzamide 86 to yield double benzoylurea 87, incorporating six sidechains. The Arg 

sidechain was installed in the modified one step procedure from the azide, resulting in the 

sextuple-Boc protected 88. Global deprotection with TFA yielded the extended mimic 42, 

which was purified by reverse-phase HPLC. 

3.6. Biological evaluation of 2nd generation mimics 

3.6.1. Surface plasmon resonance 

The analysis of the 2nd generation mimics adapted the procedure used for the earlier 

molecules. The only modification was the use of two separate Grb2 SH3C analysis surfaces, 

one containing the protein construct used for the prior work, and the second containing the 

            70           83           84 
 
 
 
 
          
                86   87 
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15N-labeled version of the same protein. The constructs were covalently attached to the 

dextran surfaces to a level of 1100 RU. Those molecules which were water-soluble (all but 

42 and 43 of the 2nd generation compounds) were screened in running buffer without 

DMSO, while in a second run, 5 % DMSO was added (and the peptide controls repeated).  

Table 3-2: SPR binding response for 2nd generation mimics screened at 50 µM and 100 µM concentrations. 

All except mimic 38 show significant binding, but with varying levels of response. The total binding levels are 

higher for the unlabelled surface, but the ratio of the response to the labeled vs. unlabeled surfaces is not 

consistent. 

Molecule  Unlabelled Grb2 SH3C 15N Grb2 SH3C 
 50 µM 100 µM 50 µM  100 µM 

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 molecules, nearly all bound to Grb2 SH3C 

at the 50 µM and 100 µM concentrations (Table 3-2). Although nearly equal amounts of 

protein were bound to the two surfaces, substantial differences, often exceeding 50 %, were 

observed for the binding to the labeled and unlabeled constructs. Moreover, while binding 

was always greater to the unlabelled protein, the ratio of the response to the two flowcells 

was not constant. For instance, for 37 the binding to the two cells differed by a factor of 

two, while for 39 the ratio was just 1.2:1. This cannot be explained by differences in the 

amount of protein bound or by differences in purity, since in either case the relative 

responses should be consistent. The extended mimic 42 displayed poor peak shape, and so 

was excluded from SPR analysis. 
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Figure 3-8: Sensograms of mimics 79 (left) and 40 (right) binding to the surface containing 15N-labeled Grb2 

SH3C. Mimic concentrations are a two-fold dilution series from 200 µM (highest response) to 6.25 µM 

(lowest non-zero response). For 40, the 200 µM response is more than twice that of the 100 µM response, 

indicating that non-stoichiometric binding is occurring at the highest concentration. As a result, the binding 

analysis (Table 3-3) excludes this point. 

To quantify the binding of the mimics, serial titrations from 6.25 µM to 200 µM were 

collected for each molecule (Figure 3-8). Fits were performed separately for the 15N and 

unlabelled flowcells to the one-to-one model described previously (Table 3-3). By SPR, the 

binding affinity of the control Gab2b peptide was calculated to be slightly higher than 

determined by ITC (15 µM and 11 µM, respectively, for the unlabelled and 15N constructs 

vs. 3 µM by ITC). More worryingly, the 1st generation molecule 1 was calculated to bind 

with nearly three-fold greater affinity than before, with a Kd of approximately 90 µM.  
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Table 3-3: Affinities of the 2nd generation mimics calculated from SPR titrations. Values are listed with their 

statistical errors from non-linear least-squares fits to a one-to-one binding model. NC indicates that the fit to 

the data did not converge to a finite value. For the starred mimics 39 and 40, the sensograms displayed 

superstoichiometric binding at the highest concentration of 200 µM, so the fits exclude that point. Molecule 1 

(dagger) displayed superstoichiometric binding at 100 µM, so the fit is for a two-fold dilution from 60 µM to 

3.75 µM.  

 Molecule Unlabelled Grb2 SH3C 15N Grb2 SH3C 

 Kd (µM)  Kd (µM)  
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 plausible SAR. Removal of the “top” amide 

abolished binding, with molecule 38 displaying unquantifiably-weak binding. The second 

hydrophobic group was less important, with the methyl truncate 39 binding just two-fold 

weaker than the original molecule 1. Replacing both groups with methylamides in 37 did 

not cause additional loss of binding affinity. The cyclized sidechains of 40 did not improve 

binding relative to the mono-truncate 39, and remained less active than 1. Interestingly, the 

reverse molecule 41 bound very weakly, despite having the same sidechains as 1. Taken 

together, this SAR suggests that binding of the benzoylurea is directional, with the Arg and 

Lys sidechains occupying defined positions in the binding site, perhaps fixed by two 

hydrogen bonds from the Arg sidechain to E16 of Grb2 SH3C. This places the hydrophobic 

groups in defined positions. The “top” amide provides key hydrophobic contacts to a 

hydrophobic pocket defined by F9 and Y51. The reverse molecule 41 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 mimic 1 and (b) the “reverse” mimic 41. Blue 

indicates a hydrophobic interaction, and red indicates a hydrogen bond. In both cases, the location of the Arg 

sidechain is fixed by two hydrogen bonds to E16. This positions the hydrophobic groups into defined pockets. 

The original mimic 1 fills an aromatic pocket containing F9 and Y51, while the reverse mimic is unable to 

occupy this position. This results in substantially weaker binding of 41 relative to 1. 

While this appears logical, inconsistencies within the SPR data require confirmation in 

other assays. In particular, the discrepancies in binding between the two constructs, the 

irreproducibility of the binding constant of 1 relative to past experiments, and the poor peak 

shape for some of the mimics is of concern.  

3.6.2. Competition binding assay 
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Figure 3-10: Normalized intensities (top) and Coomassie blue-dyed bands (bottom) for the competition assay 

using the 2nd generation mimics. Significant inhibition is found with mimic 42. In this assay, however, the 

previously-successful mimic 1 fails to show any inhibition. The positive control Gab2b peptide is in 100-fold 

excess. 

The orthogonal competition assay was conducted with each of the molecules to further 

assess their binding. Consistent with the testing of the 1st generation molecules, the mimics 

were tested at 2.0 mM concentration. This time, although both the positive and negative 
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controls functioned as expected, the original hit 1 failed to bind. Indeed, only the extended 

mimic 42 showed substantial knockdown of Gab2b binding (Figure 3-10). 

To quantify the competitive component of this binding, the competition assay was 

repeated with increasing concentrations of compound 42. Using this assay, no clear dose-

response behaviour was observed, indicating that the binding does not result from simple 

competitive binding to the active site (Figure 3-11). The increased protein levels detected at 

with 1.25 mM 42 must be erroneous (despite the close agreement of the technical 

duplicates), but the lack of additional response at 2.5 mM compound implies that properties 

such as aggregation or nonspecific binding may be responsible for the activity seen. 
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Figure 3-11: Normalized intensities (top) and Coomassie blue-dyed bands (bottom) for the competition assay 

using increasing concentrations of mimic 42. While an inhibitory effect begins at a concentration of 0.63 mM, 

it does not produce clean behavior at higher concentrations. The positive control Gab2b peptide is in 100-fold 

excess. 

3.6.3. NMR:  15N HSQC shifts 

Given the inconsistencies of the SPR and competition binding assays, protein NMR 

experiments were conducted. Uniformly 15N-labelled Grb2 SH3C was expressed and 

purified (by Philip Simister) for protein-observed 15N HSQC shift experiments. In this 

experiment, the 1H chemical shifts of backbone (and select sidechain) amide protons are 

correlated to the 15N chemical shifts of the amides. These shifts are very sensitive to 

conformation and local chemical environment (including hydrogen bonding to the residue 
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or adjacent carbonyl), so changes in the protein structure are readily detected.22 If a ligand 

binds to a protein, upon titration it will cause a chemical shift change for both the 1H and 

15N nuclei, with the magnitude of the shift depending on the degree of perturbation. This 

experiment thus gives information both on the location of the binding site and on affinity, if 

titrations are performed over a large enough range of ligand concentrations.  

Importantly, NMR is limited in the range of affinities it can detect, as exchange must be 

fast on the NMR timescale or else peaks for the “bound” and “unbound” forms resolve 

separately. Equilibrium kinetic analysis shows that Kd is equal to the “on” rate of a reaction 

divided by the “off” rate. Assuming that protein-ligand complex formation is diffusion-

limited (kon ≈ 109 M-1s-1),23 koff ≈ 109 Kd. If the maximum chemical shift change observed is 

0.1 ppm for 1H on a 700 MHz magnet (70 Hz), this corresponds to a detectable koff ≈ 70 s-1, 

so if a binding event is “fast” (10x) compared to this, the affinity must be no greater than 

~ 1 µM.  

Due to the limited sensitivity of NMR, high concentrations of both protein and ligand 

were required. Using a 700 MHz magnet and cryoprobe, 200 µM 15N Grb2 SH3C gave a 

high-quality HSQC spectrum in approximately 20 minutes. The signal-to-noise ratio for 

NMR varies with the square of sample concentration, so lower concentrations required 

substantially more instrument time. The 15N HSQC shifts of Grb2 SH3C have been 

reported,24 and the initial spectrum of our construct matched these resonances closely, 

though with the addition of lower-level contaminant peaks (Figure 3-12). Although the 

identity of these peaks cannot be conclusively determined, circumstantial evidence points to 

a partially-cleaved and unfolded version of Grb2 as the contaminant contains two Trp, and 

has many resonances in the unstructured region of the NMR spectrum.  
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Figure 3-12: 15N HSQC spectrum of Grb2 SH3C at pH 7.2. The resonances are well-resolved, and closely 

match those reported in the literature. Selected residues from the cleaved species are circled in red.  

Since NMR resonances can be sensitive to pH, initial control spectra were recorded at 

pH 7.2, 7.4, 7.6, and 7.8 in phosphate buffer. While for many proteins amide resonances 

broaden and disappear at higher pH, well-resolved spectra were recorded even at the highest 

pH. Between pH 7.2 and 7.4, several residues shifted in both 1H and 15N resonances, but 

very little additional change occurred at higher pH. The addition of 5 % DMSO-d6 at pH 

7.4 resulted in no shifts, confirming that the protein is stable in the presence of some 

organic solvent. 

To validate the assay, unlabelled Gab2b peptide was added in six-fold molar excess. 

This resulted in numerous large resonance shifts (> 0.1 ppm) and smaller shifts to many 

additional residues (Figure 3-13). The perturbed residues map closely to those which 

contact the peptide in the crystal structure,25 with the exception of the less-structured N-

terminus of the peptide, which perturbs the protein less than the cutoff amount. 
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Figure 3-13: Left: 15N HSQC spectrum of Grb2 SH3C (red), overlaid with the spectrum upon addition of 6 eq 

of the Gab2b peptide (blue). The peptide perturbs a number of residues (shifts of > 0.1 ppm highlighted and 

labeled in green). Right: perturbed residues (green) mapped to the crystal structure of Grb2 SH3C binding the 

Gab2b 310 peptide (2VWF; blue). The residues perturbed in the NMR experiment match closely to the residues 

contacted in the crystal structure. 

With the NMR assay validated, the experiment was repeated with the 1st generation 

mimic 1. In a first attempt, one molar equivalent was added to buffered protein. A white 

precipitate formed immediately, exactly at the tip of the pipette that was adding the small 

molecule. As the compound was soluble in water at a fifty-fold higher concentration than 

was used in the NMR assay, and as this behaviour had not been seen previously, it was 

hypothesized that it was an effect of high protein concentration. Grb2 SH3C is relatively 

insoluble at low pH, so a localized pH change combined with high protein concentration 

could explain the behaviour seen. A small amount of an aqueous solution of 1 was added to 

pH paper, which indicated an acidic pH of ca. 2. 

The mimics are each di-TFA salts as a result of the deprotection step and purification, 

but this salt alone should not be acidic. Instead, a small amount of free TFA may remain as 

a contaminant from either the deprotection or subsequent HPLC purification (with 0.1 % 

v/v TFA as an eluent). In 100 µL of pure water (approximately the volume of the mimic 

stocks), just 0.1 µL of residual TFA would lower the pH to 2. Assuming that the small 

molecule elutes from the HPLC over a one minute period (10 mL), the collected fraction 

would contain 10 µL TFA, so if 1 % of this amount remained it would explain the low pH 
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measured. The molecules were lyophilized and left under high vacuum for a prolonged 

period, so very little TFA (BP 72 °C) should remain, but this was the only stage where acid 

could have been introduced. The acidity of the lyophilized compounds was neutralized with 

dilute NaOH to ca. pH 7.0, measured by narrow-range pH paper.  

The NMR titrations were repeated with neutralized 1 and heavily buffered (75 mM 

phosphate) Grb2 SH3C (340 µM, pH 7.2). The addition of the first few equivalents of 1 

proceeded without any visible precipitation, but as 3.5 eq were added some precipitation 

became apparent. The addition of a small amount of concentrated buffer returned this to 

solution. Ultimately, a maximum of 6.5 eq of 1 were added, resulting in very small shifts, 

but with a clear dose response. To further analyze the binding behaviour, the change in 

chemical shift upon addition of ligand was plotted for each residue. The chemical shifts of 

1H and 15N nuclei differ in magnitude, so they are averaged using the formula: 

)]([5.0 22
NHShift δαδ ×+×=  

where α is a scale factor, in this case taken to be 0.14.22 The largest shifts found were 

extremely small—ca. 0.04 ppm—but are consistent with previous work on Grb2 SH3C, 

which reported maximal shifts of 0.03 ppm.24 Setting a cutoff of 0.015 ppm to define 

interacting residues, twelve were found to interact with mimic 1 (Figure 3-14). These 

residues are relatively contiguous, and occupy sites along a similar groove as the Gab2a 

peptide. The mimic is much smaller than the peptide, however, so in reality this indicates 

relatively non-specific interaction along a broad face of the protein. This is also consistent 

with the small NMR shifts observed, as the experiment would reveal only the average of all 

of the potential interactions. 
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Figure 3-15: (A): 15N HSQC overlay of apo structure (160 µM, pH 7.2; red) and with 10 eq 43 (blue). The 

most significant effect is the disappearance of contaminant peaks from the complex that are present in the apo 

structure. (B): model of the interacting residues found by the NMR shift experiments. Residues which shifted 

> 0.015 ppm are coloured green and mapped onto the crystal structure of Grb2 SH3C binding the Gab2a PPII 

peptide (2W0Z; blue). Binding occurs over a large surface, incorporating many contiguous residues in several 

binding sites. (C): histogram of HSQC shifts for each residue in Grb2 SH3C.  
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Figure 3-16: (A): 15N HSQC overlay of apo structure (red; pH 7.6; 40 µM) and with 20 eq 42 (blue). The most 

significant effect is the disappearance of contaminant peaks from the complex that are present in the apo 

structure. A few genuine shifts are apparent, but most are subtle. (B): model of the interacting residues found 

by the NMR shift experiments. Residues which shifted > 0.015 ppm are coloured green and mapped onto the 

crystal structure of Grb2 SH3C binding the Gab2a PPII peptide (2W0Z; blue). There are few contiguous 

regions and very little overlap with the peptide binding site, indicating nonspecific binding. (C): histogram of 

HSQC shifts for each residue in Grb2 SH3C. 

Finally, titrations were attempted with the extended mimic 42 which showed some 

activity in the competition assay. This molecule was relatively insoluble, even in 5 % 

DMSO solutions, and as it was titrated into the protein a precipitate formed. By 1H NMR, it 
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was clear that a great deal of this precipitate was mimic as the integrated peaks from the 

mimic relative to protein were much smaller than the appropriate molar ratio. The selective 

removal of protein contaminant peaks also occurred. To maximize the molar ratio of 

compound to protein, the protein concentration was reduced to just 40 µM and mimic added 

in twenty-fold excess. While this resulted in a very clean spectrum, only small resonance 

shifts were apparent (Figure 3-16). When mapped to the Grb2 SH3C crystal structure, few 

of these residues are contiguous and there is very little overlap with the peptide binding site. 

This implies strongly that the binding of 42 is nonspecific. 

3.7. Discussion 

Computational modelling and structural knowledge of Grb2 SH3C and benzoylureas 

suggest that a modified form of the scaffold may be able to mimic the PPII helix. Synthesis 

of the appropriately-functionalized molecules, however, required more careful consideration 

of protecting groups than had previously been required for this scaffold. Principally, the 

cationic Arg and Lys sidechains had to be completely masked until after the benzoylurea 

coupling, and ideally until the final synthetic steps due to the difficulty in handling these 

highly polar amines and guanidines. An azide proved to be an effective masked primary 

amine, but its synthesis required the initial formation of a potentially dangerous 

azidopropanol, which was both volatile and a possible explosive. An improved synthesis 

would avoid this intermediate, perhaps by instead forming the SNAr product with 

bromopropanol (31) and displacing the halide with sodium azide. Once this azide was 

formed and conditions for selectively reducing the aromatic nitro group were found, this 

sidechain proved robust, tolerant of strong base and moderate acid and bench-stable for a 

prolonged period. As long as strongly reducing conditions are avoided, azides could prove 

useful as masked amines in other peptidomimetics.  
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Ultimately, despite the protecting group manipulation required in synthesizing these 

benzoylureas, the procedure was optimized to the point of providing 150 mg of mimic 1. 

The scaffold also readily incorporated a range of sidechains and can be extended with 

further urea linkages, although the process requires numerous synthetic steps. The synthesis 

of large libraries of benzoylureas would be challenging with the solution-phase methods 

used here, although some progress has recently been reported on the solid-phase synthesis 

of benzoylureas.26 

Proof of the biological utility of these molecules, however, can only be obtained 

experimentally, and here problems arose. SPR measurements indicate that molecule 1 

mimicking Arg and Lys sidechains is a relatively potent binder of Grb2, but provide no 

structural information as to the binding site. The superstoichiometric binding observed at 

high ligand concentrations, as well as the relative irreproducibility of the binding affinity, 

hint at complex binding behaviour. This is confirmed by a biochemical competition assay, 

which fails to show consistent results for the peptidomimetics while still performing well 

for peptide controls. The further development of this competition assay is complicated by a 

lack of small molecule positive controls; with only peptides to work with, it is hard to tell if 

the observed negative results are true negatives, or artifacts due to some specific feature of 

the benzoylurea ligands.  

High-resolution NMR measurements partially explain the anomalous results. While 

clear dose-response behaviour is observed for mimic 1, the magnitude of the shifts is small, 

and much smaller than those observed for the peptide ligands. These small shifts are 

precedented in the literature for Grb2, but they are nonetheless worrisome as such behaviour 

is generally characteristic of low occupancy of binding sites or of multipoint interactions. In 

this case, either or both may be true as at high concentration three of the ligands perturbed 

residues corresponding to multiple binding sites. At the same time, as there is uncertainty 
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regarding the affinities of the molecule for any particular site, it is impossible to estimate 

the occupancy. These issues are compounded by the high concentration of ligand required 

for NMR experiments and the relatively low solubility of the mimics at these 

concentrations, which precludes testing higher molar ratios of compound. 

Unfortunately, the less than ideal binding of these mimics does not conclusively inform 

the design of future PPII mimics. It is possible that the computational design of the 

modified benzoylurea scaffold is correct, and that particular characteristics of Grb2 SH3C 

make finding any small molecule ligands for the protein difficult. If this is the case, the 

molecules synthesized here may match alternative RxxK-binding SH3 domains, but this 

could only be determined by screening those proteins. Alternatively, the design of the 

molecules may be insufficient. The computational overlay suggests that the polar sidechains 

are well-positioned, but the overall flexibility of the scaffold and the long sidechains may 

impart too great an entropic cost for binding to be favourable. Additionally, the aliphatic 

sidechains tested may not be adequate isosteres of proline, and larger groups could perhaps 

improve affinity by increased hydrophobic contact. Entirely novel scaffolds may also be 

needed for mimicking PPII helices, ideally incorporating high aqueous solubility, 

constrained conformation, and spanning the necessary 9 Å. Such scaffolds could be tested 

on Grb2 SH3C, or preferably on several PPII-binding proteins, to explore the feasibility of 

mimicking this peptide structure.  

3.8. Conclusion and future work 

Reported here is the design and synthesis of some of the first PPII peptidomimetics. 

These molecules incorporate cationic sidechains, and can be readily functionalized to 

incorporate a range of sidechains. Biological data from SPR, a competition binding assay, 

and NMR indicate that several of the putative PPII mimics bind to Grb2 SH3C. While these 

are likely weak, multipoint interactions, they are among the first molecules reported to bind 
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to this important signalling domain. Further structural studies, including additional NMR 

experiments and crystallography, may help better characterize the binding of these 

molecules. This could guide additional synthetic efforts, using the benzoylurea scaffold or a 

different structure that might better match the Gab2a peptide. Additionally, selectivity 

studies with other SH3 domains could help indicate whether these molecules may be useful 

as chemical probes for the Grb2/Gab2 protein-protein interaction.  

3.9. Experimental details: SPR 

3.9.1. General SPR methods 

SPR was performed using a Biacore T200 optical biosensor. A fresh CM5 chip was 

docked to the instrument and hydrated with duplicate 12 s injections of 50 mM NaOH, 10 

mM Glycine•HCl pH 1.5, and 0.1 % SDS at 50 µL.min-1 flow rate. The flow cells were then 

normalized with 70 % glycerol using the default normalization wizard. The chip was primed 

into HBS-N running buffer (10 mM Hepes pH 7.4, 150 mM NaCl), and the flow cells 

activated with a 1:1 mixture of 0.4 M EDC and 0.1 M NHS for 10 minutes at 10 µL.min-1 

and 25 ˚C. Grb2 SH3C (100 µM in pH 4.0 acetate buffer) was coupled to the surface. After 

coupling, all flow cell surfaces were deactivated with 4 x 30 s injections of a 1:1 mixture of 

1.0 M ethanolamine and running buffer. The chip was subsequently primed twice into the 

experimental running buffer. Molecules were tested at a flow rate of  40 µL.min-1 at 25 ˚C, 

with a data collection rate of 10 Hz. The data were analyzed using standard double 

referencing procedures by subtracting the response from the protein-free cell and the 

response from a blank injection of running buffer from the response from the SH3C flow 

cell.27 
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3.9.2. SPR measurements of 1st generation mimics  

Untagged and unlabelled Grb2 SH3C was bound to the flow cell surface to a level of 

1400 RU. For the binding screen, each molecule was dissolved in running buffer (HBS-N, 

5.0 % DMSO, 0.01 % Tween 20) at 50 µM and 100 µM concentrations. The most 

successful binder 1 was then serially diluted two-fold from a concentration of 100 µM to a 

concentration of 3.125 µM in running buffer not containing DMSO (HBS-N + 0.01 % 

Tween 20). Data was collected according to the general SPR procedure and fitted to a one-

to-one binding model using nonlinear regression analysis in GraphPad Prism software. 

3.9.3. SPR measurements of 2nd generation mimics 

Untagged an unlabelled Grb2 SH3C was covalently bound to a level of 1100 RU. On a 

separate flowcell, 15N labeled Grb2 SH3C was covalently bound to the same level. Mimics 

were dissolved either in HBS-N buffer + 0.01 % Tween 20, or in a similar buffer containing 

5 % DMSO, depending on solubility. Serial two-fold dilutions were performed from a 

concentration of 200 µM to a final concentration of 6.25 µM. Data was collected according 

to the general SPR procedure and fitted to a one-to-one binding model using nonlinear 

regression analysis in GraphPad Prism software. 
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Figure 3-17: Sensograms of 2nd generation mimics binding to 15N-labeled Grb2 SH3C. (a) 37 (b) 38 (c) 39 (d) 

41. Mimic concentrations are a two-fold dilution series from 200 µM (highest response) to 6.25 µM (lowest 

non-zero response). 

3.10. Experimental details: competition binding assay 

GST–Grb2 SH3C (10 µg per sample) was pre-incubated with each inhibitor (2.0 mM) in 

duplicate for 1 hour at 4 ˚C in assay buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 1 mM 

DTT, 0.05 % Tween 20, 5 % DMSO). Biotinylated Gab2b peptide (binding affinity 3.2 µM 

for Grb2) was synthesized as previously described.25 0.3 nmol of peptide per µL of packed 

streptavadin-sepharose beads were incubated together for 30 minutes in assay buffer before 

extensive washing of the beads to remove any unbound peptide. Next, 8 µL of peptide-

coated beads were transferred to each assay tube containing GST–Grb2 SH3C and 

compound for 30 minutes, the solution clarified by centrifugation (2000 x g for 1 minute) 

and the beads washed three times with PBS-T (phosphate-buffered saline, 0.05 % Tween 

20). The samples were analyzed by SDS-PAGE and visualized after staining the protein 

bands with Coomassie Blue dye. As controls, parallel samples were run in the absence of 

inhibitor, and with preincubation of ten-fold or 100-fold molar excess of free, 

unbiotinylated Gab2b peptide. The band intensities, indicating the levels of GST–Grb2 
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SH3C binding to the beads, were quantified by densitometry and scaled relative to the 

control sample without inhibitor (100 % level). 

For concentration-response experiments with 42, the above procedure was followed 

with increasing concentrations of the mimic. 

3.11. Experimental details: NMR 

All spectra were collected using a Bruker AVII 700 spectrometer (fitted with an inverse 

TCI cryoprobe optimized for 1H observation and running Topspin 2.1 software; Bruker, 

Germany). Experiments were performed at 25 ˚C. Resonances are reported in ppm relative 

to D2O (δH = 4.72 ppm). The instrument was locked to the deuterium signal, and the water 

signal was suppressed by presaturating its resonance. Grb2 SH3C was uniformly 15N 

isotopically labeled and dissolved in phosphate buffer (90:10 H2O:D2O, 35 mM phosphate 

pH 7.2 + 45 mM NaCl + 3.0 mM DTT). A 3 mM NMR tube was charged with 160 µL of 

sample and the 15N HSQC spectrum recorded. Resonances were compared to the literature 

values.24 For titration experiments, varying molar equivalents of ligand were added to the 

protein solution described above. Data was analyzed using Bruker’s Topspin 2.1 software. 

3.12. Experimental details: synthesis 

3.12.1. Solvents and Reagents 

All non-aqueous reactions were carried out under an atmosphere of argon or nitrogen in 

oven or flame-dried glassware unless otherwise stated. Anhydrous THF and DCM (from 

commercial sources) were dried on an MB-SPS-800 solvent purification system. All other 

solvents and reagents were used directly from commercial suppliers without further 

purification. Inorganic solutions refer to saturated aqueous solutions, unless otherwise 

indicated. Brine refers to a saturated aqueous solution of sodium chloride. pH 7 buffer was 
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prepared by dissolving KH2PO4 (85 g) and NaOH (14.5 g) in 950 mL of water. Mixtures of 

solvents are quoted as ratios of volume:volume. 

3.12.2. Chromatography 

Flash column chromatography was carried out using commercial Kieselgel 60 silica gel 

(40-63 µm). Thin-layer chromatography was carried out using Merck Kieselgel 60 F254 

(230-400 mesh) fluorescent treated silica, visualized under UV light (254 nm) and by 

staining with aqueous potassium permanganate or ninhydrin solution. High performance 

liquid chromatography was performed using a 1525 pump, 2707 autosampler, and 2849 

detector, all from Waters. Phenomonex Luna columns (250 mm long, 5 µm beads, C18 

reverse-phase medium) were used for HPLC separations. Analytical HPLC was run using 

1 mL/min flow through a 4.6 mm-diameter column. Sample injections for analytical runs 

consisted of 40 µL of a 1 mg.mL-1 sample solution. Semi-preparative HPLC was run using 

10 mL.min-1  flow through 21.2 mm-diameter column. Sample injections for semi-

preparative runs consisted of 500 µL of solution containing no more than 50 mg of sample. 

HPLC solvents were degassed by sonication for 30 minutes and contained 0.1 % v/v TFA. 

3.12.3. Infrared Spectroscopy 

Infrared spectra were recorded on a Bruker Tensor 27 Fourier transform-IR 

spectrometer from a thin film deposited onto a diamond ATR module. Only selected 

maximum absorbances (υmax) of the most intense peaks are reported (cm-1). 

3.12.4. Mass Spectrometry 

Low-resolution mass spectra were recorded on a Waters LCT premier XE Micromass 

spectrometer under conditions of electrospray ionization (ESI). High-resolution mass 

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

of Oxford. Values reported are the ratio of mass to charge in Daltons.  

3.12.5. Nuclear Magnetic Resonance Spectroscopy 

NMR spectra were recorded on a Bruker DRX500 (1H: 500 MHz; 13C: 125 MHz), 

AVC500 (1H: 500 MHz; 13C: 125 MHz), DPX400 (1H: 400 MHz; 13C: 100 MHz), AVIII 

400 HD Nanobay (1H: 400 MHz; 13C: 100 MHz), DPX300 (1H: 300 MHz; 13C: 75 MHz), 

DPX250 (1H: 250 MHz; 13C: 62.5 MHz), or DPX200 (1H: 200 MHz; 13C: 50 MHz). 

Chemical shifts are quoted relative to the residual non-deuterated solvent peak. 1H spectra 

are reported as follows: chemical shift δ/ppm (number of protons, multiplicity, coupling 

constant J/Hz [where appropriate], assignment). Multiplicity is abbreviated as follows: s, 

singlet; br, broad; d, doublet; t, triplet; q, quartet; quint, quintet, sept, septet; m, multiplet. 

Peaks which could not be assigned in the 1H spectra due to the similarity of aromatic 

protons are indicated by (Ar). Coupling constants J are reported to the nearest 0.1 Hz as 

observed. 13C spectra are reported in δ/ppm. 

3.12.6. Melting Point 

Melting points were determined using a Leica Galen III hot-stage microscope apparatus 

and are reported uncorrected in degrees Celsius (˚C). 

3.12.7. Polarimetry 

Optical rotations were recorded on a Perkin-Elmer 241 polarimeter with a path length of 

1 dm and are reported in deg dm-1.cm3.g-1 using concentrations in g.100 ml-1. 

3.12.8. Naming and Numbering of Compounds 

Compound names are those generated from ChemBioDraw Ultra 12.0 following IUPAC 

conventions. Numbers within names refer to the IUPAC system of numbering, also from 
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ChemBioDraw. When assigning NMR spectra, a separate atom numbering scheme is used 

as indicated on the structure. This numbering does not follow 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 dissolved in DMSO (60 

mL). To this solution was added 3-bromo-1-propanol (3.97 g, 28.6 mmol, 

1 eq) and the mixture heated to 70 ºC and stirred overnight. The reaction was partitioned 

between water (100 mL) and ether (100 mL) and washed with ether (3 x 60 mL). The 

organic layers were combined, washed with brine, dried (MgSO4), filtered, and concentrated 

at 500 mBar and 40 ºC. Purification via flash column chromatography (1:1 ether:petrol) 

yielded the title compound as a volatile, colourless oil (2.70 g, 26.7 mmol, 93 %): δH (500 

MHz, CDCl3) 3.82 (2H, q, J 5.7, H1), 3.53 (2H, quint, J 3.5, H3), 1.90 (2H, quint, J 6.3, 

H2). δC (100 MHz, CDCl3) 60.0 (C1), 48.5 (C3), 31.4 (C2). IR υmax 3335, 2946, 2882, 2090, 

1045. HRMS (FI) found 101.0590. C3H7N3O
+ [M] + requires 101.0590. Spectroscopic 

measurements agreed with literature values.26 

3.14.1. General Procedure for SNAr Coupling 

Following the procedure of Boger et al,27 alcohol (1.2 eq) was added dropwise to a stirred 

solution of sodium hydride (2.5 eq) in THF at 0 ºC. The mixture was stirred for 15 minutes 

at 0 ºC before 3-fluoro-4-nitrobenzoic acid 6 (1.00 g, 5.4 mmol, 1.0 eq) was added. The 

reaction was stirred for 5 minutes at 0 ºC, then 2 hours at room temperature, before being 

diluted with EtOAc (20 mL). NH4Cl (20 mL) was added, and the mixture was washed with 

HCl (0.5 M, 20 mL x 3). The organic layer was collected, dried (MgSO4), filtered, and 

concentrated, and the product purified via flash column chromatography. 

3-(3-Azidopropoxy)-4-nitrobenzoic acid (7) 

Following the general procedure for SNAr coupling, azide 5 (655 

mg, 6.5 mmol, 1.2 eq) was added to acid 6 and purified (3:2 
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EtOAc:Pet + 1 % AcOH) to yield the title compound as a yellow solid (1.40 g, 5.26 mmol, 

97 %): MP 123-126. δH (400 MHz, MeOD) 7.86 (1H, d, J 10.9, Ar), 7.85 (1H, s, Ar), 7.72 

(1H, dd, J 8.3; 1.6, Ar), 4.30 (2H, t, J 5.9, H1), 3.56 (2H, t, J 6.6, H3), 2.09 (2H, quint, J 

6.2, H2). δC (125 MHz, MeOD) 166.6 (C4), 151.6 (Ar), 143.0 (Ar), 136.0 (Ar), 125.1 (Ar), 

121.8 (Ar), 115.6 (Ar), 66.6 (C1), 28.5 (C2). IR υmax 3061, 2924, 2853, 2102, 1690, 1589, 

1530, 1259. HRMS (ESI) found 265.0569 C10H9N4O5
- [M-H] - requires 265.0578. 

 

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

 Following the general procedure for SNAr coupling, 3-buten-1-ol 

(584 mg, 8.1 mmol, 1.5 eq) was added to acid 6 and purified (30:1 

DCM:MeOH + 1% AcOH) to yield the title compound as a yellow 

solid (1.055 g, 4.45 mmol, 82 %): δH (250 MHz, MeOD) 7.79-7.73 

(2H, m, Ar), 7.64 (1H, dd, J 7.6; 1.6, Ar), 5.98-5.80 (1H, m, H3), 5.20-5.04 (2H, m, H4), 

4.19 (2H, t, J 4.2, H1), 2.54 (2H, qt, J 6.6; 1.5, H2). δC (62.5 MHz, MeOD) 166.7 (C5), 

151.7 (Ar), 143.0 (Ar), 135.8 (Ar), 134.0 (C3), 125.0 (Ar), 121.7 (Ar), 117.1 (C4), 115.8 

(Ar), 69.3 (C1), 33.4 (C2). IR υmax 2950, 1687, 1527, 1251 HRMS (ESI) found 260.0524 

C11H11NO5Na+ [M+Na]+ requires 260.0529. 

3.14.2. General Procedure I for Amidation 

Oxalyl chloride (10 eq) was added to a solution of the substituted nitrobenzoic acid (1.0 eq) 

dissolved in DCM (5 mL/mmol). DMF (~0.5 eq) was added slowly and the mixture stirred 

vigorously for 1 hour. Solvent was removed under reduced pressure, and the resulting oil 

azeotroped three times with chloroform. The oil was dissolved in DCM (5 mL/mmol) and 

cooled to 0 ºC. DIPEA (1.5 eq) was added to the solution dropwise, followed by the amine 

(1.3 eq) added dropwise. The solution was allowed to warm to room temperature and stirred 

overnight. Methanol (0.5 mL) was added, and the mixture was washed with NH4Cl (10 
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mL/100 mg), and extracted with DCM (3 x 10 mL/100 mg). The organic layers were 

combined, dried (MgSO4), filtered, and concentrated, and the product purified via flash 

column chromatography. 

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

Following the general procedure I for amidation, azido benzoic acid 

7 (100 mg, 0.38 mmol, 1 eq) was coupled to isobutyl amine (36 mg, 

0.49 mol, 1.3 eq) and purified (2:1 ether:petrol) to yield the title 

compound as a viscous orange oil (120 mg, 0.37 mmol, 99 %): δH 

(400 MHz, CDCl3) 7.86 (1H, d, J 8.3, Ar), 7.61 (1H, d, J 1.6, Ar), 7.28 (1H, dd, J 8.1; 1.6, 

Ar), 6.26 (1H, s, H9), 4.27 (2H, t, J 5.8, H1), 3.58 (2H, t, J 6.4, H3), 3.30 (2H, t, J 6.7, H5), 

2.10 (2H, quint, J 6.1, H2), 1.92 (1H, sept, J 1.9, H6), 0.99 (6H, d, J 6.7, H7 and H8). δC 

(62.5 MHz, CDCl3) 165.4 (C4), 152.6 (Ar), 141.6 (Ar), 140.6 (Ar), 126.2 (Ar), 118.1 (Ar), 

114.5 (Ar), 66.6 (C1), 48.1 (C3), 48.0 (C6), 29.7 (C6), 28.5 (C2), 20.6 (C7 and C8). IR υmax 

3314, 3083, 2959, 2100, 1645, 1527, 1254. HRMS (ESI) found 344.1320 C14H19N5O4Na+ 

[M+Na]+ requires 344.1329. 

 

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

Following the general procedure I for amidation, alkene benzoic acid 

8 (1.04 g, 4.4 mmol, 1 eq) was coupled to isobutyl amine (418 mg, 

0.74 mol, 1.3 eq) and purified (1:1 ether:petrol) to yield the title 

compound as a viscous yellow oil (1.17 g, 4.01 mmol, 91 %): δH 

(250 MHz, CDCl3) 7.80 (1H, d, J 8.3, Ar), 7.58 (1H, d, J 1.5, Ar), 7.29 (1H, dd, J 8.3; 1.6, 

Ar), 6.59 (1H, t, J 4.9, H10), 5.98-5.79 (1H, m, H3), 5.23-5.09 (2H, m, H4), 4.19 (2H, t, J 

6.6, H1), 3.28 (2H, t, J 6.5, H6), 2.58 (2H, q, J 6.7, H2), 1.92 (1H, sept, J 6.7, H7), 0.98 

(6H, d, J 6.7, H8 and H9). δC (62.5 MHz, CDCl3) 166.0 (C5), 152.7 (Ar), 141.7 (Ar), 140.5 
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(Ar), 133.8 (C3), 125.9 (Ar), 118.3 (Ar), 118.0 (C4), 114.5 (Ar), 69.6 (C1), 48.0 (C6), 33.6 

(C2), 29.0 (C7), 20.6 (C8 and C9). IR υmax 3313, 3081, 2960, 1644, 1529, 1252. HRMS 

(ESI) found 315.1311 C15H20N2O4Na + [M+Na]+ requires 315.1315. 

 

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

Following the general procedure I for amidation, alkene benzoic acid 

8 (75 mg, 0.32 mmol, 1eq) was coupled to isopropyle amine (30 mg, 

0.51 mmol, 1.6 eq) and purified (3:2 ether:petrol) to yield the title 

compound as a viscous yellow oil (50 mg, 0.18 mmol, 57 %): δH 

(250 MHz, CDCl3) 7.80 (1H, d, J 8.3, Ar), 7.58 (1H, d, J 1.3, Ar), 7.28 (1H, dd, J 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, m, H4), 4.20 (2H, t, J 

6.6, H1), 2.59 (2H, q, J 6.6, H2), 1.29 (6H, d, J 6.6, H7 and H8). δC (62.5 MHz, CDCl3) 

165.1 (C5), 152.7 (Ar), 141.7 (Ar), 140.5 (Ar), 133.8 (C3), 125.9 (Ar), 118.3 (Ar), 118.0 

(C4), 114.5 (Ar), 69.6 (C1), 42.8 (C6), 33.6 (C2), 23.1 (C7 and C8). IR υmax 3300, 3079, 

2974, 1729, 1641, 1528, 1249. HRMS (ESI) found 279.1338 C14H19N2O4
+ [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 stirred solution of the amide (1.0 eq) in 

DCM. DIPEA (3 eq) and DMAP (0.1 eq) were added and the reaction stirred at room 

temperature for 2-5 days. The mixture was then washed with NH4Cl and extracted three 

times with DCM. The organic layers were combined, dried (MgSO4), filtered, and 

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

Following the general procedure for the Boc protection of amides, 

the azide 9 (625 mg, 1.95 mmol, 1 eq) was stirred for 4 days and 

purified (1:1 ether:petrol) to yield the title compound as a yellow oil 

(751 mg, 1.78 mmol, 91 %): δH (250 MHz, CDCl3) 7.88 (1H, d, J 

8.3, Ar), 7.26 (1H, d, J 1.4, Ar), 7.11 (1H, dd, J 8.3; 1.1, Ar), 4.24 

(2H, t, J 5.7, H1), 3.68 (2H, d, J 7.4, H5), 3.61 (2H, t, J 6.4, H3), 2.22-2.03 (3H, m, H2 and 

H6), 1.28 (9H, s, H11-13), 0.99 (6H, d, J 6.7, H7 and H8). δC (62.5 MHz, CDCl3) 171.3 

(C4), 153.7 (C9), 152.4 (Ar), 144.0 (Ar), 140.8 (Ar), 125.7 (Ar), 119.1 (Ar), 113.7 (Ar), 

84.3 (C10), 66.6 (C1), 53.1 (C5), 48.1 (C3), 28.8 (C6), 28.5 (C2), 27.9 (C11-C13), 20.6 (C7 

and C8). IR υmax 3332, 2960, 2099, 1735, 1673, 1526, 1146. HRMS (ESI) found 444.1843 

C19H27N5O6Na+ [M+Na]+ requires 444.1854. 

