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ABSTRACT 

Plasmepsin V is an aspartyl protease that plays a critical role in the export of proteins bearing the 

Plasmodium export element (PEXEL) motif (RxLxQ/E/D) to the infected host erythrocyte, and thus the 

survival of the malaria parasite. Previously, development of transition state PEXEL mimetic inhibitors of 

plasmepsin V have primarily focused on demonstrating the importance of the P3 Arg and P1 Leu in binding 

affinity and selectivity. Here, we investigate the importance of the P2 position by incorporating both 

natural and non-natural amino acids into this position and show disubstituted beta-carbon amino acids 

convey the greatest potency. Consequently, we show analogues with either cyclohexylglycine or 

phenylglycine in the P2 position are the most potent inhibitors of plasmepsin V that impair processing of 

the PEXEL motif in exported proteins resulting in death of P. falciparum asexual stage parasites. 
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INTRODUCTION 

The World Health Organization estimates that around 3.5 billion people, about half of the 

world’s population, live at risk of malaria [1]. Malaria is caused by Plasmodium parasites and 

results in approximately 460,000 deaths annually [1]. P. falciparum and P. vivax are the most 

virulent species, accounting for 75% and 20% of cases worldwide, respectively. There is currently 

a strong commitment to eliminate malaria in the 21st century. However, the current arsenal of 

clinically used artemisinin combination therapies and drug candidates undergoing clinical 

assessment may not be sufficient to eliminate the disease, due to the threat of emerging drug 

resistance [2, 3]. Thus, new agents are required that target multiple stages of the malaria parasite’s 

lifecycle with novel mechanisms of action. 

Genome sequencing uncovered the P. falciparum parasite expresses ten cathepsin D-like or A1 

family aspartyl proteases, known as plasmepsins (PMs). The PMs have diverse roles across the 

parasite’s lifecycle and several essential PMs are considered attractive antimalarial drug targets. 

PMs I, II, IV and histo-aspartyl protease (HAP) are localised to the digestive vacuole of the asexual 

parasite and degrade hemoglobin providing sustenance for the parasite [4, 5], but genetic studies 

have established these PMs are not essential for parasite survival [5-9] and thus not viable 

antimalarial targets. PMs VI-VIII are not expressed in the asexual stage of the parasite, but PMVI 

and PMVIII have undefined but essential roles in P. berghei within the mosquito stage [10, 11], 

while PMVII is not essential in P. berghei [12]. The role of PMs VI, VII and VIII in species that 

infect humans is not known and thus additional evidence is required to confirm their validity as 

drug targets. PMIX has an indispensable role in invasion and PMX is essential for both invasion 

and egress of the erythrocyte and both are considered potential antimalarial drug targets [13, 14]. 
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Several PMs have been targeted with small molecules with varying degrees of success[13-22], but 

none have progressed to the clinic. 

An important feature of malaria parasite survival is the remodeling of the host erythrocyte 

environment. A key event that underpins the remodeling process is the transport of many hundreds 

of parasite proteins into the erythrocyte [23-25]. Exported proteins play critical roles in parasite 

survival, such as providing sustenance for the parasite to replicate, evasion of the host immune 

system and nutrient and waste efflux from the host erythrocyte [26]. Approximately 460 proteins 

destined for export possess an N-terminal motif with the consensus sequence RxLxQ/E/D, known 

as the Plasmodium export element (PEXEL) [27], or vacuolar targeting sequences (VTS) [28]. For 

proteins to be exported, the endoplasmic reticulum resident aspartyl protease, PMV processes the 

PEXEL motif at the C-terminal amide bond of leucine [29, 30]. The processing event is an essential 

step in the export of PEXEL containing-proteins [23, 29-32] and for export of PEXEL-negative 

proteins because the latter require PEXEL proteins for their trafficking for the survival of the 

malaria parasite in erythrocyte [23, 26, 33]. PMV and PEXEL proteins are highly conserved in all 

Plasmodium species including the most virulent species, P. falciparum [25]. 
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Figure 1. The structures of WEHI-916 1 and WEHI-842 2 shown occupying substrate binding 

pockets of PMV, and the relationship to the work undertaken here focusing on the P2 region. 

 

Recently, it was shown transition state peptidomimetics that mimic the native PEXEL motif, 

RxL, are potent inhibitors of both P. vivax and P. falciparum PMV. The earliest example, WEHI-

916 1 (Fig 1) [34, 35], was shown to prevent processing and export of PEXEL containing proteins 

resulting in death of P. falciparum asexual stage parasites in vitro. A subsequent study established 

that replacing the P3 Arg in 1 with canavanine (Cav) produced the analogue named WEHI-842 2 

[36, 37], (Fig 1) which possessed a 10-fold improvement in affinity for PMV and for killing P. 

falciparum compared to 1. An X-ray structure of 2 bound to PMV was also obtained and illustrated 

key binding interactions that described the requirement of the RxL motif for binding to PMV [37]. 
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These studies further corroborated biological evidence that PMV plays a vital role in protein export 

and that this process is essential for parasite survival, thus reinforcing PMV as a promising 

antimalarial target. 

The critical nature of the P3 Arg and P1 Leu in the PEXEL motif has been well studied [23, 29, 

30, 34-36, 38, 39] (Fig 5), but the importance of the P2 region remains largely unknown. The 

limited studies describing the P2 region show that both Val (seen in 1 and 2, Fig 1) and Ile appear 

optimal, while analogues that possess a P2 Ala, Phe or Leu have lower affinity for PMV [34]. This 

and unpublished data from our laboratory led to the hypothesis that peptidomimetics that harbor a 

P2 amino acid with di-substitution at the beta-carbon (Fig 1) have greater affinity for PMV than 

those analogues without this substitution pattern. 

Herein, we explore the P2 region by way of substituting both natural and non-natural amino acids 

into the RxL mimetic scaffold. The amino acids selected for integration of the P2 position would 

test our hypothesis that beta di-substitution is important for improving PMV potency. Thus, amino 

acids such as cyclopentylglycine, phenylglycine were selected, but also amino acids that did not 

possess beta di-substitution to serve as controls, such as phenylalanine and norvaline. There were 

several other factors that influenced our choice of amino acid for the P2 motif. The first was the 

selection of amino acids that possessed hydrophobic side chains because the S2 binding cavity is 

mostly lined with hydrophobic amino acids, as shown in the X-ray structure of 2 bound to PMV 

(Fig 2). Hydrophobic amino acids were also chosen to increase overall lipophilicity of 

peptidomimetic analogues to assist in membrane permeability. Lastly, there was an emphasis on 

selecting non-natural and non-essential amino acids, as it was reasoned that these amino acids may 

impart greater metabolic stability, given they would not be readily recognized by other proteases 

compared to the 20 proteinogenic amino acids. 



 7 

 

Figure 2. The S2 substrate binding cavity of PMV (grey surface and blue amino acids) occupied 

by the P2 iPr group of WEHI-842 2 (green). The image was created using the X-ray structure of 2 

bound to P. vivax PMV (PDB: 4ZL4).[37] Hydrogen bonds between 2 and PMV are highlighted 

with yellow-dotted lines. 

 

Previous studies have shown the incorporation of Cav into the P3 position of PEXEL mimetics 

are 10-fold more potent than the Arg orthologue (see 1 versus 2 in Table 1 for comparison) [36, 

37]. However, due to the ease of access and availability of Arg compared with Cav, we first 
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incorporated Arg into all P2 analogues. We then proposed to integrate Cav into the P3 position of 

the analogues that possess the greatest affinity for PMV. In earlier studies [34, 36], the N-terminal 

Cbz and C-terminal NH(CH2)2Ph functionalities, seen in 2 (Fig 1 and 5), were shown to be optimal, 

and thus would remain the same for the analogues produced in the present study.  

 

RESULTS AND DISCUSSION 

Chemistry 

Exploration of the P2 site begun with the synthesis of analogues. We used solution phase peptide 

synthesis following established procedures in literature [34, 36, 39] to construct analogues 

(Scheme 1). Briefly, the synthesis started with coupling the commercially available Boc-protected 

amino acid 3 with the NH2-Sta(S,S)-NH(CH2)2Ph to produce dipeptide 4. We found that directly 

accessing the tripeptide 6 by coupling Cbz-Arg(N,N-diBoc)-OH to the Boc de-protected dipeptide 

4, was low yielding. To circumvent this issue, the dipeptide 4 were Boc deprotected and coupled 

to Cbz-Orn(N-Boc)-OH to give the tripeptide 5. The Orn(N-Boc) functionality on 5 was then 

transformed to Arg(N,N-diBoc) over two steps to yield the tripeptide 6. At this stage, Cbz-Cav(N-

Boc)-OH was also introduced, by coupling to the Boc deprotected dipeptide 4 to produce the Cav 

analogue 7. Finally, the Boc groups were removed from 6 and 7. However, in this deprotection we 

discovered a trifluoroacetamide byproduct. The trifluoroacetamide byproduct has been reported 

with similar chemistries in the past [40, 41], but it was unknown mechanistically why this 

byproduct was observed in this instance. To overcome this issue, we removed the 

trifluoroacetamide group using K2CO3 in MeOH, then TFA was applied to give the TFA salts of 

the tripeptide products 8-28.  
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Scheme 1.  General synthetic pathway to access P2 analogues. 

 

Reagents and conditions: a) HCl.NH2-Sta(S,S)-NH(CH2)2Ph (from ref [34, 35]), HBTU, DIPEA, 

DMF; b) i) 4N HCl; ii) Cbz-Orn(N-Boc)-OH, HBTU, DIPEA, DMF; c) i) 4N HCl; ii) N,N’-bis-

Boc-1-guanylpyrazole, DIPEA, DCM; d) i) 4N HCl; ii) Cbz-Cav(N-Boc)-OH (from ref [36, 37]), 

DIPEA, HBTU, DMF; e) i) TFA, DCM; ii) K2CO3, MeOH; iii) TFA. For R2 refer to Table 1. 

 

Structure and activity relationship 

To assess the effect that the P2 modifications have on PMV activity, compounds 8-28 were 

evaluated using the previously described fluorogenic assay format [36]. Briefly, compounds were 

assessed for their ability to block cleavage of a fluorogenic peptide containing the RTLAQ PEXEL 
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sequence of the exported protein KAHRP (Knob-associated histidine-rich protein) [42] by 

recombinant P. vivax PMV [37]. We have included benchmark compounds 1 and 2 for comparison 

of assay performance in this study compared to that in previous studies [34-36, 39]. Of note, 

analogue 11 that possesses an iPr in the P2 position has similar activity to the previously described 

1 [34, 35] in this assay format. The results of the PMV assay are summarized in Table 1. 

The results of the PMV assay show that small aliphatic substituents in the P2 position, such as 

Me, Et and nPr (9-11), have increasing modest affinity for PMV (IC50 7.2, 0.51, and 0.12 M 

respectively). Compounds with larger aliphatic substituents, such as iPr, iBu, sBu and CH(Et)2 

(11-13 and 15) have improved potencies (IC50 0.12, 0.17, 0.03 and 0.11 M respectively) 

compared with the smaller substituents. Notably, analogues that harbor beta-disubstitution, such 

as iPr, sBu and CH(Et)2 (11, 13 and 15) are more active than nPr and iBu (11 and 12) arguably 

supporting the hypothesis that beta-disubstitution is important for PMV potency. Further 

supporting this notion, sBu, CyPen, CyHex and Ph (13, 16-18) in the P2 position were found to be 

the most potent analogues in this study (IC50 0.026, 0.055, 0.024 and 0.029 M respectively). 

Analogue 14 with a tBu at the P2 position, was not well tolerated (IC50 6.7 M). It is possible that 

the extra steric bulk at the beta-carbon was not accommodated by the S2 binding pocket of PMV.  
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Table 1. Biological activities and calculated properties of analogues. 

Cmpd 

No. 

X a R2 a PMV IC50 

(SD) (M) b 

Pf parasite 

EC50 (SD) 

(M) c 

HepG2 

EC50 (SD) 

(M) d 

cLogP 
e 

LipE 
f 

8 CH2 Me 7.18 (3.06) >10.0 >40 1.4 3.65 

9 CH2 Et 0.507 (0.14) 3.14 (0.83) >40 1.9 4.32 

10 CH2 nPr 0.116 (0.26) 2.40 (0.54) n.d. 2.4 4.55 

11 CH2 iPr 0.116 (0.033) 3.39 (1.14) >40 2.3 4.36 

12 CH2 iBu 0.165 (0.005) 5.00 (2.27) >40 2.7 4.11 

13 CH2 S-sBu 0.026 (0.002) 1.03 (0.16) n.d. 2.8 4.83 

14 CH2 tBu 6.70 (0.490) >10.0 >40 2.7 2.48 

15 CH2 CH(Et)2 0.112 (0.013) 4.11 (0.66) >40 3.2 3.74 

16 CH2 CyPen 0.055 (0.015) 2.73 (0.59) >40 2.7 4.52 

17 CH2 CyHex 0.029 (0.011) 1.22 (0.28) 36.7 (0.4) 3.2 4.36 

18 CH2 Ph 0.024 (0.005) 1.36 (0.74) >40 2.7 4.88 

19 CH2 Bzl 3.12 (0.470) >10.0 >40 3.1 2.24 

20 CH2 CH(Ph)2 >10.0 >10.0 >40 4.6 - 

21 CH2 CH(Me)Ph g >10.0 >10.0 35.4 (1.5) 3.4 - 

22 CH2 2-indane 0.661 (0.370) 6.18 (1.64) 23.5 (1.0) 3.5 2.82 

23 CH2 CH2OH >10.0 >10.0 >40 0.3 - 

24 CH2 C(OH)(Me)2 3.01 (0.90) >10.0 >40 1.0 4.49 

25 CH2 R-CH(OH)Me 2.02 (0.28) >10.0 >40 0.7 4.95 

26 CH2 CH(OH)Ph h 6.56 (1.09) >10.0 >40 2.1 3.08 

27 O CyHex 0.005 (0.001) 0.09 (0.07) >40 3.1 5.15 

28 O Ph 0.003 (0.001) 0.07 (0.01) >40 2.8 5.79 

29 O S-sBu 0.016 (0.003) 0.18 (0.054) n.d. 2.7 5.09 

1 i CH2 iPr 0.123 (0.020) 4.03 (0.83) >40 1.3 5.59 

2 O iPr 0.019 (0.007) 0.43 (0.14) >40 2.3 5.45 

a Refer to Figure 1. b IC50 data represents means and SD for three independent fluorogenic 

substrate cleavage experiments. A 10-point dilution series of each compound was incubated (37 
oC) with recombinant P. vivax PMV. c EC50 data represents means and SD for three independent 

experiments measuring LDH activity of P. falciparum 3D7 parasites following exposure to 

compounds in 10-point dilution series for 72 h. Chloroquine EC50 0.006 M; mefloquine EC50 
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0.013 M. d EC50 data represents means and SD for three HepG2 cell growth inhibition 

experiments. A 10-point dilution series of each compound incubated (37 oC) for 48 h. Cell Titer-

Glo was used to quantify cell viability. Bortezomib EC50 0.01 M; chloroquine EC50 10.1 M; 

mefloquine EC50 9.8 M. e Calculated using ChemAxon software.[43] f Calculated using PMV 

IC50 values. g L-erythro configured. h D,L-threo configured. i refer to Fig 1 for structure of 1. n.d. – 

no data. 

 

Analogue 19, supporting a benzyl group in the P2 position, displayed modest activity against 

PMV (IC50 3.1 M) compared to analogues 9-13 and 15-17 with aliphatic P2 groups (all with IC50s 

<0.6 M). In this instance, disubstitution at the beta-carbon of benzyl-like analogues 20, 21 and 

26, did not improve potency (IC50 >10, >10 and 6.6 M respectively) compared to the benzyl 

analogue 19 (IC50 3.1 M). It is noted that the stereochemistry of the beta-methyl (L-erythro 

configured) and hydroxy (D,L-threo configured) may have impacted the PMV activity of 

compounds 21 and 26, respectively. The exception was 22, which possesses a 2-indane at the P2 

site, that was more potent than the benzyl analogue 19 (IC50 0.66 versus 3.1 M). The difference 

in activity between the beta methyl benzyl (21) and the 2-indane (22) is likely due to restricted 

rotation of the phenyl ring of the 2-indane moiety that conferred a more favorable orientation for 

binding to the S2 pocket of PMV. 