 

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

Following the general procedure for the Boc protection of amides, 

the alkene 10 (250 mg, 0.87 mmol, 1 eq) was stirred for 2 days and 

purified (8:1 pet:ether) to yield the title compound as a yellow oil 

(249 mg, 0.63 mmol, 73 %): δH (250 MHz, CDCl3) 7.82 (1H, d, J 

8.3, Ar), 7.21 (1H, d, J 1.5, Ar), 7.07 (1H, dd, J 8.3; 1.6, Ar), 5.98-

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

3.65 (2H, d, J 7.4, H6), 2.59 (2H, q, J 6.7, H2), 2.10 (1H, sept, J 6.9, H7), 1.24 (9H, s, H12-

14), 0.97 (6H, d, J 6.8, H8 and H9). δC (62.5 MHz, CDCl3) 171.5 (C5), 153.8 (Ar), 152.6 

(C10), 143.8 (Ar), 141.1 (Ar), 133.7 (C3), 125.6 (Ar), 118.9 (Ar), 118.3 (C4), 113.9 (Ar), 

84.2 (C11), 69.7 (C1), 53.0 (C6), 33.6 (C2), 28.5 (C7), 27.9 (C12-14), 20.6 (C8 and C9). IR 
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υmax 3081, 2963, 1737, 1676, 1529, 1273, 1149. HRMS (ESI) found 415.1828 

C20H28N2O6Na + [M+Na]+ requires 415.1840. 

 

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

Following the general procedure for the Boc protection of amides, 

the alkene 11 (50 mg, 0.18 mmol, 1 eq) was stirred for 2 days and 

purified (8:1 petrol:ether) to yield the title compound as a yellow oil 

(15 mg, 0.04 mmol, 22 %): δH (250 MHz, CDCl3) 7.85 (1H, d, J 8.4, 

Ar), 7.28 (1H, s, Ar), 7.14 (1H, dd, J 8.3; 1.4, Ar), 6.03-5.82 (1H, m, 

H3), 5.27-5.12 (2H, m, H4), 4.29-4.15 (2H, m, H1), 2.63 (2H, q, J 

6.5, H2), 1.57-1.51 (1H, m, H6), 1.46 (6H, d, J 6.9, H7 and H8), 1.25 (9H, s, H11-13). δC 

(62.5 MHz, CDCl3) 171.6 (C5), 153.3 (C9), 152.6 (Ar), 144.1 (Ar), 141.3 (Ar), 133.7 (C3), 

125.7 (Ar), 119.0 (Ar), 118.3 (C4), 114.0 (Ar), 84.1 (C10), 69.7 (C1), 53.2 (C6), 33.6 (C2), 

27.9 (C7 and C8), 20.8 (C11-13). IR υmax 2976, 2921, 1731, 1676, 1529, 1240. HRMS (ESI) 

found 401.1667 C19H26N2O6Na+ [M+Na]+ requires 401.1683. 

3.14.4. General Procedure for Nitro Reduction 

Iron powder (10 eq) and ammonium chloride (0.5 eq) were added to a stirred solution of an 

aromatic nitro compound (1.0 eq) dissolved in ethanol/water (4:1). The mixture was heated 

to 80 ºC for 30 minutes, then allowed to cool and filtered through Celite®  with EtOAc. 

Solvent was removed in vacuo and the product purified via flash column chromatography. 

 

tert-Butyl (4-amino-3-(3-azidopropoxy)benzoyl)(isobutyl)carbamate  (15) 

Following the general procedure for nitro reduction, azide 12 (551 mg, 1.31 mmol) was 

reduced and purified (2:1 pet:ether) to yield the title compound as a pale tan oil (474 mg, 

1.22 mmol, 93 %): δH (250 MHz, CDCl3) 7.12 (1H, d, J 1.7, Ar), 7.07 (1H, dd, J 8.0; 1.8, 
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Ar), 6.63 (1H, d, J 8.1, Ar), 4.12 (2H, t, J 6.0, H1), 3.59 (2H, d, J 

7.3, H5), 3.51 (2H, t, J 6.6, H3), 2.16-2.00 (3H, m, H2 and H6), 1.24 

(9H, s, H11-13), 0.94 (6H, d, J 6.7, H7 and H8). δC (62.5 MHz, 

CDCl3) 173.2 (C4), 154.7 (C9), 145.9 (Ar), 141.7 (Ar), 127.0 (Ar), 

123.0 (Ar), 113.0 (Ar), 111.6 (Ar), 82.1 (C10), 65.2 (C1), 53.1 (C5), 

48.4 (C3), 28.7 (C6), 28.5 (C2), 27.8 (C11-C13), 20.3 (C7 and C8). IR υmax 3487, 3372, 

2962, 2099, 1721, 1633, 1617, 1141. HRMS (ESI) found 414.2101 C19H29N5O4Na+ 

[M+Na]+ requires 414.2112. 

 

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

Following the general procedure for nitro reduction, alkene 13 (67 

mg, 0.17 mmol, 1.0 eq) was reduced and purified (2:1 petrol:ether) 

to yield the title compound as a pale pink oil (59 mg, 0.16 mmol, 

95 %): δH (250 MHz, CDCl3) 7.12 (1H, d, J 1.7, Ar), 7.06 (1H, dd, J 

8.1; 1.7, Ar), 6.62 (1H, d, J 8.1, Ar), 5.97-5.79 (1H, m, H3), 5.22-

5.06 (2H, m, H4), 4.07 (2H, t, J 6.5, H1), 3.59 (2H, d, J 7.3, H6), 

2.46 (2H, q, J 6.6, H2), 2.07 (1H, sept, J 6.8, H7), 1.23 (9H, s, H12-14), 0.94 (6H, d, J 6.7, 

H8 and H9). δC (62.5 MHz, CDCl3) 173.7 (C5), 155.1 (C10), 145.8 (Ar), 140.8 (Ar), 134.8 

(C3), 127.2 (Ar), 123.2 (Ar), 117.6 (C4), 113.2 (Ar), 112.1 (Ar), 84.5 (C11), 67.9 (C1), 53.5 

(C6), 34.0 (C2), 28.9 (C7), 28.0 (C12-14), 20.7 (C8 and C9). IR υmax 3490, 3373, 2961, 

1720, 1615, 1520, 1240, 1138. HRMS (ESI) found 385.2084 C20H30N2O4Na+ [M+Na]+ 

requires 385.2098. 

3.14.5. General Procedure for the Formation of Isocyanates 

Sodium bicarbonate (2.0 eq) and bis(trichloromethyl) carbonate (0.6 eq) were added to a 

vigorously stirred solution of a substituted aniline (1.0 eq) in 1:1 DCM:water (2 mL /100 
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mg) was added. The mixture was stirred for 30 minutes, then diluted with NH4Cl (10 

mL/100 mg) and DCM (10 mL/100 mg). The mixture was extracted with DCM (3 x 10 

mL/100mg) and the organic layers combined, dried (Na2SO4), filtered, and solvent removed 

in vacuo. The product was immediately used for subsequent reaction without further 

purification. 

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

Following the general procedure for the formation of isocyanates, 

reaction with azide 15 (85 mg, 0.22 mmol) afforded the title 

compound as a yellow oil (102 mg, 0.22 mmol, quant): δH (250 

MHz, CDCl3) 7.26 (1H, d, J 1.5, Ar), 7.19 (1H, dd, J 8.0; 1.6, Ar), 

7.13 (1H, d, J 8.1, Ar), 4.32 (2H, t, J 5.8, H1), 3.76 (2H, d, J 7.4, 

H5), 3.71 (2H, t, J 6.4, H3), 2.33-2.14 (3H, m, H2 and H6), 1.37 

(9H, s, H11-13), 1.09 (6H, d, J 6.7, H7 and H8). δC (62.5 MHz, CDCl3) 172.7 (C4), 154.4 

(C9), 152.8 (Ar), 136.2 (Ar), 131.4 (Ar), 126.7 (C14), 123.3 (Ar), 121.0 (Ar), 111.0 (Ar), 

83.4 (C10), 66.0 (C1), 53.3 (C5), 48.2 (C3), 28.9 (C6), 28.7 (C2), 27.9 (C11-C13), 20.6 (C7 

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

 

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

Following the general procedure for the formation of isocyanates, 

reaction with alkene 16 (71 mg, 0.20 mmol) afforded the title 

compound as a colourless oil (76 mg, 0.20 mmol, quant): δH (250 

MHz, CDCl3) 7.17 (1H, d, J 1.7, Ar), 7.09 (1H, dd, J 8.1; 1.7, Ar), 

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

H4), 4.19 (2H, t, J 6.5, H1), 3.68 (2H, d, J 7.3, H6), 2.67 (2H, q, J 

6.6, H2), 2.15 (1H, sept, J 6.9, H7), 1.28 (9H, s, H12-14), 1.01 (6H, d, J 6.7, H8 and H9). δC 
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(62.5 MHz, CDCl3) 172.9 (C5), 154.5 (Ar), 153.0 (C10), 136.1 (Ar), 134.1 (C3), 131.4 

(Ar), 127.2 (C15), 123.2 (Ar), 120.7 (Ar), 117.6 (C4), 111.1 (Ar), 83.3 (C11), 69.0 (C1), 

53.3 (C6), 33.7 (C2), 28.7 (C7), 27.9 (C12-14), 20.6 (C8 and C9). IR υmax 2962, 2241, 1731, 

1621, 1520, 1332, 1145. 

3.14.6. General Procedure for Benzoylurea Formation 

Potassium hexamethyldisilazide (0.5 M in toluene, 1.1 eq) was added dropwise to a stirred 

solution of an amide (1.0 eq) in THF (2 mL/mmol) at -78 ºC. A solution of an isocyanate 

(1.0 eq) in THF (2 mL/mmol) was added dropwise and the mixture stirred for 2 hours at -

78 ºC. AcOH (0.1 mL) was added dropwise, and the solution was allowed to warm to room 

temperature. The solution was diluted with NH4Cl (10 mL/100 mg) and DCM (10 mL/100 

mg) and extracted with DCM (3 x 10 mL/100 mg). The organic layers were combined, dried 

(Na2SO4), filtered, and purified via flash column chromatography. 

 

tert-Butyl(3-(3-azidopropoxy)-4-(3-(3-(3-azidopropoxy)-4-nitrobenzoyl)-3-

isobutylureido) benzoyl)(isobutyl)carbamate (19) 

Following the general procedure for benzoylurea formation, 

amide 9 (129 mg, 0.4 mmol) was reacted with isocyanate 17 (195 

mg, 0.4 mmol) and purified (2:1 petrol:ether) to yield the title 

compound as a yellow oil (212 mg, 0.29 mmol, 72 %): δH (500 

MHz, CDCl3) 11.67 (1H, s, H23), 8.37 (1H, d, J 8.4, Ar), 7.93 

(1H, d, J 8.2, Ar), 7.18 (2H, s, Ar), 7.16 (1H, d, J 8.8, Ar) 7.12 

(1H, d, J 8.3, Ar), 4.23 (2H, t, J 5.7, H1 or H8), 4.17 (2H, t, J 5.7, 

H1 or H8), 3.69-3.57 (8H, m, H3, H10, H4, and H11), 2.19-2.06 

(5H, m, H2, H9, and H12), 1.97 (1H, sep, J 6.8, H5), 1.24 (9H, s, 

H20-22), 0.95 (6H, d, J 6.7, H6 and 7 or H13 and 14), 0.81 (6H, d, J 6.7, H6 and 7 or H13 
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and 14). δC (125 MHz, CDCl3) 173.5 (C15 or C16), 173.2 (C15 or C16), 154.7 (C18), 152.6 

(C17), 151.5 (Ar), 147.7 (Ar), 141.7 (Ar), 141.0 (Ar), 133.3 (Ar), 130.8 (Ar), 126.6 (Ar), 

121.7 (Ar), 119.3 (Ar), 119.0 (Ar), 113.8 (Ar), 110.8 (Ar), 83.2 (C19), 66.8 (C1 or C8), 

65.8 (C1 or C8), 54.6 (C4 or C11), 53.4 (C4 or C11), 48.5 (C3 or C10), 48.1 (C3 or C10), 

29.2 (C5 or C12), 29.1 (C5 or C12), 28.8 (C2 and C9), 28.0 (C20-22), 20.7 (C6-7 or C13-

14), 20.3 (C6-7 or C13-14). IR υmax 3221, 2962, 2874, 2098, 1715, 1530, 1331, 1147. 

HRMS (ESI) found 737.3369 C34H45N10O9
+ [M+H]+ requires 737.3376. 

 

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

isobutylureido) benzoyl)(isobutyl)carbamate (20) 

Following the general procedure for benzoylurea formation, 

amide 10 (493 mg, 1.69 mmol) was reacted with isocyanate 18 

(655 mg, 1.69 mmol) and purified (4:1 petrol:ether) to yield the 

title compound as a yellow oil (726 mg, 1.07 mmol, 63 %): δH 

(500 MHz, CDCl3) 11.47 (1H, s, H25), 8.34 (1H, d, J 8.4, Ar), 

7.88 (1H, d, J 8.2, Ar), 7.21-7.08 (4H, m, Ar), 5.99-5.85 (2H, m, 

H3 and H11), 5.24-5.06 (4H, m, H4 and H12), 4.18 (2H, t, J 6.5, 

H1 or H9), 4.14 (2H, t, J 6.7, H1 or H9), 3.63 (4H, m, H5 and 

H13), 2.63 (4H, sextet, J 6.5, H2 and H10), 2.11 (1H, sept, J 6.8, 

H6 or H14), 1.98 (1H, sept, J 6.8, H6 or H14), 1.24 (9H, s, H22-24), 0.96 (6H, d, J 6.7, H7 

and H8 or H15 and H16), 0.82 (6H, d, J 6.6, H7 and H8 or H15 and H16). δC (125 MHz, 

CDCl3) 173.3 (C19 and C17), 154.7 (C18), 154.1 (C20), 152.8 (Ar), 151.7 (Ar), 148.0 (Ar), 

141.7 (Ar), 141.3 (Ar), 134.3 (C3 or C11), 133.6 (C3 or C11), 133.3 (Ar), 130.9 (Ar), 126.4 

(Ar), 121.5 (Ar), 119.0 (C4 or C12), 118.6 (Ar), 118.0 (C4 or C12), 113.7 (Ar), 111.1 (Ar), 

83.2 (C21), 69.6 (C1 or C9), 68.9 (C1 or C9), 54.5 (C5 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), 29.0 (C6 or C14), 28.0 (C22-24), 20.7 (C7 and 

8 or C15 and 16), 20.3 (C7 and 8 or C15 and 16).IR υmax 3219, 2961, 2927, 1715, 1532, 

1333, 1148. HRMS (ESI) found 703.3314 C36H48N4O9Na + [M+Na]+ requires 703.3314. 

3.14.7. General Procedure for N-Boc Deprotection 

TFA (1 mL) was added to a stirred solution of an N-Boc protected molecule in DCM (1 

mL). The mixture was stirred at room temperature and toluene (5 mL) was added. The 

solvent was removed in vacuo and the resulting compound azeotroped three times with 

chloroform. 

3-(3-Azidopropoxy)-N-((2-(3-azidopropoxy)-4-(isobutylcarbamoyl)phenyl)carbamoyl)-

N-isobutyl-4-nitrobenzamide (21) 

Following the general procedure for N-Boc deprotection, 

benzoylurea 19 (130 mg, 0.18 mmol) was stirred for 5 minutes at 

0 ºC and the residue purified via flash column chromatography 

(5:2 ether:petrol) to yield the title compound as an orange oil (94 

mg, 0.15 mmol, 84 %): δH (250 MHz, CDCl3) 11.63 (1H, s, H18), 

8.33 (1H, d, J 8.4, Ar), 7.90 (1H, d, J 8.3, Ar), 7.46 (1H, d, J 1.4, 

Ar), 7.28 (1H, dd, J 8.6; 1.5, Ar), 7.18 (1H, d, J 1.1, Ar), 7.11 (1H, 

dd, J 8.3; 1.3, Ar), 6.43 (1H, t, J 5.9, H19), 4.21 (2H, t, J 5.8, H1 or H8), 4.16 (2H, t, J 5.8, 

H1 or H8), 3.68-3.52 (6H, m, H3, H10, H4), 3.25 (2H, t, J 6.4, H11), 2.19-2.02 (4H, m, H2, 

H9), 2.02-1.78 (2H, m, H5 and H12), 0.95 (6H, d, J 6.7, H6 and 7 or H13 and 14), 0.79 (6H, 

d, J 6.7, H6 and 7 or H13 and 14). δC (62.5 MHz, CDCl3) 173.4 (C16), 167.3 (C15), 152.6 

(C17), 151.6 (Ar), 148.1 (Ar), 141.7 (Ar), 141.0 (Ar), 130.8 (Ar), 130.6 (Ar), 126.5 (Ar), 

119.4 (Ar), 119.4 (Ar), 119.3 (Ar), 113.8 (Ar), 110.8 (Ar), 66.9 (C1 or C8), 65.8 (C1 or 

C8), 54.5 (C4), 48.5 (C3 or C10), 48.1 (C3 or C10), 47.9 (C11), 29.2 (C5 or C12), 29.1 (C5 

or C12), 29.0 (C2 or C9), 28.8 (C2 or C9), 20.7 (C6-7 or C13-14), 20.3 (C6-7 or C13-14). 
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IR υmax 3226, 2960, 2873, 2097, 1710, 1520, 1122. HRMS (ESI) found 661.2817 

C29H38N10O7Na+ [M+Na]+ requires 661.2817. 

 

3.14.8. General Procedure for Catalytic Hydrogenation  

Palladium on activated carbon (10 % by mass) was added to a stirred solution of an organic 

molecule in EtOH. The solution was flushed three times with hydrogen gas then allowed to 

stir under an atmosphere of hydrogen overnight. The solution was filtered through Celite®  

with DCM (50 mL/mmol) and the solvent removed in vacuo. 

 

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

(isobutylcarbamoyl) phenoxy)propan-1-aminium • 2 TFA (2) 

Following the general procedure for catalytic hydrogenation, 

benzoylurea 21 (41 mg, 0.064 mmol) was hydrogenated 

overnight to yield the title compound as a brown oil (49 mg). 

A small amount of the compound was purified via semi-

preparative HPLC (isocratic 74:26 water:acetonitrile + 0.1 % 

TFA) to yield a viscous tan oil: δH (400 MHz, MeOD) 8.34 

(1H, d, J 8.4, Ar), 7.54-7.48 (2H, m, Ar), 7.14 (1H, dd, J 8.1; 

1.8, Ar), 7.10 (1H, d, J 1.7, Ar), 6.83 (1H, d, J 8.1, Ar), 4.29 

(2H, t, J 5.6, H1 or H8), 4.16 (2H, t, J 5.7, H1 or H8), 3.86 (2H, d, J 7.2, H4 or H11), 3.36 

(2H, t, J 6.5, H3 or H10), 3.28 (2H, t, J 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, t, J 6.5, H5 and H12), 0.98 (6H, d, J 6.6, H6 and H7 or 

H13 and H14), 0.82 (6H, d, J 6.4, H6 and H7 or H13 and H14). δC (125 MHz, MeOD) 

177.8 (C16), 169.6 (C15), 162.5 (qt, TFA, JCF 35 Hz),154.0 (C17), 148.8 (Ar), 146.5 (Ar), 

143.0 (Ar), 132.1 (Ar), 130.8 (Ar), 124.5 (Ar), 124.4 (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), 65.8 (C1 or C8), 56.3 (C4 and C11), 38.5 (C3 

or C10), 38.4 (C3 or C10), 29.9 (C5 or C12), 29.8 (C5 or C12), 28.4 (C2 and C9), 20.6 (C6-

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

(ESI) found 557.3442 C29H45N6O5
+ [M+H] + requires 557.3446. 

 

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

(isobutylcarbamoyl) phenoxy)propan-1-aminium • 2HCl (22) 

The TFA salt 2 (34 mg, 0.04 mmol) was dissolved in HCl 

(0.1 M, 5 mL) stirred for 5 minutes. The solution was 

frozen at -78 ºC and lyophilized to yield the title compound 

as a viscous tan oil (29 mg, quant). Spectroscopic data 

matched that of compound 2 except for the absence of the 

13C NMR peak at 162.5 ppm and the IR stretch at 1679   

cm-1. 

 

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

butoxycarbonyl)-3-isobutylureido)benzoyl)(isobutyl)carbamate (23) 

Di-tert-butyl dicarbonate (467 mg, 2.14 mmol, 2.0 eq) was 

added to a stirred solution of benzoylurea 20 (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 for 15 

hours at room temperature. The reaction was diluted with 

NH4Cl (50 mL) and DCM (50 mL) and extracted with DCM 

(3 x 50 mL). The organic layers were combined, dried 

(Na2SO4), filtered, concentrated, and purified via flash 
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column chromatography (6:1 petrol:ether) to yield the title compound as a light brown oil 

(787 mg, 1.01 mmol, 94 %): δH (250 MHz, CDCl3) 7.84 (1H, d, J 8.3, Ar), 7.41 (1H, d, J 

1.3, Ar), 7.31 (1H, dd, J 8.3; 1.5, Ar), 7.12 (1H, d, J 2.0, Ar), 7.01 (1H, dd, J 8.0; 1.6, Ar), 

6.61 (1H, d, J 8.0, Ar), 5.98-5.71 (2H, m, H3 and 11), 5.23-5.04 (4H, m, H4 and H12), 4.15 

(2H, t, J 6.6, H1 or H9), 4.02 (2H, t, J 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, q, J 6.8, H2 or H10), 2.24 (1H, sept, J 6.8, H6 or H14), 2.10 

(1H, sept, J 6.9, H6 or H14), 1.31 (9H, s, H22-24 or H26-28), 1.19 (9H, s, H22-24 or H26-

28), 0.99 (6H, d, J 6.7, H7 and H8 or H15 or H16), 0.95 (6H, d, J 6.7, H7 and H8 or H15 or 

H16). δC (125 MHz, CDCl3) 172.7 (C17 or C19), 170.5 (C 17 or C19), 156.0 (C18), 154.7 

(C20), 154.3 (C24), 152.4 (Ar), 151.6 (Ar), 141.7 (Ar), 141.6 (Ar), 139.8 (Ar), 133.8 (C3 or 

C11), 133.7 (C3 or C11), 130.5 (Ar), 127.5 (Ar), 125.6 (Ar), 120.2 (Ar), 120.1 (Ar), 118.4 

(C4 or C12), 118.1 (C4 or C12), 115.3 (Ar), 112.2 (Ar), 84.5 (C21 or C25), 83.7 (C21 or 

C25), 69.7 (C1 or C9), 68.6 (C1 or C9), 55.8 (C5 or C13), 53.3 (C5 or C13), 33.8 (C2 or 

C10), 33.6 (C2 or C10), 30.1 (C6 or C14), 29.0 (C6 or C14), 28.2 (C22-24 or C26-28), 28.0 

(C22-24 or C26-28), 20.8 (C7 and C8 or C15 and C16), 20.6 (C7 and C8 or C15 and C16). 

IR υmax 2961, 2923, 1734, 1671, 1334, 1150. HRMS (ESI) found 803.3838 C41H56N4O11Na+ 

[M+Na]+ requires 803.3838. 

 

tert-Butyl(4-(3-(4-amino-3-butoxybenzoyl)-1-(tert-butoxycarbonyl)-3-isobutylureido)-

3-butoxybenzoyl)(isobutyl)carbamate (24) 

Following the general procedure for catalytic hydrogenation, benzoylurea 23 (106 mg, 0.14 

mmol) was hydrogenated and purified via flash column chromatography (5:2 petrol:ether) 

to yield the title compound (85 mg, 0.11 mmol, 79 %) as a tan oil: δH (400 MHz, CDCl3) 

8.33 (1H, d, J 8.4, Ar), 7.15 (1H, dd, J 7.7; 1.7, Ar), 7.07 (1H, d, J 1.6, Ar), 6.95 (1H, dd, J 

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

d, J 6.5, H5 or H13), 3.60, (2H, d, J 7.3, H5 or H13), 2.21 

(1H, sept, J 6.8, H6 or H14), 2.09 (1H, sept, J 6.8, H6 or 

H14), 1.75 (2H, quint, J 6.5, H2 or H10), 1.68 (2H, quint, J 

6.8, H2 or H10), 1.54-1.34 (4H, m, H3 and H11), 1.26 (9H, 

s, H22-24 or H26-28), 1.19 (9H, s, H22-24 or H26-28), 

0.99-0.88 (18H, m, H4, H7, H8, H12, H15, and H16). δC 

(100 MHz, CDCl3) 172.6 (C17 or C19), 171.9 (C17 or 

C19), 156.1 (C18), 154.6 (C20 or C30), 154.6 (C20 or C30), 

151.1 (Ar), 145.7 (Ar), 140.8 (Ar), 138.6 (Ar), 130.8 (Ar), 127.6 (Ar), 125.2 (Ar), 123.3 

(Ar), 119.2 (Ar), 112.4 (Ar), 112.1 (Ar), 111.3 (Ar), 83.1 (C21 or C25), 82.9 (C21 or C25), 

68.4 (C1 or C9), 68.0 (C1 or C9), 55.5 (C5 or C13), 52.8 (C5 or C13), 31.2 (C2 or C10), 

31.0 (C2 or C10), 28.2 (C6 or C14), 28.2 (C6 or C14), 27.7 (C22-24 or C26-28), 27.4 (C22-

24 or C26-28), 20.4 (C7 and 8 or C15 and 16), 20.2 (C7 and 8 or C15 and 16), 19.3 (C3 or 

C11), 19.0 (C3 or C11), 13.8 (C4 or C12), 13.7 (C4 or C12). IR υmax 3374, 2960, 2934, 

1733, 1699, 1359. HRMS (ESI) found 777.4425 C41H62N4O9Na+ [M+Na]+ requires 

777.4409. 

 

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

isobutylbenzamide (4) 

Following the general procedure for N-Boc deprotection, 

benzoylurea 24 (73 mg, 0.097 mmol was stirred for 5 minutes at 

0 ºC and the residue purified via flash column chromatography 

(2:1 ether:petrol) to yield the title compound as a thick tan oil (41 

mg, 0.074 mmol, 76 %): δH (400 MHz, CDCl3) 11.16 (1H, s, 
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H20), 8.36 (1H, d, J 8.4, Ar), 7.45 (1H, d, J 1.7, Ar), 7.22 (1H, dd, J 8.4; 1.8, Ar), 7.03 (1H, 

dd, J 8.0; 1.7, Ar), 7.00 (1H, d, J 1.6, Ar), 6.66 (1H, d, J 8.0, Ar), 6.29 (1H, t, J 5.7, H21), 

4.22 (2H, s br, H22), 4.07 (2H, t, J 6.7, H1 or H9), 4.01 (2H, t, J 6.5, H1 or H9), 3.80 (2H, 

d, J 7.2, H5), 3.27 (2H, t, J 6.4, H13), 1.99 (1H, sept, J 6.8, H6), 1.95-1.75 (5H, m, H2, 

H10, H14), 1.50 (4H, dq, J 7.5; 2.3, H3 and H11), 1.01-0.93 (12H, m, H4, H12, H15-H16), 

0.80 (6H, d, J 6.7, H7-H8). δC (125 MHz, CDCl3) 175.6 (C17 or C19), 167.6 (C17 or C19), 

153.3 (C18), 148.5 (Ar), 146.2 (Ar), 140.5 (Ar), 131.6 (Ar), 129.9 (Ar), 124.9 (Ar), 122.8 

(Ar), 119.0 (Ar), 118.8 (Ar), 113.6 (Ar), 111.8 (Ar), 110.9 (Ar), 69.1 (C1 or C9), 68.7 (C1 

or C9), 55.4 (C5), 47.8 (C13), 31.7 (C2 or C10), 31.5 (C2 or C10), 29.1 (C14), 29.0 (C6), 

20.6 (C15-16), 20.4 (C7-8), 19.7 (C3 or C11), 19.5 (C3 or C11), 14.3 (C4 or C12), 14.2 (C4 

or C12). IR υmax 3487, 3351, 2959, 2935, 1702, 1520, 1359. HRMS (ESI) found 577.3352 

C31H46N4O5Na+ [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)carbamate (25) 

Benzoylurea 20 (92 mg, 0.12 mmol, 1 eq) was dissolved in 

DCM (2.5 mL) and methanol (0.5 mL) and cooled to -78 ºC. 

The solution was flushed with O2 for 5 minutes, then O3 was 

flushed into the solution until it turned a pale blue colour. 

The solution was flushed for 4 minutes with O2, then DMS 

(37 mg, 0.59 mmol, 5 eq) was added and the solution stirred 

at room temperature overnight. The solution was diluted 

with pH 7 buffer (20 mL) and extracted with DCM (3 x 20 

mL). The organic layers were combined, dried (Na2SO4), 

filtered, and solvent removed in vacuo to yield the title compound as a yellow oil (78 mg, 
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0.10 mmol, 85 %): δH (500 MHz, CDCl3) 9.83 (1H, s, H3 or H11), 9.74 (1H, s, H3 or H11), 

7.84 (1H, d, J 8.3, Ar), 7.41 (1H, s, Ar), 7.31 (1H, d, J 8.3, Ar), 7.15 (1H, s, Ar), 7.04 (1H, 

d, J 7.9, Ar), 6.65 (1H, d, J 7.6, Ar), 4.42 (2H, t, J 5.9, H1 or H9), 4.32 (2H, t, J 6.1, H1 or 

H9), 3.66-3.56 (4H, m, H5 and H13), 2.98 (2H, t, J 5.8, H2 or H10), 2.80 (2H, t, J 6.0, H2 

or H10), 2.19 (1H, sept, J 6.8, H6 or H14), 2.07 (1H, sept, J 6.8, H6 or H14), 1.30 (9H, s, 

H22-24 or H26-28), 1.18 (9H, s, H22-24 or H26-28), 0.96 (6H, d, J 6.6, H7 and H8 or H15 

or H16), 0.92 (6H, d, J 6.7, H7 and H8 or H15 or H16). δC (125 MHz, CDCl3) 199.4 (C3 or 

C11), 199.0 (C3 or C11), 172.5 (C17 or C19), 170.4 (C 17 or C19), 155.9 (C18), 154.3 

(C20 or 24), 154.2 (C20 or 24), 152.0 (Ar), 151.5 (Ar), 141.7 (Ar), 141.6 (Ar), 139.9 (Ar), 

130.4 (Ar), 127.8 (Ar), 125.7 (Ar), 120.8 (Ar), 120.6 (Ar), 115.4 (Ar), 112.4 (Ar), 84.8 

(C21 or C25), 83.7 (C21 or C25), 64.0 (C1 or C9), 63.0 (C1 or C9), 55.8 (C5 or C13), 53.3 

(C5 or C13), 43.2 (C2 or C10), 43.0 (C2 or C10), 28.8 (C6 or C14), 28.6 (C6 or C14), 28.1 

(C22-24 or C26-28), 27.9 (C22-24 or C26-28), 20.7 (C7 and 8 or C15 and 16), 20.6 (C7 and 

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

 

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

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

Bis-aldehyde 25 (37 mg, 0.047 mmol, 1.0 eq) was 

dissolved in MeOH (2 mL) and sodium borohydride (3 

mg, 0.075 mmol, 1.6 eq) was added. The solution was 

stirred for 40 minutes, after which time DCM (10 mL) 

and NH4Cl (10 mL) were added. The solution was 

extracted with DCM (3 x 10 mL), dried (Na2SO4), and 

purified via flash column chromatography (8:1 

ether:petrol) to yield the product as a colourless oil (13 
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mg, 0.016 mmol, 35 %): δH (500 MHz, CDCl3) 7.89 (1H, d, J 8.3, Ar), 7.48 (1H, s, Ar), 

7.33 (1H, d, J 8.3, Ar), 7.15 (1H, s, Ar), 7.02 (1H, dd, J 8.0; 1.2, Ar), 6.97 (1H, s, Ar), 4.30 

(2H, t, J 5.8, H1 or H9), 4.14 (2H, t, J 6.2, H1 or H9), 3.86 (2H, t, J 5.6, H3 or H11), 3.70 

(2H, t, J 5.8, H3 or H11), 3.65 (2H, s br, H5 or H13), 3.61 (2H, d, J 7.4, H5 or H13), 2.23 

(1H, sept, J 6.9, H6 or H14), 2.15-2.03 (3H, m, H6 or H14 and H2 or H10), 1.94 (2H, quint, 

J 6.0, H2 or H10), 1.35 (9H, s, H22-24 or H26-28), 1.20 (9H, s, H22-24 or H26-28), 0.98 

(6H, d, J 6.7, H7 and H8 or H15 or H16), 0.93 (6H, d, J 6.7, H7 and H8 or H15 or H16). δC 

(125 MHz, CDCl3) 172.7 (C17 or C19), 170.7 (C 17 or C19), 154.7 (C18), 154.3 (C20 or 

29), 154.5 (C20 or 29), 151.9 (Ar), 141.8 (Ar), 139.9 (Ar), 136.2 (Ar), 130.3 (Ar), 127.7 

(Ar), 126.0 (Ar), 125.9 (Ar), 120.4 (Ar), 120.0 (Ar), 115.0 (Ar), 112.3 (Ar), 84.7 (C21 or 

C25), 83.8 (C21 or C25), 67.9 (C1 or C9), 66.5 (C1 or C9), 59.9 (C3 or C11), 59.6 (C3 or 

C11), 55.8 (C5 or C13), 53.3 (C5 or C13), 32.1 (C2 or C10), 31.9 (C2 or C10), 28.8 (C6 or 

C14), 28.6 (C6 or C14), 28.2 (C22-24 or C26-28), 27.9 (C22-24 or C26-28), 20.7 (C7-8 or 

C15-16), 20.6 (C7-8 or C15-16). IR υmax 3452, 2958, 2873, 1735, 1669, 1335, 1149. HRMS 

(ESI) found 811.3747 C39H56N4O13Na+ [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 for N-Boc deprotection, diol 26 

(13 mg, 0.016 mmol) was stirred for 45 minutes and purified via 

flash column chromatography (100:3 DCM:MeOH) to yield the 

title compound as a yellow oil (3 mg, 5 mmol, 31 %): δH (500 

MHz, CDCl3) 11.48 (1H, s, H21), 8.35 (1H, d, J 8.4, Ar), 7.93 

(1H, d, J 8.3, Ar), 7.51 (1H, d, J 1.7, Ar), 7.25 (2H, s, Ar), 7.12 

(1H, dd, J 8.2; 1.5, Ar), 6.21 (1H, t, J 5.8, H20), 4.33 (2H, t, J 5.9, 
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H1 or H9), 4.28 (2H, t, J 5.9, H1 or H9), 3.93-3.87 (4H, m, H3 and H11), 3.66 (2H, d, J 7.1, 

H5), 3.29 (2H, t, J 6.4, H13), 2.17-2.08 (4H, m, H2 and H10), 1.98 (1H, quint, J 6.8, H6), 

1.91 (1H, quint, J 6.8, H14), 0.99 (6H, d, J 6.7, H15-16), 0.83 (6H, dd, J 6.6; 1.8, H7-8). δC 

(125 MHz, CDCl3) 173.0 (C17), 166.9 (C19), 152.1 (C18), 151.2 (Ar), 148.0 (Ar), 141.4 

(Ar), 140.4 (Ar), 130.4 (Ar), 130.3 (Ar), 126.2 (Ar), 118.9 (Ar), 118.7 (Ar), 118.5 (Ar), 

113.3 (Ar), 111.7 (Ar), 68.6 (C1 or C9), 66.2 (C1 or C9), 59.8 (C3 or C11), 59.5 (C3 or 

C11), 54.1 (C5), 47.4 (C13), 31.9 (C2 or C10), 31.5 (C2 or C10), 28.7 (C6 or C14), 28.6 

(C6 or C14), 20.1 (C7-8 or C15-16), 19.9 (C7-8 or C15-16). IR υmax 3343, 2960, 2873, 

1711, 1714, 1607, 1588 1525. HRMS (ESI) found 611.2690 C29H40N4O9Na+ [M+Na]+ 

requires 611.2687. 

 

3-Bromopropylamine-N,N-dicarboxylate (27) 

According to the procedure of Dutton et al,28 di-tert-butyl 

iminodicarboxylate (969 mg, 4.46 mmol, 1.0 eq) was dissolved 

in DMF (20 mL) and THF (20 mL). Sodium hydride (137 mg, 

4.57 mmol as 60 % dispersion in oil, 1.0 eq) was added and the 

mixture heated to 65 ºC. To the solution was added 1,3-dibromo propane (2 mL, 19.7 mmol, 

4.0 eq) and the mixture heated for 3 hours. After cooling to room temperature, water (30 

mL) and ether (30 mL) were added. The solution was washed with water (2 x 30 mL) and 

organic layer separated, washed with brine (20 mL), dried (MgSO4), concentrated, and 

purified via flash column chromatography (20:1 petrol:ether) to yield the title compound 

(0.925 g, 2.73 mmol, 61 %) as a colourless oil: δH (400 MHz, CDCl3) 3.70 (2H, t, J 7.1, 

H3), 3.38 (2H, t, J 6.6, H1), 2.12 (2H, quint, J 6.8, H2), 1.49 (18H, s, H7-9 and H11-13). δC 

(100 MHz, CDCl3) 152.4 (C4 and C5), 82.5 (C6 and C10), 45.2 (C3), 32.1 (C1), 30.5 (C2), 
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28.1 (C7-9 and C11-13). IR υmax 2980, 1790, 1697, 1394, 1367, 1134. Spectroscopic 

measurements agree with literature values.28 

 

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

According to the procedure of Trapella et al,29 3-bromo-propanol 

(1 mL, 11.44 mmol, 1.0 eq) was added to a stirred solution of tert-

butyl dimethychloro silane (2.24 g, 14.9 mmol, 1.3 eq) and imidazole (2.34 g, 34.3 mmol, 

3.0 eq) in THF (20 mL). The mixture was stirred for 24 hours before NH4Cl (40 mL) and 

ether (40 mL) were added. The mixture was extracted with ether (2 x 40 mL) and the 

organic layers combined, dried (MgSO4), filtered, and purified via flash column 

chromatography (9:1 petrol:ethyl acetate) to yield the title compound (1.26 g, 5.0 mmol, 44 

%) as a colourless oil: δH (400 MHz, CDCl3) 3.74 (2H, t, J 5.7, H1), 3.53 (2H, t, J 6.5, H3), 

2.04 (2H, quint, J 6.0, H2), 0.91 (9H, s, H7-9), 0.08 (6H, s, H4-5). δC (100 MHz, CDCl3) 

60.4 (C1), 35.5 (C3), 30.7 (C2), 25.9 (C7-9), 18.3 (C6), -5.4 (C4-5). IR υmax 2930, 1257, 

1103, 836, 777. Spectroscopic measurements agreed with literature values.29 

 

3-(Bis(tert-butoxycarbonyl)amino)propoxy)(tert-butyl)dimethylsilane (29) 

Di-tert-butyl iminodicarboxylate (215 mg, 0.99 mmol, 

1.25 eq) was dissolved in DMF (5 mL) and THF (5 

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

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

heated to 65 ºC. Protected alcohol 28 (200 mg, 0.79 mmol, 1.0 eq) was added to the solution 

and the mixture heated for 4 hours. After cooling to room temperature, water (20 mL) and 

ether (20 mL) were added. The solution was washed with water (2 x 30 mL) and organic 

layer separated, washed with brine (20 mL), dried (MgSO4), concentrated, and purified via 
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flash column chromatography (12:1 petrol:ether) to yield the title compound (183 mg, 0.47 

mmol, 59 %) as a colourless oil: δH (400 MHz, CDCl3) 3.67-3.61 (4H, m, H1 and H3), 1.80 

(2H, quint, J 7.2, H2), 1.51 (18H, s, H13-15 and H17-19), 0.90 (9H, s, H7-9), 0.05 (6H, s, 

H4-5). δC (100 MHz, CDCl3) 152.5 (C10 and C11), 82.0 (C12 and C16), 61.1 (C1), 44.1 

(C3), 32.4 (C2), 28.1 (C13-15 and C17-19), 25.9 (C7-9), 18.3 (C6), -5.4 (C4-5). IR υmax 

2931, 1748, 1699, 1393, 1160. HRMS (ESI) found 412.2495 C19H39NO5SiNa+ [M+Na]+ 

requires 412.2490. 

 

tert-Butyl (3-((tert-butoxycarbonyl)oxy)propyl)carbamate (30) 

Protected alchohol 29 (100 mg, 0. 26 mmol, 1.0 

equiv) was added to a solution of tetra-n-

butylammonium fluoride (1.0 M solution in THF, 0.28 

mL, 0.28 mmol, 1.1 equiv) in THF (1 mL). The solution was stirred overnight, after which 

time it was concentrated and purified via flash column chromatograpy (4:1 petrol: ethyl 

acetate) to yield the title compound (91 mg, 0.35 mmol, 25 %) as a yellow oil: δH (400 

MHz, CDCl3) 4.73 (1H, s br, H14), 4.12 (2H, t, J 6.2, H1), 3.20 (2H, d, J 5.9, H3), 1.84 

(2H, quint, J 6.4, H2), 1.48 (9H, s, H6-8 or H11-13), 1.43 (9H, s, H6-8 or H11-13). δC (100 

MHz, CDCl3) 155.9 (C4 or C9), 153.6 (C4 or C9), 82.1 (C5 or C10), 79.2 (C5 or C10), 64.4 

(C1), 37.2 (C3), 29.7 (C2), 28.3 (C6-8 or C11-13), 27.7 (C6-8 or C11-13). IR υmax 3371, 

2943, 2853, 1743, 1519, 1368, 1280. HRMS (ESI) found 298.1631 C13H25NO5Na+ 

[M+Na]+ requires 298.1625. 

 

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

Adapting the procedure of Boger et al,27 3-fluoro-4-nitrobenzoic 

acid 6 (1.00 g, 5.4 mmol, 1.0 eq) was dissolved in THF (40 mL) and  
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cooled to 0 ºC. Sodium hydride (670 mg, 16.7 mmol, 3.1 eq) was added in portions and the 

mixture stirred for 5 minutes before 3-bromo-1-propanol (1.5 g, 10.8 mmol, 2 eq) was 

added over 3 hours by syringe pump. The reaction was then warmed to room temperature 

and stirred overnight, before being diluted with EtOAc (100 mL). HCl (1M, 60 mL) was 

added, and the mixture was washed with HCl (0.5 M, 20 mL x 3). The organic layer was 

collected, dried (MgSO4), filtered, and concentrated, and the product purified via flash 

column chromatography (3:2 Pet:EtOAc + 1 % AcOH) to yield the title compound as a pale 

yellow solid (1.44 g, 4.7 mmol, 87 %): MP 124-127. δH (400 MHz, MeOD) 7.87-7.82 (2H, 

m, Ar), 7.72 (1H, dd, J 8.3; 1.6, Ar), 4.32 (2H, t, J 5.7, H1), 3.66 (2H, t, J 6.4, H3), 2.35 

(2H, quint, J 6.1, H2). δC (100 MHz, MeOD) 166.5 (C4), 151.6 (Ar), 136.0 (Ar), 132.3 (Ar), 

125.0 (Ar), 121.8 (Ar), 115.7 (Ar), 67.4 (C1), 32.2 (C2), 29.2 (C3). IR υmax 2960, 2886, 

2605, 1726, 1688, 1525, 1304, 1251, 743. HRMS (ESI) found 301.9677, 303.9659 

C10H9BrNO5
- [M-H] - requires 301.9670, 303.9650. 

 

3-(3-(Bis(tert-butoxycarbonyl)amino)propoxy-4-nitrobenzoic acid (31) 

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

eq) was added to a solution of sodium hydride (72 mg, 3 

mmol, 1.1 eq) in DMF (10 mL) and the mixture heated to 

65 ºC. Alkyl bromide acid 32 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 was stirred for 5 minutes then added via 

syringe to the heated solution containing the di-tert-butyl iminodicarboxylate. The mixture 

was stirred overnight at 65 ºC before being allowed to cool to room temperature. The 

mixture was diluted with EtOAc, washed with HCl (0.2 M, 10mL x 3), and the organic 

layer dried (Na2SO4), filtered, concentrated, and purified via flash column chromatography 
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(3:2 EtOAc:petrol + 1 % AcOH) to yield the title compound as a viscous yellow oil (1.08 g, 

2.45 mmol, 92 %): δH (400 MHz, MeOD) 7.87-7.80 (2H, m, Ar), 7.71 (1H, t, J 7.7, Ar), 

4.25 (2H, t, J 5.8, H1), 3.81 (2H, t, J 6.9, H3), 2.11 (2H, quint, J 6.2, H2), 1.48 (18H, s, H7-

9, H11-13). δC (100 MHz, MeOD) 166.6 (C14), 153.0 (Ar), 151.7 (C4 and C5), 143.0 (Ar), 

135.8 (Ar), 125.0 (Ar), 121.7 (Ar), 115.5 (Ar), 82.9 (C6 and C10), 67.8 (C1), 43.9 (C3), 

28.7 (C2), 27.3 (C7-9, C11-13). IR υmax 3300, 2980, 1785, 1704, 1493, 1367, 1254, 1099. 

HRMS (ESI) found 439.1703 C20H27N2O9
- [M-H] - requires 439.1722. 

3.14.9. General Procedure II for Amidation 

DIPEA (2.5 eq) was added dropwise to a solution of a carboxylic acid (1.0 eq) in DCM. 

Mukaiyama’s reagent (2-chloro-1-methylpyridinium iodide, 1.2 eq) was added to the 

mixture and the reaction heated to 40 ºC for 30 minutes. Amine (1.1 eq) was then added and 

the reaction stirred for 20 hours at 40 ºC. The solution was diluted with NH4Cl (10 mL/100 

mg) and DCM (10 mL/100 mg) and extracted with DCM (3 x 10 mL/100 mg). The organic 

layers were combined, dried (Na2SO4), filtered, and purified via flash column 

chromatography. 

3-(3-(Bis(tert-butoxycarbonyl)amino)propoxy- N-isobutyl-4-nitrobenzamide (33) 

Following the general procedure II for amidation, di-Boc 

acid 31 (960 mg, 2.18 mmol) was coupled with isobutyl 

amine (207 mg, 2.83 mmol, 1.3 eq) and purified (3:2 

petrol:ether) to yield the title compound as a pale oil (729 

mg, 1.47 mmol, 67 %): δH (400 MHz, CDCl3) 7.82 (1H, d, 

J 8.3, Ar), 7.56 (1H, d, J 1.4, Ar), 7.29 (1H, dd, J 8.3; 1.5, Ar), 6.44 (1H, t, J 5.3, H19), 4.20 

(2H, t, J 6.1, H1), 3.79 (2H, t, J 7.1, H3), 3.28 (2H, t, J 6.7, H15), 2.11 (2H, quint, J 6.3, 

H2), 1.91 (1H, sept, J 6.7, H16), 1.47 (18H, s, H7-9 and H11-13), 0.97 (6H, d, J 6.7, H17 

and H18).  δC (100 MHz, CDCl3) 165.5 (C14), 152.5 (C4 and C5), 152.3 (Ar), 141.3 (Ar), 
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140.0 (Ar), 125.6 (Ar), 117.8 (Ar), 114.0 (Ar), 82.5 (C6 and C10), 67.8 (C1), 47.6 (C15), 

43.6 (C3), 28.6 (C2), 28.5 (C16), 28.0 (C7-9, C11-13), 20.1 (C17 and C18). IR υmax 3337, 

3084, 2963, 1772, 1645, 1528, 1366, 1110. HRMS (ESI) found 518.2473 C24H37N3O8Na+ 

[M+Na]+ requires 518.2473. 

 

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

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

Following the general procedure for benzoylurea 

formation, amide 33 (521 mg, 1.05 mmol) was reacted 

with isocyanate 17 (429 mg, 1.03 mmol) and purified 

(1:1 petrol:ether) to yield the title compound as a 

viscous orange oil (835 mg, 0.89 mmol, 86 %): δH (500 

MHz, CDCl3) 11.61 (1H, s, H33), 8.37 (1H, d, J 8.3, 

Ar), 7.91 (1H, d, J 8.3, Ar), 7.21-7.14 (3H, m, Ar), 7.11 

(1H, dd, J 8.2; 1.4, Ar), 4.18 (4H, t, J 5.8, H1 and H20), 

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, J 6.8, H16 or H25), 1.49 (18H, s, H7-9 and H11-13), 1.26 (9H, s, H30-32), 

0.97 (6H, d, J 6.8, H17 and H18 or H26 and H27), 0.82 (6H, d, J 6.7, H17 and H18 or H26 

and H27). δC (125 MHz, CDCl3) 173.2 (C14 or C23), 172.7 (C14 or C23), 154.2 (C19), 

152.6 (C4 and C5 or C28), 152.5 (C4 and C5 or C28), 152.4 (Ar), 151.1 (Ar), 147.3 (Ar), 

141.1 (Ar), 140.7 (Ar), 132.8 (Ar), 130.4 (Ar), 125.9 (Ar), 121.2 (Ar), 118.6 (Ar), 113.3 

(Ar), 110.4 (Ar), 82.7 (C29), 82.5 (C6 and C10), 68.1 (C1 or C20), 65.4 (C1 or C20), 54.1 

(C15 or C24), 53.0 (C15 or C24), 48.0 (C22), 43.5 (C3), 28.7 (C16 or C25), 28.6 (C2 and 

C21), 28.3 (C16 or C25), 28.0 (C7-9 and C11-13), 27.5 (C30-32), 20.2 (C17 and C18 or 

O
23
N

N

O
14
N

19

NO2

O
O

O

24

25

27

26

15

16

18

17

20

21

22

1

2

3

H33

N3

28
OO

29

30 32
31

N
4

5

O

O O

O
6

7

8

9

10

11 12

13



 117 

C26 and C27), 19.9 (C17 and C18 or C26 and C27). IR υmax 3223, 2964, 2099, 1716, 1531, 

1367, 1333, 1148, 1039. HRMS (ESI) found 935.4472 C44H64N8O13Na+ [M+Na]+ requires 

935.4485. 

 

tert-Butyl(4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)-3-

isobutylureido)-3-(3-aminopropoxy)benzoyl)(isobutyl)carbamate (35) 

Following the general procedure for catalytic 

hydrogenation, benzoylurea 34 (181 mg, 0.19 mmol) 

was hydrogenated to yield the title compound as a tan 

oil (162 mg, 0.19 mmol, quant), which was used for 

subsequent reactions without further purification: δH 

(500 MHz, CDCl3) 11.43 (1H, s, H35), 8.35 (1H, d, J 

8.4, Ar), 7.18-7.10 (2H, m, Ar), 7.01 (1H, d, J 8.0, Ar), 

6.95 (1H, s, Ar), 6.64 (1H, d, J 8.0, Ar), 4.31 (1H, s br, 

H33), 4.14 (2H, t J 6.0, H20), 4.06 (2H, t, J 5.7, H1), 

3.83 (2H, t, J 6.5, H3), 3.78 (2H, d, J 8.0, H15 or 24), 

3.61 (2H, d, J 7.3, H15 or 24), 2.95 (2H, t, J 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, s, H30-32), 0.95 (6H, d, J 6.7, H17 and 

H18 or H26 and H27), 0.77 (6H, d, J 6.6, H17 and H18 or H26 and H27). δC (125 MHz, 

CDCl3) 176.0 (C14 or C23), 173.5 (C14 or C23), 154.8 (C19), 153.1 (C4 and C5 or C28), 

153.2 (C4 and C5 or C28), 147.9 (Ar), 146.0 (Ar), 140.7 (Ar), 132.5 (Ar), 131.8 (Ar), 124.7 

(Ar), 123.0 (Ar), 121.6 (Ar), 118.7 (Ar), 113.7 (Ar), 111.5 (Ar), 111.0 (Ar), 83.1 (C29 or 

C6 and C10), 82.5 (C29 or C6 and C10), 67.3 (C20), 66.8 (C1), 55.6 (C15 or C24), 53.4 

(C15 or C24), 44.3 (C3), 39.5 (C22), 33.3 (C21), 30.8 (C2), 29.0 (C16 or 25), 28.8 (C16 or 

C25), 28.5 (C7-9 and C11-13), 28.0 (C30-32), 20.7 (C17 and C18 or C26 and C27), 20.4 
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(C17 and C18 or C26 and C27). IR υmax 3371, 2962, 1729, 1529, 1368, 1233, 1125. HRMS 

(ESI) found 857.5023 C44H69N6O11
+ [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 to a solution of a primary 

amine (1 eq) in DCM. The reaction was stirred for 40 hours before water (10 mL/100 mg) 

and DCM (10 mL/100 mg) were added. The mixture was extracted with DCM (2 x 10 

mL/100 mg), dried (MgSO4), filtered, and purified via flash column chromatography. 

 

tert-Butyl(4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)-3-

isobutylureido)-3-(3-((2,2,10,10-tetramethyl-4,8-dioxo-3,9-dioxa-5,7-diazaundecan-6-

yl)amino)propoxy)benzoyl)(isobutyl)carbamate (36) 

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

(65 mg, 0.21 mmol, 1.1 equiv) was added to a stirred 

solution of amine 35 (162 mg, 0.19 mmol, 1.0 eq) in 

DCM (3 mL). The reaction was stirred overnight, 

before water (10 mL) and DCM (10 mL) were added. 

The mixture was washed with DCM (3 x 10 mL), 

dried (MgSO4) and purified via flash column 

chromatography (3:2 petrol:ether) to yield the title 

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, 1.2 eq) and 

palladium on activated carbon (210 mg, 5 % Pd by mass) were added to a stirred solution of 

benzoylurea 35 (420 mg, 0.46 mmol, 1.0 eq) in EtOAc (20 mL). The solution was flushed 

three times with hydrogen gas then allowed to stir under an atmosphere of hydrogen for 69 
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hours. The solution was filtered through Celite®  with EtOAc (200 mL), concentrated, and 

purified via flash column chromatography (1:1 ether:petrol) to yield the title compound as a 

white foam (442 mg, 0.40 mmol, 87 %). 

 δH (500 MHz, CDCl3) 11.48 (1H, s, H33 or H41), 11.43 (1H, s, H33 or H41), 8.46 (1H, t, J 

5.2, H34), 8.37 (1H, d, J 8.8, Ar), 7.17-7.13 (2H, m, Ar), 7.05 (1H, dd, J 8.2; 1.6, Ar), 6.94 

(1H, d, J 1.6, Ar), 6.66 (1H, d, J 8.2, Ar), 4.31 (2H, s br, H47), 4.11 (2H, t, J 6.2, H20), 4.07 

(2H, t, J 5.8, H1), 3.83 (2H, t, J 6.8, H3), 3.78 (2H, d, J 7.2, H15), 3.70 (2H, qt, J 6.4, H22), 

3.62 (2H, d, J 7.4, H24), 2.19 (2H, quint, J 6.5, H21), 2.15-2.06 (3H, m, H2 and H25), 1.97 

(1H, sept, J 6.8, H16), 1.49 (9H, s, H30-23, or H38-40, or H44-46), 1.48 (18H, s, H7-9 and 

H11-13), 1.46 (9H, s, H30-32, or H38-40, or H44-46), 1.21 (9H, s, H30-32, or H38-40, or 

H44-46), 0.95 (6H, d, J 6.8, H26-27), 0.78 (6H, d, J 6.7, H17-H18). δC (125 MHz, CDCl3) 

175.5 (C23), 173.0 (C14), 163.5 (C35), 156.3 (C36 and C42), 154.3 (C19), 153.1 (C28), 

152.6 (C4 and C5), 147.3 (Ar), 145.5 (Ar), 140.3 (Ar), 135.7 (Ar), 132.1 (Ar), 131.3 (Ar), 

122.7 (Ar), 121.3 (Ar), 118.1 (Ar), 113.3 (Ar), 111.1 (Ar), 110.5 (Ar), 83.0 (C6 and C10 or 

C29 or C37 and C43), 82.6 (C6 and C10 or C29 or C37 and C43), 82.4 (C4 C6 and C10 or 

C29 or C37 and C43), 66.3 (C20), 66.2 (C1), 55.1 (C15), 53.0 (C24), 43.8 (C3), 37.6 (C22), 

29.3 (C2), 28.8 (C21), 28.7 (C25), 28.5 (C16), 28.3 (C30-32 or C38-40 or C44-46), 28.3 

(C30-32 or C38-40 or C44-46), 28.0 (C7-9 and C11-13), 27.5 (C30-32 or C38-40 or C44-

46), 20.2 (C26-27), 19.9 (C17-18). IR υmax 3366, 2963, 1724, 1639, 1619, 1368, 1330, 

1133. HRMS (ESI) found 1099.6287 C55H87N8O15
+ [M+H] + requires 1099.6285. 

 

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

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

aminium•2 TFA (1) 
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Following the general procedure for N-boc deprotection, 

protected benzoylurea 36 (79 mg, 0.081 mmol) was stirred 

for 1 hour in TFA to yield a brown oil (81 mg). A small 

amount was purified via semi-preparative HPLC (35 % 

MeCN to 95 % MeCN over 40 minutes) to yield the title 

compound (18 mg, 0.03 mmol) as a pale yellow oil: δH 

(500 MHz, MeOD) 8.32 (1H, d, J 8.4, Ar), 7.52 (1H, d, J 

1.5, Ar), 7.50 (1H, dd, J 8.2; 1.8, Ar), 7.13 (1H, dd, J 8.0; 

1.4, Ar), 7.10 (1H, d, J 1.5, Ar), 6.86 (1H, d, J 8.1, Ar), 4.24 (2H, t, J 5.4, H9), 4.19 (2H, t, 

J 5.5, H1),  3.85 (2H, d, J 7.2, H5), 3.58 (2H, t, J 7.1, H11), 3.26-3.19 (4H, m, H3 and 

H13), 2.26-2.15 (4H, m, H2 and H10), 1.92.010-1.91 (2H, m, H6 and H14), 0.99 (6H, d, J 

6.7, H 15-16), 0.83 (6H, d, J 6.7, H7-8). δC (125 MHz, MeOD) 176.6 (C17), 168.6 (C19), 

161.0 (q, J 36, F3CCO2), 157.7 (C20), 153.0 (C18), 148.0 (Ar), 145.8 (Ar), 141.2 (Ar), 

131.0 (Ar), 129.9 (Ar), 124.0 (Ar), 123.3 (Ar), 120.2 (Ar), 119.0 (Ar), 114.1 (Ar), 111.4 

(Ar), 110.3 (Ar), 65.8 (C1 and C9), 55.2 (C5), 47.5 (C13), 38.5 (C11), 37.5 (C3),  28.8 

(C10), 28.7 (C6 and C14), 27.4 (C2), 19.6 (C15-16), 19.2 (C7-8). IR υmax 3360, 3191, 2962, 

1673, 1631, 1527, 1193, 1137. HRMS (ESI) found 599.3668 C30H47N8O5
+ [M+H] + requires 

599.3664.  

 

tert-Butyl 3-(3-azidopropoxy)-4-nitrobenzoate (44) 

Carboxylic acid 7 (1.4 g, 5.26 mmol, 1.0 eq) was dissolved in DCM 

(30 mL) and cooled to 0 ºC and DMAP (96 mg, 0.79 mmol, 0.15 

eq), tert-butanol (2 mL, 21 mmol, 4.0 eq), and N,N'-

dicyclohexylcarbodiimide (1.25 g, 6 mmol, 1.15 eq) were added. 

The mixture was warmed to room temperature and stirred for 68 hours before 10 % NaOH 
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(100 mL) and DCM (100 mL) were added. The organic layer was washed with water (2 x 

100 mL) and brine (1 x 100 mL), then dried (MgSO4) and purified via flash column 

chromatography (10:1 petrol:ether) to yield the title compound as a yellow solid (952 mg, 

2.95 mmol, 56 %): MP 74-75. δH (400 MHz, CDCl3) 7.78 (1H, d, J 8.36, Ar), 7.67 (1H, d, J 

1.3, Ar), 7.60 (1H, dd, J 8.3; 1.5, Ar), 4.23 (2H, t, J 5.8, H1),  3.65 (1H, t, J 6.5, H3), 2.07 

(2H, quint, J 6.1, H2), 1.58 (9H, s, H 6-8). δC (100 MHz, CDCl3) 163.6 (C4), 151.5 (Ar), 

142.0 (Ar), 136.9 (Ar), 125.2 (Ar), 121.4 (Ar), 115.3 (Ar), 82.5 (C5), 66.1 (C1), 47.7 (C3), 

28.4 (C2), 28.0 (C6-8). IR υmax 3113, 3079, 2986, 2086, 1719, 1611, 1521, 1249. HRMS 

(ESI) found 345.1163 C14H18N4O5Na+ [M+Na]+ requires 345.1169. 

 

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

Following the general procedure I for amidation, azido benzoic acid 

7 (470 mg, 1.77 mmol, 1 eq) was coupled to isopropyl amine (125 

mg, 2.12 mol, 1.3 eq) and purified (1:1 ether:petrol) to yield the title 

compound as a yellow oil (294 mg, 0.96 mmol, 54 %): δH (400 

MHz, CDCl3) 7.82 (1H, d, J 7.6, Ar), 7.57 (1H, d, J 1.8, Ar), 7.27 (1H, dd, J 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, t, J 5.1, H3), 2.08 (2H, 

quint, J 6.1, H2), 1.26 (6H, d, J 6.6, H6-7). δC (100 MHz, CDCl3) 164.6 (C4), 152.1 (Ar), 

141.1 (Ar), 140.3 (Ar), 125.7 (Ar), 117.9 (Ar), 114.0 (Ar), 66.2 (C1), 47.7 (C3), 42.5 (C5), 

28.4 (C2), 22.7(C7-8). IR υmax 3295, 3078, 2973, 2097, 1638, 1587, 1286. HRMS (ESI) 

found 330.1162 C13H17N5O4Na+ [M+Na]+ requires 330.1173. 

 

3-(3-Azidopropoxy)-N-methyl-4-nitrobenzamide (46) 

Following the general procedure I for amidation, azido benzoic acid 7 (1.08 g, 4.83 mmol, 

1.0 eq) was coupled to methyl amine (2M in THF, 6.13 mol, 1.5 eq) and purified (2 % 
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MeOH in DCM) to yield the title compound as a viscous orange oil 

(1.09 g, 4.64 mmol, 96 %): δH (400 MHz, CDCl3) 8.08 (1H, d, J 8.1, 

Ar), 7.59 (1H, d, J 1.3, Ar), 7.28 (1H, dd, J 8.3; 1.3, Ar), 6.41 (1H, 

br s, H6), 4.25 (2H, t, J 5.8, H1), 3.57 (2H, t, J 6.3, H3), 3.03 (3H, d, 

J 4.5, H5), 2.09 (2H, quint, J 6.1, H2). δC (100 MHz, CDCl3) 163.2 (C4), 152.1 (Ar), 141.2 

(Ar), 139.7 (Ar), 125.8 (Ar), 117.9 (Ar), 114.0 (Ar), 66.2 (C1), 47.7 (C3), 48.0 (C6), 28.4 

(C5), 27.1 (C2). IR υmax 3315, 3087, 2945, 2100, 1650, 1524, 1255. HRMS (ESI) found 

302.0855 C11H13N5O4Na+ [M+Na]+ requires 302.0860. 

 

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

Following the general procedure I for amidation, azido benzoic acid 

7 (800 mg, 3.0 mmol) was coupled to cyclopropylmethyl amine 

(0.31 mL, 3.60 mmol) and purified (1:1 ether:petrol) to yield the 

title compound as an orange oil (775 mg, 2.43 mmol, 81 %): δH (400 

MHz, CDCl3) 7.74 (1H, d, J 8.3, Ar), 7.53 (1H, s, Ar), 7.33 (1H, d, J 8.4, Ar), 7.09 (1H, t, J 

5.3, H9), 4.14 (2H, t, J 5.8, H1), 3.48 (2H, t, J 6.4, H3), 3.22 (2H, dd, J 6.7, 5.9, H5), 1.99 

(2H, quint, J 6.1, H2), 1.04-0.94 (1H, m, H6), 0.47 (2H, dd, J 13.2; 5.2, H7-8). 0.19 (2H, 

dd, J 10.3; 4.9, H7-8). δC (100 MHz, CDCl3) 165.5 (C4), 151.9 (Ar), 140.9 (Ar), 140.1 (Ar), 

125.5 (Ar), 118.4 (Ar), 113.8 (Ar), 66.2 (C1), 47.7 (C3), 45.2 (C5), 28.3 (C2), 10.6 (C6), 

3.5 (C7-8). IR υmax 3307, 2970, 2098, 1739, 1523, 1352, 1230 cm-1. HRMS (ESI) found 

342.1162 C14H17N5O4Na+ [M+Na]+ requires 342.1173. 
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tert-Butyl (3-(3-azidopropoxy)-4-nitrobenzoyl)(isopropyl)carbamate (48) 

Following the general procedure for the Boc protection of amides, 

the azide 45 (424 mg, 1.41 mmol, 1 eq) was stirred for 5 days and 

purified (1:1 ether:petrol) to yield the title compound as a yellow oil 

(150 mg, 0.37 mmol, 26 %): δH (100 MHz, CDCl3) 7.81 (1H, d, J 

8.3, Ar), 7.23 (1H, d, J 1.4, Ar), 7.09 (1H, dd, J 8.3; 1.5, Ar), 4.68 

(1H, sept, J 6.9, H5), 4.18 (2H, t, J 5.8, H1), 3.54 (2H, t, J 6.4, H3), 2.05 (2H, quint, J 6.1, 

H2), 1.39 (6H, d, J 6.9, H6 and H7), 1.19 (9H, s, H10-12). δC (100 MHz, CDCl3) 171.0 

(C4), 152.8 (C8), 152.0 (Ar), 143.8 (Ar), 140.7 (Ar), 125.4 (Ar), 118.8 (Ar), 113.3 (Ar), 

84.7 (C9), 66.2 (C1), 49.0 (C5), 47.6 (C3), 28.4 (C2), 28.1 (C10-C12), 20.3 (C6 and C7). IR 

υmax 2975, 2098, 1732, 1675, 1238, 1120. HRMS (ESI) found 430.1684 C18H25N5O6Na+ 

[M+Na]+ requires 430.1697. 

 

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

Following the general procedure for the Boc protection of amides, 

the azide 46 (1.09 g, 3.90 mmol) was stirred for 3 days and purified 

(5:2 petrol:ether) to yield the title compound as a yellow oil (1.07 g, 

2.85 mmol, 73 %): δH (400 MHz, CDCl3) 7.83 (1H, d, J 8.3, Ar), 

7.17 (1H, d, J 1.3, Ar), 7.07 (1H, dd, J 8.3; 1.5, Ar), 4.18 (2H, t, J 

5.8, H1), 3.55 (2H, t, J 6.4, H3), 3.28 (3H, s, H5), 2.06 (1H, sept, J 6.1, H2), 1.23 (9H, s, 

H8-10). δC (100 MHz, CDCl3) 171.1 (C4), 152.8 (C6), 151.9 (Ar), 143.3 (Ar), 140.4 (Ar), 

125.3 (Ar), 118.9 (Ar), 113.2 (Ar), 84.1 (C7), 66.2 (C1), 47.7 (C3), 32.4 (C5), 28.4 (C2), 

27.5 (C8-C10). IR υmax 2979, 2100, 1735, 1673, 1301, 1145. HRMS (ESI) found 402.1368 

C16H21N5O6Na+ [M+Na]+ requires 402.1384. 
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tert-Butyl (3-(3-azidopropoxy)-4-nitrobenzoyl)(cyclopropylmethyl)carbamate (50) 

Following the general procedure for the Boc protection of amides, 

the azide 47  (881 mg, 2.43 mmol) was stirred for 5 days and 

purified (5:1 petrol:ether) to yield the title compound as a viscous 

yellow oil (881 mg, 2.10 mmol, 86 %.): δH (400 MHz, CDCl3) 7.79 

(1H, d, J 8.3, Ar), 7.18 (1H, s, Ar), 7.05 (1H, d, J 8.3, Ar), 4.16 

(2H, t, J 5.8, H1), 3.62 (2H, d, J 7.2, H5), 3.50 (2H, t, J 6.4, H3), 

2.02 (2H, quint, J 6.0, H2), 1.21-1.09 (1H, m, H6), 1.19 (9H, s, H11-13), 0.45 (2H, dd, J 

12.6; 5.7, H7-8), 0.30 (2H, dd, J 10.2; 4.9, H7-8). δC (100 MHz, CDCl3) 171.0 (C4), 153.0 

(C9), 151.9 (Ar), 143.6 (Ar), 140.4 (Ar), 125.3 (Ar), 118.7 (Ar), 113.2 (Ar), 83.7 (C10), 

66.2 (C1), 50.0 (C5), 47.6 (C3), 28.3 (C2). 27.4 (C11-13), 10.55 (C6), 3.52 (C7-8). IR υmax 

2979, 2881, 2098, 1732, 1672, 1524, 1344. HRMS (ESI) found 442.1679, C19H25N5O6Na+ 

[M+Na]+ requires 442.1697. 

 

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

Following the general procedure for nitro reduction, the aromatic 

nitro compound 44 (952 mg, 2.95 mmol) was reduced and purified 

(3:2 petrol:ether) to yield the title compound as a colorless oil (560 

mg, 1.92 mmol, 65 %): δH (250 MHz, CDCl3) 7.48 (1H, dd, J 8.1; 

1.7, Ar), 7.40 (1H, d, J 1.7, Ar), 6.62 (1H, d, J 8.2, Ar), 4.24 (2H, br s, H9), 4.08 (2H, t, J 

6.0, H1), 3.46 (2H, t, J 6.6, H3), 2.04 (2H, quint, J 6.3, H2), 1.55 (9H, s, H6-8). δC (62.5 

MHz, CDCl3) 166.6 (C4), 145.4 (Ar), 141.4 (Ar), 124.5 (Ar), 121.7 (Ar), 113.7 (Ar), 112.6 

(Ar), 80.6 (C5), 65.3 (C1), 48.8 (C3), 29.0 (C2), 28.7 (C6-8). IR υmax 3488, 3369, 2976, 

2932, 2098, 1691, 1617, 1297. HRMS (ESI) found 315.1425 C14H20N4O3Na+ [M+Na]+ 

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

Following the general procedure for nitro reduction, azide 48 (232 

mg, 0.57 mmol) was reduced and purified (3:2 pet:ether) to yield the 

title compound as a yellow oil (116 mg, 0.30 mmol, 52 %): δH (400 

MHz, CDCl3) 7.10 (1H, s, Ar), 7.06 (1H, dd, J 8.1, 1.7, Ar), 6.59 

(1H, d, J 8.1, Ar), 4.51 (1H, sept, J 6.8, H5), 4.07 (2H, t, J 6.6, H1), 

3.47 (2H, t, J 6.6, H3), 2.04 (2H, quint, J 6.3, H2), 2.00 (2H, br s, 

H13), 1.35 (6H, d, J 6.8, H6-7), 1.18 (9H, s, H10-12). δC (100 MHz, CDCl3) 173.5 (C4), 

153.8 (C8), 145.1 (Ar), 140.6 (Ar), 127.4 (Ar), 123.1 (Ar), 112.9 (Ar), 111.4 (Ar), 81.8 

(C9), 65.1 (C1), 49.0 (C5), 48.3 (C3), 28.6 (C2), 27.6 (C10-12), 20.6 (C6-7). IR υmax 3372, 

2974, 2880, 2097, 1716, 1663, 1244. HRMS (ESI) found 400.1946, C18H27N5O4Na+ 

[M+Na]+ requires 400.1955. 

 

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

Following the general procedure for nitro reduction, azide 49 (462 

mg, 1.22 mmol) was reduced and purified (3:2 ether:petrol) to yield 

the title compound as a tan oil (392 mg, 1.12 mmol, 92 %): δH (400 

MHz, CDCl3) 7.06-7.00 (2H, m, Ar), 6.59 (1H, d, J 8.0, Ar), 4.51 

(1H, sept, J 6.8, H5), 4.16 (2H, br s, H11), 4.06 (2H, t, J 6.0, H1), 

3.46 (2H, t, J 6.6, H3), 3.21 (3H, s, H5), 2.04 (2H, quint, J 6.3, H2), 

1.22 (9H, s, H8-10). δC (100 MHz, CDCl3) 173.5 (C4), 154.1 (C6), 145.0 (Ar), 140.4 (Ar), 

126.2 (Ar), 123.2 (Ar), 112.9 (Ar), 111.6 (Ar), 82.3 (C7), 65.2 (C1), 48.3 (C3), 33.0 (C5), 

28.6 (C2), 27.6 (C8-10). IR υmax 3483, 3370, 2977, 2097, 1717, 1614, 1138. HRMS (ESI) 

found 372.1627, C16H23N5O4Na+ [M+Na]+ requires 372.1642. 
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tert-Butyl (4-amino-3-(3-azidopropoxy)benzoyl)(cyclopropylmethyl)carbamate (54) 

Following the general procedure for nitro reduction, azide 50 (881 

mg, 2.10 mmol) was reduced and purified (1:1 petrol:ether) to yield 

the title compound as an orange oil (742 mg, 1.91 mmol, 91 %): δH 

(400 MHz, CDCl3) 7.10 (1H, s, Ar), 7.06 (1H, dd, J 8.0, 1.7, Ar), 

6.62 (1H, dd, J 8.0, 3.7, Ar), 4.21 (2H, br s, H14), 4.09 (2H, t, J 6.0, 

H1), 3.61 (2H, d, J 7.1, H5), 3.48 (2H, t, J 6.6, H3), 2.06 (2H, quint, 

J 6.3, H2), 1.27-1.21 (10H, m, H6 and H11-13), 0.45 (2H, dd, J 13.9; 4.5, H7-8), 0.30 (2H, 

dd, J 10.4; 4.8, H7-8). δC (100 MHz, CDCl3) 173.5 (C4), 154.4 (C9), 145.1 (Ar), 140.3 (Ar), 

126.8 (Ar), 122.9 (Ar), 111.4 (Ar), 82.1 (C10), 65.1 (C1), 50.5 (C5), 48.3 (C3), 28.6 (C2), 

27.6 (C11-13), 10.9 (C6), 3.6 (C7-8). IR υmax 3372, 2977, 2935, 2097, 1718, 1660, 1615, 

1136. HRMS (ESI) found 412.1942, C19H27N5O4Na+ [M+Na]+ requires 412.1955. 

 

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

Following the general procedure for the formation of isocyanates, 

reaction with azide 51 (946 mg, 3.23 mmol) afforded the title 

compound as a tan oil (1.07 g, quant): δH (300 MHz, CDCl3) 7.56-

7.46 (2H, m, Ar), 6.97 (1H, d, J 7.4, Ar), 4.19 (2H, t, J 6.0, H1), 

3.56 (2H, t, J 6.6, H3), 2.11 (2H, quint, J 6.3, H2), 1.57 (9H, s, H6-8). δC (75 MHz, CDCl3) 

164.9 (C4), 152.2 (Ar), 131.4 (Ar), 130.0 (Ar), 127.9 (C9), 123.1 (Ar), 122.8 (Ar), 111.8 

(Ar), 81.4 (C5), 65.6 (C1), 47.8 (C3), 28.5 (C2), 28.1 (C6-8). IR υmax 2978, 2935, 2240, 

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

 Following the general procedure for the formation of isocyanates, 

reaction with azide 52 (100 mg, 0.27 mmol) afforded the title 

compound as an off-white oil (108 mg, 0.27 mmol, quant):  δH (300 

MHz, CDCl3) 7.09-6.90 (3H, m, Ar), 4.58 (1H, sept, J 9.2, H5), 4.11 

(2H, t, J 7.7, H1), 3.51 (2H, t, J 8.7, H3), 2.06 (2H, quint, J 8.1, H2), 

1.34 (6H, d, J 9.1, H6-7), 1.13 (9H, s, H10-12). δC (75 MHz, CDCl3) 

171.5 (C4), 152.4 (C8), 151.4 (Ar), 135.4 (Ar), 130.0 (C13), 125.8 (Ar), 122.0 (Ar), 119.7 

(Ar), 109.6 (Ar), 81.9 (C9), 64.6 (C1), 48.1 (C5), 46.8 (C3), 27.5 (C2), 26.6 (C10-12), 19.5 

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

 

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

Following the general procedure for the formation of isocyanates, 

reaction with azide 53 (350 mg, 1.00 mmol) afforded the title 

compound as an off-white oil (375 mg, 1.00 mmol, quant.): δH (300 

MHz, CDCl3) 6.99-6.90 (3H, m, Ar), 4.10 (2H, t, J 7.7, H1), 3.50 

(2H, t, J 8.7, H3), 3.20 (3H, s, H5), 2.05 (2H, quint, J 8.2, H2), 1.17 

(9H, s, H8-10). δC (75 MHz, CDCl3) 171.5 (C4), 152.5 (C6), 151.2 

(Ar), 134.5 (Ar), 130.0 (C11), 125.5 (Ar), 121.9 (Ar), 119.8 (Ar), 109.6 (Ar), 82.2 (C7), 

64.7 (C1), 46.8 (C3), 31.7 (C5), 27.5 (C2), 26.5 (C8-10). IR υmax 2979, 2886, 2241, 2097, 

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

(58) 

Following the general procedure for the formation of isocyanates, 

reaction with azide 54 (318 mg, 0.817 mmol) afforded the title 

compound as a yellow oil (328 mg, 0.78 mmol, 97 %): δH (500 

MHz, CDCl3) 7.10 (1H, d, J 1.6, Ar), 7.04 (1H, dd, J 7.9, 1.9, Ar), 

6.97 (1H, d, J 8.2, Ar), 4.16 (2H, t, J 7.0, H1), 3.64 (2H, d, J 7.1, 

H5), 3.54 (2H, t, J 6.3, H3), 2.10 (2H, quint, J 6.3, H2), 1.27-1.21 (10H, m, H6 and H11-

13), 0.47 (2H, dd, J 13.9; 4.5, H7-8), 0.33 (2H, dd, J 10.4; 4.8, H7-8). δC (125 MHz, CDCl3) 

172.5 (C4), 153.8 (C9), 135.9 (Ar), 131.0 (Ar), 126.5 (C14), 123.0 (Ar), 120.6 (Ar), 110.6 

(Ar), 83.0 (C10), 65.6 (C1), 50.4 (C5), 47.8 (C3), 28.5 (C2), 27.5 (C11-13), 10.8 (C6), 3.6 

(C7-8). IR υmax 2978, 2242, 2098, 1730, 1670, 1358, 1146. 