Compounds 23-26 that possess a hydroxyl at the beta-carbon of the P2 position displayed weak 

activity against PMV (all with IC50s >2 M). For example, analogues 23 and 24 that possess 

CH2OH (Ser) and CH(OH)Me (Thr) in the P2 position, (IC50 >10 and 3 M) compared to analogues 

9 and 11, that have Et and iPr aliphatic groups of similar steric bulk (IC50 0.55 and 0.11 M). It 

was reasoned that the modest PMV activity of the beta-hydroxy analogues 23-26 is due to the 

relatively hydrophobic nature of amino acids that line the S2 pocket of PMV (Fig 2). 
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 By examining which functionalities in the P2 position imparted the greatest potency against 

PMV, we identified that sBu, CyHex and Ph (13, 17 and 18) were most optimal. We next studied 

the effect of replacing the Arg in the P3 position of 13, 17 and 18 with Cav. Previous studies have 

shown that 2, which possesses a P3 Cav, is 10-fold more potent than 1 that has a P3 Arg (Fig 1) 

[36, 37]. Our data here confirms this observation, with IC50 values of 0.119 and 0.019 M for 1 

and 2 respectively (Table 1). Two analogues, 27-28 with Cav at the P3 position and CyHex, and 

Ph at the P2 sites were generated and showed a 6 to 8-fold improvement in PMV potency (IC50 

0.005 and 0.003 M) compared with the P3 Arg comparator analogues 17 and 18 (IC50 0.029 and 

0.024 M). This supports the previous observations that Cav significantly enhances PMV 

inhibitory activity compared with analogues possessing Arg at the P3 position. The potency 

difference between the sBu analogues 13 and 29 was only 2-fold and was not as significant as 

observed with other Cav and Arg analogues, such as 1 and 2. Compound 13 was the most potent 

P3 Arg analogue, but the fold improvement in potency between 13 and the P3 Cav analogue 29 was 

not as significant as the fold change between other P3 Arg and P3 Cav orthologues, for example 

the 10-fold improvement between 1 and 2. As a result, we concentrated on using the S2 CyHex 

and Ph analogues, 17, 18, 27 and 28 in further biological and structural analyses.   

To examine whether lipophilicity was a contributing factor in the increase of analogue potency, 

lipophilic efficiency (LipE) was calculated (Table 1). From these calculations, it is observed that 

even though cLogP generally increases with PMV potency, the LipE values also increase, 

indicating the improvement in potency observed (for example, from analogue 8 (Me) to 18 (Ph) 

with respective LipE values of 3.65 and 4.88), is not solely due to the overall increase in 

hydrophobicity. 

 



 14 

Structural Basis of PMV inhibition 

To understand the structural basis for the inhibition of PMV by the analogues, we obtained an 

X-ray crystal structure of 27 (WEHI-601) bound to PMV (PDB: 6C4G). The structure obtained at 

a resolution of 2.6Å was almost identical to the previous X-ray structure (4ZL4) of 2 bound to 

PMV [37]. One notable difference between the structures was the presence of N-glycosylated 

Asn280 and Asn355 (Fig S1 and S2), a result of using SF21 insect cells to express the protein. N-

glycosylation of Asn355 was thought to have occurred in 4ZL4, but poorly defined density in this 

region of the crystal structure prevented building in the N-glycosylation with confidence [37]. 

Another difference was the perturbation of the helix-turn-helix motif, compared to 4ZL4 (Fig S1). 

The X-ray structure also showed that 27 bound to the substrate binding cleft of PMV in a similar 

conformation and possessing the same hydrogen bond interactions found with 2 in 4ZL4 (Fig S3). 

Compared to the P2 iPr group of 2, the P2 CyHex of 27 almost completely occupied the S2 pocket 

of PMV (Fig 3). This occupancy may explain the increase in potency of 27 compared with 2 (Fig 

2 and Table 1).  

 



 15 

 

Figure 3. The X-ray structure of P. vivax PMV bound to 27 (WEHI-601) (PDB: 6C4G). Shown is 

the S2 substrate binding cavity of PMV (orange surface and blue amino acids) occupied by the P2 

CyHex group of 27 (stick and mesh in magenta). 

 

To further explore the relationship between the structure and PMV activity of analogues we 

performed docking studies. In the docking studies, the X-ray crystal structure of 2 bound to 

PMV[37] was used as a template to dock analogues 8-26. The results are shown in Fig S4-7. In 

general, the docking studies support the PMV assay data, in that the hydrophobic S2 pocket is 

optimally occupied by either a P2 CyHex and Ph (17 and 18). The docking of P2 CyHex 17 was 
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supported by the X-ray structure of the CyHex of 27 occupying the S2 pocket of PMV. It was 

found that smaller P2 substituents, such Me, Et, Pr, iPr, don’t fully occupy the S2 cavity and are 

accordingly less active than 17 and 18. The modest activity of 19, can be attributed to the steric 

size of its P2 benzyl substituent that cannot be accommodated by the S2 pocket, and thus is forced 

to orientate into solvent space. Docking also provides a possible explanation for why beta-

disubstitution is important for PMV binding affinity. Firstly, the substitution pattern appears to 

restrict rotation of substitution at the beta-carbon that is optimal for binding, and secondly, 

provides the steric capacity to fully occupy the S2 of PMV, thus providing a possible explanation 

why analogues without the beta-disubstitution pattern are generally less active. 

 

Activity of analogues in P. falciparum parasites and human cells in vitro 

To establish whether analogues 17, 18, 27 and 28 directly inhibit PMV in P. falciparum parasites 

in vitro, we assessed their ability to impair the processing of the exported protein P. falciparum 

erythrocyte membrane protein 3 fused to green fluorescent protein (PfEMP3-GFP). Using 

previously described protocols [29, 35], we treated the P. falciparum parasite line expressing 

PfEMP3-GFP with compounds 17, 27 (Fig S10), 18, and 28 (Fig 4), and used an anti-GFP antibody 

to determine the processing pattern of PfEMP3-GFP by western blot. This showed that the P3 Cav 

analogues 27 and 28 cause accumulation of uncleaved PfEMP3-GFP to a greater extent than the 

P3 Arg orthologues 17 and 18. Furthermore, 27 and blocked PfEMP3-GFP processing more than 

2, consistent with these compounds inhibiting recombinant PMV more potently than 2 (Table 1). 

Thus, the trends in potency seen against recombinant PMV correlate well with the degree of 

PEXEL cleavage inhibition observed in the P. falciparum-infected erythrocyte PfEMP3 

processing assay. 



 17 

 

Figure 4. Inhibition of PEXEL processing by selected P2 analogues in erythrocytes infected with 

P. falciparum 3D7 expressing PfEMP3-GFP. A) Infected erythrocytes were treated with 

compounds 18, 28 and 2[37] at the indicated concentration, 21 (20 M) or vehicle control 

(DMSO). Processing of the PEXEL in PfEMP3 was assessed by immunoblotting with anti-GFP 

antibodies. Uncleaved (black arrow), PEXEL-cleaved (red arrow), and ‘GFP only’ (a degraded 

remnant of the GFP reporter in the food vacuole) species of PfEMP3-GFP are indicated next to 

the immunoblot and schematically represented in panel C. PEXEL R to A mutant PfEMP3-GFP 

was included as a size control, and the blot was probed with parasite anti-HSP70 as a loading 

control. B) Densitometry of the uncleaved band in each lane from A) is shown. The experiment 

was repeated three times and a single representative is shown. C) Schematic of the GFP protein 

and its cleavage positions. 
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We next assessed whether there was a correlation between potency against parasite and 

recombinant PMV and P. falciparum viability using an assay platform described previously [44]. 

Briefly, P. falciparum infected human erythrocytes were incubated with compounds for 72 h and 

parasite viability was then determined as a measure of LDH activity (monitored by the 

consumption of NADH). The results are summarized in Table 1. The P. falciparum viability data 

show a strong correlation with the PMV inhibitory activity, in that the analogues that possess the 

greatest inhibitory activity, against recombinant PMV and in P. falciparum PEXEL cleavage 

assays, are the most potent in reducing parasite viability. For example, P3 Arg analogues 8, 14, 19-

21 and 23-26 that possess PMV IC50 values greater than 1 M don’t exhibit parasite activity at the 

highest concentration tested, while P3 Arg analogues 13, 17 and 18 are the most potent against 

PMV and exhibit the greatest anti-parasitic activity (EC50 1.0, 1.2 and 1.8 M). The data also 

shows that the P3 Cav analogues 27-29 are between 10- and 25-fold more potent (EC50 91, 68 and 

182 nM) than the comparator P3 Arg analogues 17, 18 and 13 (EC50 1.2, 1.8 and 1.0 M), which 

is consistent with activity observed in literature between 1 and 2 (EC50 4.0 M versus 0.43 M 

respectively) (Fig 1 and Table 1) [36, 37]. Furthermore, 27 and 28 are 5- to 6-fold more potent 

(EC50 0.09 and 0.07 M) at killing P. falciparum parasite than our previously most potent 

compound, 2 (EC50 0.43 M). 

To assess whether the activity observed in the P. falciparum parasite assay was specific to the 

parasite and not broadly cytotoxic to human cells, we assessed each analogue in a HepG2 cell 

growth inhibition assay. In this assay, we used Cell Titer-Glo as a metabolic marker of cell growth 

following previously described protocols [44]. The results of this assay show that only compounds 

17, 21 and 22 exhibit growth inhibition (EC50 37, 35 and 24 M) at the highest concentration tested 

(Table 1). This activity was deemed to be promiscuous, given there was no observable relationship 
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between the activities of compounds in the parasite and the cell growth inhibition assay. Notably, 

analogues 27 and 28 that possess the most potent anti-parasitic activity, were inactive at the highest 

concentration against HepG2 cells, demonstrating that these compounds are not broadly cytotoxic. 

 

 

 

Figure 5. Overview of the structure activity relationship of the peptidomimetic inhibitors of PMV 

from past studies (referenced in the figure) and the study here.a 

 

CONCLUSIONS 

In summary of the work presented here, we have explored the P2 region using the scaffold of 

pre-existing peptidomimetic inhibitors of PMV (1 and 2) as a template and demonstrated that the 

P2 region is sensitive to change but is accepting of a larger range of functionalities. This is 

compared to the P3 and P1 region which only tolerates Arg/Cav or Leu in the respective positions 

(Fig 5) [34-36], thus, reinforcing the exquisite substrate selectivity profile of PMV that has been 

previously reported [23]. Commonly, Ala, Phe, Thr and Ser are found in the P2 position of native 

PEXEL motifs of proteins known to be exported [27]. Interestingly, here we show these amino 

acids are not well tolerated in the P2 position of peptidomimetics, in the context of the current 

scaffold. A possible explanation for this observation is that maybe the longer native peptide 
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substrates have a higher affinity for PMV as they engage with P5, P4, S1’, S2’ and S3’ sites that the 

peptidomimetics in this study do not, thus compensating for the tolerance of amino acids at the P2 

position of the PEXEL in native substrates.  

The SAR of the analogues shown here suggests amino acids in the P2 position that harbor 

disubstitution at the beta-carbon generally have the highest affinity for PMV than those without 

this configuration. To support this hypothesis, we found that sBu 13, CyHex 17 and Ph 18 in the 

P2 position were the most optimal. This is likely due to their steric occupancy of the S2 cavity of 

PMV and this was supported by the crystal structure of 27 bound to PMV. We also show that P3 

Cav orthologues 27 and 28 were several-fold more potent against PMV compared to P3 Arg 

orthologues 17 and 18. Curiously, although 13 was the most potent P3 Arg analogue, the P3 Cav 

orthologue 29 was only 2-fold more potent, and hence analogues with CyHex and Ph in the P2 

position were the focus of further biological and structural studies. Compounds 27 and 28 were 

also shown to have greater efficacy in preventing processing of the PEXEL containing protein 

PfEMP3 and reducing the viability of P. falciparum asexual stage parasites in vitro, than any PMV 

inhibitor previously reported. In conclusion, we have shown the modification of P2 position has 

led to potent inhibitors of PMV, and thus this work will serve as a template for the future 

development of PMV inhibitors with improved drug-like properties with the aim to enhance in 

vitro parasite potency, and potentially efficacy in in vivo models of malaria. 

 

EXPERIMENTAL SECTION 

Chemistry Experimental 

General 



 21 

Solvents were obtained commercially and used without further purification. Analytical thin-layer 

chromatography was performed on Merck silica gel 60F254 aluminum-backed plates and were 

visualized by fluorescence quenching under UV light or by KMnO4 staining. Chromatography was 

performed with silica gel 60 (particle size 0.040-0.063 µm) using an automated purification 

system. NMR spectra were recorded on a Bruker Avance DRX 300 or an Agilent MR400 400 

MHz or an Agilent DD2 500 MHz at 298K unless otherwise specified. Chemical shifts are reported 

in ppm on the δ scale and referenced to the appropriate solvent peak. MeOD and CDCl3 contain 

H2O.  

LCMS were recorded either on a Waters LCMS system composed of a Waters 3100 Mass 

Detector, Waters 2996 Diode Array Detector, Waters 2545 Binary Pump, Waters SFO System 

Fluidics Organizer and a Waters 2767 Sample Manager (Method A), or an Agilent LCMS system 

composed of an Agilent G6120B Mass Detector, 1260 Infinity G1312B Binary pump, 1260 

Infinity G1367E HiPALS autosampler and 1260 Infinity G4212B Diode Array Detector (Method 

B). Conditions for LCMS Method A were as follows, column: Kinetex TM XB-C18 5µm  4.6 x 

50mm, injection volume 10 µL, 5-100% B over 3 min (solvent A: water 0.1% formic acid; solvent 

B: AcCN 0.1% formic acid), flow rate: 1.5 mL/min, detection: 100-600 nm, acquisition time: 6 

min. Conditions for LCMS Method B were as follows, column: Poroshell 120 EC-C18, 2.1 x 

50mm 2.7 Micron at 20 ºC, injection volume 2 µL, gradient: 5-100% B over 3 min (solvent A: 

water 0.1% formic acid; solvent B: AcCN 0.1% formic acid), flow rate: 0.8 mL/min, detection: 

254 nm, acquisition time: 5 min. HPLC conditions used to assess purity of final compounds were 

as follows, column: Phenomenex Gemini C18, 2.0 x 50 mm; injection volume 20 µL; gradient: 0-

100% Buffer B over 6 min (buffer A: 0.1% formic acid in autoclaved MilliQ water; buffer B: 0.1% 
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formic acid in 100% acetonitrile), flow rate: 1.0 mL/min, detection: 214 or 224 nm. Unless 

otherwise noted, all compounds were found to be >95% pure by this method. 

HRMS were acquired by Jason Dang at the Monash Institute of Pharmaceutical Sciences 

Spectrometry Facility using an Agilent 1290 infinity 6224 TOF LCMS. Column used was RRHT 

2.1 x 50 mm 1.8 μm C18. Gradient was applied over the 5 min with the flow rate of 0.5 mL/min. 

For MS: Gas temperature was 325ºC; drying gas 11 L/min; nebulizer 45 psig and the fragmentor 

125V. 

HCl.NH2-Sta-NH(CH2)2Ph, Cbz-Orn(N-Boc)-Ala-OEt, Boc-Val-Sta-NH(CH2)2Ph, Cbz-

Cav(N-Boc)-OH were synthesised using previously described protocols [36, 37]. All other amino 

acid building blocks were purchased from commercial vendors. All amino acid derivatives are L-

configured unless otherwise stated. 

Synthesis  

General Procedure D 

Cbz-Arg-Val-Sta-NH(CH2)2Ph.TFA (11). A mixture of Cbz-Arg(N,N-diBoc)-Val-Sta-

NH(CH2)2Ph (68) (44 mg, 0.050 mmol), in a mixture of TFA (0.5 mL) and DCM (0.5 mL) was 

allowed to stir for 18 h at 20 °C. The reaction mixture was concentrated to dryness in vacuo. The 

crude material was dissolved in 1:1 MeOH:H2O (10 mL) and K2CO3 (100 mg, 0.724 mmol) was 

added. The reaction mixture was stirred for 1 h at 20 ºC. MeOH was removed in vacuo and 

extracted into EtOAc (3 x 15 mL). The organic layers were combined and washed with water (20 

mL) and brine (20 mL), dried with MgSO4 and evaporated to dryness in vacuo to give a residue. 