 

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

Following the general procedure II for amidation, di-Boc 

acid 31 (1.05 g, 2.38 mmol) was coupled with isopropyl 

amine (183 mg, 3.09 mmol, 1.3 eq) and purified (1:1 

petrol:ether) to yield the title compound as a yellow oil 

(428 mg, 0.89 mmol, 37 %): δH (400 MHz, CDCl3) 7.81 

(1H, d, J 7.8, Ar), 7.54 (1H, d, J 1.3, Ar), 7.27 (1H, dd, J 8.4; 1.3, Ar), 6.08 (1H, d, J 7.6, 

H18), 4.31-4.22 (1H, m, H15), 4.19 (2H, t, J 6.1, H1), 3.79 (2H, t, J 6.9, H3), 2.12 (2H, 

quint, J 6.3, H2), 1.47 (18H, s, H7-9 and H11-13), 1.27 (6H, d, J 6.6, H16 and H17). δC 

(100 MHz, CDCl3) 164.6 (C14), 152.5 (C4 and C5), 152.3 (Ar), 141.3 (Ar), 140.1 (Ar), 

125.6 (Ar), 117.7 (Ar), 114.0 (Ar), 82.5 (C6 and C10), 67.8 (C1), 43.6 (C3), 42.4 (C15), 
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28.6 (C2), 28.0 (C7-9, C11-13), 22.3 (C16 and C17). IR υmax 3336, 2977, 1775, 1642, 1528, 

1366, 1111. HRMS (ESI) found 504.2313 C23H35N3O8Na+ [M+Na]+ requires 504.2316. 

 

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

Following the general procedure II for amidation, di-Boc 

acid 31 (1.20 g, 2.72 mmol) was coupled with methyl 

amine (2 M in THF, 3.53 mmol, 1.3 eq) and purified (1:1 

petrol:ether) to yield the title compound as a pale yellow 

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

MHz, MeOD) 7.87 (1H, d, J 8.4, Ar), 7.67 (1H, d, J 1.8, Ar), 7.48 (1H, dd, J 8.4; 1.6, Ar), 

4.27 (2H, t, J 5.7, H1), 3.83 (2H, t, J 7.0, H3), 2.95 (3H, s, H15), 2.12 (2H, quint, J 6.3, 

H2), 1.48 (18H, s, H7-9 and H11-13). δC (100 MHz, MeOD) 167.4 (C14), 152.9 (C4 and 

C5), 152.0 (Ar), 142.0 (Ar), 139.6 (Ar), 125.3 (Ar), 119.0 (Ar), 113.7 (Ar), 82.8 (C6 and 

C10), 67.7 (C1), 44.0 (C3), 28.7 (C2), 28.0 (C7-9, C11-13), 26.1 (C15). IR υmax 3385, 2977, 

1766, 1657, 1521, 1368, 1112. HRMS (ESI) found 476.2002 C21H31N3O8Na+ [M+Na]+ 

requires 476.2003. 

 

3-(3-(Bis(tert-butoxycarbonyl)amino)propoxy- N-cyclopropylmethyl-4-nitrobenzamide 

(61) 

Following the general procedure II for amidation, di-Boc 

acid 31 (300 mg, 0.68 mmol) was coupled with 

cyclopropylmethylamine (63 mg, 0.89 mmol) and purified 

(3:2 ether:petrol) to yield the title compound as a yellow   

oil (233 mg, 0.47 mmol, 69 %): δH (400 MHz, CDCl3) 7.84 (1H, d, J 8.3, Ar), 7.58 (1H, s, 

Ar), 7.33 (1H, d, J 8.4, Ar), 6.29 (1H, s, H19), 4.21 (2H, t, J 6.0, H1), 3.80 (2H, t, J 7.0, 
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H3), 3.32 (2H, t, J 6.3, H15), 2.13 (2H, quint, J 6.4, H2), 1.50 (18H s, H7-9 and H11-13), 

1.07 (1H, quint, J 3.8, H16), 0.57 (2H, dd, J 13.6; 4.8, H17-18), 0.29 (2H, dd, J 10.5; 5.0, 

H7-8). δC (100 MHz, CDCl3) 165.3 (C14), 152.5 (C4 and C5), 152.3 (Ar), 141.3 (Ar), 139.9 

(Ar), 125.6 (Ar), 117.9 (Ar), 114.0 (Ar), 82.5 (C6 and C10), 67.8 (C1), 45.3 (C15), 43.6 

(C3), 28.6 (C2), 28.0 (C7-9 and C11-13), 10.6 (C16), 3.6 (C17-18). IR υmax 3337, 2980, 

1772, 1692, 1527, 1366. HRMS (ESI) found 516.2305 C36H49N7O12Na+ [M+Na]+ requires 

516.2316. 

 

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

(62) 

Following the general procedure for the Boc protection of 

amides, di-Boc amide 33 (760 mg, 1.53 mmol) was stirred 

for 3 days and purified (4:1 petrol:ether) to yield the title 

compound as a pale yellow oil (610 mg, 1.02 mmol, 67 

%): δH (400 MHz, CDCl3) 7.76 (1H, d, J 8.3, Ar), 7.13 

(1H, d, J 1.8, Ar), 7.00 (1H, dd, J 8.3; 1.5, Ar), 4.09 (2H, 

t, J 6.1, H1), 3.72 (2H, t, J 7.3, H3), 3.57 (2H, d, J 7.3, H15), 2.10-1.95 (3H, m, H2 and 

H16), 1.41 (18H, s, H7-9 and H11-13), 1.18 (9H, s, H21-23), 0.88 (6H, d, J 8.0, H17-18). δC 

(100 MHz, CDCl3) 170.9 (C14), 153.2 (Ar), 152.4 (C4-5 or C19), 152.1 (C4-5 or C19), 

143.4 (Ar), 140.5 (Ar), 125.2 (Ar), 118.4 (Ar), 113.2 (Ar), 83.7 (C20), 82.5 (C6 or C10), 

82.5 (C6 or C10), 67.8 (C1), 52.5 (C15), 43.5 (C3), 28.6 (C2), 28.1 (C16), 28.0 (C7-9 and 

C11-13), 27.4 (C21-23), 20.1 (C17 and C18). IR υmax 2978, 2935, 1758, 1735, 1589, 1394, 

1146. HRMS (ESI) found 618.2999 C29H45N3O10Na+ [M+Na]+ requires 618.2997. 
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3-(3-(Bis(tert-butoxycarbonyl)amino)propoxy-tert-butyl-N-isobutyl-4-aminobenzamide 

(63) 

Palladium on activated carbon (55 mg, 5 % by mass 

palladium) was added to a stirred solution of the Boc-

protected amide 62 (547 mg, 0.918 mmol) in EtOH (15 

mL). The solution was flushed three times with hydrogen 

gas then allowed to stir under an atmosphere of hydrogen 

for 16 hours. The solution was filtered through Celite®  

with DCM (50 mL), concentrated, and purified via flash column chromatography (2:1 

petrol:ether) to yield the title compound as a colorless oil (466 mg, 0.82 mmol, 90 %): δH 

(400 MHz, CDCl3) 7.05 (1H, d, J 1.8, Ar), 7.05 (1H, dd, J 8.3; 1.5, Ar), 6.58 (1H, d, J 8.1, 

Ar), 4.22 (2H, br s, H24), 4.02 (2H, t, J 5.9, H1), 3.77 (2H, t, J 7.1, H3), 3.54 (2H, d, J 7.3, 

H15), 2.10-1.96 (3H, m, H2 and H16), 1.44 (18H, s, H7-9 and H11-13), 1.18 (9H, s, H21-

23), 0.88 (6H, d, J 6.8, H17-18). δC (100 MHz, CDCl3) 173.2 (C14), 154.6 (C4-5 or C19), 

152.6 (C4-5 or C19), 145.4 (Ar),140.5 (Ar), 126.4 (Ar), 122.8 (Ar), 112.7 (Ar), 111.2 (Ar), 

82.4 (C6 and C10), 81.9 (C20), 66.0 (C1), 53.0 (C15), 43.8 (C3), 28.8 (C2), 28.4 (C16), 

28.0 (C7-9, C11-13), 27.6 (C21-23), 20.2 (C17 and C18). IR υmax 3486, 3374, 2976, 1719, 

1617, 1334, 1121. HRMS (ESI) found 588.3257 C29H47N3O8Na+ [M+Na]+ requires 

588.3255. 

 

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

isocyanatobenzamide (64) 

Following the general procedure for the formation of isocyanates, reaction with amine 63 

(443 mg, 0.783 mmol) afforded the title compound as a tan oil (461 mg, quant): δH (500 

MHz, CDCl3) 7.05 (1H, d, J 1.3, Ar), 6.99 (1H, dd, J 8.1; 1.4, Ar), 6.92 (1H, d, J 8.1, Ar), 
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4.07 (2H, t, J 6.2, H1), 3.78 (2H, t, J 6.7, H3), 3.57 (2H, d, 

J 7.3, H15), 2.11 (2H, quint, J 6.5, H2), 2.04 (1H, sept, J 

6.8, H16), 1.43 (18H, s, H7-9 and H11-13), 1.17 (9H, s, 

H21-23), 0.90 (6H, d, J 6.8, H17-18). δC (125 MHz, 

CDCl3) 172.2 (C14), 154.0 (Ar), 152.6 (C4-5 or C19), 

152.5 (C4-5 or C19),135.7 (Ar), 131.0 (Ar), 126.7 (C24), 

122.8 (Ar), 120.4 (Ar), 110.6 (Ar), 82.9 (C6 and C10), 82.4 (C20), 67.0 (C1), 52.8 (C15), 

43.2 (C3), 28.8 (C2), 28.3 (C16), 28.0 (C7-9, C11-13), 27.5 (C21-23), 20.2 (C17 and C18). 

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

 

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

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

Following the general procedure for benzoylurea 

formation, amide 59 (134 mg, 0.28 mmol, 1.0 eq) was 

reacted with isocyanate 56 (110 mg, 0.31 mmol, 1.1 eq) 

and purified (1:1 petrol:ether) to yield the title compound 

as a yellow oil (117 mg, 0.13 mmol, 48 %): δH (400 

MHz, CDCl3) 11.27 (1H, s, H19), 8.32 (1H, d, J 8.8, Ar), 

7.82 (1H, d, J 8.2, Ar), 7.27-7.10 (4H, m, Ar), 4.63 (1H, 

sept, J 6.8, H24), 4.19-4.07 (5H, m, H1, H20, and H15), 

3.80 (2H, t, J 6.9, H22), 3.61 (2H, t, J 6.6, H3), 2.16-2.06 

(4H, m, H2 and H21), 1.53 (6H, d, J 6.7, H16-17), 1.47 

(18H, s, H7-9 and H11-13), 1.40 (6H, d, J 7.0, H25-26), 1.20 (9H, s, H29-31). δC (100 

MHz, CDCl3) 172.9 (C14 or C23), 172.7 (C14 or C23), 153.6 (Ar), 152.5 (C4-5), 152.5 

(C27), 151.0 (Ar), 147.2 (C18), 141.9 (Ar), 140.6 (Ar), 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), 110.3 (Ar), 82.5 (C6, C10, and C28), 68.0 

(C1), 65.5 (C20), 53.4 (C15), 49.1 (C24), 48.0 (C22), 43.5 (C3), 28.6 (C21), 28.6 (C2), 28.0 

(C7-9 and C11-13), 27.6 (C29-31), 21.0 (C16-17), 20.5 (C25-26). IR υmax 2976, 2934, 2098, 

1784, 1716, 1666, 1605, 1589. HRMS (ESI) found 907.4166 C42H60N8O13Na+ [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)(methyl)carbamate (66) 

Following the general procedure for benzoylurea 

formation, amide 60 (365 mg, 0.81 mmol, 1.0 eq) was 

reacted with isocyanate 57 (330 mg, 0.89 mmol, 1.1 eq) 

and purified (3:1 ether:petrol) to yield the title 

compound as an off-white solid (601 mg, 0.73 mmol, 

90 %): MP 56-57. δH (400 MHz, CDCl3) 11.79 (1H, s, 

H17), 8.37 (1H, d, J 8.2, Ar), 7.91 (1H, d, J 8.2, Ar), 

7.27-7.16 (4H, m, Ar), 4.21-4.17 (4H, m, H1 and H18), 

3.81 (2H, t, J 6.9, H3), 3.66 (2H, t, J 6.7, H20), 3.30 

(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 and H11-13), 1.24 (9H, s, H25-27). δC (100 

MHz, CDCl3) 173.0 (C14 or C21), 172.5 (C14 or C21), 153.7 (Ar), 152.5 (C4-5), 152.5 

(C23), 151.4 (Ar), 147.2 (C16), 140.9 (Ar), 140.7 (Ar), 132.7 (Ar), 130.3 (Ar), 126.0 (Ar), 

121.5 (Ar), 118.6 (Ar), 118.0 (Ar), 112.9 (Ar), 110.4 (Ar), 83.0 (C24), 82.5 (C6 and C10), 

68.0 (C1), 65.4 (C18), 48.0 (C20), 43.5 (C3), 35.5 (C15 or C22), 32.8 (C15 or C22), 28.7 

(C19), 28.6 (C2), 28.0 (C7-9 and C11-13), 27.6 (C25-27). IR υmax 3458, 2971, 2098, 1739, 
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1429, 1229, 1216. HRMS (ESI) found 851.3517 C38H52N8O13Na+ [M+Na]+ requires 

851.3546. 

 

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

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

(67) 

Following the general procedure for benzoylurea 

formation, amide 61 (354 mg, 0.72 mmol, 1.0 eq) was 

reacted with isocyanate 58 (328 mg, 0.79 mmol, 1.1 eq) 

and purified (1:1 ether:petrol) to yield the title 

compound as a white foam (507 mg, 0.56 mmol, 78 %): 

δH (400 MHz, CDCl3) 11.73 (1H, s, H33), 8.36 (1H, d, 

J 8.8, Ar), 7.90 (1H, d, J 8.2, Ar), 7.20-7.14 (3H, m, 

Ar), 7.10 (1H, dd, J 8.2; 1.4, Ar), 4.17 (4H, t, J 5.7, H1 

and H20), 3.80 (2H, t, J 6.9, H3), 3.70 (2H, d, J 6.8, 

H15), 3.68-3.62 (4H, m, H22 and H24), 2.19-2.09 (4H, m, H2 and H21), 1.47 (18H, s, H7-9 

and H11-13), 1.27-1.23 (11H, m, H16, H25, H30-32), 0.53-0.43 (4H, m, H17-18 and H26-

27), 0.35 (2H, dd, J 10.3; 4.8, H17-18 or H26-27), 0.14 (2H, dd, J 10.4; 4.7, H17-18 or 

H26-27). δC (100 MHz, CDCl3) 172.9 (C14 or C23), 172.8 (C14 or C23), 154.0 (C19), 

152.5 (C4 and C5 or C28), 152.4 (C4 and C5 or C28), 151.3 (Ar), 147.3 (Ar), 141.2 (Ar), 

140.6 (Ar), 133.0 (Ar), 130.4 (Ar), 126.0 (Ar), 121.3 (Ar), 118.7 (Ar), 118.1 (Ar), 112.8 

(Ar), 110.3 (Ar), 82.7 (C29), 82.5 (C6 and C10), 68.0 (C1), 65.4 (C20), 51.1 (C15), 50.4 

(C24), 48.0 (C22), 43.4 (C3), 28.7 (C2), 28.6 (C21), 28.0 (C7-9 and C11-13), 27.6 (C30-

32), 11.3 (C16), 10.8 (C25), 4.3 (C17-18), 3.6 (C26-27). IR υmax 3219, 2979, 2099, 1716, 
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1532, 1314, 1122. HRMS (ESI) found 931.4139 C44H60N8O13Na+ [M+Na]+ requires 

931.4172. 

 

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

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

Following the general procedure for benzoylurea 

formation, amide 33 (255 mg, 0.51 mmol, 1.0 eq) was 

reacted with isocyanate 55 (175 mg, 0.55 mmol, 1.1 eq) 

and purified (3:1 petrol:ether) to yield the title 

compound as a white foam (380 mg, 0.47 mmol, 91 %): 

δH (500 MHz, CDCl3) 11.66 (1H, s, H28), 8.37 (1H, d, 

J 8.5, Ar), 7.88 (1H, d, J 8.2, Ar), 7.63 (1H, dd, J 8.5; 

1.5, Ar), 7.51 (1H, d, J 1.9, Ar), 7.26 (1H, s, Ar), 7.15 

(1H, d, J 1.2, Ar), 7.09 (1H, dd, J 8.2; 1.4, Ar), 4.22-4.14 (4H, m, H1 and H20), 3.81 (2H, t, 

J 6.9, H3), 3.68-3.61 (4H, m, H15 and H22), 2.19-2.06 (4H, m, H2 and H21), 1.96 (1H, 

sept, J 6.8, H16), 1.58 (9H, s, H25-27), 1.47 (18H, s, H7-9 and H11-13), 0.80 (6H, d, J 6.7, 

H17-18). δC (100Hz, CDCl3) 173.2 (C14), 165.4 (C23), 152.5 (C19), 152.4 (C4-5), 151.1 

(Ar), 147.1 (Ar), 141.2 (Ar), 140.7 (Ar), 132.5 (Ar), 127.2 (Ar), 125.9 (Ar), 123.2 (Ar), 

118.8 (Ar), 118.6 (Ar), 113.3 (Ar), 111.4 (Ar), 82.5 (C6 and C10), 81.0 (C24), 68.0 (C1 or 

C20), 65.3 (C1 or C20), 54.1 (C15), 48.0 (C22), 43.5 (C3), 28.8 (C2 or C21), 28.6 (C2 or 

C21), 28.6 (C16), 28.2 (C25-27), 28.0 (C7-9 and C11-13), 19.9 (C17-18). IR υmax 3222, 

2974, 2098, 1784, 1529, 1367, 1106. HRMS (ESI) found 836.3791 C39H55N7O12Na+ 

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

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

Following the general procedure for benzoylurea 

formation, amide 60 (154 mg, 0.34 mmol, 1.0 eq) was 

reacted with isocyanate 17 (149 mg, 0.36 mmol, 1.05 

eq) and purified (1:1 petrol:ether) to yield the title 

compound as an off white oil (200 mg, 0.23 mmol, 

64 %): δH (400 MHz, CDCl3) 11.78 (1H, s, H17), 8.36 

(1H, d, J 8.9, Ar), 7.91 (1H, d, J 8.2, Ar), 7.21-7.15 

(3H, m, Ar), 7.12 (1H, dd, J 8.2; 1.4, Ar), 4.22-4.14 

(4H, m, H1 and H18), 3.80 (2H, t, J 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), 1.48 (18H, s, H7-9 and H11-13), 1.23 (9H, s, 

H28-30), 0.96 (6H, d, J 6.7, H24-25). δC (100 MHz, CDCl3) 172.8 (C14 or C21), 172.5 

(C14 or C21), 154.2 (C4-5 or C26), 152.5 (C4-5 or C26), 152.5 (C16), 151.4 (Ar), 147.3 

(Ar), 140.9 (Ar), 140.8 (Ar), 132.9 (Ar), 130.3 (Ar), 126.0 (Ar), 121.2 (Ar), 118.5 (Ar), 

118.0 (Ar), 112.9 (Ar), 110.3 (Ar), 83.7 (C27), 82.5 (C6 and C10), 68.0 (C1 or C18), 65.3 

(C1 or C18), 52.9 (C22), 48.0 (C3 or C20), 43.5 (C3 or C20), 35.5 (C15), 28.7 (C2 or C19), 

28.5 (C2 or C19), 28.3 (C23), 28.0 (C7-9 and C11-13), 27.5 (C28-30), 20.2 (C24-25). IR 

υmax 3220, 2976, 2099, 1784, 1716, 1534, 1367, 1336, 1120. HRMS (ESI) found 893.4003 

C41H58N8O13Na+ [M+Na]+ requires 893.4016. 
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tert-Butyl (4-(3-(3-(3-azidopropoxy)-4-nitrobenzoyl)-3-isobutylureido)-3-(3-(bis(tert-

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

Following the general procedure for benzoylurea 

formation, amide 9 (265 mg, 0.83 mmol, 1.05 eq) was 

reacted with isocyanate 64 (463 mg, 0.78 mmol, 1.0 eq) 

and purified (2:1 petrol:ether) to yield the title 

compound as a yellow foam (609 mg, 0.67 mmol, 81 

%): δH (400 MHz, CDCl3) 11.33 (1H, s, H10), 8.31 (1H, 

d, J 8.3, Ar), 7.89 (1H, d, J 8.2, Ar), 7.19 (1H, d, J 1.2, 

Ar), 7.17-7.11 (2H, m, Ar), 4.21 (2H, t, J 5.8, H1 or 

H11), 4.09 (2H, t, J 6.3, H1 or H11), 3.83 (2H, t, J 6.7, 

H3 or H13), 3.67-3.55 (6H, m, H3 or H13 and H5 and H25), 2.22-2.04 (5H, m, H2, H12, 

and H6 or H26), 1.98 (1H, sept, J 6.8, H6 or H26), 1.43 (18H, s, H17-19 and H21-23), 1.22 

(9H, s, H31-33), 0.94 (6H, d, J 6.8, H7-8 or H27-28), 0.83 (6H, d, J 6.7, H7-8 or H27-28). 

δC (100 MHz, CDCl3) 172.7 (C4 or C24), 172.5 (C4 or C24), 154.2 (C14-15 or C29), 152.7 

(C14-15 or C29), 152.1 (C9), 151.4 (Ar), 147.5 (Ar), 141.5 (Ar), 140.6 (Ar), 132.9 (Ar), 

130.4 (Ar), 126.0 (Ar), 121.1 (Ar), 118.9 (Ar), 118.6 (Ar), 113.3 (Ar), 110.5 (Ar), 82.7 

(C30), 82.4 (C16 and C20), 66.6 (C1 or C11), 66.4 (C1 or C11), 54.0 (C5 or C25), 53.0 (C5 

or C25), 47.6 (C3 or C13), 43.2 (C3 or C13), 28.9 (C6 or C26), 28.6 (C6 or C26), 28.4 (C2 

or C12), 28.3 (C2 or C12), 28.0 (C17-19 and C21-23), 27.6 (C31-33), 20.2 (C7-8 or C27-

28), 19.9 (C7-8 or C27-28). IR υmax 3223, 2964, 2100, 1715, 1530, 1367, 1335, 1121. 

HRMS (ESI) found 935.4509 C44H64N8O13Na+ [M+Na]+ requires 935.4485. 
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tert-Butyl(4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)-3-

(cyclopropylmethyl)ureido)-3-(3-aminopropoxy)benzoyl)(cyclopropylmethyl) 

carbamate (71) 

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

mass) was added to a stirred solution of benzoylurea 67 

(102 mg, 0.112 mmol) in EtOAc (5 mL). The solution 

was flushed three times with hydrogen gas then allowed 

to stir under an atmosphere of hydrogen overnight. The 

solution was filtered through Celite®  with EtOAc (50 

mL) and the solvent removed in vacuo to yield the title 

compound as a pale tan oil (95 mg, quant): δH (300 

MHz, CDCl3) 11.47 (1H, s, H33), 8.36 (1H, d, J 8.7, 

Ar), 7.18-7.10 (2H, m, Ar), 7.01-6.89 (2H, m, Ar), 6.62 

(1H, d, J 8.0, Ar), 4.30 (2H, s, H34), 4.13 (2H, t, J 5.9, H1 or H20), 4.04 (2H, t, J 5.5, H1 or 

H20), 3.86-3.77 (4H, m, H3 and H15 or H24), 3.64 (2H, d, 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 (2H, br s, H35), 1.45 (18H, s, H7-9 and 

H11-13), 1.24-1.19 (11H, m, H16, H25, H30-32), 0.52-0.01 (8H, m, H17-18 and H26-27). 

δC (75 MHz, CDCl3) 175.2 (C14 or C23), 173.3 (C14 or C23), 154.1 (C19), 152.8 (C4 and 

C5 or C28), 152.7 (C4 and C5 or C28), 147.6 (Ar), 145.6 (Ar), 140.2 (Ar), 132.3 (Ar), 

131.4 (Ar), 124.3 (Ar), 122.2 (Ar), 121.2 (Ar), 118.4 (Ar), 113.3 (Ar), 110.9 (Ar), 110.6 

(Ar), 82.6 (C29), 82.5 (C6 and C10), 67.0 (C1 or C20), 66.4 (C1 or C20), 52.3 (C15 or 

C24), 50.5 (C15 or C24), 43.8 (C3), 39.1 (C22), 33.0 (C2 or C21), 28.8 (C2 or C21), 28.1 

(C7-9 and C11-13), 27.6 (C30-32), 11.4 (C16), 10.9 (C25), 4.0 (C17-18), 3.6 (C26-27). IR 

υmax 3479, 3371, 3201, 2977, 1727, 1702, 1531, 1234, 1125. HRMS (ESI) found 853.4709 

C44H65N6O11
+ [M+H] + requires 853.4706. 
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tert-Butyl(4-(3-(4-amino-3-(3-aminopropoxy)benzoyl)-3-isobutylureido)-3-(3-(bis(tert-

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

Palladium on activated carbon (20 mg, 5 % Pd by 

mass) was added to a stirred solution of benzoylurea 70 

(96 mg, 0.105 mmol) in EtOAc (5 mL). The solution 

was flushed three times with hydrogen gas then 

allowed to stir under an atmosphere of hydrogen 

overnight. The solution was filtered through Celite® 

with EtOAc (50 mL) and the solvent removed in vacuo 

to yield the title compound as a tan foam (83 mg, 0.968 

mmol, 92 %): δH (300 MHz, CDCl3) 11.25 (1H, s, 

H10), 8.32 (1H, d, J 8.9, Ar), 7.13-7.07 (2H, m, Ar), 7.02-6.94 (2H, m, Ar), 6.63 (1H, d, J 

7.0, Ar), 4.26 (2H, br s, H34), 4.09-4.01 (4H, m, H1 and H11), 3.82 (2H, t, J 6.6, H13), 3.75 

(2H, d, J 7.1, H5 or H25), 3.58 (2H, d, J 7.3, H5 or H25), 2.89 (2H, t, J 6.8, H3), 2.17-1.89 

(8H, m, H2, H6, H12, H26, and H35), 1.41 (18H, s, H17-19 and H21-23), 1.18 (9H, s, H31-

33), 0.91 (6H, d, J 6.7, H7-8 or H27-28), 0.76 (6H, d, J 6.6, H7-8 or H27-28). δC (75 MHz, 

CDCl3) 175.3 (C4 or C24), 172.9 (C4 or C24), 154.3 (C9), 152.7 (C14-15 or C29), 152.6 

(C4 C14-15 or C29), 147.4 (Ar), 145.6 (Ar), 140.3 (Ar), 132.1 (Ar), 131.4 (Ar), 124.4 (Ar), 

122.6 (Ar), 121.3 (Ar), 118.2 (Ar), 113.3 (Ar), 111.6 (Ar), 110.6 (Ar), 82.6 (C30), 82.3 

(C16 and C20), 66.6 (C1 or C11), 66.5 (C1 or C11), 55.1 (C5 or C25), 53.0 (C5 or C25), 

43.3 (C13), 39.2 (C3), 33.0 (C2), 29.0 (C12), 28.6 (C6 or C26), 28.4 (C6 or C26), 28.0 

(C17-19 and C21-23), 27.6 (C31-33), 20.2 (C7-8 or C27-28), 20.0 (C7-8 or C27-28). IR 

υmax 3369, 2962, 1730, 1698, 1496, 1317, 1188. HRMS (ESI) found 857.5023 C44H69N6O11
+ 

[M+H] + requires 857.5019. 
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tert-Butyl(4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)-3-

isobutylureido)-3-(3-(isopropylamino)propoxy)benzoyl)(isobutyl)carbamate (73) 

Palladium on activated carbon (36 mg, 5 % Pd by mass) 

was added to a stirred solution of benzoylurea 34 (36 

mg, 0.039 mmol) in acetone (2 mL). The solution was 

flushed three times with hydrogen gas then allowed to 

stir under an atmosphere of hydrogen overnight. The 

solution was filtered through Celite®  with EtOAc (30 

mL) and the solvent removed in vacuo to yield the title 

compound as a tan oil (34 mg, 0.038 mmol, 96 %): δH 

(400 MHz, CDCl3) 11.49 (1H, s, H37), 8.36 (1H, d, J 

8.3, Ar), 7.15-7.11 (2H, m, Ar), 7.00 (1H, dd, J 8.1; 1.7, 

Ar), 6.92 (1H, d, J 1.6, Ar), 6.64 (1H, d, J 8.0, Ar), 4.31 (2H, br s, H38), 4.12 (2H, t, J 6.0, 

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

or H24), 3.61 (2H, d, J 7.3, H15 or H24), 2.89 (2H, t, J 7.3, H22), 2.82 (1H, sept, J 6.4, 

H34), 2.15-1.88 (6H, m, H2, H16, H21, H25), 1.47 (18H, s, H7-9 and H11-13), 1.22 (9H, s, 

H30-32), 1.06 (6H, d, J 6.3, H35-36), 0.95 (6H, d, J 6.7, H17-18 or H26-27), 0.77 (6H, d, J 

6.7, H17-18 or H26-27). δC (100 MHz, CDCl3) 175.7 (C14 or C23), 173.1 (C14 or C23), 

154.5 (C19), 152.8 (C4 and C5 or C28), 152.7 (C4 and C5 or C28), 147.6 (Ar), 145.6 (Ar), 

140.4 (Ar), 132.2 (Ar), 131.4 (Ar), 124.4 (Ar), 122.7 (Ar), 121.3 (Ar), 118.3 (Ar), 113.4 

(Ar), 111.2 (Ar), 110.6 (Ar), 82.7 (C29), 82.6 (C6 and C10), 67.2 (C1 or C20), 66.5 (C1 or 

C20), 55.3 (C15 or C24), 53.1 (C15 or C24), 48.9 (C34), 43.9 (C3), 43.9 (C22), 29.8 (C16 

or C25), 28.9 (C16 or C25), 28.7 (C2 or C21), 28.5 (C2 or C21), 28.2 (C7-9 and C11-13), 

27.7 (C30-32), 22.6 (C35-36), 20.3 (C17-18 or C26-27), 20.0 (C17-18 or C26-27). IR υmax 
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3373, 2962, 1728, 1698, 1528, 1325, 1148. HRMS (ESI) found 889.5511 C47H75N6O11
+ 

[M+H] + requires 889.5488. 

 

tert-Butyl(4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)-3-

cyclopropylmethylureido)-3-(3-((2,2,10,10-tetramethyl-4,8-dioxo-3,9-dioxa-5,7-

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

N,N’-diBoc-1H-pyrazole-1-carboxamidine (42 mg, 

0.134 mmol, 1.2 equiv) was added to a stirred 

solution of amine 71 (95 mg, 0.112 mmol, 1.0 eq) in 

DCM (3 mL). The reaction was stirred for 70 hours, 

before water (10 mL) and DCM (10 mL) were 

added. The mixture was washed with DCM (3 x 10 

mL), dried (Na2SO4) and purified via flash column 

chromatography (1:1 petrol:ether) to yield the title 

compound as a tan oil (93 mg, 0.085 mmol, 76 %): 

δH (400 MHz, CDCl3) 11.47 (1H, br s, H41), 11.44 

(1H, s, H33), 8.44 (1H, t, J 5.4, H35), 8.36 (1H, d, J 8.3, Ar), 7.18-7.11 (2H, m, Ar), 7.00 

(1H, dd, J 8.0; 1.6, Ar), 6.91 (1H, d, J 1.6, Ar), 6.63 (1H, d, J 8.0, Ar), 4.47 (2H, s br, H34), 

4.08 (2H, t, J 6.1, H20), 4.04 (2H, t, J 5.7, H1), 3.86-3.62 (8H, m, H3, H15, H22, H24), 

2.17 (2H, quint, J 6.3, H2 or H21), 2.08 (2H, quint, J 6.2, H2 or H21), 1.46 (9H, s, H38-40 

or H44-46), 1.45 (18H, s, H7-9 and H11-13), 1.44 (10H, m, H38-40 or H44-46 and H16 or 

H25), 1.40 (1H, s, H16 or H25), 1.20 (9H, s, H30-32), 0.50-0.30 (8H, m, H17-18 and H26-

27), 0.05 (2H, dd, J 10.3; 4.9, H17-18 or H26-27). δC (100 MHz, CDCl3) 175.2 (C14 or 

C23), 173.3 (C14 or C23), 163.7 (C47), 156.4 (C19), 154.1 (C28 or C36 or C42), 153.2 

(C28 or C36 or C42), 152.8 (C28 or C36 or C42), 152.7 (C4-5), 147.3 (Ar), 145.5 (Ar), 
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140.3 (Ar), 132.3 (Ar), 131.3 (Ar), 124.3 (Ar), 122.4 (Ar), 121.4 (Ar), 118.3 (Ar), 113.4 

(Ar), 110.9 (Ar), 110.5 (Ar), 83.1 (C29 or C37 or C43), 82.7 (C29 or C37 or C43), 82.5 (C6 

and C10), 79.3 (C29 or C37 or C43), 66.4 (C20), 66.3 (C1), 52.4 (C15 or C24), 50.5 (C15 

or C24), 43.9 (C3), 37.7 (C22), 28.9 (C21), 28.8 (C2), 28.4 (C38-40 or C44-46), 28.1 (C38-

40 or C44-46), 28.1 (C7-9 and C11-13), 27.6 (C30-32), 11.4 (C16 or C25), 10.6 (C16 or 

C25), 4.07 (C17-18 or C26-27), 3.64 (C17-18 or C26-27). IR υmax 3340, 2979, 1721, 1683, 

1493, 1364, 1334, 1128. HRMS (ESI) found 1117.5778 C55H82N8O15Na+ [M+Na]+ requires 

1117.5792. 

 

tert-Butyl (4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)guanidinopropoxy)benzoyl)-3-

isobutylureido)-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl) 

carbamate (75) 

N,N’-diBoc-1H-pyrazole-1-carboxamidine (36 mg, 

0.116 mmol, 1.2 equiv) was added to a stirred 

solution of amine 72 (83 mg, 0.097 mmol, 1.0 eq) 

in DCM (3 mL). The reaction was stirred for 91 

hours, before water (10 mL) and DCM (10 mL) 

were added. The mixture was washed with DCM 

(3 x 10 mL), dried (Na2SO4), filtered, and purified 

via flash column chromatography (3:2 

ether:petrol) to yield the title compound as a 

colorless oil (104 mg, 0.095 mmol, 98 %): δH (400 

MHz, CDCl3) 11.52 (1H, s, H41), 11.32 (1H, s, H10), 8.48 (1H, t, J 4.8, H35), 8.34 (1H, d, 

J 8.9, Ar), 7.15-7.09 (2H, m, Ar), 7.03 (1H, dd, J 8.6; 1.9, Ar), 6.96 (1H, d, J 1.3, Ar), 6.65 

(1H, d, J 8.1, Ar), 4.31 (2H, s br, H34), 4.13-4.03 (4H, m, H1 and H11), 3.84 (2H, t, J 6.7, 
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H13), 3.77 (2H, d, J 7.1, H5 or H25), 3.70-3.57 (4H, m, H3 and H15 or H25), 2.21-2.02 

(5H, m, H2 and H12 and H6 or H26), 1.96 (1H, sept, J 6.8, H6 or H26), 1.48 (9H, s, H38-40 

or H44-46), 1.47 (9H, s, H38-40 or H44-46), 1.43 (18H, s, H17-19 and H21-23), 1.20 (9H, 

s, H31-33), 0.94 (6H, d, J 6.7, H7-8 or H27-28), 0.78 (6H, d, J 6.7, H7-H8 or H27-28). δC 

(75 MHz, CDCl3) 175.3 (C4 or C24), 173.0 (C4 or C24), 163.6 (C47), 156.3 (C9), 154.4 

(C29 or C36 or C42), 153.5 (C29 or C36 or C42), 152.8 (C29 or C36 or C42), 152.7 (C14-

15), 147.5 (Ar), 145.5 (Ar), 140.4 (Ar), 132.2 (Ar), 131.4 (Ar), 124.5 (Ar), 122.9 (Ar), 

121.3 (Ar), 118.4 (Ar), 113.6 (Ar), 111.6 (Ar), 110.7 (Ar), 83.4 (C30 or C37 or C43), 82.7 

(C30 or C37 or C43), 82.4 (C16 and C20), 79.5 (C30 or C37 or C43), 66.7 (C1 and C11), 

55.2 (C5 or C25), 53.1 (C5 or C25), 43.4 (C13), 38.7 (C3), 29.1 (C2 or C12), 28.9 (C2 or 

C12), 28.7 (C6 or C26), 28.4 (C6 or C26), 28.4 (C38-40 or C44-46), 28.2 (C38-40 or C44-

46), 28.1 (C17-19 and C21-23), 27.7 (C31-33), 20.3 (C7-8 or C27-28), 20.0 (C7-8 or C27-

28). IR υmax 3338, 2976, 1721, 1640, 1530, 1325, 1130. HRMS (ESI) found 1099.6288 

C55H87N8O15
+ [M+H] + requires 1099.6285. 

 

tert-Butyl (4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)guanidinopropoxy)benzoyl)-3- 

methylureido)-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)(methyl) 

carbamate (76) 

N,N’-diBoc-1H-pyrazole-1-carboxamidine (10 mg, 0.031 mmol, 1.3 eq) and palladium on 

activated carbon (20 mg, 5 % Pd by mass) were added to a stirred solution of benzoylurea 

66 (20 mg, 0.024 mmol, 1.0 eq) in EtOAc (1.5 mL). The solution was flushed three times 

with hydrogen gas then allowed to stir under an atmosphere of hydrogen for 42 hours. The 

solution was filtered through Celite®  with EtOAc (30 mL), concentrated, and purified via 

flash column chromatography (3:2 ether:petrol) to yield the title compound as a colorless oil 

(17 mg, 0.017 mmol, 70 %): δH (500 MHz, CDCl3) 11.83 (1H, s, H17), 11.48 (1H, br s, 
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H35), 8.51 (1H, t, J 4.9, H28), 8.37 (1H, d, J 8.4, 

Ar), 7.15 (1H, dd, J 8.4; 1.3, Ar), 7.07 (1H, s, Ar), 

7.07 (1H, dd, J 8.1; 1.3, Ar), 6.97 (1H, s, Ar), 6.66 

(1H, d, J 8.1, Ar), 4.13 (2H, t, J 6.0, H18), 4.08 (2H, 

t, J 5.7, H1), 3.83 (2H, t, J 6.8, H3), 3.73 (2H, q, J 

6.2, H20), 3.34 (3H, s, H15 or H22), 3.28 (3H, s, 

H15 or H22), 2.21 (2H, quint, J 6.2, H19), 2.11 (2H, 

quint, J 6.2, H2), 1.48 (9H, s, H32-34 or H38-40), 

1.47 (18H, s, H7-8 and H11-13), 1.45 (9H, s, H32-

34 or H38-40), 1.20 (9H, s, H25-27). δC (125 MHz, 

CDCl3) 174.8 (C14 or C21), 173.4 (C14 or C21), 163.5 (C41), 156.3 (C16), 153.9 (C23 or 

C30 or C36), 153.2 (C23 or C30 or C36), 153.0 (C23 or C30 or C36), 152.7 (C4-5), 147.3 

(Ar), 145.4 (Ar), 140.4 (Ar), 132.0 (Ar), 131.3 (Ar), 123.8 (Ar), 122.5 (Ar), 121.6 (Ar), 

118.3 (Ar), 113.2 (Ar), 111.0 (Ar), 110.6 (Ar), 83.0 (C24 or C31 or C37), 82.9 (C24 or C31 

or C37), 82.5 (C6 and C10), 79.4 (C24 or C31 or C37), 66.3 (C1) 66.3 (C18), 43.9 (C3), 

37.8 (C20), 36.7 (C15 or C22), 32.9 (C15 or C22), 28.8 (C2), 28.8 (C19), 28.3 (C25-27 or 

C32-34 or C38-40), 28.1 (C7-9 and C11-13), 27.6 (C25-27 or C32-34 or C38-40) 27.6 

(C25-27 or C32-34 or C38-40). IR υmax 3366, 3208, 2979, 1724, 1670, 1324, 1132. HRMS 

(ESI) found 1015.5362 C49H75N8O15
+ [M+H] + requires 1015.5346. 