The residue was dissolved in 1:9 MeOH:TFA (5 mL) and the solution evaporated to dryness in 

vacuo to give Cbz-Arg-Val-Sta-NH(CH2)2Ph (11) (9 mg, 26%). 1H-NMR (300 MHz; MeOD, 

rotamers): δ 7.40-7.17 (m, 10H), 5.33 (s, 1H), 5.12 (m, 2H), 4.25-4.12 (m, 2H), 4.00-3.93 (m, 1H), 
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3.69-3.57 (m, 1H), 3.44-3.36 (m, 2H), 3.22-3.16 (m, 2H), 2.83-2.72 (m, 3H), 2.35-2.23 (m, 2H), 

1.92-1.45 (m, 7H), 1.01-0.89 (m, 12H). 13C-NMR (75 MHz; MeOD, rotamers) δ 173.8, 173.1, 

172.6, 172.3, 172.2, 170.2, 169.7, 157.2, 139.1, 138.9, 128.4, 128.3, 128.1, 128.1, 127.7, 127.7, 

127.5, 127.5, 126.0, 125.9, 69.9, 69.7, 66.5, 66.4, 59.5, 59.5, 58.2, 54.8, 54.4, 51.6, 48.1, 48.1, 

48.1, 48.0, 48.0, 48.0, 48.0, 47.8, 47.8, 47.8, 47.8, 47.7, 47.5, 47.5, 47.5, 47.5, 47.5, 47.4, 47.4, 

47.2, 47.2, 47.2, 47.2, 47.2, 47.1, 47.1, 40.9, 40.7, 40.6, 40.2, 39.9, 38.8, 37.0, 35.1, 34.9, 33.4, 

31.6, 30.3, 29.6, 29.3, 29.3, 29.0, 28.8, 28.8, 24.8, 24.4, 23.9, 22.3, 21.1, 21.1, 20.9, 18.6, 18.3, 

17.3, 16.8, 13.0. MS (Method B), m/z = 668 [M + H]+. HRMS found: [M + H]+ 668.4127; 

C35H53N7O6 requires [M + H]+, 668.413. 

Cbz-Arg-Ala-Sta-NH(CH2)2Ph.TFA (8). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Ala-Sta-NH(CH2)2Ph (69) (39 mg, 0.046 mmol) to give Cbz-Arg-Ala-Sta-

NH(CH2)2Ph.TFA (8) (13 mg, 36%). 1H-NMR (300 MHz, MeOD, rotamers): δ 8.29-8.26 (m, 1H), 

7.52-7.45 (m, 1H), 7.45-7.17 (m, 10H), 5.16-5.07 (m, 2H), 4.35-4.28 (m, 1H), 4.18-4.13 (m, 1H), 

4.01-3.90 (m, 2H), 3.46-3.36 (m, 2H), 3.21-3.15 (m, 2H), 2.81 (t, J = 7.4 Hz, 2H), 2.31-2.23 (m, 

2H), 1.88-1.23 (m, 10H), 0.93-0.87 (m, 6H). 13C-NMR (75 MHz, MeOD, rotamers) δ 173.7, 173.6, 

172.8, 172.6, 157.2, 139.1, 136.6, 128.4, 128.1, 128.1, 127.7, 127.5, 125.9, 70.0, 66.5, 54.4, 51.2, 

49.7, 48.4, 48.2, 47.9, 47.6, 47.3, 47.0, 46.7, 40.7, 40.6, 40.2, 40.1, 35.1, 28.9, 24.7, 24.4, 22.3, 

21.0, 16.7. MS (Method B), m/z = 640 [M + H]+. HRMS found: [M + H]+ 640.3817; C33H49N7O6 

requires [M + H]+, 640.3820. 

Cbz-Arg-Abu-Sta-NH(CH2)2Ph.TFA (9). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Abu-Sta-NH(CH2)2Ph (70) (12 mg, 0.014 mmol) to give Cbz-Arg-Abu-Sta-

NH(CH2)2Ph.TFA (9) (3 mg, 28%). 1H-NMR (300 MHz, MeOD, rotamers): δ 8.45 (br s, 1H), 

7.40-7.17 (m, 10H), 5.12 (d, J = 1.5 Hz, 2H), 4.25-4.16 (m, 2H), 4.01-3.91 (m, 2H), 3.46-3.37 (m, 
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2H), 3.22-3.16 (m, 2H), 2.81 (t, J = 7.5 Hz, 2H), 2.25 (d, J = 6.4 Hz, 2H), 1.92-1.81 (m, 2H), 1.79-

1.51 (m, 6H), 1.39-1.30 (m, 1H), 1.00 (t, J = 7.4 Hz, 3H), 0.93-87 (m, 6H). 13C-NMR (75 MHz; 

MeOD, rotamers): δ 173.1, 172.9, 172.6, 157.2, 139.1, 128.4, 128.1, 127.7, 127.5, 125.9, 100.0, 

69.9, 66.4, 55.5, 54.4, 51.3, 48.4, 48.1, 47.9, 47.6, 47.3, 47.0, 46.7, 40.7, 40.6, 40.2, 40.0, 39.0, 

35.1, 28.9, 25.0, 24.7, 24.4, 22.3, 20.9, 9.5. MS (Method A), m/z = 654 [M + H]+. HRMS found: 

[M + H]+ 654.3977; C34H51N7O6; requires [M + H]+, 654.3974. 

Cbz-Arg-Nva-Sta-NH(CH2)2Ph.TFA (10). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Nva-Sta-NH(CH2)2Ph (71) (53 mg, 0.061 mmol) to obtain Cbz-Arg-Nva-Sta-

NH(CH2)2Ph.TFA (10) as a solid (44 mg, 92%). 1H-NMR (300 MHz; MeOD, rotamers): δ 7.55–

7.15 (m, 10H), 5.16–5.05 (m, 2H), 4.35–4.22 (m, 1H), 4.22–4.11 (m, 1H), 4.03–3.85 (m, 2H), 

3.45–3.35 (m, 2H), 3.25–3.07 (m, 2H), 2.80 (t, J = 7.5 Hz, 2H), 2.25 (d, J = 6.6 Hz, 2H), 1.87–

1.48 (m, 8H), 1.48–1.30 (m, 3H), 1.01–0.80 (m, 9H). 13C-NMR (75 MHz; MeOD, rotamers): δ 

174.7, 174.7, 174.1, 158.8, 140.7, 138.2, 135.0, 129.9, 129.6, 129.6, 129.2, 129.0, 127.5, 71.6, 

68.0, 56.1, 55.5, 52.8, 42.2, 42.1, 41.8, 41.6, 36.7, 35.2, 30.9, 30.4, 26.3, 26.0, 23.9, 22.5, 20.4, 

14.1. MS (Method B), m/z = 668 [M+H]+. HRMS found: [M + H]+ 668.4140; C35H53N7O6 requires 

[M + H]+, 668.4130. 

Cbz-Arg-Leu-Sta-NH(CH2)2Ph.TFA (12). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Leu-Sta-NH(CH2)2Ph (72) (32 mg, 0.035 mmol) to give Cbz-Arg-Leu-Sta-

NH(CH2)2Ph.TFA (12) (18 mg, 65%). 1H-NMR (300 MHz, MeOD, rotamers): δ 7.72-7.16 (m, 

10H), 5.16-5.06 (m, 2H), 4.42-4.32 (m, 1H), 4.22-4.12 (m, 1H), 4.01-3.90 (m, 2H), 3.49-3.35 (m, 

2H), 3.24-3.14 (m, 2H), 2.81 (t, J = 8.5 Hz, 2H), 2.32-2.18 (m, 2H), 1.90-1.49 (m, 9H), 1.43-1.07 

(m, 1H), 1.03-0.65 (m, 12H). 13C-NMR (75 MHz, MeOD, rotamers): δ 173.4, 173.2, 172.6, 172.1, 

157.2, 139.1, 136.6, 128.4, 128.1, 127.7, 127.5, 125.9, 72.7, 70.1, 66.5, 54.6, 52.5, 51.3, 48.4, 48.2, 
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47.9, 47.6, 47.3, 47.0, 46.7, 42.5, 40.7, 40.6, 40.2, 40.1, 35.1, 31.6, 29.3, 28.8, 24.8, 24.5, 24.4, 

22.3, 22.1, 20.9, 20.4, 13.0. MS (Method B), m/z = 682 [M + H]+. HRMS found: [M + H]+ 

682.4284; C36H55N7O6 requires [M + H]+, 682.4287. 

Cbz-Arg-Ile-Sta-NH(CH2)2Ph.TFA  (13). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Ile-Sta-NH(CH2)2Ph (73) (44 mg, 0.049 mmol) to obtain Cbz-Arg-Ile-Sta-

NH(CH2)2Ph.TFA (13) as a solid (36 mg, 92%). 1H-NMR (300 MHz; MeOD, rotamers): δ 7.38-

7.14 (m, 10H), 5.09 (s, 2H), 4.25-4.10 (m, 2H), 4.01–3.87 (m, 2H), 3.47-3.33 (m, 2H), 3.17 (t, J 

= 6.5 Hz, 2H), 2.79 (t, J = 7.4 Hz, 2H), 2.29-2.19 (m, 2H), 1.93-1.73 (m, 2H), 1.71-1.47 (m, 6H), 

1.30-1.38 (m, 1H), 1.27-1.10 (m, 1H), 1.02–0.79 (m, 12H). 13C-NMR (75 MHz; MeOD, rotamers): 

δ 174.7, 174.1, 173.9, 173.8, 173.8, 162.2, 161.8, 158.8, 158.8, 158.7, 140.6, 138.2, 129.9, 129.6, 

129.2, 129.0, 127.5, 71.5, 68.0, 60.2, 56.1, 53.1, 42.2, 42.1, 41.7, 41.4, 37.9, 36.7, 30.9, 30.9, 30.4, 

26.4, 26.1, 26.0, 23.9, 22.4, 16.3, 11.5. MS (Method B), m/z = 682 [M+H]+. HRMS found: [M + 

H]+ 682.4297; C36H55N7O6 requires [M + H]+, 682.4287. 

Cbz-Arg-tBuGly-Sta-NH(CH2)2Ph.TFA (14). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-tBuGly-Sta-NH(CH2)2Ph (74) (39 mg, 0.046 mmol) to give Cbz-Arg-tBuGly-

Sta-NH(CH2)2Ph.TFA (14) (14 mg, 37%). 1H-NMR (300 MHz, MeOD): δ 8.45 (s, 1H), 7.42-7.17 

(m, 10H), 5.11 (s, 2H), 4.25-4.21 (m, 2H), 4.00-3.91 (m, 2H), 3.46-3.36 (m, 2H), 3.23-3.15 (m, 

2H), 2.81 (t, J = 7.4 Hz, 2H), 2.32-2.21 (m, 2H), 1.88-1.80 (m, 1H), 1.73-1.48 (m, 5H), 1.39-1.30 

(m, 1H), 1.04 (s, 9H), 0.91 (dd, J = 12.9 and 6.4 Hz, 6H). 13C-NMR (75 MHz; MeOD): δ 172.8, 

172.6, 171.2, 157.2, 157.1, 139.1, 136.6, 128.4, 128.1, 127.7, 127.5, 125.9, 70.0, 66.4, 61.5, 54.4, 

51.6, 48.4, 48.2, 47.9, 47.6, 47.3, 47.0, 46.7, 40.7, 40.6, 40.2, 39.6, 39.0, 33.5, 28.7, 25.9, 24.9, 

24.5, 22.3, 20.9. MS (Method B), m/z = 682 [M + H]+. HRMS found: [M + H]+ 682.4285; 

C36H55N7O6 requires [M + H]+, 682.4287. 
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Cbz-Arg-EtNva-Sta-NH(CH2)2Ph.TFA (15). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-EtNva-Sta-NH(CH2)2Ph (75) (68 mg, 0.075 mmol) to give Cbz-Arg-EtNva-Sta-

NH(CH2)2Ph.TFA (15) (27 mg, 45%). 1H-NMR (300 MHz, MeOD, rotamers): δ 8.52 (br s, 1H), 

7.42-7.17 (m, 10H), 5.16-5.07 (m, 2H), 4.43 (d, J = 6.6 Hz, 1H), 4.24-4.17 (m, 1H), 4.01-3.91 (m, 

2H), 3.49-3.35 (m, 2H), 3.23-3.14 (m, 2H), 2.81 (t, J = 7.4 Hz, 2H), 2.25 (d, J = 6.3 Hz, 2H), 1.86-

1.33 (m, 12H), 0.97-0.78 (m, 12H). 13C-NMR (75 MHz, MeOD, rotamers): δ 173.3, 172.6, 168.3, 

157.2, 157.1, 139.1, 136.7, 128.4, 128.1, 127.7, 127.5, 125.9, 69.9, 66.4, 55.6, 54.5, 51.5, 48.4, 

48.2, 47.9, 47.6, 47.3, 47.0, 46.7, 42.5, 40.7, 40.6, 40.2, 39.9, 39.0, 35.1, 28.6, 24.9, 24.5, 22.3, 

21.7, 21.0, 20.9, 10.2, 9.8. MS (Method B), m/z = 696 [M + H]+. HRMS found: [M + H]+ 696.4449; 

C37H57N7O6 requires [M + H]+, 696.4443. 

Cbz-Arg-CyPenGly-Sta-NH(CH2)2Ph.TFA (16). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-CyPenGly-Sta-NH(CH2)2Ph (76) (26 mg, 0.029 mmol) to give Cbz-Arg-

CyPenGly-Sta-NH(CH2)2Ph.TFA (16) (18 mg, 79%). 1H-NMR (300 MHz, MeOD, rotamers): δ 

7.39-7.17 (m, 10H), 5.11 (s, 2H), 4.21-4.14 (m, 2H), 4.00-3.90 (m, 2H), 3.47-3.37 (m, 2H), 3.21-

3.15 (m, 2H), 2.81 (t, J = 7.4 Hz, 2H), 2.27-2.22 (m, 3H), 1.88-1.21 (m, 15H), 0.93-0.86 (m, 6H). 

13C-NMR (75 MHz, MeOD, rotamers): δ 172.9, 172.7, 172.6, 157.2, 157.0, 139.1, 136.6, 128.4, 

128.1, 127.7, 127.5, 125.9, 70.0, 66.4, 58.1, 54.3, 51.4, 48.4, 48.2, 47.9, 47.6, 47.3, 47.0, 46.7, 

41.6, 40.7, 40.6, 40.2, 39.9, 35.1, 31.6, 29.3, 29.1, 28.9, 24.9, 24.8, 24.6, 24.4, 22.4, 20.9, 13.0. 

MS (Method B), m/z = 694 [M + H]+. HRMS found: [M + H]+ 694.4292; C37H55N7O6 requires [M 

+ H]+, 694.4287. 

Cbz-Arg-CyHexGly-Sta-NH(CH2)2Ph.TFA (17). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-CyHexGly-Sta-NH(CH2)2Ph (77) (39 mg, 0.046 mmol) to give Cbz-Arg-

CyHexGly-Sta-NH(CH2)2Ph.TFA (17) (14 mg, 37%). 1H-NMR (300 MHz, MeOD, rotamers): 
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δ 7.40-7.17 (m, 10H), 5.12 (s, 2H), 4.22-4.14 (m, 2H), 4.00-3.90 (m, 2H), 3.47-3.37 (m, 2H), 3.21-

3.15 (m, 2H), 2.81 (t, J = 7.4 Hz, 2H), 2.26-2.24 (m, 2H), 1.87-1.49 (m, 11H), 1.39-1.00 (m, 7H), 

0.95-0.88 (m, 6H). 13C-NMR (75 MHz, MeOD, rotamers): δ 173.0, 172.6, 172.1, 159.5, 159.0, 

157.2, 157.1, 139.1, 136.6, 128.4, 128.1, 127.7, 127.4, 125.9, 117.5, 113.7, 69.9, 66.4, 58.9, 54.4, 

51.6, 48.4, 48.2, 47.9, 47.6, 47.3, 47.0, 46.7, 40.7, 40.6, 40.1, 39.7, 39.6, 35.1, 29.6, 28.9, 28.5, 

25.8, 25.7, 25.6, 24.8, 24.5, 22.3, 20.9. MS (Method B), m/z = 708 [M + H]+. HRMS found: [M + 

H]+ 708.4456; C38H57N7O6 requires [M + H]+, 708.4443. 

Cbz-Arg-Phg-Sta-NH(CH2)2Ph.TFA (18). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Phg-Sta-NH(CH2)2Ph (78) (17 mg, 0.019 mmol) to obtain Cbz-Arg-Phg-Sta-

NH(CH2)2Ph.TFA (18) as a solid (14 mg, 93%). 1H-NMR (300 MHz; MeOD, rotamers): δ  d 7.51–

7.38 (m, 2H), 7.38–7.14 (m, 13H), 5.46–5.37 (m, 1H), 5.09 (s, 2H), 4.27–4.14 (m, 1H), 3.99–3.85 

(m, 2H), 3.38–3.33 (m, 2H), 3.17 (t, J = 6.6 Hz, 2H), 2.75 (t, J = 7.37 Hz, 2H), 2.07–1.78 (m, 3H), 

1.76–1.50 (m, 5H), 1.38–1.30 (m, 1H), 0.90 (d, J = 7.5 Hz, 3H), 0.88 (d, J = 7.5 Hz, 3H). 13C-

NMR (75 MHz; MeOD, rotamers): δ 174.2, 174.1, 172.7, 172.6, 158.8, 140.6, 138.5, 130.0, 130.0, 

129.7, 129.6, 129.2, 129.0, 128.9, 127.5, 71.5, 68.0, 59.4, 55.9, 53.2, 53.1, 42.2, 42.1, 41.5, 41.4, 

36.6, 30.9, 30.4, 26.3, 26.0, 23.8, 22.5. MS (Method B), m/z = 702 [M + H]+. HRMS found: [M + 

H]+ 702.3974; C38H51N7O6 requires [M + H]+, 702.3974. 