 

tert-Butyl 4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)-3- 

isobutylureido)-3-(3-(2,3-bis(tert-butoxycarbonyl)guanidino)propoxy)benzoate (77) 

N,N’-diBoc-1H-pyrazole-1-carboxamidine (23 mg, 0.075 mmol, 1.2 eq) and palladium on 

activated carbon (51 mg, 5 % Pd by mass) were added to a stirred solution of benzoylurea 

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

atmosphere of hydrogen for 92 hours. The solution 

was filtered through Celite®  with EtOAc (50 mL), 

concentrated, and purified via flash column 

chromatography (1:1 ether:petrol) to yield the title 

compound as a white foam (49 mg, 0.049 mmol, 

78 %): δH (400 MHz, CDCl3) 11.47 (1H, br s, H36), 

11.37 (1H, s, H28), 8.47 (1H, br s, H30), 8.37 (1H, 

d, J 8.5, Ar), 7.60 (1H, dd, J 8.5; 1.6, Ar), 7.47 (1H, d, J 1.6, Ar), 7.04 (1H, dd, J 8.1; 1.6, 

Ar), 6.93 (1H, d, J 1.6, Ar), 6.65 (1H, d, J 8.1, Ar), 4.32 (2H, br s, H29), 4.13 (2H, t, J 6.1, 

H20), 4.06 (2H, t, J 5.7, H1), 3.83 (2H, t, J 6.8, H3), 3.78 (2H, d, J 7.2, H15), 3.70 (2H, q, J 

5.9, H22), 2.19 (2H, quint, J 6.4, H21), 2.10 (2H, quint, J 6.3, H2), 1.97 (1H, sept, J 6.8, 

H16), 1.58 (9H, s, H25-27), 1.48 (9H, s, H33-35 or H39-41), 1.47 (18H, s, H7-9 and H11-

13), 1.45 (9H, s, H33-35 or H39-41), 0.78 (6H, d, J 6.7, H17-18). δC (100Hz, CDCl3) 175.5 

(C14), 165.7 (C42), 156.3 (C23), 153.3 (C31 or C37), 152.8 (C4-5), 152.7 (C31 or C37), 

147.2 (C19), 145.6 (Ar), 140.4 (Ar), 132.5 (Ar), 126.5 (Ar), 125.6 (Ar), 124.3 (Ar), 123.3 

(Ar), 122.9 (Ar), 118.5 (Ar), 113.4 (Ar), 111.7 (Ar), 111.3 (Ar), 83.1 (C32 or C38), 82.5 

(C6 and C10), 80.9 (C24), 79.3 (C32 or C38), 66.5 (C1), 66.3 (C20), 55.2 (C15), 43.8 (C3), 

37.8 (C22), 28.9 (C2), 28.9 (C21), 28.7 (C16), 28.4 (C33-35 or C39-41), 28.4 (C33-35 or 

C39-41), 28.2 (C25-27 and C7-9 and C11-13), 20.1 (C17-18). IR υmax 3337, 2977, 1703, 

1638, 1619, 1368, 1164, 1133. HRMS (ESI) found 1000.5636 C50H78N7O14
+ [M+H] + 

requires 1000.5601. 
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tert-Butyl (4-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)guanidinopropoxy)benzoyl)-3-

isobutylureido)-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)(methyl) 

carbamate (78) 

 N,N’-diBoc-1H-pyrazole-1-carboxamidine (21 mg, 

0.066 mmol, 1.2 eq) and palladium on activated 

carbon (48 mg, 5 % Pd by mass) were added to a 

stirred solution of benzoylurea 69 (48 mg, 0.055 

mmol, 1.0 eq) in EtOAc (4.0 mL). The solution was 

flushed three times with hydrogen gas then allowed 

to stir under an atmosphere of hydrogen for 88 

hours. The solution was filtered through Celite®  

with EtOAc (50 mL), concentrated, and purified via 

flash column chromatography (3:2 ether:petrol) to 

yield title compound as a white foam (52 mg, 0.049 mmol, 89 %): δH (400 MHz, CDCl3) 

11.81 (1H, s, H17), 11,48 (1H, br s, H38), 8.47 (1H, t, J 5.4, H32), 8.36 (1H, d, J 8.8, Ar), 

7.16-7.13 (2H, m, Ar), 7.06 (1H, dd, J 8.1; 1.7, Ar), 6.97 (1H, d, J 1.6, Ar), 6.65 (1H, d, J 

8.1, Ar), 4.61 (2H, br s, H31), 4.12 (2H, t, J 6.0, H18), 4.07 (2H, t, J 5.7, H1), 3.82 (2H, t, J 

6.8, H3), 3.71 (2H, q, J 5.9, H20), 3.62 (2H, d, J 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 (9H, s, H35-37 or H41-43), 1.47 

(18H, s, H7-9 and H11-13), 1.41 (9H, s, H35-37 or H41-43), 1.23 (9H, s, H28-30), 0.95 

(6H, d, J 6.7, H24-25). δC (100 MHz, CDCl3) 174.8 (C14 or C21), 173.1 (C14 or C21), 

163.7 (C44), 156.4 (C16), 153.2 (C26 or C33 and C39), 153.0 (C26 or C33 and C39), 152.8 

(C4-5), 147.5 (Ar), 145.5 (Ar), 140.5 (Ar), 132.3 (Ar), 131.3 (Ar), 123.9 (Ar), 122.5 (Ar), 

121.4 (Ar), 118.4 (Ar), 113.3 (Ar), 111.1 (Ar), 110.7 (Ar), 83.1 (C27 or C34 or C40), 82.7 

(C27 or C34 or C40), 82.5 (C6 and C10), 79.3 (C27 or C34 or C40), 66.4 (C1 and C18), 
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53.0 (C22), 43.9 (C3), 37.8 (C20), 36.7 (C15), 28.9 (C19), 28.8 (C2), 28.8 (C23), 28.4 

(C28-30 or C35-37 or C41-43), 28.4 (C28-30 or C35-37 or C41-43), 28.0 (C7-9 and C11-

13), 27.6 (C28-30 or C35-37 or C41-43), 27.6 (C24-25). IR υmax 3368, 2977, 1724, 1638, 

1536, 1330, 1134. HRMS (ESI) found 1057.5823 C52H81N8O15
+ [M+H] + requires 

1057.5816. 

 

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

aminopropoxy) benzoyl)(isobutyl)carbamate (80) 

Following the general procedure for catalytic hydrogenation, 

benzoylurea 19 (495 mg, 0.67 mmol) was hydrogenated 

overnight to yield the title compound as a viscous green oil (439 

mg, 0.67 mmol, quant), which was used for subsequent reactions 

without further purification: δH (500 MHz, CDCl3) 11.39 (1H, s, 

H23), 8.36 (1H, d, J 8.4, Ar), 7.16 (1H, d, J 1.3, Ar), 7.13 (1H, 

dd, J 8.4; 1.5, Ar), 7.04-6.99 (2H, m, Ar), 6.66 (1H, d, J 7.9, Ar), 

4.24 (2H, s, H24), 4.15-4.08 (4H, m, H1 and H8), 3.78 (2H, d, J 

7.1, H4 or H11), 3.61 (2H, d, J 7.3, H4 or H11), 2.98-2.90 (4H, 

m, H3 or H10), 2.10 (1H, quint, J 6.9, H5 or H12), 2.04-1.94 (5H, m, H2 and H9 and H5 or 

H12), 1.21 (9H, s, H20-22), 0.95 (6H, d, J 6.7, H6 and H7 or H13 and H14), 0.79 (6H, d, J 

6.7, H6 and H7 or H13 and H14). δC (125 MHz, CDCl3) 175.9 (C15 or C16), 173.4 (C15 or 

C16), 154.8 (C18), 153.0 (C17), 147.9 (Ar), 146.1 (Ar), 140.6 (Ar), 132.6 (Ar), 131.7 (Ar), 

124.9 (Ar), 122.9 (Ar), 121.6 (Ar), 118.6 (Ar), 113.8 (Ar), 112.0 (Ar), 111.0 (Ar), 83.1 

(C19), 67.3 (C1 or C8), 66.9 (C1 or C8), 55.6 (C4 or C11), 53.4 (C4 or C11), 39.6 (C3 or 

C10), 39.5 (C3 or C10), 33.3 (C5 or C12), 33.2 (C5 or C12), 29.0 (C2 or C9), 28.8 (C2 or 

C9), 28.0 (C20-22), 20.7 (C6-7 or C13-14), 20.4 (C6-7 or C13-14). IR υmax 3361, 3200, 
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2960, 1705, 1587, 1527, 1327, 1234. HRMS (ESI) found 657.3953 C34H53N6O7
+ [M+H]+ 

requires 657.3970. 

 

tert-Butyl (4-(3-(4-amino-3-(2,3-bis(tert-butoxycarbonyl)guanidino)propoxy)benzoyl)-

3-isobutylureido)-3-(3-aminopropoxy) benzoyl)(isobutyl)carbamate (81) 

Following the general procedure for protected 

guanidino group formation, di-amine 80 (352 mg, 

0.53 mmol, 1.0 eq) was reacted with N,N’-di-Boc-

1H-pyrazole-1-carboxamidine (381 mg, 1.232 

mmol, 2.3 eq) and purified (3:2 ether:petrol) to yield 

the title compound (351 mg, 0.31 mmol, 58 %) as a 

yellow oil: δH (400 MHz, CDCl3) 11.52 (1H, s, H26 

or H42), 11.47 (1H, s, H26 or H42), 11.40 (1H, s, 

H20), 8.50-8.42 (2H, m, H15 and H17), 8.35 (1H, d, 

J 8.8, Ar), 7.15-7.10 (2H, m, Ar), 7.05 (1H, dd, J 8.1; 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, m, H1 and H8), 3.77 (2H, d, J 7.1, H4), 

3.72-3.62 (4H, m, H3 and H10), 3.60 (2H, d, J 7.3, H11), 2.22-2.05 (5H, m, H2 and H9 and 

H12), 1.96 (1H, sept, J 6.8, H5), 1.48 (9H, s, H29-31 or H34-36 or H39-41 or H45-47), 1.47 

(18H, s, two of: H29-31, H34-36, H39-41, H45-47), 1.44 (9H, s, H29-31 or H34-36 or H39-

41 or H45-47), 1.21 (9H, s, H23-25), 0.93 (6H, d, J 6.8, H13-14), 0.78 (6H, d, J 6.7, H6-7). 

δC (100 MHz, CDCl3) 175.5 (C48), 173.0 (C50), 163.7 (C16 or C18), 163.6 (C16 or C18), 

156.4 (C21 or C27 or C32 or C37 or C43), 156.2 (C21 or C27 or C32 or C37 or C43), 154.4 

(C49), 153.4 (C21 or C27 or C32 or C37 or C43), 153.2 (C21 or C27 or C32 or C37 or 

C43), 152.6 (C21 or C27 or C32 or C37 or C43), 147.3 (Ar), 145.4 (Ar), 140.4 (Ar), 132.2 

(Ar), 131.4 (Ar), 124.3 (Ar), 123.0 (Ar), 121.4 (Ar), 118.2 (Ar), 113.5 (Ar), 111.6 (Ar), 
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110.6 (Ar), 83.3 (C22 or C27 or C32 or C37 or C43), 83.1 (C22 or C28 or C33 or C38 or 

C44), 82.7 (C22 or C28 or C33 or C38 or C44), 79.4 (C22 or C28 or C33 or C38 or C44), 

79.3 (C22 or C27 or C32 or C37 or C43), 66.7 (C1 or C8), 66.3 (C1 or C8), 55.2 (C4), 53.0 

(C11), 38.6 (C3 or C10), 37.7 (C3 or C10), 28.9 (C2 or C9), 28.8 (C2 or C9), 28.6 (C5), 

28.4 (C23-25 or C29-31 or C34-36 or C39-41 or C45-47), 28.2 (C23-25 or C29-31 or C34-

36 or C39-41 or C45-47), 28.1 (C23-25 or C29-31 or C34-36 or C39-41 or C45-47), 28.1 

(C12), 27.6 (C23-25 or C29-31 or C34-36 or C39-41 or C45-47), 20.3 (C13-14), 20.0 (C6-

7). IR υmax 3332, 2966, 2873, 1720, 1587, 1131. HRMS (ESI) found 1163.6372 

C56H88N10O15Na+ [M+Na]+ requires 1163.6323. 

 

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

isobutylureido)-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl) 

(isobutyl)carbamate (82) 

Di-tert-butyl dicarbonate (227 mg, 1.04 mmol, 

2.0 eq) was added to a stirred solution of 

benzoylurea 70 (475 mg, 0.52 mmol, 1.0 eq) in 

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

eq) was added and the mixture stirred for 19 

hours at room temperature. The reaction was 

diluted with NH4Cl (50 mL) and DCM (50 mL) 

and extracted with DCM (3 x 50 mL). The 

organic layers were combined, dried (Na2SO4), 

filtered, concentrated, and purified via flash column chromatography (3:1 petrol:ether) to 

yield the title compound as a yellow foam (454 mg, 0.45 mmol, 86 %): δH (400 MHz, 

CDCl3) 7.86 (1H, d, J 8.3, Ar), 7.38 (1H, d, J 1.5, Ar), 7.32 (1H, dd, J 8.3; 1.5, Ar), 7.08 
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(1H, d, J 1.8, Ar), 6.98 (1H, dd, J 8.1; 1.8, Ar), 6.58 (1H, d, J 7.6, Ar), 4.18 (2H, t, J 5.8, H1 

or H11), 3.98 (2H, t, J 7.3, H1 or H11), 3.66 (2H, t, J 7.1, H3 or H13), 3.60-3.55 (6H, m, 

H3 or H13 and H5 and H25), 2.22 (1H, sept, J 6.8, H6 or H26), 2.13-1.94 (5H, m, H2, H12, 

and H6 or H26), 1.48 (18H, s, H17-19 and H21-23), 1.31 (9H, s, H35-37), 1.17 (9H, s, H31-

33), 0.95 (6H, d, J 6.8, H7-8 or H27-28), 0.92 (6H, d, J 6.6, H7-8 or H27-28). δC (100 MHz, 

CDCl3) 172.1 (C4 or C24), 169.0 (C4 or C24), 155.5 (C10), 154.3 (C14-15 or C29), 153.8 

(C14-15 or C29), 152.6 (C9), 151.8 (Ar), 151.1 (Ar), 141.3 (Ar), 141.0 (Ar), 139.3 (Ar), 

129.8 (Ar), 127.1 (Ar), 125.3 (Ar), 119.9 (Ar), 119.6 (Ar), 114.7 (Ar), 111.6 (Ar), 84.1 

(C34), 83.2 (C30), 82.5 (C16 and C20), 67.0 (C1 or C11), 66.2 (C1 or C11), 53.4 (C5 or 

C25), 52.8 (C5 or C25), 47.6 (C3 or C13), 43.2 (C3 or C13), 28.8 (C6 or C26), 28.3 (C6 or 

C26), 28.3 (C2 or C12), 28.1 (C2 or C12), 28.0 (C17-19 and C21-23), 27.6 (C31-33), 27.4 

(C35-37), 20.3 (C7-8 or C27-28), 20.1 (C7-8 or C27-28). IR υmax 3128, 2978, 2098, 1731, 

1672, 1335, 1152. HRMS (ESI) found 1035.5006 C49H72N8O15Na+ [M+Na]+ requires 

1035.5009. 

 

tert-Butyl(4-(3-(4-amino-3-(3-azidopropoxy)benzoyl)-1-(tert-butoxycarbonyl)-3-

isobutylureido)-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl) 

carbamate (83) 

Following the general procedure for nitro group 

reduction, benzoylurea 82 (454 mg, 0.45 mmol) 

was reduced and purified (2:1 petrol:ether) to yield 

the title compound as a white foam (182 mg, 0.18 

mmol, 40 %): δH (400 MHz, CDCl3) 7.18 (1H, dd, 

J 8.1; 1.5, Ar), 7.14 (1H, d, J 1.2, Ar), 7.06 (1H, d, 

J 1.5, Ar), 6.96 (1H, dd, J 7.5; 1.5, Ar), 6.71 (1H, 
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d, J 4.8, Ar), 6.59 (1H, d, J 7.5, Ar), 4.09 (2H, t, J 6.1, H1 or H11), 3.95 (2H, t, J 7.3, H1 or 

H11), 3.71-3.56 (6H, m, H3 or H13 and H5 and H25), 3.51 (2H, t, J 6.3, H3 or H13), 2.19 

(1H, sept, J 6.8, H6 or H26), 2.14-1.89 (5H, m, H2, H12, and H6 or H26), 1.49 (18H, s, 

H17-19 and H21-23), 1.28 (9H, s, H35-37), 1.19 (9H, s, H31-33), 0.94 (12H, d, J 7.2, H7-8 

and H27-28). δC (100 MHz, CDCl3) 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), 152.5 (Ar), 152.5 (Ar), 151.1 

(Ar), 138.7 (Ar), 138.7 (Ar), 130.6 (Ar), 127.6 (Ar), 123.6 (Ar), 123.6 (Ar), 119.5 (Ar), 

112.3 (Ar), 111.5 (Ar), 83.2 (C30 or C34), 83.2 (C30 or C34), 82.5 (C16 and C20), 67.0 

(C1 or C11), 65.2 (C1 or C11), 55.5 (C5 or C25), 52.8 (C5 or C25), 48.3 (C3 or C13), 43.3 

(C3 or C13), 28.9 (C6 or C26), 28.6 (C6 or C26), 28.3 (C2 or C12), 28.2 (C2 or C12), 28.1 

(C17-19 and C21-23), 27.7 (C31-33), 27.5 (C35-37), 20.4 (C7-8 or C27-28), 20.2 (C7-8 or 

C27-28). IR υmax 3373, 2964, 2099, 1733, 1663, 1367, 1150, 1124. HRMS (ESI) found 

1005.5224 C49H74N8O13Na+ [M+Na]+ requires 1005.5268. 

 

tert-Butyl(4-(3-(3-(3-azidopropoxy)-4-isocyanatobenzoyl)-1-(tert-butoxycarbonyl)-3-

isobutylureido)-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl) 

carbamate (84) 

Following the general procedure for the formation 

of isocyanates, reaction with amine 84 (182 mg, 

0.19 mmol) afforded the title compound as a 

yellow foam (187 mg, quant): δH (300 MHz, 

CDCl3) 7.24-7.18 (2H, m, Ar), 7.06 (1H, d, J 1.3, 

Ar), 7.02 (1H, d, J 7.9, Ar), 6.96 (1H, dd, J 8.0; 

1.5, Ar), 6.48 (1H, d, J 8.0, Ar), 4.15 (2H, t, J 5.7, 

H1 or H11), 3.96 (2H, t, J 7.0, H1 or H11), 3.72-
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3.50 (8H, m, H3, H5, H13, and H25), 2.29-1.91 (6H, m, H2, H6, H12, and H26), 1.48 (18H, 

s, H17-19 and H21-23), 1.27 (9H, s, H35-37), 1.18 (9H, s, H31-33), 0.99-0.88 (12H, m, H7-

8 and H27-28). δC (75 MHz, CDCl3) 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 (C9), 152.5 (Ar), 151.1 (Ar), 139.2 

(Ar), 134.1 (Ar), 131.1 (Ar), 130.3 (Ar), 127.4 (C38), 127.2 (Ar), 122.9 (Ar), 121.7 (Ar), 

119.6 (Ar), 111.8 (Ar), 111.6 (Ar), 83.7 (C30 or C34), 83.2 (C30 or C34), 82.5 (C16 and 

C20), 67.0 (C1 or C11), 65.7 (C1 or C11), 55.5 (C5 or C25), 52.9 (C5 or C25), 47.8 (C3 or 

C13), 43.3 (C3 or C13), 28.9 (C6 or C26), 28.5 (C6 or C26), 28.3 (C2 or C12), 28.2 (C2 or 

C12), 28.1 (C17-19 and C21-23), 27.8 (C31-33), 27.5 (C35-37), 20.4 (C7-8 or C27-28), 

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

 

3-Isopropoxy-4-nitrobenzoic acid (85)  

Following the general procedure for SNAr coupling, isopropyl alcohol (1 

mL, 13.0 mmol, 1.2 eq) was added to acid 6 (2 g, 10.8 mmol, 1.0 eq) to 

yield the title compound as a yellow solid (2.56 g, quant): MP 155-157. δH 

(400 MHz, CDCl3) 7.80-7.77 (2H, m, Ar), 7.73 (1H, dd, J 8.3; 1.3, Ar), 

4.78 (1H, sept, J 6.0, H1), 1.42 (6H, d, J 6.1, H2-3). δC (100 MHz, CDCl3) 170.0 (C4), 

150.1 (Ar), 144.4 (Ar), 133.3 (Ar), 125.2 (Ar), 121.8 (Ar), 117.3 (Ar), 73.1 (C1), 21.8 (C2-

C3). IR υmax 2923, 1689, 1605, 1523, 1297. HRMS (ESI) found 248.0521 C10H11NO5 Na + 

[M+Na]+ requires 248.0529. 

 

N-isobutyl-3-isopropoxy-4-nitrobenzamide (86) 

Following the general procedure I for amidation, isopropoxy benzoic acid 

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

17.05 mmol, 1.5 eq) and purified (1:1 ether:petrol) to yield the title 

4
O OH

NO2

O
1

2

3

4
O

H
N

5

NO2

O
1

2

3
6

7

8

9



 153 

compound as a viscous yellow oil (2.12 g, 7.57 mmol, 67 %): δH (400 MHz, CDCl3) 7.73 

(1H, d, J 8.3, Ar), 7.60 (1H, d, J 1.6, Ar), 7.20 (1H, dd, J 8.3; 1.7, Ar), 6.20 (1H, br s, H5), 

4.80 (1H, sept, J 6.1, H1), 3.30 (2H, t, J 6.1, H6), 1.91 (1H, sept, J 6.7, H7), 1.40 (6H, d, J 

6.0, H2-3), 0.99 (6H, d, J 6.7, H8-9). δC (100 MHz, CDCl3) 165.4 (C4), 152.6 (Ar), 141.6 

(Ar), 140.6 (Ar), 126.2 (Ar), 118.1 (Ar), 114.5 (Ar), 66.6 (C1), 48.0 (C6), 29.7 (C7), 28.5 

(C2-3), 20.6 (C8-9). IR υmax 3307, 2969, 1738, 1641, 1525, 1248. HRMS (ESI) found 

303.1307 C14H20N2O4Na+ [M+Na]+ requires 303.1315. 

 

tert-Butyl(4-(3-(3-(3-azidopropoxy)-4-(3-isobutyl-3-(3-isopropoxy-4-

nitrobenzoyl)ureido)benzoyl)-1-(tert-butoxycarbonyl)-3-isobutylureido)-3-(3-(bis(tert-

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

Following the general procedure for benzoylurea 

formation, amide 86 (52 mg, 0.19 mmol, 1.0 eq) 

was reacted with isocyanate 84 (187 mg, 0.19 

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

yield the title compound as a yellow oil (143 mg, 

0.11 mmol, 60 %): δH (400 MHz, CDCl3) 11.75 

(1H, s, H38), 8.43 (1H, d, J 8.4, Ar), 7.83 (1H, d, J 

8.2, Ar), 7.31 (1H, dd, J 8.4; 1.6, Ar), 7.25 (1H, d, 

J 1.6, Ar), 7.16 (1H, d, J 1.1, Ar), 7.07 (1H, dd, J 

8.3; 1.5, Ar), 7.05 (1H, d, J 1.6, Ar), 6.97 (1H, dd, 

J 8.0; 1.6, Ar), 6.56 (1H, d, J 8.0, Ar), 4.71 (1H, 

sept, J 6.1, H45), 4.14 (2H, t, J 5.7, H1 or H11), 

3.97 (2H, t, J 7.1, H1 or H11), 3.71-3.55 (10H, m, H3, H5, H13, H25, and H40), 2.29-1.91 

(7H, m, H2, H6, H12, H26, and H41), 1.48 (18H, s, H17-19 and H21-23), 1.40 (6H, d, J 
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6.0, H46-47), 1.28 (9H, s, H35-37), 1.19 (9H, s, H31-33), 0.96 (6H, d, J 6.7, H7-8 or H27-

28 or H42-43), 0.93 (6H, d, J 6.7, H7-8 or H27-28 or H42-43), 0.81 (6H, d, J 6.7, H7-8 or 

H27-28 or H42-43). δC (100 MHz, CDCl3) 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 (C14-15 or C29), 154.0 (C14-15 or 

C29), 152.6 (C9 or C39), 151.4 (C9 or C39), 151.3 (Ar), 151.1 (Ar), 147.5 (Ar), 142.1 (Ar), 

140.8 (Ar), 139.1 (Ar), 131.4 (Ar), 131.3 (Ar), 130.7 (Ar), 127.5 (Ar), 125.9 (Ar), 122.3 

(Ar), 119.7 (Ar), 118.6 (Ar), 118.4 (Ar), 114.8 (Ar), 111.6 (Ar), 111.5 (Ar), 83.6 (C30 or 

C34), 83.3 (C30 or C34), 82.5 (C16 and C20), 73.3 (C45), 67.1 (C1 or C11), 65.5 (C1 or 

C11), 55.6 (C5 or C25 or C40), 54.3 (C5 or C25 or C40), 52.9 (C5 or C25 or C40), 48.1 (C3 

or C13), 43.4 (C3 or C13), 29.0 (C6 or C26 or C41), 28.8 (C6 or C26 or C41), 28.7 (C6 or 

C26 or C41), 28.4 (C2 or C12), 28.3 (C2 or C12), 28.2 (C17-19 and C21-23), 27.9 (C31-

33), 27.6 (C35-37), 21.8 (C46-47), 20.5 (C7-8 or C27-28 or C42-43), 20.3 (C7-8 or C27-28 

or C42-43), 20.3 (C7-8 or C27-28 or C42-43). IR υmax 3220, 2964, 2100, 1715, 1665, 1533, 

1367, 1122. HRMS (ESI) found 1311.6468 C64H92N10O18Na+ [M+Na]+ requires 1311.6483. 

 

tert-Butyl(4-(3-(3-(4-amino-3-(3-(bis(tert-butoxycarbonyl)guanidinopropoxy)-4-(3-

isobutyl-3-(3-isopropoxy-4-nitrobenzoyl)ureido)benzoyl)-1-(tert-butoxycarbonyl)-3-

isobutylureido)-3-(3-(bis(tert-butoxycarbonyl)amino)propoxy)benzoyl)(isobutyl) 

carbamate (88) 

 N,N’-diBoc-1H-pyrazole-1-carboxamidine (14 mg, 0.044 mmol, 1.2 eq) and palladium on 

activated carbon (47 mg, 5 % Pd by mass) were added to a stirred solution of benzoylurea 

87 (47 mg, 0.036 mmol, 1.0 eq) in EtOAc (4.0 mL). The solution was flushed three times 

with hydrogen gas then allowed to stir under an atmosphere of hydrogen for 67 hours. The 

solution was filtered through Celite®  with EtOAc (50 mL), concentrated, and purified via 

flash column chromatography (2:1 ether:petrol) to yield title compound as a colorless oil  
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(48 mg, 0.033 mmol, 89 %): δH (500 MHz, 

CDCl3) 11.48 (1H, s, H55), 11.44 (1H, s, 

H38), 8.48 (1H, t, J 5.2, H49), 8.45 (1H, d, J 

8.4, Ar), 7.38 (1H, dd, J 8.4; 1.7, Ar), 7.24 

(1H, d, J 1.6, Ar), 7.07 (1H, d, J 1.6, Ar), 

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

m, Ar), 6.67 (1H, d, J 8.1, Ar), 6.63 (1H, d, J 

8.0, Ar), 4.58 (1H, sept, J 6.0, H45), 4.14 

(2H, br s, H48), 4.08 (2H, t, J 6.0, H11), 3.98 

(2H, t, J 7.2, H1), 3.82 (2H, d, J 7.1, H5 or 

H25 or H40), 3.73-3.64 (6H, m, H3 and H13 

and H5 or H25 or H40), 3.60 (2H, d, J 7.3, 

H5 or H25 or H40), 2.28-1.95 (7H, m, H2, H6, H12, H26, and H41), 1.50(18H, s, H17-19 

and H21-23), 1.48 (9H, s, H52-54 or H58-60), 1.45 (9H, s, H52-54 or H58-60), 1.35 (6H, d, 

J 6.0, H46-47), 1.25 (9H, s, H35-37), 1.19 (9H, s, H31-33), 0.96 (6H, d, J 6.7, H7-8 or H27-

28 or H42-43), 0.94 (6H, d, J 6.7, H7-8 or H27-28 or H42-43), 0.81 (6H, d, J 6.7, H7-8 or 

H27-28 or H42-43). δC (125 MHz, CDCl3) 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 (C10), 156.0 (C14-15 or C29 or C50 or 

C56), 154.6 (C14-15 or C29 or C50 or C56), 154.1 (C14-15 or C29 or C50 or C56), 153.2 

(C14-15 or C29 or C50 or C56), 152.8 (C9 or C39), 152.6 (C9 or C39), 151.1 (Ar), 147.5 

(Ar), 144.3 (Ar), 141.2 (Ar), 139.0 (Ar), 132.2 (Ar), 130.9 (Ar), 130.4 (Ar), 127.5 (Ar), 

124.4 (Ar), 122.7 (Ar), 122.3 (Ar), 119.9 (Ar), 118.0 (Ar), 113.8 (Ar), 113.4 (Ar), 111.8 

(Ar), 111.6 (Ar), 83.5 (C16 and C20 or C30 or C34 or C51 or C57), 83.4 (C16 and C20 or 

C30 or C34 or C51 or C57), 83.2 (C16 and C20 or C30 or C34 or C51 or C57), 82.6 (C16 

and C20 or C30 or C34 or C51 or C57), 79.5 (C16 and C20 or C30 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 C40), 55.2 (C5 or C25 or C40), 52.9 

(C5 or C25 or C40), 43.4 (C3), 37.9 (C13), 29.1 (C2 or C12), 28.9 (C2 or C12), 28.7 (C6 or 

C26 or C41), 28.4 (C52-54 or C58-60), 28.3 (C6 or C26 or C41), 28.3 (C17-19 and C21-

23), 28.2 (C6 or C26 or C41), 28.2 (C52-54 or C58-60), 27.9 (C31-33), 27.6 (C35-37), 22.2 

(C46-47), 20.5 (C7-8 or C27-28 or C42-43), 20.3 (C7-8 or C27-28 or C42-43), 20.1 (C7-8 

or C27-28 or C42-43). IR υmax 3338, 2976, 1731, 1667, 1532, 1368, 1329, 1133. HRMS 

(ESI) found 1497.8088 C75H114N10O20Na+ [M+Na]+ requires 1497.8103. 

 

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

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

Following the general procedure for N-boc deprotection, 

protected benzoylurea 76 (16 mg, 0.016 mmol) was stirred 

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

via semi-preparative HPLC (15 % MeCN to 60 % MeCN 

over 40 minutes) to yield the title compound (7 mg, 9.7 

µmol) as an orange amorpohous solid: δH (500 MHz, D2O) 

7.96 (1H, d, J 8.4, Ar), 7.38 (1H, d, J 8.1, Ar), 7.29 (1H, dd, 

J 8.4; 1.8, Ar), 7.26 (1H, d, J 1.5, Ar), 7.21 (1H, br s, Ar), 7.17 (1H, dd, J 8.1; 1.6, Ar), 4.18 

(2H, t, J 5.8, H1 or H4), 4.06 (2H, t, J 5.7, H1 or H4), 3.31 (2H, t, J 7.0, H3 or H6), 3.19-

3.13 (5H, m, H3 or H6 and H12 or H13), 2.80 (3H, s, H12 or H13), 2.15 (2H, quint, J 7.3, 

H2 or H5), 2.00 (2H, quint, J 6.3, H2 or H5). δC (125 MHz, D2O) 174.7 (C8), 169.8 (C10), 

162.9 (q, J 35.6, F3CCO2), 156.7 (C7), 153.4 (C9), 150.7 (Ar), 148.0 (Ar), 135.0 (Ar), 129.7 

(Ar), 129.5 (Ar), 124.4 (Ar), 123.2 (Ar), 120.2 (Ar), 120.1 (Ar), 119.6 (Ar), 116.3 (q, J 

291.5, F3CCO2), 111.1 (Ar), 110.2 (Ar), 66.2 (C1 or C4), 65.9 (C1 or C4), 38.1 (C3 or C6), 

36.9 (C3 or C6), 35.4 (C12 or C13), 27.7 (C2 or C5), 26.4 (C2 or C5), 26.3 (C12 or C13). 
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IR υmax 3361, 3186, 2956, 1677, 1632, 1531, 1202, 1136. HRMS (ESI) found 515.2722 

C24H35N8O5
+ [M+H] + requires 515.2725.  

 

4-(3-(4-Amino-3-(3-aminopropoxy)benzoyl)-3-isobutylureido)-3-(3-guanidinopropoxy) 

benzoic acid•2TFA (38) 

Following the general procedure for N-Boc deprotection, 

protected benzoylurea 77 (51 mg, 0.051 mmol) was stirred 

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

via semi-preparative HPLC (25 % MeCN to 95 % MeCN 

over 40 minutes) to yield the title compound (18 mg, 0.023 

mmol) as a viscous orange oil: δH (500 MHz, D2O) 7.73 

(1H, d, J 8.4, Ar), 7.45-7.39 (2H, m, Ar), 7.28 (1H, d, J 5.0, 

Ar), 7.22 (1H, s, Ar), 7.18 (1H, d, J 8.1, Ar), 4.16 (2H, t, J 5.7, H1 or H4), 3.92 (2H, d, J 

4.5, H1 or H4), 3.56 (2H, d, J 7.1, H12), 3.26 (2H, t, J 7.1, H3 or H6), 3.14 (2H, t, J 7.6, H3 

or H6), 2.14 (2H, quint, J 7.0, H2 or H5), 1.94 (2H, quint, J 6.2, H2 or H5), 1.79 (1H, sept, 

J 6.5, H13), 0.71 (6H, d, J 6.5, H14-15). δC (125 MHz, D2O) 174.7 (C8), 169.4 (C10), 162.8 

(q, J 35.6, F3CCO2), 156.7 (C7), 153.0 (C9), 151.1 (Ar), 147.8 (Ar), 135.9 (Ar), 130.8 (Ar), 

125.6 (Ar), 123.8 (Ar), 123.2 (Ar), 123.0 (Ar), 120.3 (Ar), 119.4 (Ar), 116.3 (q, J 291.7, 

F3CCO2), 112.0 (Ar), 111.3 (Ar), 66.3 (C1 or C4), 65.7 (C1 or C4), 54.1 (C12), 38.2 (C3 or 

C6), 36.8 (C3 or C6), 28.1 (C13), 27.7 (C2 or C5), 26.4 (C2 or C5), 19.1 (C14-15). IR υmax 

3370, 3191, 2964, 1676, 1632, 1540, 1190, 1137. HRMS (ESI) found 544.2878 

C26H38N7O6
+ [M+H] + requires 544.2878.  
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4-Amino-3-(3-aminopropoxy)-N-((2-(3-guanidinopropoxy)-4-isobutylcarbamoyl) 

phenyl)carbamoyl)-N-methylbenzamide•2TFA (39) 

Following the general procedure for N-Boc deprotection, 

protected benzoylurea 78 (58 mg, 0.055 mmol) was stirred 

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

purified via semi-preparative HPLC (25 % MeCN to 95 % 

MeCN over 40 minutes) to yield the title compound (25 

mg, 0.032 mmol) as an amorphous white solid: δH 

(500 MHz, D2O) 7.94 (1H, d, J 8.5, Ar), 7.44 (1H, d, J 8.1, 

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

J 5.7, H1 or H4), 3.94 (2H, t, J 5.6, H1 or H4), 3.26 (2H, t, J 7.3, H3 or H6), 3.14 (2H, t, J 

7.6, H3 or H6), 3.06 (3H, s, H12), 3.02 (2H, d, J 7.1, H13), 2.16 (2H, quint, J 7.6, H2 or 

H5), 1.92 (2H, quint, J 6.7, H2 or H5), 1.71 (1H, sept, J 6.8, H14), 0.78 (6H, d, J 6.7, H15-

16). δC (125 MHz, D2O) 174.6 (C8), 168.8 (C10), 162.2 (q, J 35.6, F3CCO2), 156.6 (C7), 

152.6 (C9), 151.3 (Ar), 147.5 (Ar), 136.0 (Ar), 129.8 (Ar), 129.2 (Ar), 124.1 (Ar), 122.7 

(Ar), 120.0 (Ar), 119.8 (Ar), 118.9 (Ar), 116.2 (q, J 291.7, F3CCO2), 111.0 (Ar), 109.7 (Ar), 

66.3 (C1 or C4), 65.8 (C1 or C4), 47.3 (C13), 38.2 (C3 or C6), 36.9 (C3 or C6), 35.5 (C12), 

28.1 (C14), 27.8 (C2 or C5), 26.4 (C2 or C5), 19.3 (C15-16). IR υmax 3353, 3189, 3079, 

2963, 1674, 1630, 1528, 1201, 1136. HRMS (ESI) found 557.3198 C27H41N8O5
+ [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)benzamide•2TFA (40) 

Following the general procedure for N-Boc deprotection, 

protected benzoylurea 74 (32 mg, 0.029 mmol) was stirred 

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

via semi-preparative HPLC (25 % MeCN to 95 % MeCN 

over 40 minutes) to yield the title compound (15 mg, 0.018 

mmol) as a viscous orange oil: δH (500 MHz, D2O) 7.80 

(1H, d, J 8.3, Ar), 7.48 (1H, d, J 8.1, Ar), 7.34 (1H, dd, J 

8.4; 1.7, Ar), 7.32 (1H, br s, Ar), 7.31-7.27 (2H, m, Ar), 4.23 (2H, t, J 5.7, H1 or H4), 4.09 

(2H, t, J 5.7, H1 or H4), 3.72 (2H, d, J 7.3, H11 or H15), 3.36 (2H, t, J 7.0, H3 or H6), 3.24-

3.19 (4H, m, H3 or H6 and H11 or H15), 2.25-2.17 (2H, m, H2 or H5), 2.08-2.01 (2H, m, 

H2 or H5), 1.14-1.00 (2H, m, H12 and H16), 0.54-0.46 (4H, m, H13-14 or H17-18), 0.23 

(2H, dd, J 10.0; 4.9, H13-14 or H17-18), 0.16 (2H, dd, J 10.0; 5.0, H13-14 or H17-18). δC 

(125 MHz, D2O) 173.9 (C8), 169.3 (C10), 162.9 (q, J 35.6, F3CCO2), 156.7 (C7), 154.0 

(C9), 151.0 (Ar), 148.7 (Ar), 135.9 (Ar), 130.6 (Ar), 129.0 (Ar), 123.7 (Ar), 123.3 (Ar), 

120.6 (Ar), 120.1 (Ar), 120.0 (Ar), 116.3 (q, J 291.6, F3CCO2), 111.2 (Ar), 110.5 (Ar), 66.2 

(C1 or C4), 65.8 (C1 or C4), 51.6 (C11 or C15), 44.6 (C11 or C15), 38.1 (C3 or C6), 36.8 

(C3 or C6), 27.7 (C2 or C5), 26.4 (C2 or C5), 10.1 (C12 or C16), 9.8 (C12 or C16), 3.2 

(C13-14 or C17-18), 2.6 (C13-14 or C17-18). IR υmax 3358, 3187, 2963, 1676, 1631, 1525, 

1200, 1136. HRMS (ESI) found 595.3360 C30H43N8O5
+ [M+H]+ requires 595.3351. 
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4-Amino-N-((2-(3-aminopropoxy)-4-(isobutylcarbamoyl)phenyl)carbamoyl)-3-(3-

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

Following the general procedure for N-Boc deprotection, 

protected benzoylurea 75 (24 mg, 0.022 mmol) was stirred 

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

purified via semi-preparative HPLC (25 % MeCN to 95 % 

MeCN over 40 minutes) to yield the title compound (17 

mg, 0.021 mmol) as a viscous orange oil: δH (500 MHz, 

D2O) 7.77 (1H, d, J 8.2, Ar), 7.48 (1H, d, J 8.2, Ar), 7.34 

(1H, dd, J 8.5; 1.9, Ar), 7.32-7.29 (2H, m, Ar), 7.28 (1H, br s, Ar), 4.17-4.11 (4H, m, H1 

and H4), 3.69 (2H, d, J 8.3, H11 or H15), 3.34 (2H, t, J 7.7, H3 or H6), 3.20 (2H, t, J 7.4, 

H3 or H6), 3.15 (2H, d, J 7.3, H11 or H15), 2.18 (2H, quint, J 6.8, H2 or H5), 2.07 (2H, 

quint, J 6.0, H2 or H5), 1.96 (1H, sept, J 6.7, H12 or H16), 1.86 (1H, sept, J 6.8, H12 or 

H16), 0.90 (6H, d, J 7.3, H13-14 or H17-18), 0.85 (6H, d, J 6.6, H13-14 or H17-18). δC 

(125 MHz, D2O) 174.0 (C8), 169.5 (C10), 162.8 (q, J 35.6, F3CCO2), 156.8 (C7), 154.3 

(C9), 151.1 (Ar), 148.7 (Ar), 136.0 (Ar), 131.0 (Ar), 128.9 (Ar), 123.8 (Ar), 123.3 (Ar), 

120.8 (Ar), 120.4 (Ar), 120.0 (Ar), 116.3 (q, J 291.6, F3CCO2), 111.3 (Ar), 110.6 (Ar), 66.1 

(C1 or C4), 65.7 (C1 or C4), 54.2 (C11 or C15), 47.3 (C11 or C15), 37.8 (C3 or C6), 36.8 

(C3 or C6), 28.0 (C12 and C16), 27.5 (C2 or C5), 26.5 (C2 or C5), 19.3 (C13-14 or C17-

18), 19.1 (C13-14 or C17-18). IR υmax 3351, 3190, 2964, 1680, 1587, 1524, 1201, 1137. 