Cbz-Arg-Phe-Sta-NH(CH2)2Ph.TFA (19). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Phe-Sta-NH(CH2)2Ph (79) (80 mg, 0.087 mmol) to obtain Cbz-Arg-Phe-Sta-

NH(CH2)2Ph.TFA (19) (68 mg, 94%) as a solid. 1H-NMR (300 MHz; MeOD, rotamers): δ 7.40–

7.14 (m, 15H), 5.18-5.01 (m, 2H), 4.70–4.63 (m, 1H), 4.09 (t, J = 6.7 Hz, 1H), 3.98–3.86 (m, 2H), 

3.48–3.36 (m, 2H), 3.23–3.06 (m, 3H), 3.03–2.91 (m, 1H), 2.81 (t, J = 7.4 Hz, 2H), 2.19- 1.98 (m, 

2H), 1.79–1.45 (m, 6H), 1.45–1.20 (m, 1H), 0.94–0.87 (m, 6H). 13C-NMR (75 MHz; MeOD, 
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rotamers): δ 174.1, 173.9, 173.2, 158.5, 140.3, 138.1, 137.8, 130.2, 129.6, 129.4, 129.4, 129.0, 

128.7, 127.7, 127.2, 71.0, 67.8, 56.2, 56.0, 52.7, 41.9, 41.8, 41.2, 41.1, 38.5, 36.4, 30.0, 25.9, 25.6, 

23.6, 22.3. MS (Method B), m/z = 716 [M + H]+. HRMS found: [M + H]+ 716.4128; C39H53N7O6 

requires [M + H]+,  716.4130. 

Cbz-Arg-β-phenyl-Phe-Sta-NH(CH2)2Ph.TFA (20). General procedure D was followed using 

Cbz-Arg(N,N-diBoc)-β-phenyl-Phe-Sta-NH(CH2)2Ph (80) (61 mg, 0.062 mmol) to obtain Cbz-

Arg-β-phenyl-Phe-Sta-NH(CH2)2Ph.TFA (20) as a solid (55 mg, 99%). 1H-NMR (300 MHz; 

MeOD, rotamers): δ 7.39–7.10 (m, 19H), 7.05–6.97 (m, 1H), 5.39 (d, J = 11.4 Hz, 1H), 5.08–4.95 

(m, 2H), 4.43 (d, J = 11.7 Hz, 1H), 4.03–3.93 (m, 1H), 3.76–3.62 (m, 2H), 3.42–3.34 (m, 2H), 

3.05 (t, J = 6.6 Hz, 2H), 2.83–2.74 (m, 2H), 1.63–1.32 (m, 8H), 1.25–1.13 (m, 1H), 0.88–0.72 (m, 

6H). 13C-NMR (75 MHz; MeOD, rotamers): δ 174.3, 173.9, 172.5, 162.9, 162.5, 158.8, 158.7, 

142.4, 142.2, 140.6, 138.0, 130.0, 129.9, 129.8, 129.7, 129.7, 129.6, 129.5, 129.2, 129.0, 128.2, 

128.0, 127.6, 71.3, 68.0, 57.6, 56.2, 54.6, 52.8, 42.0, 41.9, 41.4, 41.1, 36.5, 30.4, 26.1, 25.7, 23.9, 

22.4. MS (Method B), m/z = 792 [M + H]+. HRMS found: [M + H]+ 792.4457; C45H57N7O6 requires 

[M + H]+, 792.4443. 

Cbz-Arg-β-methyl-Phe-Sta-NH(CH2)2Ph.TFA (21). General procedure D was followed using 

Cbz-Arg(N,N-diBoc)-β-methyl-Phe-Sta-NH(CH2)2Ph (81) (70 mg, 0.075 mmol) to obtain Cbz-

Arg-β-methyl-Phe-Sta-NH(CH2)2Ph.TFA (21) as a solid (63 mg, 99%). 1H-NMR (300 MHz; 

MeOD, rotamers): δ  7.38–7.03 (m, 15H), 5.10–4.96 (m, 2H), 4.58 (d, J = 9.0 Hz, 1H), 3.99–3.92 

(m, 2H), 3.77–3.53 (m, 1H), 3.49–3.33 (m, 2H), 3.28–3.16 (m, 1H), 3.14–2.96 (m, 2H), 2.84–2.71 

(m, 2H), 2.30–2.20 (m, 2H), 1.60–1.22 (m, 10H), 0.93–0.85 (m, 6H). 13C-NMR (75 MHz; MeOD, 

rotamers): δ 174.1, 174.1, 173.3, 162.3, 161.8, 158.7, 158.5, 143.6, 140.6, 138.0, 129.9, 129.8, 

129.7, 129.6, 129.3, 129.0, 128.1, 127.5, 73.7, 72.6, 71.5, 68.1, 62.3, 60.4, 56.3, 53.2, 43.9, 42.8, 



 29 

42.2, 42.0, 41.8, 41.2, 36.7, 30.0, 26.2, 25.9, 23.9, 22.4, 19.9. MS (Method B), m/z = 730 [M + 

H]+. HRMS found: [M + H]+ 730.4284; C40H55N7O6 requires [M + H]+, 730.4287. 

Cbz-Arg-2-indanylgly-Sta-NH(CH2)2Ph.TFA (22). General procedure D was followed using 

Cbz-Arg(N,N-diBoc)-2-indanylgly-Sta-NH(CH2)2Ph (82) (91 mg, 0.097 mmol) to obtain Cbz-

Arg-2-indanylgly-Sta-NH(CH2)2Ph.TFA (22) as a solid (80 mg, 97%). 1H-NMR (300 MHz; 

MeOD, rotamers): δ 7.41–7.01 (m, 14H), 5.43- 5.30 (m, 0.4H), 5.16–5.01 (m, 2H), 4.49–4.38 (m, 

1H), 4.24–4.06 (m, 1H), 4.06–3.91 (m, 1H), 3.69–3.53 (m, 0.6H), 3.46–3.33 (m, 2H), 3.26–3.12 

(m, 2H), 3.09–2.70 (m, 8H), 2.35–2.19 (m, 1H), 1.89–1.49 (m, 6H), 1.41–1.28 (m, 1H), 1.04–0.83. 

(m, 6H). 13C-NMR (75 MHz; MeOD, rotamers): δ 173.8, 173.1, 172.6, 172.2, 170.0, 169.7, 161.1, 

160.7, 157.3, 142.0, 141.8, 141.5, 139.1, 138.9, 136.6, 136.5, 128.4, 128.3, 128.1, 128.1, 127.8, 

127.7, 127.5, 126.3, 126.1, 126.0, 124.0, 70.1, 66.6, 57.6, 56.6, 55.0, 54.6, 51.7, 51.5, 41.6, 40.9, 

40.7, 40.6, 40.3, 39.8, 38.8, 37.0, 35.7, 35.5, 35.1, 34.9, 28.8, 28.7, 25.0, 24.9, 24.5, 23.9, 22.4, 

21.3, 21.2, 21.0. MS (Method B), m/z = 742 [M + H]+. HRMS found: [M + H]+  742.4295; 

C41H55N7O6 requires [M + H]+, 742.4287. 

Cbz-Arg-Ser-Sta-NH(CH2)2Ph.TFA (23). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Ser-Sta-NH(CH2)2Ph (83) (20 mg, 0.0234 mmol) to obtain Cbz-Arg-Ser-Sta-

NH(CH2)2Ph.TFA (23) as a solid (17 mg, 95%). 1H-NMR (300 MHz; MeOD, rotamers): δ  d 7.45–

7.11 (m, 10H), 5.16–5.06 (m, 2H), 4.38 (t, J = 4.8 Hz, 1H), 4.24–4.11 (m, 1H), 4.03–3.91 (m, 2H), 

3.86–3.77 (m, 1H), 3.39 (t, J = 7.6 Hz, 2H), 3.25–3.12 (m, 2H), 2.79 (t, J = 7.5 Hz, 2H), 2.32-2.22 

(m, 2H), 1.92–1.80 (m, 1H), 1.76–1.56 (m, 4H), 1.56–1.48 (m, 1H), 1.41–1.25 (m, 2H), 0.98–0.81 

(m, 6H). 13C-NMR (75 MHz; MeOD, rotamers): δ 174.4, 173.9, 172.1, 158.5, 152.2, 140.4, 129.7, 

129.4, 129.4, 129.0, 128.8, 127.2, 71.2, 67.8, 62.8, 57.0, 55.9, 52.6, 42.0, 41.9, 41.6, 41.4, 36.4, 
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30.6, 30.1, 26.0, 25.7, 23.5, 22.3. MS (Method B), m/z = 656 [M + H]+. HRMS found: [M + H]+ 

656.3761; C33H49N7O7 requires [M + H]+, 656.3766. 

Cbz-Arg-(S)-β-hydroxy-Val-Sta-NH(CH2)2Ph.TFA (24). General procedure D was followed 

using Cbz-Arg(N,N-diBoc)-β-hydroxy-Val-Sta-NH(CH2)2Ph (84) (18 mg, 0.020 mmol) to obtain 

Cbz-Arg-β-hydroxy-Val-Sta-NH(CH2)2Ph.TFA (24) as a solid (13 mg, 82%). 1H-NMR (300 MHz; 

MeOD, rotamers): δ 7.52–7.14 (m, 10H), 5.17–5.03 (m, 2H), 4.34–4.16 (m, 2H), 3.96 (t, J = 5.6 

Hz, 2H), 3.45–3.34 (m, 2H), 3.24–3.11 (m, 2H), 2.84–2.73 (m, 2H), 2.33–2.21 (m, 2H), 1.92–1.77 

(m, 1H), 1.77 –1.45 (m, 5H), 1.38–1.20 (m, 7H), 0.92 (d, J = 6.6 Hz, 3H), 0.89 (d, J = 6.8 Hz, 

3H). 13C-NMR (75 MHz; MeOD, rotamers): δ 174.8, 174.5, 174.2, 172.4, 158.8, 140.7, 129.9, 

129.7, 129.7, 129.3, 129.1, 129.0, 127.5, 72.3, 72.1, 71.6, 68.0, 62.8, 56.1, 53.1, 53.0, 42.3, 42.1, 

41.9, 41.6, 36.7, 30.9, 30.2, 28.1, 26.8, 26.4, 26.0, 23.9, 22.5, 22.4. MS (Method B), m/z = 684 [M 

+ H]+. HRMS found: [M + H]+ 684.4073; C35H53N7O7 requires [M + H]+, 684.4079. 

Cbz-Arg-Thr-Sta-NH(CH2)2Ph.TFA (25). General procedure D was followed using Cbz-

Arg(N,N-diBoc)-Thr-Sta-NH(CH2)2Ph (85) (50 mg, 0.058 mmol) to obtain Cbz-Arg-Thr-Sta-

NH(CH2)2Ph.TFA (25) as a solid (41 mg, 91%). 1H-NMR (300 MHz; MeOD, rotamers): δ  7.41–

7.15 (m, 10H), 5.13 (s, 2H), 4.32 (d, J = 3.3 Hz, 1H), 4.28–4.17 (m, 2H), 4.04–3.92 (m, 2H), 3.46–

3.36 (m, 2H), 3.20 (t, J = 6.6 Hz, 2H) 2.81 (t, J = 7.48 Hz, 2H), 2.29 (d, J = 6.6 Hz, 2H), 1.98–

1.83 (m, 1H), 1.83–1.48 (m, 5H), 1.42–1.29 (m, 1H), 1.22 (d, J = 6.4 Hz, 3H), 0.95–0.88 (m, 6H). 

13C-NMR (75 MHz; MeOD, rotamers): δ 175.0, 174.1, 172.6, 158.8, 140.7, 129.9, 129.7, 129.6, 

129.2, 129.0, 127.5, 71.5, 68.5, 68.1, 60.5, 56.3, 52.9, 42.3, 42.1, 41.9, 41.6, 36.7, 30.2, 26.4, 25.9, 

23.8, 22.6, 20.7. MS (Method B), m/z = 670 [M+H]+. HRMS found: [M + H]+ 670.3914; 

C34H51N7O7; requires [M + H]+, 670.3923. 
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Cbz-Arg-D,L-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph.TFA (26). General procedure D was 

followed using Cbz-Arg(N,N-diBoc)-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph (86) (58 mg, 0.062 

mmol) to obtain Cbz-Arg-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph.TFA (26) as a solid (50 mg, 95%). 

1H-NMR (300 MHz; MeOD, rotamers): δ  7.47–7.13 (m, 15H), 5.28 (dd, J = 3.5, 18.3 Hz, 1H), 

5.20–4.98 (m, 2H), 4.61 (d, J = 4.0 Hz, 1H), 4.14–3.88 (m, 3H), 3.47–3.35 (m, 2H), 3.12–2.95 (m, 

2H), 2.80 (t, J = 7.5 Hz, 2H), 2.41–2.29 (m, 1H),  2.20–2.08 (m, 1H), 1.66–1.49 (m, 3H), 1.47–

1.25 (m, 4H), 0.93–0.87 (m, 3H), 0.84 (d, J = 6.4 Hz, 3H). 13C-NMR (75 MHz; MeOD, rotamers): 

δ 175.0, 174.7, 174.2, 174.2, 172.3, 172.2, 162.2, 161.7, 158.7, 158.5, 142.9, 142.8, 140.7, 140.6, 

138.1, 138.0, 129.9, 129.9, 129.7, 129.6, 129.5, 129.3, 129.2, 129.0, 129.0, 128.8, 128.8, 127.5, 

127.5, 127.4, 127.4, 73.7, 73.6, 71.8, 71.5, 68.2, 68.0, 61.6, 61.2, 56.5, 56.4, 53.0, 52.9, 42.3, 42.2, 

42.1, 42.0, 41.8, 41.6, 41.4, 41.0, 36.7, 36.6, 29.9, 29.7, 26.1, 26.0, 25.8, 25.7, 23.9, 23.9, 22.6, 

22.5. MS (Method B), m/z = 732 [M + H]+. HRMS found: [M + H]+ 732.4077; C39H53N7O7 

requires [M + H]+, 732.4079. 

Cbz-Cav(NH2)-CyHexGly-Sta-NH(CH2)2Ph.TFA (27). General procedure D was followed 

using Cbz-Cav(N-Boc)-CyHexGly-Sta-NH(CH2)2Ph (87) (75 mg, 0.093 mmol) to obtain Cbz-

Cav(NH2)-CyHexGly-Sta-NH(CH2)2Ph.TFA (27) as a solid (69 mg, 90%). 1H-NMR (300 MHz; 

MeOD, rotamers): δ 7.39–7.13 (m, 10H), 5.11 (s, 2H), 4.42–4.31 (m, 1H), 4.19 (d, J = 7.26 Hz, 

1H), 4.01–3.87 (m, 4H), 3.49–3.34 (m, 2H), 2.84–2.74 (m, 2H), 2.29–2.09 (m, 3H), 2.07–1.89 (m, 

1H), 1.81–1.47 (m, 8H), 1.40-1.01 (m, 6H), 0.95–0.82 (m, 6H). 13C-NMR (75 MHz; MeOD, 

rotamers): δ 174.2, 174.1, 173.6, 161.5, 161.0, 160.6, 158.7, 140.6, 138.1, 129.9, 129.7, 129.6, 

129.3, 129.0, 127.5, 74.7, 71.4, 68.1, 60.4, 53.5, 53.1, 42.2, 41.6, 41.3, 36.7, 31.7, 31.1, 30.0, 27.3, 

27.2, 27.1, 26.0, 23.9, 22.4. MS (Method B), m/z = 710 [M+H]+. HRMS found: [M + H]+ 710.4244; 

C37H55N7O7 requires [M + H]+, 710.4236. 
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Cbz-Cav(NH2)-Phg-Sta-NH(CH2)2Ph.TFA (28). General procedure D was followed using Cbz-

Cav(N-Boc)-Phg-Sta-NH(CH2)2Ph (88) (34 mg, 0.042 mmol) to obtain Cbz-Cav(NH2)-Phg-Sta-

NH(CH2)2Ph.TFA (28) as a solid (23 mg, 67%). 1H-NMR (300 MHz; MeOD, rotamers): δ  7.46 

(d, J = 5.9 Hz, 2H), 7.41–7.23 (m, 10H), 7.23–7.13 (m, 3H), 5.46 (s, 1H), 5.11 (s, 2H), 4.46–4.32 

(m, 1H), 4.02–3.86 (m, 4H), 3.39–3.34 (m, 2H), 2.76 (t, J = 7.4 Hz, 2H), 2.30–2.12 (m, 1H), 2.12–

1.86 (m, 3H), 1.72–1.48 (m, 2H), 1.41–1.21 (m, 1H), 0.92 (d, J = 6.8 Hz, 3H), 0.90 (d, J = 6.6 Hz, 

3H). 13C-NMR (75 MHz; MeOD, rotamers): δ 174.1, 173.8, 172.5, 160.7, 158.7, 140.6, 138.6, 

130.1, 129.9, 129.7, 129.7, 129.6, 129.3, 129.0, 128.9, 127.5, 74.7, 71.4, 68.1, 59.2, 53.5, 53.1, 

42.1, 41.4, 41.4, 36.6, 31.7, 26.0, 23.8, 22.5. MS (Method B), m/z = 704 [M+H]+. HRMS found: 

[M + H]+ 704.3776; C37H49N7O7 requires [M + H]+, 704.3766. 

Cbz-Cav(NH2)-Ile-Sta-NH(CH2)2Ph.TFA (29). General procedure D was followed using Cbz-

Cav(N-Boc)-Ile-Sta-NH(CH2)2Ph (89) (10 mg, 0.013 mmol) to obtain TFA.Cbz-Cav(NH2)-Ile-

Sta-NH(CH2)2Ph as a solid (9 mg, 88%). 1H-NMR (300 MHz; MeOD, rotamers): δ 7.39 – 7.14 

(m, 10H), 5.11 (s, 2H), 4.40 – 4.31 (m, 1H), 4.21 (d, J = 7.7 Hz, 1H), 4.01 – 3.89 (m, 4H), 3.46 – 

3.36 (m, 2H), 2.84 – 2.74 (m, 2H), 2.29 – 2.20 (m, 2H), 2.19 – 2.09 (m, 1H), 2.05 – 1.92 (m, 1H), 

1.89 – 1.80 (m, 1H), 1.65 – 1.47 (m, 3H), 1.31 - 1.39 (m, 1H), 1.26 – 1.10 (m, 1H), 1.04 - 0.78 (m, 

12H). HRMS found: [M + H]+ 684.4082; C35H53N7O7 requires [M + H]+, 684.4079. 

General Procedure A 

Boc-Leu-Sta-NH(CH2)2Ph (30). A mixture of HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.158 mmol), 

Boc-Leu-OH (35 mg, 0.151 mmol), HBTU (75 mg, 0.196 mmol) and DIPEA (194 µL, 1.11 mmol) 

in DMF (2 mL) was allowed to stir for 18 h at 20 ºC. The reaction mixture was quenched with 

10% citric acid solution (1 x 10 mL) and the desired product extracted into EtOAc (3 x 15 mL). 

The organic layers were combined, washed with saturated NaHCO3 (1 x 20 mL) and brine (1 x 20 



 33 

mL), dried with MgSO4 and concentrated in vacuo to obtain the crude residue. The crude residue 

was purified using a silica chromatography gradient eluting from 100% DCM to 10% MeOH/DCM 

to obtain Boc-Leu-NH(CH2)2Ph (30) (46 mg, 59%). 1H-NMR (500 MHz; CDCl3, rotamers): 

δ  7.32 (t, J = 7.4 Hz, 2H), 7.26-7.20 (m, 3H), 6.67-6.52 (m, 1H), 6.38-6.32 (m, 1H), 4.79 (s, 1H), 

4.03-3.97 (m, 2H), 3.84-3.78 (m, 1H), 3.62-3.55 (m, 1H), 3.55-3.48 (m, 1H), 2.87-2.83 (m, 2H), 

2.55-2.47 (m, 1H), 2.21 (d, J = 13.9 Hz, 1H), 1.71-1.54 (m, 5H), 1.44 (s, 9H), 1.38-1.25 (m, 2H), 

0.96 (dd, J = 8.6 and 6.3 Hz, 6H), 0.90 (t, J = 6.6 Hz, 6H). MS (Method B), m/z = 492 [M + H]+. 

Boc-Abu-Sta-NH(CH2)2Ph (31). General procedure A was followed using Boc-Abu-OH (46 mg, 

0.224 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to obtain Boc-Abu-

NH(CH2)2Ph (31) (53 mg, 66%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.33-7.19 (m, 5H), 

6.77 (br s, 1H), 6.53-6.49 (m, 1H), 5.10-5.08 (m, 1H), 4.00-3.85 (m, 3H), 3.55-3.44 (m, 2H), 2.83 

(t, J = 7.3 Hz, 2H), 2.38-2.22 (m, 2H), 1.87-1.56 (m, 4H), 1.43 (s, 9H, overlap with adjacent 

multiplet) 1.41-1.23 (m, 11H), 0.97 (t, J = 7.4 Hz, 3H), 0.90 (d, J = 5.2 Hz, 6H). MS (Method A), 

m/z = 464 [M + H]+. 

Boc-Nva-Sta-NH(CH2)2Ph (32). General procedure A was followed using Boc-Nva-OH (38 mg, 

0.175 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to obtain Boc-Nva-

NH(CH2)2Ph (32) as a solid (57 mg, 75%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.35–7.28 

(m, 2H), 7.27–7.18 (m, 3H), 6.27 (d, J = 9.0 Hz, 1H), 6.19–6.07 (m, 1H), 4.93–4.80 (m, 1H), 4.34 

(br s, 1H), 4.03–3.90 (m, 2H), 3.90–3.76 (m, 1H), 3.62–3.41 (m, 2H), 2.87–2.79 (m, 2H), 2.47–

2.31 (m, 1H), 2.23–2.08 (m, 1H), 1.86–1.69 (m, 1H), 1.64–1.49 (m, 3H), 1.44 (s, 9H), 1.41–1.29 

(m, 3H), 1.01–0.84 (m, 9H). MS (Method B), m/z = 478 [M+H]+. 

Boc-Ile-Sta-NH(CH2)2Ph (33). General procedure A was followed using Boc-Ile-OH (40 mg, 

0.175 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to obtain Boc-Ile-NH(CH2)2Ph 
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(33) as an oil (62 mg, 79%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.37–7.29 (m, 2H), 7.28–

7.19 (m, 3H), 6.29–6.09 (m, 2H), 4.90 (d, J = 7.7 Hz, 1H), 4.39 (d, J = 3.1 Hz, 1H), 4.05–3.93 (m, 

1H), 3.88–3.75 (m, 2H), 3.65–3.41 (m, 2H), 2.90–2.76 (m, 2H), 2.50–2.33 (m, 1H), 2.22–2.10 (m, 

1H), 1.99–1.81 (m, 1H), 1.66–1.47 (m, 3H), 1.45 (s, 9H), 1.43–1.33 (m, 1H), 1.23–1.04 (m, 1H), 

0.99–0.89 (m, 12H). MS (Method B), m/z = 492 [M + H]+. 

Boc-tBuGly-Sta-NH(CH2)2Ph (34). General procedure A was followed using Boc-tBuGly-OH 

(48 mg, 0.206 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to obtain Boc-tBuGly-

NH(CH2)2Ph (34) (26 mg, 33%). 1H-NMR (300 MHz; CDCl3): δ 7.35-7.21 (m, 5H), 6.25 (br s, 

1H), 5.89 (d, J = 8.7 Hz, 1H), 5.03 (d, J = 7.9 Hz, 1H), 4.38 (br s, 1H), 4.01-3.96 (m, 1H), 3.82-

3.44 (m, 4H), 2.86-2.80 (m, 2H), 2.44-2.37 (m, 1H), 2.16-2.11 (m, 1H), 1.59-1.52 (m, 2H), 1.43 

(s, 9H), 1.42-1.33 (m, 1H), 1.03 (s, 9H), 0.90 (d, J = 6.3 Hz, 6H). MS (Method B), m/z = 492 [M 

+ H]+. 

Boc-EtNva-Sta-NH(CH2)2Ph (35). General procedure A was followed using Boc-EtNva-OH (57 

mg, 0.233 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (57 mg, 0.179 mmol) to obtain Boc-EtNva-

NH(CH2)2Ph (35) (49 mg, 54%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.36-7.20 (m, 5H), 

6.39-6.33 (m, 1H), 6.19 (br s, 1H), 4.84-4.78 (m, 1H), 4.11-4.06 (m, 1H), 4.03-3.97 (m, 1H), 3.92-

3.84 (m, 1H), 3.60-3.46 (m, 2H), 2.86-2.81 (m, 2H), 2.48-2.37 (m, 1H), 2.21-2.13 (m, 1H), 1.82 

(br s, 1H), 1.66-1.47 (m, 3H), 1.45 (s, 9H), 1.42-1.15 (m, 4H), 0.98-0.87 (m, 12H). MS (Method 

A), m/z = 506 [M + H]+. 

Boc-CyPenGly-Sta-NH(CH2)2Ph (36). Boc-L-CyPenGly.DHCA (121 mg, 0.286 mmol) was 

dissolved in EtOAc (20 mL) and washed with 10% citric acid (20 mL) and brine (20 mL). The 

organic layer was dried with anhydrous MgSO4, filtered and evaporated to give Boc-CyPenGly-

OH (70 mg, 0.286 mmol, 99% recovery). General procedure A was followed using Boc-
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CyPenGly-OH (70 mg, 0.233 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (102 mg, 0.324 mmol) to 

obtain Boc-CyPenGly-NH(CH2)2Ph (36) (57 mg, 39%). 1H-NMR (300 MHz, CDCl3, rotamers): 

δ 7.36- 7.21 (m, 5H), 6.49 (br s, 1H), 6.21-6.15 (m, 1H), 4.94-4.90 (m, 1H), 4.02-3.96 (m, 1H), 

3.76 (t, J = 7.5 Hz, 2H), 3.67-3.43 (m, 2H), 2.89-2.83 (m, 2H), 2.53-2.40 (m, 1H), 2.27-2.14 (m, 

3H), 1.67-1.56 (m, 7H), 1.45 (s, 9H), 1.40-1.27 (m, 4H), 0.91 (dd, J = 6.4 and 3.0 Hz, 6H). MS 

(Method B), m/z = 504 [M + H]+. 

Cbz-CyHexGly-Sta-NH(CH2)2Ph (37). General procedure A was followed using Cbz-

CyHexGly-OH (60 mg, 0.206 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to 

obtain Cbz-CyHexGly-NH(CH2)2Ph (37) (30 mg, 34%). 1H-NMR (300 MHz; CDCl3, rotamers): 

δ 7.42-7.18 (m, 10H), 6.29-6.17 (m, 2H), 5.32-5.27 (m, 1H), 5.12-5.04 (m, 2H), 4.33 (br s, 1H), 

4.02-3.78 (m, 3H), 3.63-3.43 (m, 2H), 2.84 (t, J = 6.1 Hz, 2H), 2.38-2.29 (m, 1H), 2.18-2.11 (m, 

1H), 1.87-1.50 (m, 7H), 1.41-0.98 (m, 7H), 0.90 (d, J = 5.3 Hz, 6H). MS (Method B), m/z = 552 

[M + H]+. 

Boc-Phg-Sta-NH(CH2)2Ph (38). General procedure A was followed using Boc-Phg-OH (48 mg, 

0.191 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (38) (60 mg, 0.191 mmol) to obtain Boc-Phg-Sta-

NH(CH2)2Ph as a solid (73 mg, 75%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.40–7.28 (m, 

6H), 7.27–7.15 (m, 4H), 6.42 (d, J = 7.3 Hz, 1H), 6.00 (br s, 1H), 5.67 (br s, 1H), 5.07 (d, J = 5.3 

Hz, 1H), 4.26 (s, 1H), 3.99–3.79 (m, 2H), 3.55–3.30 (m, 2H), 2.77 (t, J = 7.0 Hz, 2H), 2.01–1.83 

(m, 2H), 1.76–1.48 (m, 2H), 1.46–0.98 (m, 10H), 0.94–0.81 (m, 6H). MS (Method B), m/z = 512 

[M + H]+. 

Boc-Phe-Sta-NH(CH2)2Ph (39). General procedure A was followed using Boc-Phe-OH (42 mg, 

0.159 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to obtain Boc-Phe-Sta-

NH(CH2)2Ph (39) as a solid (66 mg, 79%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.36–7.29 
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(m, 2H), 7.26–7.12 (m, 8H), 6.17 (d, J = 9.5 Hz, 1H), 6.01 (t, J = 5.5 Hz, 1H), 4.93 (d, J = 7.3 

Hz, 1H), 4.29 (q, J = 6.9 Hz, 1H), 4.12 (br. s., 1H), 3.95–3.87 (m, 1H), 3.80 (d, J = 4.6 Hz, 1H), 

3.63–3.39 (m, 2H), 3.05 (d, J = 7.04 Hz, 2H), 2.87–2.77 (m, 2H), 2.02–1.94 (m, 2H), 1.57–1.46 

(m, 2H), 1.41 (s, 9H), 1.32–1.25 (m, 1H), 0.91–0.85 (m, 6H). MS (Method B), m/z = 526 [M + 

H]+. 

Boc-β-phenyl-Phe-Sta-NH(CH2)2Ph (40). General procedure A was followed using Boc-β-

phenyl-Phe-OH (65 mg, 0.191 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (60 mg, 0.191 mmol) to 

obtain Boc-β-phenyl-Phe-Sta-NH(CH2)2Ph (40) as a solid (86 mg, 75%). 1H-NMR (300 MHz; 

CDCl3, rotamers): δ 7.40–7.27 (m, 9H), 7.26–7.10 (m, 6H), 7.01–6.92 (m, 1H), 6.09 (d, J = 9.2 

Hz, 1H), 5.67 (t, J = 6.1 Hz, 1H), 4.92 (d, J = 8.8 Hz, 1H), 4.82 (t, J = 9.4 Hz, 1H), 4.46 (d, J = 

10.1 Hz, 1H), 3.90–3.76 (m, 2H), 3.68 (s, 1H), 3.63–3.40 (m, 2H), 2.83 (t, J = 6.6 Hz, 2H), 1.62–

1.39 (m, 3H), 1.36 (s, 9H), 1.33–1.16 (m, 1H), 0.85 (d, J = 2.2 Hz, 3H), 0.83 (d, J = 2.2 Hz, 3H). 

MS (Method B), m/z = 602 [M + H]+. 

Boc-β-methyl-Phe-NH(CH2)2Ph (41). General procedure A was followed using (2S,3S)-Boc-β-

methyl-Phe-OH (34 mg, 0.121 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (38 mg, 0.121 mmol) to 

obtain Boc-β-methyl-Phe-NH(CH2)2Ph (41) as an oil (60 mg, 92%). 1H-NMR (300 MHz; CDCl3, 

rotamers): 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.41–7.27 (m, 5H), 7.27–7.15 (m, 5H), 6.30–

6.17 (m, 1H), 6.12 (d, J = 9.5 Hz, 1H), 4.73 (d, J = 7.0 Hz, 1H), 4.27 (d, J = 2.9 Hz, 1H), 4.20–

4.10 (m, 1H), 4.00–3.88 (m, 1H), 3.88–3.74 (m, 1H), 3.65–3.36 (m, 3H), 2.91–2.74 (m, 2H), 2.43–

2.24 (m, 1H), 2.21–2.09 (m, 1H), 1.53–1.42 (m, 2H), 1.39 (s, 9H), 1.36 (d, J = 7.04 Hz, 3H), 1.32–

1.23 (m, 1H), 0.92–0.83 (m, 6H). MS (Method B), m/z = 540 [M + H]+. 

Boc-2-indanylgly-Sta-NH(CH2)2Ph (42). General procedure A was followed using Boc-2-

indanylgly-OH (51 mg, 0.175 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (55 mg, 0.175 mmol) to 
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obtain Boc-2-indanylgly-Sta-NH(CH2)2Ph (42) as a solid (94 mg, 98%). 1H-NMR (300 MHz; 

CDCl3, rotamers): δ 7.32–7.27 (m, 2H), 7.27–7.14 (m, 7H), 6.20 (d, J = 9.7 Hz, 1H), 6.15–6.05 

(m, 1H), 4.94 (d, J = 6.6 Hz, 1H), 4.32 (d, J = 2.6 Hz, 1H), 4.00 (t, J = 7.3 Hz, 2H), 3.86–3.74 

(m, 1H), 3.67–3.54 (m, 1H), 3.54-3.42 (m, 1H), 3.11–2.99 (m, 2H), 2.97–2.75 (m, 6H), 2.48–2.34 

(m, 1H), 2.20–2.09 (m, 1H), 1.68–1.63 (m, 1H), 1.43 (s, 9H), 1.38 (t, J = 5.1 Hz, 1H), 0.93 (d, J 

= 1.3 Hz, 3H), 0.91 (d, J = 1.3 Hz, 3H). MS (Method B), m/z = 552 [M + H]+. 