HRMS (ESI) found 599.3671 C30H47N8O5
+ [M+H] + requires 599.3664. 
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4-Amino-N-((4-(((2-(3-aminopropoxy)-4-(isobutylcarbamoyl)phenyl)carbamoyl) 

(isobutyl) carbamoyl)-2-(3-guanidinopropoxy)phenyl)carbamoyl)-N-isobutyl-3-

isopropoxybenzamide (42) 

Following the general procedure for N-Boc deprotection, 

protected benzoylurea 88 (46 mg, 0.031 mmol) was stirred 

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

via semi-preparative HPLC (25 % MeCN to 95 % MeCN 

over 40 minutes) to yield the title compound (17 mg, 0.015 

mmol) as an orange oil: δH (500 MHz, MeOD) 8.42 (1H, d, J 

8.9, Ar), 8.36 (1H, d, J 8.4, Ar), 7.54 (1H, d, J 1.7, Ar), 7.52 

(1H, dd, J 8.4; 1.8, Ar), 7.28-7.24 (2H, m, Ar), 7.11-7.06 

(2H, m, Ar), 6.84 (1H, d, J 8.1, Ar), 4.65 (1H, sept, J 6.1, 

H2), 4.30 (2H, t, J 5.7, H8 or H16), 4.22 (2H, t, J 5.6, H8 or 

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

(2H, t, J 7.4, H10 or H18), 3.36 (2H, t, J 7.4, H10 or H18), 3.23 (2H, d, J 7.1, H4 or H12 or 

H19), 2.30 (2H, quint, J 7.5, H9 or H17), 2.19 (2H, quint, J 7.6, H9 or H17), 2.02-1.90 (3H, 

m, H5 and H13 and H20), 1.38 (6H, d, J 6.1, H1 and H3), 0.99 (6H, d, J 6.7, H6-7 or H14-

15 or H21-22), 0.83 (12H, d, J 6.7, two of H6-7 and H14-15 and H21-22). δC (125 MHz, 

MeOD) 177.9 (C23 or C25), 176.9 (C23 or C25), 169.6 (C27), 162.8 (q, J 34.3, F3CCO2), 

158.7 (C11), 154.1 (C24 or C26), 153.6 (C24 or C26), 148.9 (Ar), 148.9 (Ar), 145.8 (Ar), 

143.3 (Ar), 132.0 (Ar), 132.0 (Ar), 131.9 (Ar), 131.1 (Ar), 124.8 (Ar), 123.7 (Ar), 122.2 

(Ar), 121.4 (Ar), 120.3 (Ar), 120.2 (Ar), 117.2 (Ar), 115.2 (Ar), 114.6 (Ar), 111.4 (Ar), 72.3 

(C2), 67.3 (C8 or C16), 66.8 (C8 or C16), 58.4 (C4 or C12 or C19), 56.2 (C4 or C12 or 

C19), 55.6 (C4 or C12 or C19), 39.6 (C10 or C18), 38.2 (C10 or C18), 29.9 (C5 or C13 or 

C20), 29.8 (C5 or C13 or C20), 29.8 (C5 or C13 or C20), 29.7 (C9 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), 20.3 (C6-7 or C14-15 or C21-

22), 20.2 (C6-7 or C14-15 or C21-22). IR υmax 3362, 3196, 2962, 1679, 1630, 1587, 1201, 

1190, 1136. HRMS (ESI) found 875.5109 C45H67N10O8
+ [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 for N-Boc 

deprotection, benzoylurea 81 (94 mg, 0.082 mmol) 

was stirred for 90 minutes and the resulting residue 

purified via semi-preparative HPLC (35 % MeCN to 

80 % MeCN over 40 minutes) to yield the title 

compound as a colorless wax: δH (500 MHz, d3-

MeCN) 11.33 (1H, s, H20), 8.33 (1H, d, J 8.3, Ar), 

7.99 (1H, t, J 5.0, H15 or H17), 7.72 (1H, t, J 5.1, 

H15 or H17), 7.42 (1H, dd, J 8.5; 1.8, Ar), 7.40 (1H, d, J 1.6, Ar), 7.08 (1H, t, J 5.6, H21), 

7.03 (1H, dd, J 8.3; 1.7, Ar), 7.00 (1H, d, J 1.7, Ar), 6.91 (8H, br s, H19 and H22-25), 6.71 

(1H, d, J 8.1, Ar), 4.19 (2H, t, J 5.7, H1 or H8), 4.06 (2H, t, J 5.7, H1 or H8), 3.80 (2H, d, J 

7.3, H4), 3.50 (2H, q, J 6.3, H3 or H10), 3.35 (2H, q, J 6.5, H3 or H10), 3.16 (2H, t, J 6.6, 

H11), 0.93 (6H, d, J 6.6, H13-14), 0.77 (6H, d, J 6.9, H6-7). δH (500 MHz, D2O) 7.68 (1H, 

d, J 8.5, Ar), 7.38 (1H, d, J 8.2, Ar), 7.35 (1H, dd, J 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 (2H, d, J 7.3, H4), 3.38-3.31 (4H, m, 

H3 and H10), 3.18 (2H, d, J 6.9, H11), 2.09-1.97 (5H, m, H2 and H9 and H12), 1.88 (1H, 

sept, J 6.6, H5), 0.92 (6H, d, J 6.9, H13-14), 0.89 (6H, d, J 6.9, H6-7). δC (125 MHz, D2O) 

173.8 (C26), 169.6 (C28), 162.9 (q, CF3CO2, JCF 35 Hz),156.8 (C27 or C16 and C18), 156.7 

(C27 or C16 and C18), 150.1 (Ar), 149.3 (Ar), 133.9 (Ar), 131.4 (Ar), 128.7 (Ar), 122.2 
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(Ar), 122.2 (Ar), 121.3 (Ar), 121.0 (Ar), 119.9 (Ar), 116.3 (q, J 292, CF3CO2), 111.5 (Ar), 

110.7 (Ar), 66.1 (C1 or C8), 65.8 (C1 or C8), 54.2 (C4), 47.3 (C11), 38.1 (C3 or C10), 37.9 

(C3 or C10), 28.0 (C5 or C12), 28.0 (C5 or C12), 27.6 (C2 or C9), 27.5 (C2 or C9), 19.3 

(C6-7 or C13-14), 19.2 (C6-7 or C13-14). IR υmax 3350, 3194, 2962, 1675, 1628, 1522, 

1202. HRMS (ESI) found 641.3865 C31H49N10O5
+ [M+H] + requires 641.3882. 

 

4-Amino-3-(3-aminopropoxy)-N-isobutyl-N-((4-(isobutylcarbamoyl)-2-(3-

isopropylamino)propoxy)phenyl)carbamoyl)benzamide•2TFA (79) 

Following the general procedure for N-Boc deprotection, 

protected benzoylurea 73 (31 mg, 0.034 mmol) was stirred 

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

via semi-preparative HPLC (25 % MeCN to 95 % MeCN 

over 40 minutes) to yield the title compound (13 mg, 0.016 

mmol) as a viscous orange oil: δH (500 MHz, D2O) 7.77 (1H, 

d, J 8.2, Ar), 7.36 (1H, d, J 8.2, Ar), 7.28 (1H, dd, J 8.4; 1.8, 

Ar), 7.23 (1H, d, J 1.7, Ar), 7.22-7.19 (2H, m, Ar), 4.14 (2H, 

t, J 5.7, H1 or H4), 4.10 (2H, t, J 5.6, H1 or H4), 3.62 (2H, d, J 7.3, H11 or H15), 3.24 (1H, 

sept, J 6.6, H7), 3.20-3.11 (4H, m, H3 and H6), 3.08 (2H, d, J 7.1, H11 or H15), 2.17-2.07 

(4H, m, H2 and H5), 1.86 (1H, sept, J 6.8, H12 or H16), 1.79 (1H, sept, J 6.8, H12 or H16), 

1.14 (6H, d, J 6.6, H19-20), 0.83 (6H, d, J 6.7, H13-14 or H17-18), 0.75 (6H, d, J 6.7, H13-

14 or H17-18). δC (125 MHz, D2O) 174.7 (C8), 169.6 (C10), 162.9 (q, J 35.6, F3CCO2), 

154.0 (C9), 153.9 (Ar), 150.7 (Ar), 148.5 (Ar), 135.1 (Ar), 130.7 (Ar), 129.1 (Ar), 124.8 

(Ar), 123.0 (Ar), 120.6 (Ar), 120.1 (Ar), 116.3 (q, J 291.7, F3CCO2), 111.4 (Ar), 110.5 (Ar), 

66.2 (C1 or C4), 65.6 (C1 or C4), 54.3 (C11 or C15), 50.8 (C7), 47.3 (C11 or C15), 41.9 

(C3 or C6), 36.9 (C3 or C6), 28.1 (C12 or C16), 28.0 (C12 or C16), 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), 18.1 (C19-20). IR υmax 

3352, 3201, 2962, 1678, 1630, 1524, 1202, 1135. HRMS (ESI) found 599.3899 

C32H51N6O5
+ [M+H] + requires 599.3915. 
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4. Benzamide-based 310 peptidomimetics 

4.1. Introduction 

The 310 helix is a compact, steeply-rising fold adopted by polypeptides and proteins. It is 

a right-handed helix consisting of three residues per turn, rising 6 Å per turn.1 Hydrogen 

bonding is between the backbones of the i and i+3 residues, and due to a 3-fold axis of 

symmetry, the sidechains of successive turns are projected in the same directions (Figure 

4-1). While this helix maintains optimal intramolecular hydrogen bond lengths, it does so 

by twisting the amide C-N bond, to an extent that the structure was thought impossible by 

Pauling in his initial study of protein helices.2 It is now known that the 310 secondary 

structure is in fact common, making up 15 % - 20 % of helices in the PDB.3 On average 310 

helices are quite short, three to five residues, compared to ten to twelve residues for α-

helices, although longer stretches of the 310 structure are known.4 Further analysis suggests 

that the 310 helix structure in proteins deviates from ideality, with 310 stretches containing 

nine residues or more uniformly lacking long-range order.5 

       
Figure 4-1: Comparison of an α-helix (green) and four residues of the 310 helix of Gab2b (purple). The 310 

structure has a 3-fold axis of symmetry and is very narrow (bottom left) when compared to the unsymmetrical 

α-helix (top left). The Gab2b peptide spans 5.3 Å, which deviates from the ideal 6.0 Å for a 310 helix. 

5.4 Å 

5.3 Å 
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Mimicry of the 310 structure began with the observation that α-α-disubstituted amino 

acids show a high degree of helicity resulting from their constrained backbone 

conformation. Sequences rich in 2-aminoisobutyric acid (α-methylalanine) are rich in α-

helix or 310 helix conformation, depending on the precise sequence.6,7 Synthetic α-α-

disubstituted amino acids have been used in a variety of “stapling” approaches, including 

those via lactam bridges,8 ring-closing metathesis,9,10 and click chemistry,11 which stabilize 

310 helical character. Recent work on “universal peptidomimetics” has included the 310 helix 

among the mimicked structures, and has resulted in the synthesis of several classes of 

molecules.12,13 Unfortunately, the conformational flexibility of these molecules means they 

suffer a great entropic penalty upon binding,14 and so far their biological utility has not been 

demonstrated. One interesting conclusion from this work is that scaffolds previously 

designed for α-helix mimicry (e.g. the terphenyl of Hamilton et al.15) might in fact be more 

effective at matching a 310 structure.13 

4.2. Peptidomimetic design 

While the relatively compact structure of the 310 helix is important in allowing peptides 

to form optimal H-bonds, a peptidomimetic with a wholly synthetic backbone need only 

match the distance between adjacent sidechains and their projection along the same face of 

the scaffold. The Gab2b peptide, which has a binding affinity 3.2 µM for Grb2 SH3C (by 

ITC), adopts a four reside 310 helix (Arg-Asn-Leu-Lys) containing the key Arg and Lys 

residues required for binding to Grb2 SH3C. None of the other amino acids in this helix 

make significant contributions to binding energy,16 so 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 peptide (green; 2WVF) and the Gab2b peptide 

(yellow; 2W0Z) binding to the surface of Grb2 SH3C (purple). Displayed are the four-residue sequences of 

each peptide which contain the RxxK sequence. Due to the much greater length of a PPII helix relative to the 

310 helix, the two peptides display the cationic residues in different conformations to maintain optimal H-bond 

distances to the protein. 

The shorter length of the 310 helix of Gab2b relative to the PPII of Gab2a results in a 

different projection of the cationic residues into the binding groove of Grb2 SH3C (Figure 

4-2). The protein structure distorts slightly to accommodate hydrogen bonds to the same key 

residues (vide supra Chapter 1.3), but the overall fold of Grb2 SH3C is not significantly 

changed when the peptides are bound. Nonetheless, the two peptide structures underscore 

the need for different peptidomimetic scaffolds for mimicking Gab2a and Gab2b. 
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Figure 4-3: Comparison of the oligobenzamide scaffold (left) and the oligopyridylamide scaffold (right). The 

benzamide scaffold is less rigid as there is relatively unconstrained rotation around the Ar-C bond, whereas the 

conformation of the oligopyridylamide is largely fixed by a three-centre hydrogen bond. As a result of this 

constraint, however,  the oligopyridylamide scaffold is also more curved than the oligobenzamide.17 



 168 

Computational modelling led to consideration of the benzamide scaffold, which has 

been used extensively for peptidomimetics.18 This scaffold is synthesized through sequential 

amide coupling reactions, and its properties such as curvature18 and conformational 

flexibility 19 are fixed by intramolecular hydrogen bonding (Figure 4-3). For instance, the 

three-centre hydrogen bonds of the oligopyridylamide scaffold create a rigid structure 

projecting sidechains along one face, but at the cost of an overall curved backbone. In 

contrast, oligobenzamides are less conformationally constrained, and are correspondingly 

less curved.17 This scaffold nonetheless shows a strong preference for forming the 

intramolecular hydrogen bond, even in high dielectric media such as water.20 Synthesis of 

the benzamide scaffold is relatively simple,21 and extensive work by multiple groups has 

allowed the incorporation of numerous sidechains,22–24 so this scaffold was selected as a 

potential mimic of Gab2b.  

Solid-state, NMR, and computational data all indicate that the benzamide conformation 

in which sidechains are projected along the same face is conformationally-accessible.17,19,23 

In this conformation, the distance between adjacent sidechains on the scaffold is 5.74 Å, 

which compares favourably to the 5.32 Å of the Gab2b peptide. The peptide forms only a 

single turn of a 310 helix, so molecules incorporating two aromatic rings and two sidechains 

were chosen as the target of synthesis (Figure 4-4). Designed mimics investigate the role of 

hydrogen bonding by incorporating two Lys sidechains (1), mixed Arg and Lys sidechains 

(2 and 3), and two Arg sidechains (4). The Arg sidechains of 2 and 3 differ in length by one 

carbon: counting the ether oxygen as part of the chain, the shorter 2 correctly matches the 

length of Arg. Counting only carbon atoms, however, 3 is the appropriate length. 

Additionally, the role of the next key amino acid in the sequence, Pro, was studied by 

including cyclopentane (5) or Pro (6) as an additional residue. Overlaying a 

thermodynamically-accessible conformation of the proposed mimetic 3 (calculated at the 
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PM3 semi-empirical level of theory)25 with the crystal structure of the bound Gab2b peptide 

gives an RMSD of the Cα and Cβ atoms of both structures of 0.73 Å (for four points).  

 
Figure 4-4: Structures of proposed mimics 1-6. Bottom right: overlay of proposed mimic 3 (green) with the 

Gab2b peptide 310 helix (purple). 

4.3. Synthesis 

The key amide bond in the scaffold is formed from a relatively electronically 

deactivated aniline. As a result, robust coupling conditions are required to form the 

benzamide. Early synthesis of this scaffold was not possible with two alkoxy sidechains,21 

but recent work has found that 2-chloro-1-methyl pyridinium iodide (Mukaiyama’s reagent) 

allows facile synthesis of fully-functionalized benzamides.23,26 Unlike the benzoylurea 

coupling described in Chapter 3, for which all labile protons required protection, in this case 

the coupling uses only weak base, so mildly acidic (pKa > ca. 10) sidechains are tolerated. 

For the planned Arg/Lys mimics, orthogonal protecting groups are required. Building from 

the benzoylurea synthesis (Chapter 3), an azide was selected as the first of these, while a 

single Boc group was sufficient to protect the other sidechain.  



 170 

Synthesis began with nucleophilic aromatic substitution of azido-alcohol 7 with 3-

fluoro-4-nitro-benzoic acid 8 (Scheme 4-1). The azide product 9 was the bottom fragment 

required for the eventual Lys/Lys and Arg/Arg mimics 1 and 4. For the top fragment, the 

acid was then protected as the tert-butyl ester 10. Reduction of the nitro group to the aniline 

furnished the completed fragment 11. 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 acid 9 to azido-aniline 11 yielded di-

azide 15, which was the precursor to the Lys/Lys and Arg/Arg mimics 1 and 4. The first of 

these was formed via hydrogenation of the azide to the primary amine 18 followed by 

deprotection of the tert-butyl ester with TFA. Alternatively, the hydrogenated product could 

be reacted with N,N’-di-Boc-1H-pyrazole-1-carboxamidine to yield the protected di-Arg 

molecule 23, which upon global deprotection with TFA became mimic 4.  
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Scheme 4-1: Synthesis of benzamide mimics. Deprotection of 15 (with hydrogen and TFA) yields mimic 1, 

while deprotection of 22 or 23 with TFA yields mimics 3 and 4, respectively. 

An analogous synthetic route, this time coupling the Boc-protected amine 12 

(previously synthesized in the Hamilton group) to azide 11 yielded the orthogonally-

protected 16, which was the precursor to Arg/Lys mimics 3, 5, and 6 (Scheme 4-1). 

Synthesis of all three proceeded via hydrogenation of the azide to primary amine 19, which 
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then furnished the protected Arg sidechain of 22. Global deprotection with TFA yielded 

mimic 3.  

 

Scheme 4-2: Synthesis of the trifunctionalized Arg/Lys/Pro mimics. 

Alternatively, 22 could be further functionalized to explore the role of additional 

hydrophobic groups (Scheme 4-2). Although not part of the 310 helix, the next amino acid in 

the Gab2b peptide is Pro. Thus N-Boc protected L-proline was coupled to the benzamide 

using Mukaiyama’s reagent, which, following TFA deprotection, formed mimic 6. 

Cyclopentylcarboxylic acid, a potential isostere of proline, was separately coupled and 

deprotected with TFA to yield mimic 5. 

 
Scheme 4-3: Synthesis of the shorter Arg sidechain of mimic 2. 

The synthesis of the shorter Arg sidechain of 2 required more-complicated protecting 

group manipulation (Scheme 4-3). Synthesis of an ethoxy azide one carbon shorter than 7 

was deemed unnecessarily hazardous, so instead Boc protection was pursued for the 
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eventual Arg sidechain. This required an acid-stable protecting group for the carboxylic acid 

of that fragment, so molecule 13 (previously synthesized in the Hamilton group) was used 

as the top fragment and 9 as the bottom half. These were coupled using Mukaiyama amide 

conditions, and the Boc group removed with TFA to amine 17. The guanidine group was 

synthesized from this amine, and the final mimic synthesized by sequential deprotection 

(hydrogenation and TFA). 

4.4. Biological evaluation of mimics 

4.4.1. SPR 

The mimics were initially screened for binding to Grb2 SH3C using SPR. Molecules 

were dissolved in running buffer containing 5 % DMSO and tested at 50 µM and 100 µM 

concentrations. Disappointingly, none showed strong binding, with a maximum response of 

11.4 RU for mimic 1 (Table 4-1).  

Table 4-1: SPR binding responses for putative 310 mimics screened at 50 µM and 100 µM concentrations. 

None shows strong binding, with the maximum response for the Lys/Lys mimic 1 of 11.4 RU. 

  1 2 3 4 5 6 
50 µM 7.2 2.0 2.9 1.0 2.7 3.4 
100 µM 11.4 4.4 6.9 1.3 5.5 7.6 

 

In order to further characterize the binding of these mimics, a titration was conducted 

with mimics 1 and 3, which showed relatively strong responses. Mimics were screened at 

concentrations from 6.25 µM to 200 µM for binding to both unlabelled Grb2 SH3C and 

15N-labeled protein. At low concentrations, the binding of mimic 3 was anomalous, with 

noise eclipsing signal (Figure 4-11). The affinity of the Lys/Lys mimic 1, however, was 

calculated to be very similar for both surfaces (150 ± 60 µM and 150 ± 30 µM for the 

unlabelled and 15N surfaces, respectively; Figure 4-5). The value of Bmax (the maximum 

binding level, if the binding site were fully saturated) calculated from the fits, however, was 
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substantially different, with the unlabelled surface estimated to have two-fold greater Bmax. 

While a higher concentration of one of the proteins would explain this discrepancy, in 

reality nearly identical amounts of each were bound. Potentially some of one of the proteins 

could be inactive, resulting in less total (but equal fractional) binding to the surface, but this 

cannot be directly measured once the proteins are attached to the SPR surface. 

       
Figure 4-5: Left: sensograms of binding of mimic 1 to 15N-Grb2 SH3C. Mimic concentrations are a two-fold 

dilution series from 200 µM (highest response) to 6.25 µM (lowest non-zero response). Right: fit of binding 

response vs. mimic concentration to a one-to-one binding model. This calculates a dissociation constant of 

150 ± 30 µM. 

4.4.2. Competition binding assay 

In order to assess the ability of the mimics to competitively inhibit the binding of Gab2b 

to Grb2 SH3C, a competition assay was conducted with the putative 310 mimics. Each 

compound was screened at 2.0 mM concentration in duplicate, and the levels of Grb2 SH3C 

protein detected were scaled relative to samples without compound. Results (Figure 4-6) 

indicate that none of the mimics are capable of significantly reducing the binding of the 

Gab2b peptide. The positive control (100x of free peptide) did inhibit the activity, as 

expected.  
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Figure 4-6: Normalized intensities (top) and Coomassie blue-dyed bands (bottom) for the competition assay 

using the 310 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: 15N HSQC shifts 

With SPR and the competition assay providing conflicting information about the 

binding of the small molecules, the NMR 15N 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 this case, 15N Grb2 

SH3C (120 µM, 25 mM phosphate pH 7.2, 15 mM NaCl) was incubated with 20 molar 

equivalents of mimic 3 (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 2VWF)16 demonstrates that most of the shifted residues are in the core of the 

protein. The two largest shifts (Ile25 and Phe47) are completely solvent-excluded, with their 

sidechains pointing into the conserved β-sandwich 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): 15N HSQC overlay of the apo protein (340 µM, pH 7.2; red) and protein (120 µM, pH 7.2; 

blue) with 20 eq 3. 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 Gab2b 310 

peptide (blue). (C) view into the core of Grb2 SH3C. The most strongly shifting residues (Ile25 and Phe47) 

are coloured red. These 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 mimic the 310 helix of the tightly-

binding Gab2b peptide. This helix contains the key Arg and Lys residues required for 

peptide binding, and so it was hoped that a small mimic incorporating the appropriate 

functionality would be able to bind to Grb2 SH3C. This proved not to be the case. Although 

SPR suggests that one of the mimics may bind to the domain, the overall response is low 

and not consistent among two protein constructs. The competition assay likewise failed to 

show significant binding for any of the molecules. Interestingly, NMR suggests that binding 

is in fact occurring, but rather than it being a specific interaction it results in a general 

unfolding of the protein. Not only is this effect undesirable in a mimic, it is unlikely to be 

specific for Grb2 SH3C. Denaturing of the protein would be expected to decrease binding in 

the competition assay (by unfolding protein rather than interrupting specific binding), and 

given the pre-incubation of mimic and protein in that assay it is strange that no response 

was seen. It is possible that upon addition of the bead-bound peptide, the protein refolds. 

Alternatively, the response seen in NMR could be the weighted average of mostly folded 

protein with a small fraction that is reversibly unfolded. In this case, most of the protein 

would be available to bind the peptide, and perhaps once bound the protein becomes 

resistant to unfolding by the mimic.  

The benzamide scaffold is somewhat too long to perfectly match the 310 helix, and it is 

possible that the scaffold is thus inherently limited as a mimic for this structure. There has 

been no successful use of peptidomimetics for inhibiting 310 helix-mediated interactions, so 

the molecules designed here cannot be compared to others. Alternatively, the mimic may be 

too small to gain sufficient favourable binding interactions. The incorporation of additional 

sidechains may therefore cause binding. In the case of Gab2b, such sidechains would have 

to match the structure of the rest of the peptide, which does not fold in a neat 310 helix. The 
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minimum peptide length required for binding could potentially be investigated with 

truncates of the Gab2b sequence, but the point where loss of activity is found could be due 

to misfolding of a shorter peptide rather than unfavourable binding energies. 

Moving forward, significantly larger screening efforts are needed to assess both the 

utility of the benzamide scaffold and the possibility of such mimics targeting Grb2 SH3C. 

Large libraries of benzamide-type compounds have been synthesized,22,24 though these do 

not include Arg sidechains. The chemistry described here of synthesizing Arg from Lys 

sidechains creates a molecule that is amenable to additional coupling reactions, as 

evidenced by the successful synthesis of Arg/Lys/Pro mimics. As a result, these monomers 

should be incorporated into future screening libraries, which would extend the versatility of 

these collections. By testing such a library against Grb2 SH3C, it could be determined 

whether any benzamide is capable of binding to the domain. Alternatively, the same 

collections (or even the subset of molecules synthesized here) could be tested against 

multiple SH3 domains as a means of probing the selectivity of these proteins. 

4.6. Conclusion 

The synthesis of benzamide mimics containing cationic sidechains was completed. 

These molecules incorporate Arg sidechains into this scaffold for the first time, and are 

synthesized using orthogonal azide and Boc protecting groups. A small library of such 

compounds was synthesized, and found not to bind significantly to Grb2 SH3C. NMR 

evidence suggests that one of the molecules causes at least partial unfolding of the domain, 

although this does not appear to stop the binding of the Gab2b peptide. Screening of these 

mimics against other SH3 domains may help elucidate whether this response is specific to 

Grb2 SH3C or if cationic benzamides are generally deleterious to protein structure.  
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4.7. Perspective on small molecule binders to Grb2 SH3C 

The field of peptidomimetics assumes that complex protein-protein interactions can be 

inhibited by a small scaffold displaying relatively few sidechains. This approach has proved 

remarkably successful against a range of targets, in some cases with multiple scaffolds able 

to bind to the same protein with similar affinity provided the correct sidechains are 

presented. This has been the case with Bcl-xL, which has been successfully bound with the 

terphenyl,15,27 oligopyridylamide,28 terephthalamide,29 benzoylurea,30 biphenyl,31 and “wet 

edge”32 scaffolds (Figure 4-8). These mimics incorporate hydrophobic sidechains, and bind 

to a relatively solvent-excluded pocket on Bcl-xL which natively binds a rigid, hydrophobic 

helix. Grb2 SH3C, however, provides three challenges for peptidomimetic design: first, it is 

a signalling molecule, with weak affinities even for the native ligands. This may limit the 

maximum affinities that can be achieved by small molecules since the protein has evolved 

to avoid very tight binding of any ligand. Second, the native ligands have very different 

PPII and 310 structures, neither of which has been mimicked with a small synthetic 

molecule. Finally, the key binding residues are hydrophilic, which introduces potential 

desolvation penalties in binding a ligand.33 
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Figure 4-8: Different peptidomimetics which bind to Bcl-xL. (a) terphenyl, Ki 0.114 µM. (b) 

oligopyridylamide, Ki 2.3 µM. (c) terephthalamide, Ki 0.781 µM. (d) benzoylurea, Ki 2.4 µM. (e) biphenyl, Ki 

1.8 µM. (f) “wet-edge” mimic, Ki not determined. 
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Two classes of peptidomimetics were synthesized in a search for binders to Grb2 SH3C. 

Neither class was overwhelmingly successful, and while SPR and NMR indicate that 

several of the molecules bind to the domain, this binding is relatively nonspecific and was 

not successfully quantified using the biophysical or biochemical methods tested. This raises 

general concerns regarding rational design approaches. When successful, rationally-

designed molecules can target the key structural features of a particular target. This avoids 

the cost and difficulties associated with large-scale screening, and may produce molecules 

that are highly selective for their targets. On the other hand, when unsuccessful or when 

steep SAR is found, the designed molecules do not necessarily provide much explanation as 

to why they failed. It could be that the design is close, and that a minute change to the 

scaffold may result in an active molecule. Alternatively, the molecules may be intrinsically 

unsuitable, and novel scaffolds or approaches may be required. Differentiating between 

these options is challenging, and thus the only route forward may be to synthesize and test 

additional molecules. In extremis, this results in the screening of large combinatorial 

libraries, as has indeed taken place within the field.22,24  

1

2

 
Figure 4-9: Potential theoretical progression from (a) peptide ligand to (b) peptide truncate to (c) 

peptide/peptidomimetic hybrid to (d) fully-synthetic peptidomimetic. 

One strategy for bridging the large gap between peptide ligands and peptidomimetics 

may be to systematically probe the ligand chemical space (Figure 4-9). For instance, in an 

initial approach the sequence of the native peptide could be varied, for instance in a spot 

blot assay. This may reveal which residues are critical for binding, as well as the tolerance 
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of the site for mutations (e.g. in the size of a hydrophobic residue). This could lead to 

peptide truncates and the screening of small libraries of mutant peptides, which could define 

a minimal number of interacting residues. Very small peptides may not fold, however, but 

these could be stabilized by approaches such as stapling.34 With a better idea of the binding 

site, hybrid mimic/peptide molecules could be created which eliminate selected residues of 

the native sequence. This approach has been used to discover inhibitors of the Fyn SH3 

domain using a Pro-Pro mimic within a native PPII polypeptide.35 Particularly for scaffolds 

such as the benzamide, this chemistry could conceivably be conducted using entirely solid-

phase methods. Finally, a smaller number of wholly-synthetic peptidomimetics could be 

synthesized, taking advantage of the structural information gleaned from these studies.  

The lack of published inhibitors of Grb2 SH3C complicates ligand design enormously, 

and increases the potential rewards for a successful molecule. Principally, it has not yet 

been established whether the interaction is “druggable” with a small molecule,36 and thus 

whether inactive compounds result from poor design or a generally intractable target. 

Unfortunately, the results found with the screened molecules in Chapter 2 and the designed 

molecules in Chapters 3 & 4 do not conclusively answer this question. Encouragingly, 

several molecules have been identified which clearly bind to the Gab2-binding groove of 

Grb2 SH3C, but all do so in a multipoint manner. Selectivity of these molecules for Grb2 

SH3C, as opposed to other SH3 domains or even very different proteins, remains to be 

explored. 
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Figure 4-10: 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 Harkiolaki et al.16 

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-s-triazine 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 panacea, as these molecules did not bind 

significantly more strongly by SPR and may be less selective than the mixed Arg/Lys 

mimics. Spot blot analysis with the native Gab2b peptide indicates that mutation of Lys to 

Arg is not tolerated, but this should be confirmed by in vitro testing of the mutated peptide. 

Moving forward, additional screening is required to further probe binding to Grb2 

SH3C. Computationally, screens might include larger molecules outside the “Lipinski 

space” which may be better for inhibiting PPIs. Additionally, virtual screens in which no 

hydrogen bond constraint is applied might help discover novel binding modes to the protein. 

Now that tractable SPR and NMR conditions for investigating binding to Grb2 SH3C have 

been determined, either of these methods could be used in fragment-based in vitro screens 

for small molecule binders. Future in vitro screens should also be expanded to include 

additional RxxK SH3 domains. By cross-screening molecules against multiple protein 

targets, some idea of the selectivity of each binding site may become apparent, which could 

lead to more-selective therapies. The large number of SH3 domains in the genome make 

finding absolute selectivity unlikely, but if a peptidomimietic binds to only a subset of these 

proteins, it could allow the development of a pharmacophore model for their binding sites. 

This would be useful in the synthesis of additional peptidomimetics, and in guiding virtual 

screening. 

4.8. Experimental details 

4.8.1. SPR 

This assay was performed according to the general SPR methods described in Chapter 3. 

Measurements were taken according to the procedure for 2nd generation mimics described in 

Chapter 3. 
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Figure 4-11: Sensograms of mimic 3 binding to 15N-labeled Grb2 SH3C. Mimic concentrations are a two-fold 

dilution series from 200 µM (highest response) to 6.25 µM (lowest non-zero response). The lowest mimic 

concentrations yield sensograms that are to similar to be analyzed. 

4.8.2. Competition binding assay 

This assay was performed according to the procedure described in Chapter 3. 

4.8.3. NMR 

This assay was performed according to the procedure described in Chapter 3, with the 

exception that spectra of ligand-bound 15N Grb2 SH3C were obtained at a protein 

concentration of 120 µM in a buffer of 25 mM phosphate pH 7.2 + 15 mM NaCl + 2 mM 

DTT in 90:20 H2O:D2O. 

4.8.4. Synthesis 

General synthetic details and methods are described in Chapter 3. The spectroscopic 

details of all compounds synthesized in this chapter are 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 dissolved in DMSO (60 

mL). To this solution was added 3-bromo-1-propanol (3.97 g, 28.6 mmol, 

1.0 eq) and the mixture heated to 70 ºC and stirred overnight. The reaction was partitioned 

between water (100 mL) and ether (100 mL) and washed with ether (3 x 60 mL). The 

organic layers were combined, washed with brine, dried (MgSO4), filtered, and concentrated 

at 500 mBar and 40 ºC. Purification via flash column chromatography (1:1 ether:petrol) 

yielded the title compound as a volatile, colourless oil (2.70 g, 26.7 mmol, 93 %): δH (500 

MHz, CDCl3) 3.82 (2H, q, J 5.7, H1), 3.53 (2H, quint, J 3.5, H3), 1.90 (2H, quint, J 6.3, 

H2). δC (100 MHz, CDCl3) 60.0 (C1), 48.5 (C3), 31.4 (C2). IR υmax 3335, 2946, 2882, 2090, 

1045. HRMS (FI) found 101.0590. C3H7N3O
+ [M] + requires 101.0590. Spectroscopic 

measurements agreed with literature values.37 

 

3-(3-Azidopropoxy)-4-nitrobenzoic acid (9) 

Following the procedure of Boger et al,22 azide 7 (655 mg, 6.5 

mmol, 1.2 eq) was added dropwise to a stirred solution of sodium 

hydride (60 % dispersion in oil, 540 mg, 13.5 mmol, 2.5 eq) in THF 

(30 mL) at 0 ºC. The mixture was stirred for 15 minutes at 0 ºC 

before 3-fluoro-4-nitrobenzoic acid 8 (1.00 g, 5.4 mmol, 1.0 eq) was added. The reaction 

was stirred for 5 minutes at 0 ºC, then 2 hours at room temperature, before being diluted 

with EtOAc (20 mL). NH4Cl (20 mL) was added, and the mixture was washed with HCl 

(0.5 M, 20 mL x 3). The organic layer was collected, dried (MgSO4), filtered, and 

concentrated, and the product purified via flash column chromatography (3:2 EtOAc:Pet + 

1 % AcOH) to yield the title compound as a yellow solid (1.40 g, 5.26 mmol, 97 %): MP 
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123-126. δH (400 MHz, MeOD) 7.86 (1H, d, J 10.9, Ar), 7.85 (1H, s, Ar), 7.72 (1H, dd, J 

8.3; 1.6, Ar), 4.30 (2H, t, J 5.9, H1), 3.56 (2H, t, J 6.6, H3), 2.09 (2H, quint, J 6.2, H2). δC 

(125 MHz, MeOD) 166.6 (C4), 151.6 (Ar), 143.0 (Ar), 136.0 (Ar), 125.1 (Ar), 121.8 (Ar), 

115.6 (Ar), 66.6 (C1), 28.5 (C2). IR υmax 3061, 2924, 2853, 2102, 1690, 1589, 1530, 1259. 

HRMS (ESI) found 265.0569 C10H9N4O5
- [M-H] - requires 265.0578. 

 

tert-Butyl 3-(3-azidopropoxy)-4-nitrobenzoate (10) 

Carboxylic acid 9 (1.4 g, 5.26 mmol, 1.0 eq) was dissolved in DCM 

(30 mL) and cooled to 0 ºC and DMAP (96 mg, 0.79 mmol, 0.15 

eq), tert-butanol (2 mL, 21 mmol, 4.0 eq), and N,N'-

dicyclohexylcarbodiimide (1.25 g, 6 mmol, 1.15 eq) were added. 

The mixture was warmed to room temperature and stirred for 68 hours before 10 % NaOH 

(100 mL) and DCM (100 mL) were added. The organic layer was washed with water (2 x 

100 mL) and brine (1 x 100 mL), then dried (MgSO4) and purified via flash column 

chromatography (10:1 petrol:ether) to yield the title compound as a yellow solid (952 mg, 

2.95 mmol, 56 %): MP 74-75. δH (400 MHz, CDCl3) 7.78 (1H, d, J 8.36, Ar), 7.67 (1H, d, J 

1.3, Ar), 7.60 (1H, dd, J 8.3; 1.5, Ar), 4.23 (2H, t, J 5.8, H1),  3.65 (1H, t, J 6.5, H3), 2.07 

(2H, quint, J 6.1, H2), 1.58 (9H, s, H 6-8). δC (100 MHz, CDCl3) 163.6 (C4), 151.5 (Ar), 

142.0 (Ar), 136.9 (Ar), 125.2 (Ar), 121.4 (Ar), 115.3 (Ar), 82.5 (C5), 66.1 (C1), 47.7 (C3), 

28.4 (C2), 28.0 (C6-8). IR υmax 3113, 3079, 2986, 2086, 1719, 1611, 1521, 1249. HRMS 

(ESI) found 345.1163 C14H18N4O5Na+ [M+Na]+ requires 345.1169. 

 

tert-Butyl 4-amino-3-(3-azidopropoxy)benzoate (11) 

Iron powder (1.65 g, 29.5 mmol, 10 eq) and ammonium chloride 

(79 mg, 1.48 mmol, 0.5 eq) were added to a stirred solution of the 
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aromatic nitro compound 10 (952 mg, 2.95 mmol) dissolved in ethanol/water (40 mL:10 

mL). The mixture was heated to 80 ºC for 30 minutes then filtered through Celite® with 

EtOAc (150 mL). Solvent was removed in vacuo and the product purified via flash column 

chromatography (3:2 petrol:ether) to yield the title compound as a colorless oil (560 mg, 

1.92 mmol, 65 %): δH (250 MHz, CDCl3) 7.48 (1H, dd, J 8.1; 1.7, Ar), 7.40 (1H, d, J 1.7, 

Ar), 6.62 (1H, d, J 8.2, Ar), 4.24 (2H, br s, H9), 4.08 (2H, t, J 6.0, H1), 3.46 (2H, t, J 6.6, 

H3), 2.04 (2H, quint, J 6.3, H2), 1.55 (9H, s, H6-8). δC (62.5 MHz, CDCl3) 166.6 (C4), 

145.4 (Ar), 141.4 (Ar), 124.5 (Ar), 121.7 (Ar), 113.7 (Ar), 112.6 (Ar), 80.6 (C5), 65.3 (C1), 

48.8 (C3), 29.0 (C2), 28.7 (C6-8). IR υmax 3488, 3369, 2976, 2932, 2098, 1691, 1617, 1297. 

HRMS (ESI) found 315.1425 C14H20N4O3Na+ [M+Na]+ requires 315.1428. 

4.10.1. General Procedure for Amidation 

DIPEA (2.5 eq) was added dropwise to a solution of carboxylic acid (1.0 eq) in DCM. 

Mukaiyama’s reagent (2-chloro-1-methylpyridinium iodide, 1.2 eq) was added to the 

mixture and the reaction heated to 40 ºC for 30 minutes. Amine (1.1 eq) was then added and 

the reaction stirred for 20 hours at 40 ºC. The solution was diluted with NH4Cl 

(10 mL.100 mg-1) and DCM (10 mL.100 mg-1) and extracted with DCM (3 x 

10 mL.100 mg-1). The organic layers were combined, dried (Na2SO4), filtered, and purified 

via flash column chromatography. 

 

Benzyl-4-(3-(3-azidopropoxy)-4-nitrobenzamido)-3-(2-((tert-

butoxycarbonyl)amino)ethoxy) benzoate (14) 

Following the general procedure for amidation, acid 9 (71 mg, 0.27 mmol) was coupled 

with benzyl 4-amino-3-(2-((tert-butoxycarbonyl)amino)ethoxy)benzoate (114 mg, 0.30 

mmol) and purified (1:1 petrol:ether) to yield the title compound as a yellow solid (161 mg, 

0.25 mmol, 95 %): MP 105-108. δH (400 MHz, CDCl3) 9.19 (1H, s, H11), 8.64 (1H, d, J 
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9.5, Ar), 7.89 (1H, d, J 8.4, Ar), 7.80-7.74 (2H, m, Ar), 

7.69 (1H, d, J 8.2, Ar), 7.52 (1H, s, Ar), 7.47-7.33 (5H, m, 

Ar), 5.35 (2H, s, H12), 4.97 (1H, t, J 6.6, H15), 4.23 (2H, 

t, J 5.7, H1), 4.11 (2H, t, J 4.9, H4), 3.62 (2H, q, J 5.4, 

H5), 3.57 (2H, t, J 6.6, H3), 2.10 (2H, quint, J 6.3, H2), 

1.18 (9H, s, H8-10). δC (100 MHz, CDCl3) 165.9 (C13 or 

C14), 164.1 (C13 or C14), 156.5 (C6), 151.8 (Ar), 147.2 (Ar), 141.5 (Ar), 139.6 (Ar), 136.0 

(Ar), 132.0 (Ar), 128.6 (Ar), 128.5 (Ar), 128.3 (Ar), 128.0 (Ar), 125.5 (Ar), 123.6 (Ar), 

119.6 (Ar), 119.1 (Ar), 114.6 (Ar), 111.1 (Ar), 79.6 (C7), 69.6 (C4), 66.8 (C12), 66.2 (C1), 

47.8 (C3), 40.6 (C5), 28.4 (C2), 28.0 (C8-10). IR υmax 3369, 2934, 2252, 1704, 1601, 1522, 

1269. HRMS (ESI) found 657.2284 C31H34N6O9Na+ [M+Na]+ requires 657.2279. 

 

tert-Butyl 3-(3-azidopropoxy)-4-(3-(3-azidopropoxy)-4-nitrobenzamido)benzoate (15) 

Following the general procedure for amide formation, acid 9 (100 

mg, 0.38 mmol, 1.0 eq) was coupled with amine 11 (115 mg, 0.39 

mmol, 1.05 eq) and the product purified (3:2 ether:petrol) to yield 

the title compound (193 mg, 0.36 mmol, 95 %) as a yellow solid: 

MP 128-129. δH (250 MHz, CDCl3) 8.78 (1H, s, H11), 8.55 (1H, 

d, J 8.5, Ar), 7.94 (1H, d, J 8.3, Ar), 7.73-7.67 (2H, m, Ar), 7.56 

(1H, d, J 1.6, Ar), 7.44 (1H, dd, J 8.4, 1.6, Ar), 4.34-4.23 (4H, m, 

H1 and H4), 3.63-3.50 (4H, m, H3 and H6), 2.22-2.06 (4H, m, H2 and H5), 1.60 (9H, s, H8-

10). δC (62.5 MHz, CDCl3) 165.6 (C12 or C13), 163.6 (C12 or C13), 152.7 (Ar), 147.2 (Ar), 

141.9 (Ar), 140.4 (Ar), 131.5 (Ar), 128.3 (Ar), 126.4 (Ar), 123.8 (Ar), 119.4 (Ar), 118.2 

(Ar), 114.6 (Ar), 112.0 (Ar), 81.7 (C7), 67.1 (C1 or C4), 66.8 (C1 or C4), 49.4 (C3 or C6), 

48.1 (C3 or C6), 28.9 (C2 or C5), 28.8 (C2 or C5), 28.6 (C8-10). IR υmax 3427, 2933, 2094, 
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1706, 1601, 1521, 1164. HRMS (ESI) found 539.2002 C24H27N8O7
+ [M+H]+ requires 

539.2008. 

 

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

nitrobenzamido) benzoate (16) 

Following the general procedure for amidation, 3-(3-

((tert-butoxycarbonyl)amino)propoxy)-4-nitrobenzoic 

acid (443 mg, 1.30 mmol, 1.0 eq) was coupled to amine 

11 (400 mg, 1.37 mmol, 1.05 eq) and purified (2:1 

ether:petrol) to yield the title compound (651 mg, 1.06 

mmol, 81 %) as a white solid: MP 147-148. δH (300 

MHz, CDCl3) 8.75 (1H, s, H12), 8.47 (1H, d, J 8.5, Ar), 7.87 (1H, d, J 8.3, Ar), 7.67-7.60 

(2H, m, Ar), 7.51 (1H, s, Ar), 7.38 (1H, d, J 8.3, Ar), 5.08 (1H, s, H14), 4.26-4.18 (4H, m, 

H1 and H4), 3.51 (2H, t, J 6.1, H6), 3.31 (2H, q, J 5.8, H3), 2.12 (2H, quint, J 6.1, H5), 2.02 

(2H, quint, J 5.8, H2), 1.56 (9H, s, H8-10), 1.38 (9H, s, H17-19). δC (75 MHz, CDCl3) 

165.2 (C11 or C13), 163.2 (C11 or C13), 156.1 (C15), 152.4 (Ar), 146.8 (Ar), 141.4 (Ar), 

140.0 (Ar), 131.0 (Ar), 127.9 (Ar), 126.0 (Ar), 123.3 (Ar), 119.0 (Ar), 117.7 (Ar), 114.2 

(Ar), 111.5 (Ar), 81.3 (C7), 79.1 (C16), 68.0 (C1 or C4), 66.6 (C1 or C4), 48.9 (C6), 37.8 

(C3), 29.0 (C2), 28.5 (C5), 28.4 (C17-19), 28.2 (C8-10). IR υmax 3434, 3338, 2978, 2101, 

1711, 1681, 1519, 1162. HRMS (ESI) found 637.2603 C29H38N6O9Na+ [M+Na]+ requires 

637.2592. 

4.10.2. General Procedure for N-Boc Deprotection 

TFA (1.0 mL) was added to a stirred solution of an N-Boc protected molecule in DCM (1 

mL). The mixture was stirred at room temperature and toluene (5 mL) was added. The 

O
1

2

3

N
H
14

15 O

O
16

17

18
19

11
O N

NO2

H 12

13
O O

7

8

9

10

O
4

5

6

N3



 191 

solvent was removed in vacuo and the resulting compound azeotroped three times with 

chloroform. 

 

2-(2-(3-(3-azidopropoxy)-4-nitrobenzamido)-5-((benzyloxy)carbonyl)phenoxy) 

ethanaminium •TFA (17) 

Following the general procedure for N-Boc deprotection, 

protected amine 14 (161 mg, 0.25 mmol) was deprotected to 

yield the title compound as a yellow solid, which was used for 

subsequent reactions without further purification (151 mg, 

0.24 mmol, 94 %): MP 157-158. δH (500 MHz, CDCl3) 9.05 

(1H, s, H11), 8.16 (1H, d, J 7.8, Ar), 8.07 (3H, s, H15), 7.70 

(1H, d, J 8.7, Ar), 7.65 (1H, d, J 8.3, Ar), 7.53 (1H, s, Ar), 7.49 (1H, s, Ar), 7.40-7.31 (4H, 

m, Ar), 7.20-7.16 (2H, m, Ar), 5.27 (2H, s, H12), 4.29 (2H, s, H4), 4.14-4.09 (2H, m, H1), 

3.45-3.36 (4H, m, H3 and H5), 1.96 (2H, quint, J 6.0, H2). δC (125 MHz, CDCl3) 166.1 

(C14), 164.8 (C13), 161.4 (q, J 38, CF3CO2), 151.9 (Ar), 147.5 (Ar), 141.1 (Ar), 139.4 (Ar), 

135.5 (Ar), 131.0 (Ar), 128.6 (Ar), 128.2 (Ar), 128.0 (Ar), 126.7 (Ar), 125.6 (Ar), 123.9 

(Ar), 121.9 (Ar), 118.8 (Ar), 115.6 (q, J 289, CF3CO2), 114.3 (Ar), 112.0 (Ar), 67.2 (C12), 

66.4 (C1), 64.5 (C4), 47.6 (C3), 39.4 (C5), 28.1 (C2). IR υmax 3034, 2955, 2254, 1779, 

1525, 1284, 1202. HRMS (ESI) found 535.1946 C26H27N6O7
+ [M+H]+ requires 535.1936. 

4.10.3. General Procedure for Catalytic Hydrogenation  

Palladium on activated carbon (10 % by mass; 10 % loading) was added to a stirred solution 

of an organic molecule in EtOH. The solution was flushed three times with hydrogen gas 

then allowed to stir under an atmosphere of hydrogen overnight. The solution was filtered 

through Celite®  with DCM (50 mL.mmol-1) and the solvent removed in vacuo. 
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tert-Butyl 4-(4-amino-3-(3-aminopropoxy)benzamido)-3-(3-aminopropoxy)benzoate 

(18) 

Following the general procedure for catalytic hydrogenation, 

benzamide 15 (187 mg, 0.35 mmol) was hydrogenated to 

yield the title compound (185 mmol, 0.40 mmol, quant.) as a 

viscous yellow oil, which was used for subsequent reactions 

without further purification: δH (500 MHz, CDCl3) 8.70 (1H, 

s, H11), 8.55 (1H, d, J 8.5, Ar), 7.63 (1H, dd, J 8.5; 1.5, Ar), 

7.52 (1H, d, J 1.5, Ar), 7.43 (1H, d, J 1.5, Ar), 7.24 (1H, dd, J 

8.2; 1.7, Ar), 6.68 (1H, d, J 8.1, Ar), 4.28 (2H, s, H14), 4.20 (2H, t, J 6.2, H1 or H4), 4.14 

(2H, t, J 6.1, H1 or H4), 2.95-2.87 (4H, m, H3 and H6), 2.03-1.92 (4H, m, H2 and H5), 1.57 

(9H, s, H8-10), 1.32 (4H, s, H15-16). δC (125 MHz, CDCl3) 165.0 (C12 or C13), 165.6 

(C12 or C13), 147.2 (Ar), 146.5 (Ar), 141.1 (Ar), 132.8 (Ar), 126.9 (Ar), 124.5 (Ar), 123.8 

(Ar), 120.5 (Ar), 118.7 (Ar), 113.7 (Ar), 112.0 (Ar), 111.3 (Ar), 81.3 (C7), 67.3 (C1 or C4), 

66.7 (C1 or C4), 39.7 (C3 or C6), 39.6 (C3 or C6), 33.3 (C2 or C5), 33.2 (C2 or C5), 28.7 

(C8-10). IR υmax 3432, 3360, 2934, 1703, 1516, 1259. HRMS (ESI) found 459.2602 

C24H35N4O5
+ [M+H] + requires 459.2602. 

 

tert-Butyl 4-(4-amino-3-(3-((tert-butoxycarbonyl)amino)propoxy)benzamido)-3-(3- 

aminopropoxy)benzoate (19) 

Following the general procedure for catalytic 

hydrogenation, benzamide 16 (651 mg, 1.06 mmol) was 

hydrogenated to yield a grey foam (632 mg, 1.13 mmol, 

quant), which was used for subsequent reactions without 

further purification: δH (300 MHz, CDCl3) 8.63 (1H, s, 

O
1

2

3

N
H
14

15 O

O
16

17

18
19

11
O N

NH2
21

H 12

13
O O

7

8

9

10

O
4

5

6

NH2 20

12
O N

NH2
14

O
1

2

3

NH2 15

H 11

O
4

5

6

NH2 16

13
O O

7

8

9

10



 193 

H12), 8.50 (1H, d, J 8.5, Ar), 7.58 (1H, dd, J 8.5; 1.7, Ar), 7.47 (1H, d, J 1.7, Ar), 7.32 (1H, 

d, J 1.7, Ar), 7.22 (1H, dd, J 7.5, 1.7, Ar), 6.64 (1H, d, J 8.1, Ar), 5.10 (2H, s, H21), 4.23 

(2H, s, H20), 4.14 (2H, t, J 6.1, H1 or H4), 4.06 (2H, t, J 6.0, H1 or H4), 3.26 (2H, q, J 6.1, 

H3), 2.88 (2H, t, J 6.9, H6), 2.00-1.90 (4H, m, H2 and H5), 1.52 (9H, s, H8-10), 1.36 (9H, 

s, H17-19). δC (75 MHz, CDCl3) 165.6 (C11 or C13), 165.1 (C11 or C13), 156.1 (C15), 

146.7 (Ar), 145.8 (Ar), 140.7 (Ar), 132.3 (Ar), 126.4 (Ar), 124.0 (Ar), 123.3 (Ar), 120.4 

(Ar), 118.2 (Ar), 113.5 (Ar), 111.5 (Ar), 110.6 (Ar), 80.9 (C7), 79.2 (C16), 66.8 (C1 or C4), 

66.0 (C1 or C4), 39.2 (C6), 37.6 (C3), 33.0 (C2 or C5), 29.6 (C2 or C5), 28.4 (C17-19), 

28.2 (C8-10). IR υmax 3360, 2976, 1697, 1515, 1255, 1165. HRMS (ESI) found 559.3127 

C29H43N4O7
+ [M+H] + requires 559.3126. 

4.10.4. General Procedure for Protected Guanidino Group Formation 

DIPEA (2.5 eq) and N,N’-di-Boc-1H-pyrazole-1-carboxamidine (1.2 eq) were added to a 

solution of a primary amine (1 eq) in DCM. The reaction was stirred for 40 hours before 

water (10 mL/100 mg) and DCM (10 mL/100 mg) were added. The mixture was extracted 

with DCM (2 x 10 mL/100 mg), dried (MgSO4), filtered, and purified via flash column 

chromatography. 

 

Benzyl-4-(3-(3-azidopropoxy)-4-nitrobenzamido)-3-(2-(2,3-bis(tert-butoxycarbonyl) 

guanidino)ethoxy)benzoate (20) 

Following the general procedure for protected 

guanidino group formation, amine 17 (151 mg, 0.24 

mmol) was acylated and purified (3:2 ether:petrol) to 

yield the title compound as a white solid (131 mg, 

0.169 mmol, 71 %): MP 129-131. δH (500 MHz, 
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CDCl3) 11.52 (1H, s, H7), 8.78 (1H, t, J 5.5, H6), 8.72 (1H, s, H11), 8.61 (1H, d, J 8.5, Ar), 

7.96 (1H, d, J 8.3, Ar), 7.82 (1H, dd, J 8.5; 1.7, Ar), 7.76 (1H, d, J 1.5, Ar), 7.62 (1H, d, J 

1.6, Ar), 7.49-7.34 (6H, m, Ar), 5.37 (2H, s, H12), 4.33-4.27 (4H, m, H1 and H4), 3.95 (2H, 

q, J 5.4, H5), 3.59 (2H, t, J 6.3, H3), 2.11 (2H, quint, J 6.0, H2), 1.50 (9H, s, H17-19 or 

H21-23), 1.38 (9H, s, H17-19 or H21-23). δC (125 MHz, CDCl3) 166.2 (C14), 163.8 (C13), 

163.4 (C15), 156.7 (C24 or C25), 153.9 (C24 or C25), 152.7 (Ar), 147.0 (Ar), 142.1 (Ar), 

140.1 (Ar), 136.4 (Ar), 131.8 (Ar), 129.1 (Ar), 128.8 (Ar), 128.7 (Ar), 126.6 (Ar), 126.4 

(Ar), 124.4 (Ar), 119.7 (Ar), 118.2 (Ar), 115.0 (Ar), 112.1 (Ar), 84.1 (C16 or C20), 80.2 

(C16 or C20), 67.6 (C1), 67.3 (C4), 66.7 (C12), 48.1 (C3), 40.2 (C5), 28.9 (C2), 28.7 (C17-

19 or C21-23), 28.3 (C17-19 or C21-23). IR υmax 3421, 3337, 3119, 2978, 2934, 2100, 

1717, 1609, 1527, 1272. HRMS (ESI) found 799.3034 C37H44N8O11Na+ [M+Na]+ requires 

799.3022. 

 

4-(4-Amino-3-(3-aminopropoxy)benzamido)-3-(2-(2,3-bis(tert-

butoxycarbonyl)guanidino) ethoxy)benzoic acid (21) 

Following the general procedure for catalytic 

hydrogenation, benzamide 20 (118 mg, 0.15 mmol) 

was hydrogenated to yield the title compound as an 

off-white powder (60 mg, 0.095 mmol, 63 %), which 

was used for subsequent reactions without further 

purification: MP 250-252. δH (500 MHz, DMSO) 8.95 

(1H, s, H11), 8.62 (1H, t, J 6.0, H6), 8.22 (1H, d, J 8.3, Ar), 7.58 (1H, d, J 8.4, Ar), 7.56 

(1H, s, Ar), 7.37 (1H, d, J 1.5, Ar), 7.33 (1H, dd, J 8.3; 1.6, Ar), 6.68 (1H, d, J 8.2, Ar), 

5.60 (2H, s, H8), 4.25 (2H, t, J 5.2, H4), 4.12 (2H, t, J 5.9, H1), 3.80 (1H, q, J 5.1, H5), 3.04 

(2H, t, J 7.1, H3), 2.06 (2H, t, J 6.7, H2), 1.39 (18H, s, H17-19 and H21-23). δC (125 MHz, 
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DMSO) 164.7 (C13 or C14), 164.6 (C13 or C14), 163.0 (C15), 155.5 (C24 and C25), 152.0 

(Ar), 147.4 (Ar), 145.1 (Ar), 144.5 (Ar), 142.2 (Ar), 131.2 (Ar), 122.4 (Ar), 121.1 (Ar), 

120.7 (Ar), 119.9 (Ar), 112.0 (Ar), 110.7 (Ar), 83.0 (C16 or C20), 78.3 (C16 or C20), 66.3 

(C1 or C4), 65.0 (C1 or C4), 36.4 (C3), 27.9 (C2), 27.6 (C17-19 or C21-23), 27.5 (C17-19 

or C21-23). IR υmax 3331, 2928, 1718, 1613, 1517, 1254. HRMS (ESI) found 631.3082 

C30H43N6O9
+ [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 

guanidino group formation, amine 19 (592 mg, 

1.06 mmol) was reacted for 5 days and purified 

(3:1 ether:petrol) to yield the title compound (767 

mg, 0.96 mmol, 90 %) as a white foam: δH (500 

MHz, CDCl3) 11.46 (1H, s, H23), 8.65 (1H, s, 

H12), 8.52-8.47 (2H, m, Ar and H20), 7.62 (1H, d, 

J 7.8, Ar), 7.49 (1H, s, Ar), 7.43 (1H, s, Ar), 7.28 (1H, dd, J 8.2; 0.9, Ar), 6.68 (1H, d, J 8.2, 

Ar), 4.92 (1H, s, H14), 4.29 (2H, s, H33), 4.16 (2H, t, J 5.8, H4), 4.09 (2H, t, J 5.9, H1), 

3.66 (2H, q, J 6.1, H6), 3.30 (2H, q, J 5.8, H3), 2.12 (2H, quint, J 6.1, H5), 1.97 (2H, quint, 

J 6.1, H2), 1.56 (9H, s, H 8-10), 1.39 (27H, s, H17-19 and H26-28 and H30-32). δC (125 

MHz, CDCl3) 166.0 (C11 or C13), 165.5 (C11 or C13), 163.9 (C22), 156.8 (C15 or C24 or 

C25), 156.5 (C15 or C24 or C25), 153.7 (C15 or C24 or C25), 147.2 (Ar), 146.2 (Ar), 141.1 

(Ar), 132.6 (Ar), 127.0 (Ar), 124.3 (Ar), 123.8 (Ar), 120.9 (Ar), 119.3 (Ar), 113.9 (Ar), 

111.9 (Ar), 111.3 (Ar), 83.8 (C16 or C29 or C33), 81.3 (C7), 79.8 (C16 or C29 or C33), 

79.6 (C16 or C29 or C33), 66.7 (C4), 66.4 (C1), 39.4 (C6), 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), 28.6 (C8-10 or C17-19 or C26-28 or C30-

32), 28.4 (C8-10 or C17-19 or C26-28 or C30-32). IR υmax 3342, 2977, 1710, 1617, 1515, 

1273, 1165. HRMS (ESI) found 823.4224 C40H60N6O11Na+ [M+Na]+ requires 823.4212. 

 

tert-Butyl 4-(4-amino-3-(3-(2,3-bis(tert-butoxycarbonyl)guanidino)propoxy) 

benzamido)-3-(3-(2,3-bis(tert-butoxycarbonyl)guanidino)propoxy)benzoate (23) 

Following the general procedure for protected 

guanidino group formation di-amine 18 (165 mg, 

0.36 mmol, 1.0 eq) was reacted with DIPEA (185 

mg, 1.43 mmol, 4.0 eq) and N,N’-di-Boc-1H-

pyrazole-1-carboxamidine (255 mg, 0.82 mmol, 2.3 

eq) and purified (2:1 ether:petrol) to yield the title 

compound (261 mg, 0.28 mmol, 77 %) as a 

colourless oil: δH (500 MHz, CDCl3) 11.51 (1H, s, 

H20 or H21), 11.47 (1H, s, H20 or H21), 8.66 (1H, s, H11), 8.51 (1H, t, J 5.0, H15 or H16), 

8.46 (1H, t, J 5.0, H16 or H15), 7.64 (1H, dd, J 8.5; 1.6, Ar), 7.57 (1H, d, J 1.9, Ar), 7.50 

(1H, d, J 1.5, Ar), 7.48 (1H, d, J 1.5, Ar), 7.28 (1H, dd, J 8.2; 1.6, Ar), 6.69 (1H, d, J 8.2, 

Ar), 4.33 (2H, s, H14), 4.21-4.13 (4H, m, H1 and H4), 3.72-3.61 (4H, m, H3 and H6), 2.18-

2.06 (4H, m, H2 and H5), 1.57 (9H, s, H8-10), 1.48 (H22-24 or H27-29 or H31-33, or H35-

37), 1.47 (H22-24 or H27-29 or H31-33 or H35-37), 1.42 (H22-24 or H27-29 or H31-33 or 

H35-37), 1.41 (H22-24 or H27-29 or H31-33 or H35-37). δC (125 MHz, CDCl3) 166.0 (C12 

or C13), 165.5 (C12 or C13), 164.0 (C17 and C18), 156.8 (C38 or C39 or C40 or C41), 

156.6 (C38 or C39 or C40 or C41), 153.7 (C38 or C39 or C40 or C41), 153.7 (C38 or C39 

or C40 or C41), 147.2 (Ar), 146.2 (Ar), 141.1 (Ar), 132.7 (Ar), 127.0 (Ar), 124.3 (Ar), 

123.8 (Ar), 120.7 (Ar), 119.3 (Ar), 114.0 (Ar), 111.9 (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), 81.3 (C7), 79.8 (C25 or C26 or C30 or 

C34), 79.7 (C25 or C26 or C30 or C34), 66.8 (C1 or C4), 66.7 (C1 or C4), 39.0 (C3 or C6), 

38.5 (C3 or C6), 29.4 (C2 or C5), 29.2 (C2 or C5), 28.7 (C22-24 or C27-29 or C31-33 or 

C35-37), 28.7 (C22-24 or C27-29 or C31-33 or C35-37 and C8-10), 28.5 (C22-24 or C27-

29 or C31-33 or C35-37), 28.4 (C22-24 or C27-29 or C31-33 or C35-37). IR υmax 3329, 

2979, 1718, 1614, 1327, 1131. HRMS (ESI) found 965.4964 C46H70N8O13Na+ [M+Na]+ 

requires 965.4955. 

 

tert-Butyl 3-(3-(2,3-bis(tert-butoxycarbonyl)guanidino)propoxy)-4-(3-(3-((tert-

butoxycarbonyl)amino)propoxy)-4-cyclopentanecarboxamido)benzamido)benzoate 

(24) 

Following the general procedure for amidation, 

cyclopentanecarboxylic acid (16 mg, 0.14 

mmol, 1.1 eq) was coupled with amine 22 (102 

mg, 0.13 mmol, 1.0 eq) and purified (3:2 

ether:petrol) to yield the title compound (78 

mg, 0.087 mmol, 69 %) as an off-white wax: 

δH (500 MHz, CDCl3) 11.49 (1H, s, H23), 8.77 

(1H, s, H12), 8.53 (1H, s, H20), 8.52-8.48 (2H, 

m, Ar), 8.37 (1H, s, H21), 7.66 (1H, dd, J 8.4; 1.5, Ar), 7.58 (1H, d, J 1.6, Ar), 7.52 (1H, d, 

J 1.4, Ar), 7.48 (1H, dd, J 8.5; 1.5, Ar), 4.72 (1H, s, H14), 4.22-4.17 (4H, m, H1 and H4), 

3.67 (2H, q, J 6.2, H6), 3.36 (2H, q, J 6.3, C3), 2.92 (1H, quint, J 7.8, H34), 2.15 (2H, 

quint, J 6.3, H5), 2.05-1.96 (4H, m, H2 and H35 or H38), 1.93-1.87 (2H, m, H35 or H38), 

1.83-1.76 (2H, m, H36 and H37), 1.66-1.60 (2H, m, H36 and H37), 1.59 (9H, s, H8-10), 

1.44 (9H, s, H17-19 or H26-28 or H30-32), 1.42 (9H, s, H17-19 or H26-28 or H30-32), 1.41 
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(9H, s, H17-19 or H26-28 or H30-32). δC (125 MHz, CDCl3) 175.7 (C33), 165.9 (C11 or 

C13), 165.2 (C11 or C13), 164.0 (C22), 156.8 (C15 or C24 or C25), 156.5 (C15 or C24 or 

C25), 153.7 (C15 or C24 or C25), 147.5 (Ar), 147.4 (Ar), 132.4 (Ar), 132.2 (Ar), 129.8 

(Ar), 127.5 (Ar), 123.7 (Ar), 120.2 (Ar), 119.8 (Ar), 119.6 (Ar), 112.0 (Ar), 111.0 (Ar), 83.7 

(C16 or C21 or C29), 81.4 (C7), 79.9 (C16 or C21 or C29), 79.7 (C16 or C21 or C29), 66.5 

(C4), 65.8 (C1), 47.3 (C34), 38.2 (C6), 37.4 (C3), 31.0 (C35 and C38), 30.4 (C2), 29.4 

(C5), 28.8 (C8-10 or C17-19 or C26-28 or C30-32), 28.7 (C8-10 or C17-19 or C26-28 or 

C30-32), 28.6 (C8-10 or C17-19 or C26-28 or C30-32), 28.4 (C8-10 or C17-19 or C26-28 

or C30-32), 26.5 (C36-37). IR υmax 3425, 3326, 2975, 1710, 1641, 1517, 1166. HRMS (ESI) 

found 919.4793 C46H68N6O12Na+ [M+Na]+ requires 919.4787. 

 

4-(4-Amino-3-(3-aminopropoxy)benzamido)-3-(3-aminopropoxy)benzoic acid•2TFA 

(1) 

Following the general procedure for N-Boc deprotection, 

protected benzamide 18 (150 mg, 0.327 mmol) was stirred 

for 30 minutes in TFA. A portion of the residue was 

purified via semi-preparative HPLC (25 % MeCN to 75 % 

MeCN over 40 minutes) to yield the title compound (6 mg, 

9.5 µmol) as a yellow oil: δH (400 MHz, D2O) 7.68 (1H, d, 

J 8.3, Ar), 7.54 (1H, d, J 8.3, Ar), 7.47 (1H, s, Ar), 7.28-7.23 (2H, m, Ar), 6.89 (1H, d, J 

8.7, Ar), 4.16-4.08 (4H, m, H1 and H4), 3.18 (2H, t, J 7.4, H3 or H6), 3.07 (2H, t, J 7.4, H3 

or H6), 2.18-2.06 (4H, m, H2 and H5). δC (100 MHz, D2O) 170.2 (C7 or C8), 168.1 (C7 or 

C8), 163.0 (q, J 35.5, CF3CO2), 149.9 (Ar), 146.6 (Ar), 138.7 (Ar), 130.4 (Ar), 128.3 (Ar), 

124.4 (Ar), 123.5 (Ar), 123.0 (Ar), 121.4 (Ar), 116.3 (q, J 291.6, CF3CO2), 116.1 (Ar), 

113.2 (Ar), 111.2 (Ar), 65.8 (C1 or C4), 65.7 (C1 or C4), 37.2 (C3 or C6), 37.0 (C3 or C6), 
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26.5 (C2 or C5), 26.4 (C2 or C5). IR υmax 3359, 3067, 2959, 1677, 1520, 1201, 1135. 

HRMS (ESI) found 403.1971 C20H27N5O5
+ [M+H]+ requires 403.1976.  

 

1-(2-(2-(4-Amino-3-(3-ammoniopropoxy)benzamido)-5-

carboxyphenoxy)ethyl)guanidinium•2 TFA (2) 

Following the general procedure for N-Boc deprotection, 

protected benzamide 21 (38 mg, 0.06 mmol) was stirred 

for 90 minutes and the residue purified via semi-

preparative HPLC (10 % MeCN-35 % MeCN over 40 

minutes) to yield the title compound as a yellow oil (6.8 

mg, 0.01 mmol): δH (500 MHz, D2O) 7.72 (1H, d, J 8.3, 

Ar), 7.65 (1H, dd, J 3.3; 1.7, Ar), 7.61 (1H, d, J 1.6, Ar), 7.49 (1H, d, J 2.0, Ar), 7.45 (1H, 

dd, J 8.2; 1.7, Ar), 7.37 (1H, d, J 8.2, Ar), 4.26-4.21 (4H, m, H1 and H4), 3.55 (2H, t, J 4.9, 

H5), 3.19 (2H, t, J 7.5, H3), 2.18 (2H, quint, J 6.3, H2). δC (125 MHz, D2O) 169.6 (C13 or 

C14), 167.8 (C13 or C14), 162.9 (q, J 36, F3CCO2), 157.1 (C15), 150.7 (Ar), 159.4 (Ar), 

133.5 (Ar), 130.4 (Ar), 128.2 (Ar), 125.6 (Ar), 124.4 (Ar), 123.4 (Ar), 122.8 (Ar), 120.6 

(Ar), 116.3 (q, J 292, F3CCO2), 113.9 (Ar), 111.9 (Ar), 67.0 (C1 or C4), 66.1 (C1 or C4), 

40.8 (C5), 36.9 (C3), 26.4 (C2). IR υmax 3358, 3177, 2951, 1675, 1518, 1201, 1135. HRMS 

(ESI) found 431.2037 C20H27N6O5
+ [M+H] + requires 431.2037. 

 

4-(4-Amino-3-(3-aminopropoxy)benzamido)-3-(3-guanidinopropoxy)benzoic 

acid•2TFA (3) 

Following the general procedure for N-Boc deprotection, protected benzamide 18 (60 mg, 

0.075 mmol) was stirred for 80 minutes in TFA. A portion of the residue was purified via 

semi-preparative HPLC (15 % MeCN to 45 % MeCN over 40 minutes) to yield the title 
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compound (10 mg, 0.015 mmol) as a yellow oil: δH (500 

MHz, D2O) 7.80 (1H, d, J 8.3, Ar), 7.56 (1H, d, J 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), 

3.30 (2H, t, J 6.7, H3 or H6), 3.26 (2H, t, J 7.5, H3 or 

H6), 2.24 (2H, quint, J 7.8, H2 or H5), 2.04 (2H, quint, J 

6.3, H2 or H5). δC (125 MHz, D2O) 169.4 (C7 or C8), 166.9 (C7 or C8), 162.8 (q, J 35.6, 

CF3CO2), 156.7 (C9), 151.0 (Ar), 149.7 (Ar), 134.1 (Ar), 130.3 (Ar), 127.3 (Ar), 124.4 

(Ar), 123.3 (Ar), 122.9 (Ar), 122.8 (Ar), 120.2 (Ar), 116.2 (q, J 291.7, CF3CO2), 113.0 (Ar), 

111.6 (Ar), 66.0 (C1 or C4), 65.9 (C1 or C4), 38.1 (C3 or C6), 36.9 (C3 or C6), 27.6 (C2 or 

C5), 26.4 (C2 or C5). IR υmax 3361, 3172, 2959, 1674, 1603, 1198, 1136. HRMS (ESI) 

found 445.2193 C21H29N6O5
+ [M+H] + requires 445.2194. 

 

4-(4-amino-3-(3-guanidinopropoxy)benzamido)-3-(3-guanidinopropoxy)benzoic acid•2 

TFA (4) 

Following the general procedure for N-Boc 

deprotection, protected benzamide 23 (93 mg, 0.10 

mmol) was stirred for 105 minutes and the residue 

purified via semi-preparative HPLC (15 % MeCN-45 

% MeCN over 40 minutes) to yield the title 

compound as a yellow oil (11.1 mg, 0.016 mmol): δH 

(500 MHz, D2O) 7.71 (1H, d, J 8.3, Ar), 7.59 (1H, dd, J 8.3; 1.7, Ar), 7.55 (1H, d, J 1.6, 

Ar), 7.45 (1H, d, J 1.3, Ar), 7.42 (1H, dd, J 8.2; 1.6, Ar), 7.37 (1H, d, J 8.2, Ar), 4.17 (2H, t, 

J 6.0, H1 or H4), 4.13 (2H, t, J 5.9, H1 or H4), 3.34 (2H, t, J 6.8, H3 or H6), 3.24 (2H, t, J 

6.7, H3 or H6), 2.07 (2H, quint, J 6.4, H2 or H5), 1.99 (2H, quint, J 6.3, H2 or H5). δC (125 
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MHz, D2O) 169.6 (C9 or C10), 167.7 (C9 or C10), 162.9 (q, J 36, CF3CO2), 156.8 (C7 or 

C8), 156.7 (C7 or C8), 151.0 (Ar), 150.5 (Ar), 130.8 (Ar), 130.3 (Ar), 128.0 (Ar), 125.0 

(Ar), 124.0 (Ar), 123.0 (Ar), 123.0 (Ar), 120.3 (Ar), 116.3 (q, J 292, CF3CO2), 113.5 (Ar), 

111.7 (Ar), 66.0 (C1 or C4), 65.9 (C1 or C4), 38.1 (C3 or C6), 37.9 (C3 or C6), 27.6 (C2 or 

C5), 27.5 (C2 or C5). IR υmax 3350, 3194, 2957, 1670, 1604, 1199, 1137. HRMS (ESI) 

found 487.2397 C22H31N8O5
+ [M+H] + requires 487.2412. 

 

4-(3-(3-Aminopropoxy)-4-(cyclopentanecarboxamido)benzamido)-3-(3-

guanidinopropoxy)benzoic acid•2TFA (5) 

Following the general procedure for N-Boc 

deprotection, benzamide 24 (76 mg, 0.085 mmol) 

was reacted for 2 hours and the residue purified 

via semi-preparative HPLC (25 %-50 % MeCN) 

to yield the title compound (12.9 mg, 0.018 

mmol) as a white solid: MP 93-95. δH (500 MHz, 

D2O) 7.72 (1H, d, J 8.3, Ar), 7.60 (1H, d, J 8.3, 

Ar), 7.31 (1H, dd, J 8.3; 1.5, Ar), 7.07 (1H, d, J 0.8, Ar), 6.91 (1H, s, Ar), 6.81 (1H, d, J 

8.2, Ar), 3.91-3.85 (4H, m, H1 and H4), 3.27 (1H, t, J 6.9, H3 or H6), 3.09 (2H, t, J 7.7, H3 

or H6), 2.79-2.71 (1H, m, H15), 2.08 (2H, quint, J 6.3, H2 or H5), 1.97 (2H, quint, J 6.5, 

H2 or H5), 1.91-1.84 (2H, m, H11 and H14), 1.68-1.53 (6H, m, H11-14). δC (125 MHz, 

D2O) 178.3 (C8), 169.2 (C9 or C10), 165.0 (C9 or C10), 163.0 (q, J 36, CF3CO2), 156.8 

(C7), 148.4 (Ar), 147.5 (Ar), 130.4 (Ar), 129.9 (Ar), 128.8 (Ar), 125.5 (Ar), 122.8 (Ar), 

121.1 (Ar), 119.7 (Ar), 118.8 (Ar), 116.3 (q, J 292, CF3CO2), 111.7 (Ar), 110.3 (Ar), 65.6 

(C1 or C4), 65.4 (C1 or C4), 46.1 (C15), 38.2 (C3 or C6), 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). IR υmax 3412, 3367, 2960, 1667, 

1519, 1198, 1134. HRMS (ESI) found 541.2760 C27H37N6O6
+ [M+H]+ requires 541.2769. 