Boc-Ser-Sta-NH(CH2)2Ph (43). General procedure A was followed using Boc-Ser-OH (33 mg, 

0.159 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to obtain Boc-Ser-Sta-

NH(CH2)2Ph (43) as an oil (64 mg, 74%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.33–7.27 (m, 

2H), 7.25–7.16 (m, 3H), 6.86 (d, J = 8.8 Hz, 1H), 6.65–6.55 (m, 1H), 5.64 (d, J = 6.6 Hz, 1H), 

4.58 (br s, 1H), 4.24–4.06 (m, 1H), 4.00–3.85 (m, 3H), 3.85–3.61 (m, 2H), 3.58–3.33 (m, 2H), 

2.80 (t, J = 7.3 Hz, 2H), 2.45–2.33 (m, 1H), 2.28–2.18 (m, 1H), 1.72–1.52 (m, 2H), 1.49–1.41 (m, 

9H), 1.41–1.14 (m, 1H), 0.92–0.87 (m, 6H). MS (Method B), m/z = 466[M + H]+. 

Fmoc-β-hydroxy-Val-Sta-NH(CH2)2Ph (44). General procedure A was followed using Fmoc-β-

hydroxy-Val-OH (43 mg, 0.121 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (38 mg, 0.121 mmol) to 

obtain Fmoc-β-hydroxy-Val-Sta-NH(CH2)2Ph (44) as an oil (52 mg, 70%). 1H-NMR (300 MHz; 

CDCl3, rotamers): δ 7.77 (d, J = 7.5 Hz, 2H), 7.58 (d, J = 7.48 Hz, 2H), 7.45–7.37 (m, 2H), 7.35–

7.28 (m, 4H), 7.27–7.13 (m, 3H), 6.43 (d, J = 9.2 Hz, 1H), 6.11–6.00 (m, 1H), 5.82 (d, J = 8.8 Hz, 

1H), 4.45–4.31 (m, 3H), 4.26–4.08 (m, 2H), 4.01–3.89 (m, 2H), 3.88–3.79 (m, 1H), 3.60–3.43 (m, 

2H), 2.86–2.76 (m, 2H), 2.41–2.25 (m, 1H), 2.25–2.12 (m, 1H), 1.63–1.49 (m, 2H), 1.38–1.20 (m, 

7H), 0.87–0.73 (m, 6H). MS (Method B), m/z = 616 [M + H]+. 

Boc-Thr-Sta-NH(CH2)2Ph (45). General procedure A was followed using Boc-Thr-OH (35 mg, 

0.159 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (50 mg, 0.159 mmol) to obtain Boc-Thr-Sta-
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NH(CH2)2Ph (45) as a solid (57 mg, 75%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.34-7.27 

(m, 2H), 7.26–7.17 (m, 3H), 6.72 (d, J = 9.7 Hz, 1H), 6.41–6.33 (m, 1H), 5.53 (d, J = 7.9 Hz, 1H) 

4.47 (br s, 1H), 4.36-4.20 (m, 1H), 4.08–3.94 (m, 2H), 3.94–3.81 (m, 1H), 3.64–3.35 (m, 3H), 2.81 

(t, J = 7.2 Hz, 2H), 2.43–2.27 (m, 1H), 2.28–2.16 (m, 1H), 1.98 (br s, 1H), 1.67–1.49 (m, 1H), 

1.45 (s, 9H), 1.24–1.40 (m, 1H), 1.24–1.16 (m, 3H), 0.92–0.86 (m, 6H). MS (Method B), m/z = 

480 [M + H]+. 

Boc-D,L-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph (47). General procedure A was followed using 

Boc-D,L-threo-β-phenyl-Ser-OH (49 mg, 0.175 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (55 mg, 

0.175 mmol) to obtain Boc-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph (47) as an oil (63 mg, 67%). 1H-

NMR (300 MHz; CDCl3, rotamers): δ 7.41–7.28 (m, 7H), 7.27–7.16 (m, 3H), 6.66 (d, J = 9.7 Hz, 

1H), 6.22 (t, J = 5.8 Hz, 0.5H), 6.01 (t, J = 5.8 Hz, 0.5H), 5.26-5.44 (m, 2H), 4.39–4.23 (m, 2H), 

4.03–3.82 (m, 2H), 3.76 (d, J = 3.3 Hz, 1H), 3.63–3.42 (m, 3H), 2.86–2.76 (m, 2H), 2.40–2.06 (m, 

2H), 1.62–1.47 (m, 2H), 1.39–1.27 (m, 9H), 0.96–0.82 (m, 6H). MS (Method B), m/z = 542 [M + 

H]+. 

General Procedure B 

Cbz-Orn(N-Boc)-Leu-Sta-NH(CH2)2Ph (48). A mixture of Boc-Leu-Sta-NH(CH2)2Ph (29) (37 

mg, 0.074 mmol) and 4M HCl in dioxane was stirred for 1 h at 20 ºC. The reaction mixture was 

concentrated to dryness in vacuo to obtain the crude residue as a on oil. A mixture of the crude 

residue, Cbz-Orn(N-Boc)-OH (33 mg, 0.089 mmol), HBTU (40 mg, 0.104 mmol) and DIPEA (93 

µL, 0.523 mmol) was allowed to stir in DMF (1 mL) for 18 h. The reaction mixture was quenched 

with 10% citric acid solution (1 x 10 mL) and the desired product extracted into EtOAc (3 x 15 

mL). The organic layers were combined, washed with saturated NaHCO3 (1 x 20 mL) and brine 

(1 x 20 mL), dried with MgSO4, filtered and concentrated in vacuo to obtain the crude residue. The 
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crude residue was purified using a silica chromatography gradient eluting from 100% DCM to 

10% MeOH/DCM to obtain Cbz-Orn(N-Boc)-Leu-NH(CH2)2Ph (48) (58 mg). 1H-NMR (400 

MHz; CDCl3, rotamers): δ 7.49-7.06 (m, 10H), 6.82-6.73 (m, 1H), 5.99-5.91 (m, 1H), 5.05 (s, 2H), 

4.32-4.24 (m, 2H), 4.00-3.91 (m, 1H), 3.91-3.84 (m, 1H), 3.79-3.70 (m, 1H), 3.67-3.58 (m, 1H), 

3.56-3.33 (m, 2H), 3.17 (br s, 1H), 3.12-2.97 (m, 2H), 2.92 (d, J = 5.3 Hz, 1H), 2.79 (t, J = 7.3 Hz, 

2H), 2.36-2.12 (m, 3H), 1.78 (br s, 2H), 1.64-1.46 (m, 5H), 1.46 (s, 9H), 1.32-1.06 (m, 3H), 0.98-

0.69 (m, 12H). MS (Method B), m/z = 740 [M + H]+. 

Cbz-Orn(N-Boc)-Ala-Sta-NH(CH2)2Ph (49). A mixture of Cbz-Orn(N-Boc)-Ala-OEt (80 mg, 

0.172 mmol) and LiOH hydrate (18 mg, 0.430 mmol) in a mixture of water (0.8 mL) and THF (2.4 

mL) was allowed to stir for 3 h at 20 ºC. The reaction was quenched with 10% citric acid (1 x10 

mL) and the aqueous layer extracted with EtOAc (3 x 15 mL). The organic layers were combined 

and washed with brine (20 mL), dried with anhydrous MgSO4, filtered and concentrated in vacuo 

to obtain an oil. The oil was dissolved in DMF (2 mL) and DIPEA (170 µL, 0.953 mmol), HBTU 

(62 mg, 0.163 mmol) and HCl.NH2-Sta-NH(CH2)2Ph (43 mg, 0.136 mmol) was added. The 

mixture was then stirred for 18 h at 20 ºC. The reaction was quenched with 10% citric acid (10 

mL) and the mixture extracted with EtOAc (3 x 15 mL). The organic layers were combined, 

washed with saturated NaHCO3 (20 mL) and brine (20 mL), dried with anhydrous MgSO4 and 

concentrated to dryness in vacuo to obtain Cbz-Orn(N-Boc)-Ala-NH(CH2)2Ph (49) (43 mg, 45%). 

1H-NMR (400 MHz, CDCl3): δ 7.37-6.99 (m, 10H), 7.02 (br s, 1H), 6.77 (br s, 1H), 5.93 (d, J = 

7.4 Hz, 1H), 5.06 (s, 2H), 4.39-4.29 (m, 2H), 3.97-3.80 (m, 2H), 3.55-3.37 (m, 2H), 3.17 (s, 1H), 

3.06-2.87 (m, 2H), 2.80 (t, J = 7.3 Hz, 2H), 2.34-2.23 (m, 2H), 1.81-1.77 (m, 1H), 1.66-1.51 (m, 

5H), 1.38-1.23 (m, 13H), 0.94-0.86 (m, 6H). MS (Method B), m/z = 698 [M + H]+. 
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Cbz-Orn(N-Boc)-Abu-Sta-NH(CH2)2Ph (50). General procedure B was followed using Boc-

Abu-Sta-NH(CH2)2Ph (31) (53 mg, 0.113 mmol) and Cbz-Orn(N-Boc)-OH (52 mg, 0.148 mmol) 

to obtain Cbz-Orn(N-Boc)-Abu-Sta-NH(CH2)2Ph (50) (12 mg, 14%). 1H-NMR (300 MHz; 

CDCl3): δ 7.40- 7.08 (m, 10H), 6.69 (br s, 1H), 6.56 (br s, 1H), 5.87-5.79 (m, 1H), 5.10 (s, 2H), 

4.94 (br s, 1H), 4.32 (br s, 1H), 4.22 (m, 1H), 4.01-3.93 (m, 1H), 3.93-3.82 (m, 2H), 3.61-3.39 (m, 

2H), 3.24-3.05 (m, 3H), 2.81 (t, J = 7.3 Hz, 2H), 2.39-2.15 (m, 2H), 1.89-1.10 (m, 18H), 1.01-0.70 

(m, 9H). MS (Method B), m/z = 712 [M + H]+. 

Cbz-Orn(N-Boc)-Nva-Sta-NH(CH2)2Ph (51). General procedure B was followed using Boc-

Nva-Sta-NH(CH2)2Ph (32) (57 mg, 0.120 mmol) and Cbz-Orn(N-Boc)-OH (43 mg, 0.118 mmol) 

to obtain Cbz-Orn(N-Boc)-Nva-Sta-NH(CH2)2Ph (51) as a solid (47 mg, 54%). 1H-NMR (300 

MHz; CDCl3, rotamers): δ 7.36–7.27 (m, 6H), 7.26–7.15 (m, 4H), 6.94–6.55 (m, 2H), 5.93–5.78 

(m, 1H), 5.08 (s, 2H), 5.01–4.87 (m, 1H), 4.71–4.46 (m, 1H), 4.39–4.19 (m, 2H), 4.01–3.80 (m, 

2H), 3.60–3.34 (m, 2H), 3.28–2.99 (m, 2H), 2.81 (t, J = 7.37 Hz, 2H), 2.37–2.14 (m, 2H), 2.14–

1.96 (m, 3H), 1.86–1.71 (m, 2H), 1.65–1.47 (m, 4H), 1.43 (s, 9H), 1.40–1.26 (m, 3H), 0.96–0.82 

(m, 9H). MS (Method B), m/z = 726 [M+H]+. 

Cbz-Orn(N-Boc)-Val-Sta-NH(CH2)2Ph (52). A mixture of HCl.NH2-Val-Sta-NH(CH2)2Ph (60 

mg 0.117 mmol), Cbz-Orn(N-Boc)-OH (33 mg, 0.089 mmol), HBTU (40 mg, 0.104 mmol) and 

DIPEA (202 µL) in DMF (1 mL) was allowed to stir for 18 h at 20 ºC. The reaction mixture was 

quenched with 10% citric acid solution (1 x 10 mL) and the desired product extracted into EtOAc 

(3 x 15 mL). The organic layers were combined, washed with saturated NaHCO3 (1 x 20 mL) and 

brine (1 x 20 mL), dried with MgSO4 and concentrated in vacuo. The crude material was purified 

using a silica chromatography gradient eluting from 100% DCM to 10% MeOH/DCM to obtain 
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Cbz-Orn(N-Boc)-Val-NH(CH2)2Ph (52) (66 mg, 62%). 1H NMR data was identical to that 

previously described.[39] MS (Method A), m/z = 726 [M + H]+. 

Cbz-Orn(N-Boc)-Ile-Sta-NH(CH2)2Ph (53). General procedure B was followed using Boc-Ile-

Sta-NH(CH2)2Ph (33) (62 mg, 0.126 mmol) and Cbz-Orn(N-Boc)-OH (45 mg, 0.124 mmol) to 

obtain Cbz-Orn(N-Boc)-Ile-Sta-NH(CH2)2Ph (53) as a solid (74 mg, 81%). 1H-NMR (300 MHz; 

CDCl3, rotamers): δ 7.41–7.27 (m, 7H), 7.27–7.16 (m, 3H), 6.88–6.72 (m, 1H), 6.50–6.22 (m, 2H), 

5.81–5.62 (m, 1H), 5.18–5.04 (m, 2H), 4.92–4.76 (m, 1H), 4.39–4.19 (m, 2H), 4.08 (t, J = 6.93 

Hz, 1H), 4.01–3.73 (m, 2H), 3.64–3.36 (m, 2H), 3.34–2.99 (m, 2H), 2.89–2.77 (m, 2H), 2.43–2.26 

(m, 1H), 2.26–2.08 (m, 1H), 2.01–1.74 (m, 2H), 1.61–1.49 (m, 5H), 1.44 (s, 9H), 1.39–1.20 (m, 

2H), 1.19–1.02 (m, 1H), 1.00–0.63 (m, 12H). MS (Method B), m/z = 740 [M + H]+. 

Cbz-Orn(N-Boc)-tBuGly-Sta-NH(CH2)2Ph (54). General procedure B was followed using Boc-

tBuGly-Sta-NH(CH2)2Ph (34) (26 mg, 0.052 mmol) and Cbz-Orn(N-Boc)-OH (27 mg, 0.075 

mmol) to obtain Cbz-Orn(N-Boc)-tBuGly-Sta-NH(CH2)2Ph (54). 1H-NMR (300 MHz, CDCl3): δ 

7.37-7.16 (m, 10H), 7.13-6.90 (m, 2H), 6.14-6.11 (m, 1H), 5.10 (s, 2H), 5.01-5.00 (m, 1H), 4.35-

4.26 (m, 2H), 4.02-3.88 (m, 3H), 3.50-3.45 (m, 2H), 3.20-3.00 (m, 2H), 2.82 (t, J = 7.0 Hz, 2H), 

2.39-2.26 (m, 2H), 1.89-1.08 (m, 16H), 1.00 (s, 9H), 0.92-0.71 (m, 6H). MS (Method B), m/z = 

740 [M + H]+. 

Cbz-Orn(N-Boc)-EtNva-Sta-NH(CH2)2Ph (55). General procedure B was followed using Boc-

EtNva-Sta-NH(CH2)2Ph (35) (49 mg, 0.096 mmol) and Cbz-Orn(N-Boc)-OH (44 mg, 0.126 

mmol) to obtain Cbz-Orn(N-Boc)-EtNva-Sta-NH(CH2)2Ph (55) (62.5 mg, 86%). 1H-NMR (300 

MHz; CDCl3): δ 7.47-7.37 (m, 1H), 7.37-7.15 (m, 10H), 7.18-7.00 (m, 2H), 6.18-6.14 (m, 1H), 

5.10-5.01 (m, 3H), 4.47-4.30 (m, 2H), 3.99-3.90 (m, 2H), 3.52-3.42 (m, 2H), 3.20-3.05 (m, 2H), 



 42 

2.83 (t, J = 7.3 Hz, 2H), 2.32-2.27 (m, 2H), 1.87-1.16 (m, 21H), 0.95-0.75 (m, 12H). MS (Method 

B), m/z = 754 [M + H]+. 

Cbz-Orn(N-Boc)-CyPenGly-Sta-NH(CH2)2Ph (56). General procedure B was followed using 

Boc-CyPenGly-Sta-NH(CH2)2Ph (36) (57 mg, 0.112 mmol) and Cbz-Orn(N-Boc)-OH (52 mg, 

0.146 mmol) to obtain Cbz-Orn(N-Boc)-CyPenGly-Sta-NH(CH2)2Ph (56) (37 mg, 44%). 1H-NMR 

(300 MHz, CDCl3): δ 7.80 (s, 1H), 7.32-7.16 (m, 10H), 6.25 (br s, 1H), 5.05 (s, 2H), 4.95 (br s, 

1H), 4.40-4.33 (m, 2H), 4.00-3.90 (m, 2H), 3.51-3.41 (m, 2H), 3.16-3.09 (m, 2H), 2.82-2.80 (m, 

2H), 2.37-2.24 (m, 3H), 1.76-1.20 (m, 27H), 0.94-0.73 (m, 6H). MS (Method B), m/z = 752 [M + 

H]+. 