 

(S)-4-(3-(3-Aminopropoxy)-4-(pyrrolidine-2-carboxamido)benzamido)-3-(3-

guanidinopropoxy)benzoic acid•2 TFA (6) 

Following the general procedure for amidation, 

N-Boc-L-proline (22 mg, 0.1 mmol) was coupled 

with amine 22 (86 mg, 0.105 mmol). After 

workup, following the general procedure for N-

Boc deprotection, the protected molecule was 

reacted for 100 minutes and the residue purified 

via semi-preparative HPLC (15 %-45 % MeCN 

over 40 minutes) to yield the title compound 

(18.5 mg, 0.025 mmol) as a colorless oil: [α]D
25 +17.5 (T=24 ºC, c=1.6, MeOH). δH (500 

MHz, D2O) 7.74 (1H, d, J 8.4, Ar), 7.69 (1H, d, J 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, dd, J 8.7; 6.7, H14), 4.09-3.97 (4H, m, H1 and H4), 

3.49-3.36 (2H, m, H13), 3.25 (2H, t, J 6.8, H3 or H6), 3.14 (2H, t, J 7.6, H3 or H6), 2.56-

2.47 (1H, m, H11), 2.19-2.10 (3H, m, H2 or H5 and H11), 2.09-2.02 (2H, m, H12), 2.02-

1.94 (2H, m, H2 or H5). δC (125 MHz, D2O) 169.4 (C8 or C9 or C10), 169.3 (C8 or C9 or 

C10), 168.2 (C8 or C9 or C10), 163.0 (q, J 36, CF3CO2), 156.8 (C7), 149.6 (Ar), 148.8 (Ar), 

130.5 (Ar), 130.4 (Ar), 128.8 (Ar), 123.1 (Ar), 122.9 (Ar), 122.6 (Ar), 121.5 (Ar), 119.8 

(Ar), 116.3 (q, J 292, CF3CO2), 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), 30.1 (C11), 27.6 (C2 or C5), 26.4 

(C2 or C5), 23.8 (C12). IR υmax 3351, 3179, 2970, 1673, 1526, 1201, 1131. HRMS (ESI) 

found 542.2728 C26H36N7O6
+ [M+H] + requires 542.2722. 
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5. Thermodynamics of hydrogen bond-controlled molecular switches by DFT 

5.1. Introduction 

In the systems described in Chapters 3 & 4, the molecules were held in relatively well 

defined conformations by single hydrogen bonds. These intramolecular hydrogen bonds 

were correctly calculated even with unsophisticated computational methods, and were 

validated by NMR and crystallographic measurements. In contrast to these largely restricted 

systems, other molecules of organic or biological relevance rely on much more complicated 

hydrogen bonding. On a large scale, proteins form interconnected H-bond networks 

between backbone atoms, sidechains, and water.1 These networks are exploited by 

antifreeze proteins, which bond to nascent ice crystals to depress the freezing point of water 

and permit organisms to survive at low temperatures.2 Multiple hydrogen bonds are also a 

feature of numerous molecular recognition systems, some of which bind with sufficient 

affinity to operate even in aqueous media.3 Furthermore, many asymmetric catalysts use 

multiple hydrogen bonds to direct the formation of specific substrate-catalyst complexes.4 

The accurate, quantitative prediction of interactions in such systems would be of great 

benefit to organic chemists in designing future molecules, but this has proved challenging. 

Much recent computational work has highlighted the importance of accurately 

accounting for non-bonding interactions in the development of electronic structure theory.5–

7 While high-level computational methods do account for non-covalent interactions such as 

dispersion and torsional parameters, such techniques are far too computationally expensive 

to be applied to systems with more than a few atoms. Instead, less-precise density functional 

theory (DFT) methods are used by the great majority of organic chemists to model 

compounds of interest. In order to improve these necessarily imperfect calculations, it is 

critical to assess the types of systems for which current DFT methods fail. Large 
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benchmarking datasets at the gold-standard8 CCSD(T)/CBS level of theory, including the 

S22 and S66 sets of Hobza and co-workers for small complexes bound by hydrogen-

bonding and dispersion interactions,9,10 the composite GMTKN30 set of Goerigk and 

Grimme,11 and a large composite database constructed by Friesner and co-workers,12 

provide clear standards against which new methods can be developed and evaluated. Using 

these and other benchmarking sets, improved descriptions of non-bonding interactions have 

been implemented into semi-empirical DFT methods, such as hybrid meta-GGA functionals 

(e.g. the Minnesota family),13 explicit dispersion corrections for London dispersion such as 

D3,14 and van der Waals functionals.15,16 Much specific work has been directed towards 

understanding hydrogen bonding, with recent reports investigating DFT’s ability to 

reproduce the distances17 and angles18 of small H-bonded complexes. While forcefields 

systematically underestimate the stability of such complexes,19 accurate potential energy 

curves can be calculated with appropriately-chosen DFT methods.20,21 

The Hamilton group recently reported the synthesis and characterization of a series of 

benzamido-diphenylacetylene (DPA) molecular switches in which the relative hydrogen 

bonding capability of two amide groups is the critical determinant of conformation.22–24 In 

this system, two relatively planar, hydrogen-bonded conformations can readily interconvert 

by a 180º rotation about the acetylene axis. Different substituents affect the electronics of 

the amides and thus change the relative strengths of the two intramolecular hydrogen bonds. 

By varying the attached functionalities (at positions R1 and R2) the conformational 

preference of the system is changed (Figure 5-1).  
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2 1
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Figure 5-1: Two rotamers of the DPA-based molecular switch defined by a 180º rotation about the DPA axis. 

By varying the two substituents, the relative acidities of the amides is changed, allowing control over the 

equilibrium conformation of the molecule. Due to steric clashing with the methyl ester, the proximal 

benzamide ring rotates out of the plane.  

Ten molecules of this class have been synthesized, incorporating electron withdrawing 

groups (para-nitro 5, para-chloro 3, 4-pyridyl 8), electron donating groups (para-methoxy 

7, para-dimethylamino 6), mixed cases (para-methoxy on one benzamide and para-chloro 2 

or para-nitro 4 on the other), as well as 2-pyridyl substitution 9 and molecule 10 which 

substitutes a urea in place of one of the benzamides (Table 5-1).  

The equilibrium conformational ratio is measured by comparing the NMR shifts of the 

amide NHs in chloroform with those of control molecules which are incapable of forming 

hydrogen bonds.22–24 Using this assay, the equilibria of ten molecules have been 

experimentally determined, and were found to encompass relative hydrogen bond strengths 

spanning a range of approximately 2 kcal.mol-1, with most of the molecules clustered in a 

1 kcal.mol-1 range. Free energy differences between the “on” and “off” forms of the 

switches are calculated using the definition of Gibbs free energy: 

)ln(KRTG −=∆  

where R is the gas constant, T is the experimental temperature of 298.15 K, and K is the 

equilibrium conformational ratio determined by the NMR assay. 
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Table 5-1: Subsituents and experimental free energies of the DPA molecular switches. Molecules marked 

with a star are not substituents on a phenyl ring, but rather represent replacement of the ring with the marked 

group (e.g. molecule 8 juxtaposes a para-pyridine ring and a phenyl ring). Molecule 10 is of a different class, 

and features acetamide and phenylurea rather than the benzamides of the other molecules. 

Molecule R1 R2 ∆G (kcal.mol-1) 
1 H H 0.00 
2 Cl MeO -0.21 
3 Cl H -0.17 

4 NO2 MeO -0.44 

5 NO2 H -0.37 

6 NMe2 H 0.17 
7 MeO H 0.03 
8 4-pyridyl* H -0.38 
9 2-pyridyl* H 0.63 
10 NHPh* Me* -1.37 

 

These molecular switches provide a difficult test for computation. They are too large to 

be optimized with correlated ab initio methods, and so DFT must be used. Furthermore, the 

conformation is dictated by the relative magnitude of hydrogen bonding interactions in 

concert with torsional rotational potentials and other non-bonding contacts. The ability of 

computational methods to accurately account for the observed behavior spanning only a few 

kcal.mol-1 is of importance, since functional group effects of similar magnitude are 

fundamental to organic chemistry. Given the precision of the NMR assay in measuring the 

equilibrium constants for the DPA switches, this system serves as a novel experimental 

dataset. Moreover, although high level ab initio calculations provide the “gold standard” of 

computation, it is useful to compare to experiment whenever possible. 

5.2. Computational methods 

Structures (of both rotameric forms) were built using Gaussview 525. All Hartree-Fock 

(HF) and DFT calculations were performed with Gaussian09, rev B.01.26 Optimizations 

were performed using HF, the B3LYP hybrid generalized gradient approximation (GGA) 

functional,27,28 the long-range corrected CAM-B3LYP which increases the amount of HF 
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exchange at long-range,29 the M06-2X13 hybrid meta-GGA functional, and the dispersion-

corrected ωB97X-D30 functional in combination with a Pople 6-31+G(d,p) basis set for all 

elements.31–33 Standard convergence criteria were used along with a fine grid for all 

numerical integrations. Stationary points on the potential energy surface were confirmed as 

minima by the presence of no imaginary harmonic vibrational frequencies. Free energies 

include unscaled zero point vibrational energies. Where indicated, low frequencies (< 100 

cm-1) are corrected in the vibrational component of the entropy using a rigid rotor 

approximation according to the method of Grimme et al, since entropy associated with these 

loose vibrational modes is the most prone to computational error.34 Optimizations were 

performed in the gas phase or with the implicit conductor-like polarizable continuum model 

(CPCM) of the NMR solvent, chloroform.35 Single point calculations were performed at 

stationary points using Dunning’s quadruple-ζ cc-pVQZ basis set.36 DFT methods in 

general converge quickly to the Kohn-Sham limit,37 although not necessarily in a monotonic 

way.38,39 To verify that the cc-pVQZ is sufficiently large to assure basis set convergence, 

extrapolation using the two-point formula of Halkier et. al.40 was conducted: 

33

33

YX

YEXE
E YX

CBS −
−

≈   

where X and Y are the cardinal numbers of the Dunning basis sets used for the 

extrapolation. Based on extrapolations from cc-pVTZ and cc-pVQZ optimizations in 

solvent using B3LYP and ωB97X-D, basis sets beyond the quadruple-ζ level would change 

the calculated energy differences of the switches by < 0.02 kcal.mol-1. Where indicated, 

dispersion correction to energies were applied using the DFT-D3 correction with zero-

damping and the three-body term included.14 Unless otherwise stated, all energies are 

quoted in kcal.mol-1 and Gibbs free energies (incorporating ZPE, thermal, and entropic 

contributions obtained with the 6-31+G(d,p) basis set) are at 298.15 K and a standard state 

of 1 mol.L-1. 



 208 

5.2.1. Statistical analysis 

No single statistical parameter is sufficient to assess the accuracy and utility of the 

computational methods. For instance, error statistics such as mean unsigned errors (MUEs) 

and root-mean-square deviations (RMSDs) describe the absolute energy differences 

between calculation and experiment, but may hide the utility of methods which accurately 

model the trend in relative energies. As the key question in molecular design is often 

“which molecule will show the greater effect?” and not “what will be the absolute effect 

size?” a method which correctly ranks the compounds would be useful even if the absolute 

energies are not modeled correctly. As a result, the agreement between predicted and 

experimental free energy differences of the rotamers was assessed using MUEs, RMSDs, 

linear coefficient of determination (r2), and Pearlman and Charifson’s predictive index 

(PI).41,42 The latter quantifies the ability of the calculations to appropriately order the 

molecules in energy difference, with a value of +1 indicating perfect ranking and -1 

indicating perfectly anticorrelated predictions. Due to the very limited energy range of the 

system, a calculation that predicted all of the switches to have no bias (∆G = 0) would have 

an RMSD of 0.56 kcal.mol-1 and an MUE of 0.4 kcal.mol-1. Despite these low errors, such a 

calculation would be useless in ranking the compounds (PI undefined) and would show no 

linear correlation with the data. 

5.3. Optimizations 

5.3.1. Gas phase 

In the first instance, the structures were optimized in the gas phase and energies 

determined by a single point calculation in CPCM chloroform. Comparison with the 

experimental data indicates relatively poor performance for several of the DFT methods 

(Table 5-2). In particular, while B3LYP and the related CAM-B3LYP showed the lowest 
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errors and greatest correlation with experiment, the more recently developed ωB97X-D and 

M06-2X functionals fared substantially worse, with errors more than double those of 

B3LYP. The D3 dispersion correction of Grimme added to the B3LYP geometries had the 

overall effect of increasing the calculated energy differences, resulting in higher errors but 

better PI. HF had errors nearly as low as calculated by B3LYP, but the low coefficient of 

determination and PI reveal that HF cannot reliably distinguish between the molecules; the 

low errors are a serendipitous result of the small data range and calculations predicting all 

molecules to be roughly equal (Figure 5-2). 

Table 5-2: List of statistical results from benchmarking calculations in the gas phase using HF and several 

hybrid DFT functionals. The structures of each rotamer were optimized in the gas phase with the listed 

functional and the 6-31+G(d,p) basis set. Electronic energies were calculated from a single point calculation in 

CPCM chloroform using the same functional and the cc-pVQZ basis set. Listed are the statistical parameters 

comparing calculation to experiment. 

Functional MUE RMSD r 2 PI 
HF 0.39 0.54 0.28 0.32 

B3LYP 0.33 0.40 0.82 0.84 
B3LYP-D3 1.13 1.32 0.83 0.95 

CAM-B3LYP 0.37 0.49 0.97 0.94 

ωB97X-D 1.20 1.44 0.61 0.80 

M06-2X 0.76 0.91 0.79 0.91 
 

  

Figure 5-2: Plots of the experimental free energy differences for the molecular switches vs. the calculated 

differences. Energies are in kcal.mol-1. The gray line is a plot of y = x, which is the slope that would ideally be 

calculated. The red line, whose equation is listed on the plot, is a linear fit to the data. These plots show that 

while the errors calculated using B3LYP and HF are low, there is relatively poor differentiation between the 

molecules, resulting in poor predictive power, especially for HF.  
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5.3.2. Solvent model 

In order to investigate the effects of different implicit solvent models on the energies, 

single point calculations were repeated with the polarizable continuum model (PCM)43 and 

the universal solvation model (SMD)44 of chloroform at the B3LYP/cc-pVQZ level. While 

SMD solvation was consistently worse than CPCM solvation, PCM was very similar, with 

slightly improved PI and r2 but slightly worse errors (Table 5-3). Based on these results, the 

CPCM solvent model was used for all future calculations. 

Table 5-3: Statistical results from single point calculations using the listed solvent models. Each structure was 

optimized in the gas phase at the B3LYP/6-31+G(d,p) level before a single point calculation in chloroform 

with the cc-pVQZ basis set and the listed solvent model was performed.  

Solvent Model MUE RMSD r 2 PI 
PCM 0.35 0.48 0.86 0.88 
SMD 0.50 0.57 0.53 0.50 

CPCM 0.33 0.40 0.82 0.84 

5.3.3. Solution phase  

To further investigate the role of solvation, the optimizations were repeated in CPCM 

chloroform, with electronic energy determined by a single point calculation, as before. This 

leads to an overall improvement in the linear correlations between theory and experiment, 

but in general does not reduce the actual errors (Table 5-4). This can be explained by many 

of the methods, in particular ωB97X-D, systematically overestimating the energy 

differences of the switches. This leads to an excellent rank-ordering of the compounds (a PI 

of 0.96), but relatively large MUE and RMSD as the linear correlation has a low slope of 

0.23 relative to the ideal 1.0 (Figure 5-3). The performance of HF is most improved, with 

the lowest errors of any of the methods and a PI increasing from 0.32 for the gas phase 

calculations to 0.87 with the addition of solvent. This large improvement in predictive 

power results from only modest changes in energy for each molecule—on average 
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0.5 kcal.mol-1—but given the small energy differences between the switches this is 

sufficient to drastically affect the results.  

Table 5-4: List of statistical results from optimizations performed in CPCM chloroform. These solution phase 

calculations improve the linear correlation of most methods, but at a cost of higher absolute errors for some. 

Functional MUE RMSD r 2 PI 
HF 0.25 0.36 0.85 0.87 

B3LYP 0.42 0.56 0.88 0.98 
B3LYP-D3 1.35 1.57 0.77 0.98 

CAM-B3LYP 0.64 0.91 0.75 0.89 
ωB97X-D 1.52 1.75 0.74 0.96 
M06-2X 0.77 1.04 0.81 0.88 

  
Figure 5-3: Plots of the experimental free energy differences for the molecular switches vs. the calculated 

solvent phase differences. Energies are in kcal.mol-1. The gray line is a plot of y = x, which is the slope that 

would ideally be calculated. The red line, whose equation is listed on the plot, is a linear fit to the data. The 

inclusion of solvent to the optimization improves the correlations substantially, although errors remain high 

for ωB97X-D as the calculated values are much more spread out in energy than the experimental 

measurements.    

5.4. Energies 

5.4.1. Computational linear free energy relationships  

Given the modest performance of the methods tested even with careful attention to basis 

sets and solvation, the accuracy of DFT methods in calculating the acidities of simpler 

systems was investigated. The ionization energies of substituted benzoic acids were thus 

considered in the manner of Hammett.45 While extensive work has been directed towards 

accurate pKa calculations,46 here the interest was in the performance of the DFT methods 

used for the full switches. The energies of the substituted benzoic acids and their 
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deprotonated forms were calculated at the B3LYP/cc-pVQZ//B3LYP/6-31+G(d,p) level in 

CPCM chloroform for both the optimization and SP. The ∆∆EDeprot for the substituted 

benzoic acids (relative to benzoic acid) was plotted vs. the experimental ∆G of the switches, 

and an excellent linear correlation was found (r2 = 0.96). Repeating these calculations for 

the deprotonation of aryl amides (Figure 5-4) resulted in a similarly strong linear trend 

(r2 = 0.95). This indicates both that DFT calculations can correctly consider the acidities of 

these systems, and that the free energies of the switches can largely be correlated to the 

acidity of the amide NH. 

 

 

Figure 5-4: Top: Model system for calculating the relative deprotonation energies of substituted aryl amides. 

Bottom: Plot of the experimental free energy differences of the molecular switches vs. the calculated relative 

deprotonation energies of the amide system. There is an excellent linear correlation between these properties, 

implying that the DFT calculations are able to correctly predict acidities.  

5.4.2. Single point energies of switches 

As the DFT methods accurately model the acidities of the simplified systems, the full 

system was once again considered. While the previous analysis (Chapter 5.3) considered 

calculated free energies (which include zero point energy corrections and entropy), the 

electronic energy from the cc-pVQZ single point calculation can be analyzed separately. 

Comparing these energy differences to the measured free energy differences of the switches 

results in large errors, but excellent predictive power and correlation (Table 5-5). This is 

largely because the consideration of thermal effects serves to reduce the energy differences 
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between the switches, meaning the energies alone are along an erroneously large range 

(Figure 5-5).  

Table 5-5: List of statistical results comparing the electronic energy differences calculated for the switches vs. 

the experimentally-measured free energies. These energy values are from single point calculations with the 

listed functional and the cc-pVQZ basis set in CPCM chloroform, using either the gas phase-optimized 

geometries or the solvent-optimized geometries. In all cases, these calculations result in excellent correlation 

and predictive index, but at the cost of relatively large errors. 

 gas phase geometries solution phase geometries 
Functional MUE RMSD r 2 PI MUE RMSD r 2 PI 

HF 0.38 0.63 0.94 0.95 0.33 0.56 0.96 1.00 
B3LYP 0.79 1.05 0.98 0.97 0.78 1.06 0.99 0.99 

B3LYP-D3 1.81 2.20 0.85 1.00 1.71 2.06 0.88 1.00 
CAM-B3LYP 0.98 1.25 0.98 0.99 0.95 1.25 0.98 1.00 
ωB97X-D 1.54 1.97 0.76 0.96 2.03 2.43 0.78 0.96 
M06-2X 0.76 1.11 0.96 0.96 0.73 1.09 0.96 0.93 

 
Figure 5-5: Plots of the experimental free energy differences for the molecular switches vs. the calculated 

energy differences with the cc-pVQZ basis set in CPCM chloroform. While ignoring thermal effects improves 

the correlation and PI of the calculations, it results in greater energy differences and larger errors. 

5.5. Entropic effects 

The energy calculations clearly indicate the importance of accurately considering 

entropic effects in calculating the free energy differences of the switches. Standard ab initio 

treatment of entropy relies on the simple harmonic oscillator (SHO) model of frequencies. 

For frequency ω, the vibrational entropy of such a system is: 
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where k is Boltzmann’s constant, h is Planck’s constant, T is the temperature, and R is the 

universal gas constant. As the frequency tends towards zero, the logarithmic portion of this 

equation diverges, meaning that small errors in calculating low vibrational modes can 

greatly influence the final calculated entropy.47 Using the model of Grimme et al.,34 these 

low modes are instead converted to the moment of inertia µ of a free-rotor: 

ωπ
µ

28

h=  

In the limit of small ω, the moment of inertia becomes large, so it is used in a reduced form: 
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where Bav is the average molecular moment of inertia, taken to be 10-44kg.m2. This leads to 

an overall rotational entropy for this rigid rotor harmonic oscillator (RRHO) of: 
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In between the SHO treatment of large frequencies and the RRHO treatment of smaller 

ones, a damping function is applied which smoothes the transition. The choice of the cutoff 

frequency is somewhat arbitrary. The results described below are with a cutoff of 100 cm-1, 

but using cutoff energies of 50 cm-1 or 150 cm-1 only changes the results by an average of 

< 0.05 kcal.mol-1 per switch. 

This model was applied to the gas and solvent phase optimizations, resulting in a 

universal improvement in coefficient of determination and PI (Table 5-6). HF benefited the 

most from this entropic correction, with the gas phase r2 improving from 0.28 to 0.82 with a 

corresponding increase in PI from 0.32 to 0.86. The largest correction was to the gas phase 

HF-calculated 2-pyridyl switch 9, whose ∆G changed by 0.9 kcal.mol-1. While both the 

“on” and “off” forms of that molecule were calculated to have 12 low vibrational 

frequencies, the lowest mode of the “on” form was 6.0 cm-1, while for the “off” form it was 
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12.3 cm-1. Thus the standard SHO model incorrectly calculates the “on” form to be more 

stable than in reality (due to an overly favourable T∆S term), an error which is corrected 

with the RRHO treatment. 

Table 5-6: Statistical parameters calculated using the rigid rotor harmonic oscillator model for vibrational 

modes < 100 cm-1. This modified treatment of entropy improves the coefficient of determination and PI for all 

of the functionals, but increases RMSD and MUE for some. 

 gas phase optimization solution phase optimization 
Functional MUE RMSD r 2 PI MUE RMSD r 2 PI 

HF 0.24 0.31 0.82 0.86 0.24 0.33 0.95 0.97 
B3LYP 0.42 0.55 0.98 0.97 0.43 0.49 0.90 0.98 

B3LYP-D3 1.44 1.72 0.808 0.99 1.37 1.59 0.73 0.98 
CAM-B3LYP 0.62 0.77 0.98 1.00 0.68 0.95 0.92 0.96 
ωB97X-D 1.37 1.69 0.69 0.95 1.73 2.01 0.79 0.98 
M06-2X 0.72 0.91 0.91 0.91 0.75 1.04 0.89 0.91 

 
Figure 5-6: Plots of the experimental free energy differences for the molecular switches vs. the calculated 

differences when the RRHO model is used for low frequencies. This consideration of entropy improves 

coefficient of determination of all of the calculations. 

For most other functionals and switches, the change in ∆G is quite small, generally 

< 0.2 kcal.mol-1, and very rarely > 0.5 kcal.mol-1. This is unsurprising as the vibrational 

differences between the “on” and “off” states of the system should be quite small, and thus 

errors generally cancel even without explicit consideration of the low modes. While the 

magnitude of the RRHO corrections to the solution-phase optimizations is similar to those 

for the gas phase (ca. 7 – 9 kcal.mol-1 in each case), the corrections generally cancel for the 

solvent-optimized molecules, resulting in smaller net changes to ∆G. 
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5.6. Geometries 

While solution-phase optimizations coupled with RRHO entropy and cc-pVQZ energies 

results in excellent rank ordering of the switches with all of the functionals tested, errors 

exceed the true energy differences of the system. As a result, the optimized geometries from 

the calculations were investigated more closely. Crystal structures have been reported for 

the para-nitro 5 and para-dimethylamino 6 switches.22,24 Both show an approximately 10º 

dihedral angle for the central diphenyl moiety, with an approximately 50º out of plane twist 

of the phenyl ring adjacent to the H-bond caused by steric clashing with the methyl ester H-

bond acceptor (Figure 5-7).  

 

Figure 5-7: Stereo view of the crystal structure of the para-nitro molecule. The central DPA is nearly planar, 

while the phenyl ring bearing the nitro substituent is forced 50º out of plane due to steric clashing with the 

methyl ester.  

To explore the calculated geometries, histograms of the DPA dihedral angles were 

plotted for each method. Significant disagreement within and among the functionals was 

found as to the preferred conformation (Figure 5-8). In the gas phase optimizations, each of 

the methods results in a multimodal distribution of geometries, with the plurality of 

optimizations resulting in angles of less than 30º but a significant minority at angles of 50º 

or greater. Optimizations in solvent gave less right-skewed histograms, but all methods still 

calculated some rotamers as roughly planar and others as significantly twisted out of plane. 

The most consistent results were with HF solvent optimizations, which calculated 40º - 50º 

dihedral angles for all but two molecules. While this is inconsistent with the solid-state data 
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and the other methods, these calculations were also the most accurate at reproducing the 

experimental free energies.  

 

 

Figure 5-8: Histograms of the calculated DPA dihedral angle for each functional for optimizations performed 

in gas phase (top) or in CPCM chloroform (bottom). The addition of solvent reduces the skewing towards 

higher dihedral angles, but does not eliminate the multimodal profiles for most functionals. For the CPCM 

optimization, the highest peaks for B3LYP and CAM-B3LYP overlay at 30°. 

Due to the relative flexibility of the system, several possible DPA dihedral angles can 

accommodate an NH•••O hydrogen bond by twisting the amide and ester groups relative to 

their phenyl rings. Overlays with the crystal structures reveal this effect. For instance, the 

solvent optimization of 6 with M06-2X results in a DPA dihedral of 24.5º compared to 

11.5º in the crystal structure (Figure 5-9). As a result of this 15º shift, the benzamide rings 

of the calculated structure are both twisted approximately 30º relative to the DPA. This 

results in a CO•••N distance of 2.98 Å and an NHO angle of 153º. In the crystal structure, 

however, the phenyl ring adjacent to the amide is forced 50º out of plane by steric repulsion 

from the methyl ester, resulting in an H-bond distance of 3.10 Å and an angle of 145º. 
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Likewise for the para-nitro substituted 5, ωB97X-D calculates a DPA dihedral of 0.3º. 

Instead of this resulting in one phenyl ring roatated significantly out of plane, however, the 

calculated structure shows equal 30º rotations of both benzamide rings and a 3.07 Å 

hydrogen bond. The crystal structure shows a hydrogen bond that is very similar in length 

(3.09 Å), but this is due to amide and ester carbonyls oriented in very different directions 

from those in the calculations (Figure 5-10). 

 

Figure 5-9: Overlay of the crystal structure of para-dimethylamino switch 6 (purple) with the structure 

calculated by M06-2X in CPCM chloroform (green). As seen from above, the crystal structure shows a more 

planar DPA than the calculation, which forces the phenyl ring significantly out of plane. The greater DPA 

twist in the calculation overcomes this strain, resulting in a different benzamide conformation.  

 

Figure 5-10: Overlay of the crystal structure of para-nitro switch 5 (purple) with the structure calculated with 

ωB97X-D in implicit CPCM chloroform. In the crystal structure, the methyl ester hydrogen bond acceptor is 

in the plane of the DPA, while the amide carbonyl rotates out of conjugation to position the NH for donating. 

In contrast, the calculation predicts both the amide and ester to rotate out of conjugation with the DPA, 

resulting in a nearly identical hydrogen bond length but a different conformation. 

5.7. Constrained optimizations 

5.7.1. DPA torsional profile 

In an initial investigation, the accuracy of DFT methods for reproducing the torsional 

barrier of DPA was investigated (Figure 5-11). Fluorescence spectroscopy has measured the 
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barrier of rotation around the acetylene moiety to be 0.58 kcal.mol-1,48 which has been 

successfully reproduced with MP2 calculations.49 Previous DFT with B3LYP/6-31+G(d), 

however, calculates the barrier to be 0.81 kcal.mol-1.50 In this case, optimizations were 

performed where the DPA was constrained to be planar or perpendicular and the energy 

difference between these structures was taken to be the barrier height. Since the geometry of 

the full switches is fixed using the functional and the 6-31+G(d,p) basis set in CPCM 

chloroform, these methods were applied to the DPA system. All of the methods tested with 

the exception of B3LYP agree closely with the experimental barrier, with both M06-2X and 

cam-B3LYP reproducing the energy difference exactly (Table 5-7). 

 

Figure 5-11: Rotation of the DPA moiety from the planar minimum energy to a 90º maximum energy. 

Table 5-7: Calculated and experimental energy barriers for the 90º rotation of the phenyl rings of DPA using 

the listed functional and the 6-31+G(d,p) basis set. Consistent with literature investigations,50 B3LYP 

overestimates the rotational barrier, but all other methods agree closely with the experimental values. 

  Expt'l HF B3LYP cam-B3LYP ωB97X-D M06-2X 
∆E (kcal.mol-1) 0.58 0.51 0.84 0.58 0.59 0.58 

 

5.7.2. Full systems 

The excellent results with the model DPA system led to consideration of the geometries 

of the switches. Optimizations were conducted using HF and B3LYP in which the central 

diphenyl was constrained to planarity, 30º, or 50º. These solution-phase optimized 

structures are not true minima, and so only their energies are compared to the experimental 

free energies of the switches (Table 5-8). For both functionals, the 50º dihedral angle results 
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in the lowest errors calculated so far, within 0.2 kcal.mol-1 for HF and 0.4 kcal.mol-1 for 

B3LYP. The coefficient of determination and PI for both methods are similarly excellent, 

with both methods perfectly ordering the compounds at 0º and B3LYP doing so at 50º as 

well.  

Table 5-8: Statistical parameters calculated for optimizations in which the DPA is constrained to the listed 

dihedral angle. As the optimized structures are not true stationary points, the statistics are derived from the cc-

pVQZ-derived energies for each molecule. 

Functional  DPA dihedral MUE RMSD r 2 PI 
  unconstrained 0.78 1.06 0.99 0.99 

B3LYP 0º 0.65 1.22 0.93 1.00 
  30º 1.02 1.17 0.83 0.91 

  50º 0.23 0.39 0.98 1.00 

  unconstrained 0.33 0.56 0.96 1.00 

HF 0º 0.48 0.87 0.91 1.00 
  30º 0.49 0.81 0.90 0.97 
  50º 0.20 0.22 0.92 0.92 

 
Figure 5-12: Plots of the experimental free energy differences for the molecular switches vs. the calculated 

energy differences at the B3LYP/cc-pVQZ//B3LYP/6-31+G(d,p) level when the DPA was constrained to the 

listed dihedral angle. With a 30º dihedral, the energy differences between the molecules are greater than at 50º, 

leading to greater errors and poorer linear correlation.   

While the energy differences calculated at 0º and 50º dihedral angles were very close, 

when constrained to 30º the B3LYP calculations showed much greater spread in energies, 

with correspondingly larger errors (Figure 5-12). For the para-nitro molecule 5 for instance, 

comparison between the constrained optimizations, the unconstrained solution phase 

optimization, and experiment reveal some discrepancies (Table 5-9). All of the 

optimizations overestimate the H-bond distance, by up to 0.2 Å for the 50º optimization. 
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The conformational difference is likewise overestimated, but the consideration of entropic 

effects may reduce this somewhat (e.g. in the unconstrained case, the calculated energy 

difference is just -0.22 kcal.mol-1 with RRHO frequency analysis).  

Table 5-9: Structural parameters for the para-nitro molecule 5 calculated by constrained optimizations and 

unconstrained optimizations with B3LYP in CPCM chloroform solvation. 

  Unconstrained (26.5º) 0º 30º  50º Experiment 
∆E (kcal.mol-1) -1.03 -0.58 -1.69 -0.52 -0.37 
N•••O (Å) 3.13 3.17 3.14 3.28 3.09 
NCO angle (º) 158 160 157 152 161 

Ar dihedral  (º) 36.1 35.4 36.1 31.7 49.7 
 

5.8. Discussion 

The molecular switches of Hamilton et al. are an example of an organic system for 

which accurate quantum chemical calculations would be extremely useful. While synthesis 

of the molecules utilizes proven chemistry, each requires ca. eight steps to create, and two 

additional control molecules of similar complexity are needed to determine the free energy 

difference of the system. Calculations which could accurately predict the energies of novel 

switches could save considerable synthetic effort and allow efforts to be directed towards 

the most promising molecules. Once validated on this system, these computational methods 

could also be applied with some confidence to other hydrogen-bonded molecules.  

These results indicate that “black box” DFT calculations, even with state-of-the-art 

functionals such as M06-2X and ωB97X-D, are extremely poor at modelling the 

conformational preferences of the switches. Thorough investigation of the calculations 

allowed some of the sources of error to be localized.  One is spurious entropy components 

associated with low vibrational modes. In systems that are separated by small free energy 

differences, these entropic terms can lead to sizable relative errors. The RRHO correction to 

entropy greatly reduces these errors and adds essentially no computational cost to the 

calculations, so these results suggest that this correction should become standard. The 
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largest entropic corrections are applied to the very smallest frequencies, so the exact 

frequency at which the RRHO treatment is applied does not appear critical. Additionally, 

results were improved when optimizations were performed in an implicit solvent model. 

This adds some cost to the calculations, but in general it is small and is more than 

compensated for by the significant improvement in linear correlation and PI.   

For the DPA-based switches, the most accurate results were ultimately achieved using 

the relatively simple functional B3LYP in combination with solution-phase optimizations, 

RRHO treatment of entropies, and large electronic single point calculations. Using these 

methods, RMSDs of < 0.50 kcal.mol-1 and a PI of 0.98 could be achieved, which are 

sufficient for guiding the development of related molecules. Every component of this new 

protocol is essential, and eliminating any resulted in poorer correlation with experimental 

data. To date, no “black box” protocol incorporates these critical factors, which calls into 

question calculations in the literature for which the claimed energy difference is only a few   

kcal.mol-1 and is calculated using uncorrected DFT methods. The performance of the more 

recent functionals ωB97X-D and M06-2X was comparatively worse than that of B3LYP. 

These methods were parameterized with larger datasets and incorporate more sophisticated 

treatment of non-bonded interactions, but nonetheless do not perform very well for this 

system. 

These calculations, while still not perfect in modelling the switches, provide possible 

insight into the behaviour of these molecules. Principally, the torsional calculations and 

constrained geometry optimizations indicate that the system is quite flexible. In contrast to 

the crystal structures which show relatively planar structures, energies of the molecules 

were found to be roughly equivalent both when planar and when the DPA is twisted up to 

50°. This is possible because in the calculations, the H-bonding amide and accepting 

carbonyl can themselves twist to accommodate an optimal H-bond length at a range of DPA 
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dihedrals. This could represent a failure of DFT, since these results are inconsistent with the 

X-ray data. Alternatively, the crystal structures may not reflect the true flatness of the 

potential energy surfaces. Instead, forces such as crystal packing effects or intermolecular 

hydrogen bonding may predominate in the solid state.51 

The constrained geometry calculations raise further questions regarding the 

conformational equilibria. In the crystal structures, a pronounced twist in the phenyl ring 

attached to the donating amide is present due to steric clashing with the methyl ester 

acceptor. In the calculations, this is not present because the DPA twists to avoid this 

unfavourable interaction. Individual molecules twist to different extents, resulting in the 

multimodal histogram of DPA dihedral seen in the unconstrained cases. Restricting all of 

the molecules to a single angle generally results in poorer correlation with experiment, 

unless the constrained angle was 50°. It is unclear whether this is truly the optimal 

equilibrium conformation, or if this angle allows for fortuitous error cancellation, but it does 

provide the best correlation with experiment of any of the methods tested. These 

constrained calculations, however, do not allow for vibrations to be accurately calculated, 

and so this analysis does not include the entropic considerations that were found to be 

critical in the unconstrained cases. Nonetheless, they highlight how changes in the 

optimized geometry can greatly affect calculated energies. DFT-derived geometries are used 

for many composite methods such as CBS-QB352 and G3-B353 that use very large post-HF 

electronic energy calculations. While these methods have proven their accuracy for small 

systems, for larger molecules the DFT geometry may limit accuracy more than the 

electronic calculations themselves.    

5.9. Conclusion and future work 

Quantum chemical calculations were applied to a series of DPA molecular switches in 

which intramolecular hydrogen bonds template conformation. Poor correlation with 
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experiment was found with standard gas phase optimizations with a variety of DFT 

methods, but a new protocol incorporating solution-phase optimizations, large basis sets, 

and modified RRHO treatment of entropy gave much more accurate results. Using these 

methods, the switches could be ranked successfully in relative order of hydrogen bond 

strength, although errors remained between calculation and experiment for the absolute free 

energy differences of the molecules. Based on constrained optimizations, the DPA dihedral 

was not found to be essential to the energies of the system, in contrast to the clear 

preference seen in crystal structures. Together, these results benchmark the accuracy of 

DFT methods for medium-sized organic systems, and highlight the importance of the 

accurate treatment of solvation and entropy in quantum chemical calculations. The modified 

DFT procedure present here may be broadly applicable, and could result in greater accuracy 

in modelling systems for which non-covalent interactions are critical. 

Additional benchmarking of the solvation and entropic corrections using large 

CCSD(T)/CBS databases could help confirm the utility of these methods. New functionals 

could then be developed which may improve on the poor performance of existing DFT 

methods. Future work should apply this modified DFT procedure to other systems of 

interest. For instance, the conformational preference of novel H-bonded peptidomimetics 

could be assessed in silico with greater accuracy than is possible with semi-empirical 

methods. This could allow for a more precise understanding of the conformational 

preferences of these molecules, which may aid future design efforts. Additionally, improved 

DFT modelling could aid the understanding of organocatalysis and allow greater confidence 

in the calculated structures of complexes. In any case, this study provides further evidence 

that “black box” modelling of structures cannot be considered truly reliable, especially in 

instances where the energy differences involved are slight. 



 225 

5.10. Supporting information 

Coordinates for all optimized structures and energies of all optimizations and single 

point calculations are attached as a CD to this thesis. 

5.11. Supplementary description of computational methods 

A brief outline of the computational methods used in this section is presented below: 

5.11.1. Basis sets 

6-31G: Pople split-valence basis set. Six contracted primitive Gaussians are used to describe 

the core orbitals. Valence orbitals are modeled in a double-ζ manner as the sum of three 

primitive Gaussians and an additional primitive Gaussian (of a different size). 

6-31G(d,p): Polarized basis set augmenting the above with p orbitals on all H atoms and d 

orbitals on all non-H atoms. This increases the flexibility of the atom-centred atomic 

orbitals to describe molecular orbitals. 

6-31+G(d,p): The above plus the addition of diffuse s and p orbitals on heavy atoms. These 

primitive Gaussians have small exponents and are correspondingly more spread out.  

cc-pVTZ: Dunning’s correlation consistent polarized basis set at the triple-ζ level. This 

basis set was optimized for calculations that include correlation. 

cc-pVQZ: Like the above, but at the quadruple-ζ level. The Dunning basis sets are designed 

to scale smoothly to the CBS limit. 

CBS: The complete basis set. It is not actually a basis set, but is rather an extrapolation from 

smaller calculations to the limit using an infinitely-large basis set. 

5.11.2. Computational methods 

Hartree-Fock: A method for approximating solutions of the Schrödinger equation using a 

single Slater determinant. Analytical solutions to the HF equations are unknown for multi-

electron systems, so the energies are calculated in an iterative numerical manner. 
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Density Functional Theory: A method for solving the Schrödinger equation by 

considering functionals of the electron density of the system. The exact form of the electron 

density of molecules has not been determined, so different DFT methods use different 

approximations of the true value. 

B3LYP: A hybrid DFT consisting of the three-parameter density functional of Becke with 

added Lee-Yang-Parr exchange. The total electronic exchange-correlation functional is a 

hybrid of the value from HF (20 %) with DFT terms (80 %). 

CAM-B3LYP :  Coulomb-attenuated modification to the B3LYP functional meant to 

address long-range interactions. In this functional, the fraction of HF exchange smoothly 

increases from 19 % at short range to 65 % at long range. 

M06-2X: A hybrid DFT functional which incorporates 54 % HF exchange in addition to 

correlation values from several DFT approximations. The functional is parametrized to 

thermodynamic, kinetic, and noncovalent interactions from a reaction database. 

ωB97X-D: A recently-developed functional by Head-Gordon which incorporates increasing 

amounts of HF exchange at long range. Additionally, an attractive term is included to 

describe dispersion interactions. 

-D3: An empirical dispersion correction which is added onto DFT results.  
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