NH2-CyHexGly-Sta-NH(CH2)2Ph (57). A mixture of Cbz-CyHexGly-Sta-NH(CH2)2Ph (37) (30 

mg, 0.053 mmol) and Pd/C (cat.) (3 mg, 0.028 mmol) in EtOAc was allowed to stir under a 

nitrogenous atmosphere for 18 h. The mixture was filtered through Celite, rinsed with methanol 

and the filtrate concentrated to dryness in vacuo. The residue obtained was subjected to a silica 

chromatography gradient eluting from 100% DCM to 5% MeOH/DCM to obtain NH2-CyHexGly-

Sta-NH(CH2)2Ph (57) as a solid (17 mg, 75%).1H-NMR (300 MHz, CDCl3, rotamers): δ 7.57 (d, 

J = 10.0 Hz, 1H), 7.39-7.17 (m, 5H), 6.78 (t, J = 5.7 Hz, 1H), 4.02-3.85 (m, 2H), 3.60-3.37 (m, 

2H), 3.24-3.10 (m, 1H), 2.89-2.74 (m, 2H), 2.41-2.09 (m, 2H), 2.02-1.84 (m, 1H), 1.77-1.00 (m, 

13H), 0.96-0.69 (m, 6H). MS (Method B), m/z = 418 [M + H]+. 

Cbz-Orn(N-Boc)-CyHexGly-Sta-NH(CH2)2Ph (58). A mixture of NH2-CyHexGly-

NH(CH2)2Ph (57) (17 mg, 0.040 mmol), Cbz-Orn(N-Boc)-OH (18 mg, 0.052 mmol), HBTU (19.8 

mg, 0.052 mmol) and DIPEA (50 µL, 0.281 mmol) in DMF (1 mL) was allowed to stir for 18 h. 

The reaction mixture was quenched with 10% citric acid solution (1 x 10 mL) and the desired 

product extracted into EtOAc (3 x 15 mL). The organic layers were combined, washed with 
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saturated NaHCO3 (1 x 20 mL) and brine (1 x 20 mL), dried with MgSO4, filtered and concentrated 

in vacuo to obtain the crude residue. The crude residue was purified using a silica chromatography 

gradient eluting from 100% DCM to 10% MeOH/DCM to obtain Cbz-Orn(N-Boc)-CyHexGly-

NH(CH2)2Ph (58) (35 mg, 116%, impure). 1H-NMR (300 MHz, CDCl3, rotamers): δ 7.56-7.15 (m, 

11H), 7.11-7.03 (m, 1H), 6.12-6.06 (m, 1H), 5.07 (s, 2H), 4.93 (s, 1H), 4.40-4.20 (m, 2H), 4.01-

3.86 (m, 3H), 3.56-3.39 (m, 3H), 3.15 (s, 2H), 2.83 (t, J = 7.3 Hz, 2H), 2.32 (s, 2H), 1.76-1.08 (m, 

27H), 0.96-0.70 (m, 6H). MS (Method B), m/z = 766 [M + H]+. 

Cbz-Orn(N-Boc)-Phg-Sta-NH(CH2)2Ph (59). General procedure B was followed using Boc-

Phg-Sta-NH(CH2)2Ph (38) (15 mg, 0.029 mmol) and Cbz-Orn(N-Boc)-OH (11 mg, 0.030 mmol) 

to obtain Cbz-Orn(N-Boc)-Phg-Sta-NH(CH2)2Ph (59) as a solid (17 mg, 76%). 1H-NMR (300 

MHz; CDCl3, rotamers): δ 7.37–7.28 (m, 10H), 7.27–7.16 (m, 5H), 6.36–6.20 (m, 1H), 6.03–5.84 

(m, 1H), 5.70–5.54 (m, 1H), 5.32 (d, J = 5.7 Hz, 1H), 5.16–5.03 (m, 2H), 4.85–4.68 (m, 1H), 4.40–

4.24 (m, 1H), 4.07–3.79 (m, 3H), 3.55–3.37 (m, 2H), 3.28–3.02 (m, 2H), 2.85–2.73 (m, 2H), 2.08–

1.95 (m, 1H), 1.95–1.78 (m, 2H), 1.60–1.47 (m, 5H), 1.46–1.23 (m, 11H), 0.93–0.86 (m, 6H). MS 

(Method B), m/z = 760 [M + H]+. 

Cbz-Orn(N-Boc)-Phe-Sta-NH(CH2)2Ph (60). General procedure B was followed using Boc-Phe-

Sta-NH(CH2)2Ph (39) (66 mg, 0.126 mmol) and Cbz-Orn(N-Boc)-OH (44 mg, 0.121 mmol) to 

obtain Cbz-Orn(N-Boc)-Phe-Sta-NH(CH2)2Ph (60) as a solid (81 mg, 86%). 1H-NMR (300 MHz; 

CDCl3, rotamers): δ 7.42–7.27 (m, 7H), 7.27–7.14 (m, 8H), 6.93–6.77 (m, 1H), 6.41–6.16 (m, 2H), 

5.79–5.63 (m, 1H), 5.10–4.97 (m, 2H), 4.84–4.73 (m, 1H), 4.54 (d, J = 6.6 Hz, 1H), 4.23–4.09 (m, 

1H), 3.97–3.87 (m, 2H), 3.87–3.76 (m, 1H), 3.63–3.37 (m, 2H), 3.25–2.97 (m, 4H), 2.84 (t, J = 

7.26 Hz, 2H), 2.10–1.94 (m, 2H), 1.91–1.66 (m, 2H), 1.60–1.53 (m, 1H), 1.53–1.35 (m, 12H), 

1.35–1.16 (m, 1H), 0.92–0.86 (m, 6H). MS (Method B), m/z = 774 [M + H]+. 
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Cbz-Orn(N-Boc)-β-phenyl-Phe-Sta-NH(CH2)2Ph (61). General procedure B was followed 

using Boc-β-phenyl-Phe-Sta-NH(CH2)2Ph (40) (54 mg, 0.089 mmol) and Cbz-Orn(N-Boc)-OH 

(33 mg, 0.089 mmol) to obtain Cbz-Orn(N-Boc)-β-phenyl-Phe-Sta-NH(CH2)2Ph (61) as a solid 

(61 mg, 80%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.40–7.28 (m, 11H), 7.26–7.12 (m, 6H), 

7.11–7.05 (m, 3H), 6.97–6.89 (m, 1H), 6.44–6.14 (m, 1H), 5.53–5.37 (m, 1H), 5.09–4.87 (m, 2H), 

4.87–4.73 (m, 1H), 4.64 (d, J = 8.8 Hz, 1H), 4.27–4.14 (m, 2H), 3.85–3.70 (m, 2H), 3.58–3.37 (m, 

2H), 3.05 (d, J = 6.2 Hz, 2H), 2.87–2.80 (m, 2H), 1.84–1.50 (m, 7H), 1.43 (s, 9H), 1.39–1.09 (m, 

4H), 0.85–0.77 (m, 6H). MS (Method B), m/z = 850 [M]+. 

Cbz-Orn(N-Boc)-β-methyl-Phe-Sta-NH(CH2)2Ph (62). General procedure B was followed 

using Boc-β-methyl-Phe-NH(CH2)2Ph (41) (60 mg, 0.111 mmol) and Cbz-Orn(N-Boc)-OH (39 

mg, 0.107 mmol) to obtain Cbz-Orn(N-Boc)-β-methyl-Phe-Sta-NH(CH2)2Ph (62) as an oil (62 mg, 

73%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.41–7.27 (m, 7H), 7.26–7.13 (m, 8H), 6.86–6.58 

(m, 2H), 6.56–6.34 (m, 1H), 5.89 (br s, 1H), 5.11–4.96 (m, 1H), 4.96–4.74 (m, 2H), 4.42 (t, J = 

7.0 Hz, 1H), 4.12–3.76 (m, 4H), 3.65–3.36 (m, 3H), 3.14–2.96 (m, 2H), 2.90–2.77 (m, 2H), 2.35–

2.13 (m, 2H), 1.73–1.48 (m, 3H), 1.44 (s, 11H), 1.39–1.25 (m, 5H), 0.96–0.79 (m, 6H). MS 

(Method B), m/z = 788 [M + H]+. 

Cbz-Orn(N-Boc)-2-indanylgly-Sta-NH(CH2)2Ph (63). General procedure B was followed using 

Boc-2-indanylgly-Sta-NH(CH2)2Ph (42) (96 mg, 0.174 mmol) and Cbz-Orn(N-Boc)-OH (63 mg, 

0.172 mmol) to obtain Cbz-Orn(N-Boc)-2-indanylgly-Sta-NH(CH2)2Ph (63) as a solid (95 mg, 

68%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.41–7.27 (m, 6H), 7.27–7.01 (m, 8H), 6.48–6.61 

(m, 2H), 5.56 (d, J = 7.0 Hz, 1H), 5.08 (s, 2H), 4.83 (br s, 1H), 4.36–4.19 (m, 3H), 4.04–3.90 (m, 

1H), 3.90–3.80 (m, 1H), 3.64–3.39 (m, 2H), 3.21 (br s, 1H), 3.14–2.89 (m, 4H), 2.86–2.69 (m, 
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4H), 2.38–2.11 (m, 2H), 1.82–1.73 (m, 1H), 1.66–1.46 (m, 6H), 1.43 (s, 9H), 1.39–1.26 (m, 1H), 

0.95–0.85 (m, 6H). MS (Method B), m/z = 800 [M + H]+. 

Cbz-Orn(N-Boc)-Ser-Sta-NH(CH2)2Ph (64). General procedure B was followed using Boc-Ser-

Sta-NH(CH2)2Ph (43) (46 mg, 0.114 mmol) and Cbz-Orn(N-Boc)-OH (42 mg, 0.114 mmol) to 

obtain Cbz-Orn(N-Boc)-Ser-Sta-NH(CH2)2Ph (64) as a solid (40 mg, 49%). 1H-NMR (300 MHz; 

MeOD, rotamers): δ  7.56–7.17 (m, 10H), 5.12 (s, 2H), 4.38 (t, J = 5.0 Hz, 1H), 4.20–4.07 (m, 

1H), 4.05–3.91 (m, 2H), 3.91–3.74 (m, 2H), 3.49–3.36 (m, 2H), 3.06 (t, J = 6.7 Hz, 2H), 2.89–

2.74 (m, 2H), 2.38–2.21 (m, 2H), 1.93–1.76 (m, 1H), 1.76–1.51(m, 5H), 1.44 (s, 9H), 1.40–1.32 

(m, 1H), 0.91 (d, J = 4.2 Hz, 3H), 0.93 (d, J = 4.2 Hz, 3H). MS (Method B), m/z = 714 [M + H]+.  

NH2-β-hydroxy-Val-Sta-NH(CH2)2Ph (65). Fmoc-β-hydroxy-Val-Sta-NH(CH2)2Ph (44) (52 

mg, 0.084 mmol) was dissolved in DCM/piperidine (1:1) (3 mL) and stirred for 1 h. The reaction 

mixture was then concentrated in vacuo and crude residue dissolved in EtOAc (30 mL) and washed 

with sat NaHCO3 (20 mL), water (20 mL), brine (20 mL), dried with Na2SO4, filtered and 

concentrated in vacuo. The crude residue was then purified using a silica chromatography gradient 

eluting from 100% DCM to 15% MeOH/DCM to obtain NH2-β-hydroxy-Val-Sta-NH(CH2)2Ph 

(65) as an oil (19 mg, 57%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.65 (d, J = 9.7 Hz, 1H), 

7.36–7.28 (m, 2H), 7.27–7.16 (m, 3H), 6.11–6.03 (m, 1H), 4.05–3.84 (m, 2H), 3.58–3.46 (m, 2H), 

3.25 (s, 1H), 2.82 (t, J = 7.0 Hz, 2H), 2.30–2.22 (m, 2H), 1.72–1.50 (m, 5H), 1.43–1.34 (m, 1H), 

1.28 (s, 3H), 1.17 (s, 3H), 0.95–0.88 (m, 6H). MS (Method B), m/z = 394 [M + H]+. 

Cbz-Orn(N-Boc)-β-hydroxy-Val-Sta-NH(CH2)2Ph (66). A mixture of the NH2-β-hydroxy-Val-

Sta-NH(CH2)2Ph (65) (19 mg, 0.048 mmol), Cbz-Orn(N-Boc)-OH (18 mg, 0.048 mmol), HBTU 

(24 mg, 0.063 mmol) and DIPEA (34 µL, 0.523 mmol) in DMF (1 mL) was allowed to stir for 18 

h. The reaction mixture was quenched with 10% citric acid solution (10 mL) and the aqueous was 
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extracted with EtOAc (3 x 15 mL). The organic layers were combined, washed with saturated 

NaHCO3 (1 x 15 mL), brine (1 x 15 mL), dried with Na2SO4, filtered and concentrated in vacuo to 

obtain the crude residue. The crude residue was purified using a silica chromatography gradient 

eluting from 100% DCM to 10% MeOH/DCM to obtain Cbz-Orn(N-Boc)-β-hydroxy-Val-Sta-

NH(CH2)2Ph (66) as an oil (17 mg, 47%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.37–7.27 (m, 

7H), 7.26–7.16 (m, 3H), 6.75–6.58 (m, 1H), 6.41–6.23 (m, 1H), 5.84–5.63 (m, 1H), 5.18–5.00 (m, 

2H), 4.87–4.74 (m, 1H), 4.34–4.18 (m, 2H), 4.03–3.91 (m, 1H), 3.91–3.78 (m, 1H), 3.60–3.40 (m, 

2H), 3.22–3.01 (m, 2H), 2.82 (t, J = 7.15 Hz, 2H), 2.38–2.26 (m, 1H), 2.24–2.14 (m, 1H), 1.87–

1.62 (m, 5H), 1.61–1.48 (m, 4H), 1.43 (s, 9H), 1.38–1.32 (m, 1H), 1.30–1.15 (m, 6H), 0.94–0.77 

(m, 6H). MS (Method B), m/z = 742 [M + H]+. 

Cbz-Orn(N-Boc)-Thr-Sta-NH(CH2)2Ph (67). General procedure B was followed using Boc-Thr-

Sta-NH(CH2)2Ph (45) (57 mg, 0.120 mmol) and Cbz-Orn(N-Boc)-OH (41 mg, 0.113 mmol) to 

obtain Cbz-Orn(N-Boc)-Thr-Sta-NH(CH2)2Ph (67) as a solid (46 mg, 53%). 1H-NMR (300 MHz, 

MeOD, rotamers): 7.41–7.19 (m, 10H), 5.13 (s, 2H), 4.32–4.13 (m, 3H), 4.05–3.93 (m, 2H), 3.46–

3.37 (m, 2H), 3.11–3.01 (m, 2H), 2.81 (t, J = 7.5 Hz, 2H), 2.29 (d, J = 7.3 Hz, 2H), 1.92–1.78 (m, 

1H), 1.74–1.51 (m, 5H), 1.44 (s, 9H), 1.41–1.29 (m, 2H), 1.22 (d, J = 6.6 Hz, 2H), 0.95–0.86 (m, 

6H). MS (Method B), m/z = 728 [M + H]+. 

Cbz-Orn(N-Boc)-D,L-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph (68). General procedure B was 

followed using Boc-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph (47) (63 mg, 0.116 mmol) and Cbz-

Orn(N-Boc)-OH (43 mg, 0.116 mmol) to obtain Cbz-Orn(N-Boc)-threo-β-phenyl-Ser-Sta-

NH(CH2)2Ph (68) as an oil (90 mg, 98%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 7.47–7.28 (m, 

12H), 7.27–7.13 (m, 3H), 7.03 (d, J = 9.0 Hz, 0.5H), 6.96-6.86 (m, 0.5H), 6.79 (br s, 0.5H), 6.49 

(br s, 0.5H), 6.00–5.83 (m, 0.5H), 5.63–5.52 (m, 0.5H), 5.47 (br s, 0.5H), 5.32 (br s, 0.5H), 5.18–
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4.88 (m, 2H), 4.82–4.10 (m, 4H), 4.06–3.82 (m, 3H), 3.55–3.34 (m, 2H), 3.07- 2.70 (m, 4H), 2.37–

2.24 (m, 1H), 2.11–1.97 (m, 3H), 1.59–1.49 (m, 3H), 1.44 (m, 9H), 1.37–1.22 (m, 2H), 0.92–0.78 

(m, 6H). MS (Method B), m/z = 790 [M + H]+. 

General Procedure C 

Cbz-Arg(N,N-diBoc)-Val-Sta-NH(CH2)2Ph (69). A mixture of Cbz-Orn(N-Boc)-Val-Sta-

NH(CH2)2Ph (52) (65 mg, 0.090 mmol) and 4M HCl in dioxane was allowed to stir for 1 h at 20 

ºC. The reaction mixture was concentrated to dryness in vacuo to obtain the crude residue as a on 

oil. The oil was dissolved in DCM (1 mL) and Et3N (6 µL, 0.043 mmol) was added. The solution 

was stirred vigorously for 5 min. N,N’-bis-Boc-1-guanylpyrazole (13 mg, 0.042 mmol) was added 

and the solution was allowed to stir for 18 h at 20 ºC. The reaction mixture was concentrated to 

dryness in vacuo to obtain a crude residue. The crude residue was subjected to a silica 

chromatography gradient eluting from 100% DCM to 10% MeOH/DCM to obtain Cbz-Arg(N,N-

diBoc)-Val-Sta-NH(CH2)2Ph (69) as a solid (46 mg, 53%). 1H-NMR (400 MHz; CDCl3, rotamers): 

δ 8.63 (s, 1H), 7.61 (s, 1H), 7.41 (br s, 1H), 7.33-7.17 (m, 10H), 6.88 (br s, 2H), 6.34 (br s, 1H), 

5.07-4.80 (m, 2H), 4.24 (q, J = 6.3 Hz, 1H), 4.17 (t, J = 7.1 Hz, 1H), 3.98-3.90 (m, 2H), 3.54-3.37 

(m, 4H), 2.80 (t, J = 7.3 Hz, 2H), 2.37-2.14 (m, 3H), 1.88-1.84 (m, 1H), 1.73-1.53 (m, 6H), 1.48 

(s, 9H), 1.46 (s, 9H), 1.37-1.30 (m, 1H), 0.93-0.84 (m, 12H). MS (Method A), m/z = 868 [M + 

H]+. 

Cbz-Arg(N,N-diBoc)-Ala-Sta-NH(CH2)2Ph (70). General procedure C was followed using Cbz-

Orn(N-Boc)-Ala-Sta-NH(CH2)2Ph (49) (43 mg, 0.061 mmol) and N,N’-bis-Boc-1-guanylpyrazole 

(24 mg, 0.077 mmol) to obtain Cbz-Arg(N,N-diBoc)-Ala-Sta-NH(CH2)2Ph (70) (39 mg, 75%). 1H-

NMR (400 MHz, CDCl3, rotamers): δ  11.43 (br s, 1H), 8.49 (br s, 1H), 7.35-7.14 (m, 10H), 6.73 

(br s, 1H), 6.62 (d, J = 9.5 Hz, 1H), 6.51-6.49 (m, 1H), 5.08 (s, 2H), 4.39-4.32 (m, 1H), 4.20 (q, J 
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= 6.2 Hz, 1H), 3.99-3.93 (m, 1H), 3.89-3.88 (m, 1H), 3.54-3.35 (m, 4H), 2.82-2.75 (m, 2H), 2.75-

2.60 (m, 2H), 2.33-2.16 (m, 2H), 1.87-1.83 (m, 1H), 1.77-1.41 (m, 23H), 1.41-1.17 (m, 6H), 0.88-

0.86 (m, 6H). MS (Method B), m/z = 840 [M + H]+. 

Cbz-Arg(N,N-diBoc)-Abu-Sta-NH(CH2)2Ph (71). General procedure C was followed using 

Cbz-Orn(N-Boc)-Abu-Sta-NH(CH2)2Ph (50) (12 mg, 0.016 mmol) and N,N’-bis-Boc-1-

guanylpyrazole (17 mg, 0.053 mmol) to obtain Cbz-Arg(N,N-diBoc)-Abu-Sta-NH(CH2)2Ph (71) 

(12 mg, 87%). 1H-NMR (300 MHz, CDCl3, rotamers): δ 11.46 (br s, 1H), 8.52 (br s, 1H), 7.39-

7.19 (m, 10H), 6.99 (br s, 1H), 6.63-6.57 (m, 1H), 6.53-6.44 (m, 2H), 5.12 (s, 2H), 4.26-4.18 (m, 

2H), 4.03-3.97 (m, 1H), 3.95-3.87 (m, 1H), 3.58-3.37 (m, 4H), 2.84 (t, J = 7.3 Hz, 2H), 2.38-2.19 

(m, 3H), 1.92-1.84 (m, 2H), 1.79-1.54 (m, 4H), 1.49-1.44 (m, 18H), 1.41-1.06 (m, 3H), 0.99-0.79 

(m, 9H). MS (Method B), m/z = 854 [M + H]+. 

Cbz-Arg(N,N-diBoc)-Nva-Sta-NH(CH2)2Ph (72). General procedure C was followed using Cbz-

Orn(N-Boc)-Nva-Sta-NH(CH2)2Ph (51) (47 mg, 0.064 mmol) and N,N’-bis-Boc-1-guanylpyrazole 

(22 mg, 0.071 mmol) to obtain Cbz-Arg(N,N-diBoc)-Nva-Sta-NH(CH2)2Ph (72) as a solid (53 mg, 

95%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.46 (s, 1H), 8.46–8.29 (m, 1H), 7.60 (d, J = 2.2 

Hz, 2H), 7.50–7.41 (m, 1H), 7.38–7.28 (m, 6H), 7.26–7.14 (m, 4H), 6.98–6.79 (m, 1H), 6.49 (d, J 

= 7.0 Hz, 1H), 6.33 (t, J = 2.0 Hz, 1H), 5.08 (s, 2H), 4.49–4.35 (m, 1H), 4.30–4.19 (m, 1H), 4.08–

3.85 (m, 2H), 3.59–3.25 (m, 4H), 2.80 (t, J = 7.4 Hz, 2H), 2.40–2.21 (m, 2H), 1.86–1.52 (m, 7H), 

1.47 (ad, J = 6.4 Hz, 18H), 1.40–1.23 (m, 3H), 0.97–0.78 (m, 9H). MS (Method B), m/z = 868 

[M+H]+. 

Cbz-Arg(N,N-diBoc)-Leu-Sta-NH(CH2)2Ph (73). General procedure C was followed using Cbz-

Orn(N-Boc)-Leu-Sta-NH(CH2)2Ph (48) (108 mg, 0.145 mmol) and N,N’-bis-Boc-1-

guanylpyrazole (60 mg, 0.192 mmol) to obtain an impure mixture. The crude material was purified 
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by preparative LCMS to obtain Cbz-Arg(N,N-diBoc)-Leu-Sta-NH(CH2)2Ph (73) (32 mg, 24%). 

1H-NMR (300 MHz; CDCl3, rotamers): δ 10.35 (br s, 1H), 9.02 (br s, 1H), 8.60 (br s, 1H), 8.29 (s, 

1H), 8.11-7.98 (m, 1H), 7.81-7.58 (s, 1H), 7.40-7.12 (m, 10H), 7.00-6.36 (m, 2H), 6.34-6.17 (m, 

1H), 5.17-5.02 (m, 2H), 4.47-4.18 (m, 2H), 4.05-3.82 (m, 2H), 3.63-3.28 (m, 4H) 3.30-3.09 (m, 

1H), 2.88-2.76 (m, 2H), 2.73-2.45 (m, 2H), 2.41-2.20 (m, 2H), 2.05-1.92 (m, 2H), 1.84-1.40 (m, 

18H) 1.42-1.02 (m, 3H), 1.02-0.76 (m, 12H). MS (Method A), m/z = 882, [M + H]+. 

Cbz-Arg(N,N-diBoc)-Ile-Sta-NH(CH2)2Ph (74). General procedure C was followed using Cbz-

Orn(N-Boc)-Ile-Sta-NH(CH2)2Ph (53) (74 mg, 0.100 mmol) and N,N’-bis-Boc-1-guanylpyrazole 

(34 mg, 0.110 mmol). The crude material was purified by preparative LCMS to obtain Cbz-

Arg(N,N-diBoc)-Ile-Sta-NH(CH2)2Ph (74) as a solid (44 mg, 49%). 1H-NMR (300 MHz; CDCl3, 

rotamers): δ 11.47 (s, 1H), 8.38 (t, J = 5.50 Hz, 1H), 7.37-7.27 (m, 6H), 7.26-7.14 (m, 4H), 6.87 

(br s, 1H), 6.62 (d, J = 9.02 Hz, 1H), 6.40 (d, J = 6.6 Hz, 1H), 5.15–4.94 (m, 2H), 4.50 (br s, 1H), 

4.25 (t, J = 7.6 Hz, 2H), 4.08–3.83 (m, 2H), 3.58–3.26 (m, 4H), 2.81 (t, J = 7.3 Hz, 2H), 2.38–

2.18 (m, 2H), 1.96–1.72 (m, 3H), 1.71-1.52 (m, 6H), 1.47 (ad, J = 5.28 Hz, 18H), 1.41-1.21 (m, 

1H), 1. 18-1.01 (m, 1H), 0.96-0.79 (m, 12H). MS (Method B), m/z = 882 [M]+. 

Cbz-Arg(N,N-diBoc)-tBuGly-Sta-NH(CH2)2Ph (75). General procedure C was followed using 

the crude mixture containing Cbz-Orn(N-Boc)-tBuGly-Sta-NH(CH2)2Ph (54) (39 mg, 0.052 

mmol) and N,N’-bis-Boc-1-guanylpyrazole (26 mg, 0.083 mmol) to obtain Cbz-Arg(N,N-diBoc)-

tBuGly-Sta-NH(CH2)2Ph (75) (42 mg, 91%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.50-

11.45 (m, 1H), 8.55 (s, 1H), 7.46-7.19 (m, 10H), 7.11-7.02 (m, 1H), 6.80-6.72 (m, 1H), 6.61-6.53 

(m, 1H), 6.34-6.27 (m, 1H), 5.16-5.07 (m, 2H), 4.35-4.12 (m, 3H), 4.05-3.87 (m, 2H), 3.60-3.35 

(m, 4H), 2.83 (t, J = 7.2 Hz, 2H), 2.42-2.32 (m, 1H), 2.28-2.19 (m, 1H), 1.92-1.79 (m, 1H), 1.79-
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1.56 (m, 3H), 1.54-1.44 (m, 18H), 1.44-1.07 (m, 3H), 0.98 (s, 9H), 0.90-0.71 (m, 6H). MS (Method 

B), m/z = 883 [M + H]+. 

Cbz-Arg(N,N-diBoc)-EtNva-Sta-NH(CH2)2Ph (76). General procedure C was followed using 

Cbz-Orn(N-Boc)-EtNva-Sta-NH(CH2)2Ph (55) (63 mg, 0.082 mmol) and N,N’-bis-Boc-1-

guanylpyrazole (34 mg, 0.109 mmol) to obtain Cbz-Arg(N,N-diBoc)-EtNva-Sta-NH(CH2)2Ph (76) 

(68 mg, 91%). 1H-NMR (300 MHz, CDCl3, rotamers): δ 11.49 (br s, 1H), 8.43-8.40 (m, 1H), 7.41-

7.18 (m, 10H), 7.06 (br s, 1H), 6.80 (br s, 1H), 6.63-6.56 (m, 1H), 6.41-6.35 (m, 1H), 5.13-5.03 

(m, 2H), 4.41 (t, J = 7.1 Hz, 1H), 4.33 (br s, 1H), 4.25-4.17 (m, 1H), 4.02-3.89 (m, 2H), 3.55-3.32 

(m, 4H), 2.82 (t, J = 7.3 Hz, 2H), 2.37-2.23 (m, 2H), 1.91-1.14 (m, 30H), 0.96-0.80 (m, 12H). MS 

(Method B), m/z = 896 [M + H]+. 

Cbz-Arg(N,N-diBoc)-CyPenGly-Sta-NH(CH2)2Ph (77). General procedure C was followed 

using Cbz-Orn(N-Boc)-CyPenGly-Sta-NH(CH2)2Ph (56) (37 mg, 0.049 mmol) and N,N’-bis-Boc-

1-guanylpyrazole (20 mg, 0.0655 mmol) to obtain Cbz-Arg(N,N-diBoc)-CyPenGly-Sta-

NH(CH2)2Ph (77) (26 mg, 59%). 1H-NMR (300 MHz, CDCl3, rotamers): δ 11.48 (br s, 1H), 8.46-

8.38 (m, 1H), 7.55-7.39 (m, 1H), 7.39-7.16 (m, 10H), 6.93 (br s, 1H), 6.69 (br s, 1H), 6.41-6.33 

(m, 1H), 5.13-5.0 (m, 2H), 4.58 (s, 1H), 4.32-4.21 (m, 2H), 4.04-3.96 (m, 1H), 3.96-3.86 (m, 1H), 

3.57-3.33 (m, 4H), 2.82 (t, J = 7.3 Hz, 2H), 2.38-2.20 (m, 2H), 1.89-1.78 (m, 1H), 1.78-1.41 (m, 

28H), 1.41-1.15 (m, 5H), 0.89-0.82 (m, 6H). MS (Method B), m/z = 896 [M + H]+. 

Cbz-Arg(N,N-diBoc)-CyHexGly-Sta-NH(CH2)2Ph (78). General procedure C was followed 

using the crude mixture containing Cbz-Orn(N-Boc)-CyHexGly-Sta-NH(CH2)2Ph (58) (28 mg, 

0.040 mmol) and N,N’-bis-Boc-1-guanylpyrazole (18 mg, 0.058 mmol) to obtain Cbz-Arg(N,N-

diBoc)-CyHexGly-Sta-NH(CH2)2Ph (78) (36 mg, 98%). 1H-NMR (300 MHz, CDCl3): δ  11.47 (s, 

1H), 8.56 (s, 1H), 7.42-7.17 (m, 10H), 6.85 (s, 1H), 6.70-6.56 (m, 1H), 6.40-6.33 (m, 1H), 5.14-
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5.03 (m, 2H), 4.30-4.17 (m, 2H), 4.03-3.86 (m, 2H), 3.57-3.37 (m, 4H), 2.83 (t, J = 7.2 Hz, 2H), 

2.41-2.22 (m, 2H), 1.92-1.54 (m, 12H), 1.53-1.46 (m, 18H), 1.44-0.95 (m, 8H), 0.89-0.82 (m, 

6H). MS (Method B), m/z = 909 [M + H]+. 

Cbz-Arg(N,N-diBoc)-Phg-Sta-NH(CH2)2Ph (79). General procedure C was followed using Cbz-

Orn(N-Boc)-Phg-Sta-NH(CH2)2Ph (59) (17 mg, 0.022 mmol) and N,N’-bis-Boc-1-guanylpyrazole 

(8 mg, 0.025 mmol) to obtain Cbz-Arg(N,N-diBoc)-Phg-Sta-NH(CH2)2Ph (79) as an oil (17 mg, 

84%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.47 (s, 1H), 8.40 (br s, 1H), 7.38–7.29 (m, 10H), 

7.28–7.17 (m, 5H), 6.56–6.31 (m, 2H), 6.10 (br s, 1H), 5.36 (d, J = 6.2 Hz, 1H), 5.18–5.07 (m, 

2H), 4.32–4.17 (m, 1H), 4.02–3.84 (m, 2H), 3.56–3.31 (m, 4H), 2.80 (t, J = 7.2 Hz, 2H), 2.11–

1.55 (m, 10H), 1.51 (s, 9H), 1.49–1.44 (m, 1H), 1.40 (s, 9H), 0.96–0.86 (m, 6H). MS (Method B), 

m/z = 902 [M]+. 

Cbz-Arg(N,N-diBoc)-Phe-Sta-NH(CH2)2Ph (80). General procedure C was followed using Cbz-

Orn(N-Boc)-Phe-Sta-NH(CH2)2Ph (60) (81 mg, 0.105 mmol) and N,N’-bis-Boc-1-guanylpyrazole 

(36 mg, 0.115 mmol) to obtain Cbz-Arg(N,N-diBoc)-Phe-Sta-NH(CH2)2Ph (80) as a solid (80 mg, 

83%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.43 (s, 1H), 8.36 (t, J = 5.7 Hz, 1H), 7.42–7.28 

(m, 7H), 7.25–7.08 (m, 8H), 6.93 (d, J = 9.7 Hz, 1H), 6.44–6.27 (m, 2H), 6.14 (d, J = 6.4 Hz, 1H), 

5.13–4.97 (m, 2H), 4.62 (q, J = 7.4 Hz, 1H), 4.19–4.07 (m, 1H), 3.96–3.84 (m, 2H), 3.84–3.77 (m, 

1H), 3.61–3.37 (m, 2H), 3.32 (d, J = 5.7 Hz, 2H), 3.09 (dq, J = 7.2, 14.1 Hz, 2H), 2.83 (t, J = 7.3 

Hz, 2H), 2.03–1.90 (m, 2H), 1.51–1.44 (m, 20H), 1.35–1.22 (m, 4H), 0.91–0.83 (m, 6H). MS 

(Method B), m/z = 916 [M]+. 

Cbz-Arg(N,N-diBoc)-β-phenyl-Phe-Sta-NH(CH2)2Ph (81). General procedure C was followed 

using Cbz-Orn(N-Boc)-β-phenyl-Phe-Sta-NH(CH2)2Ph (61) (61 mg, 0.072 mmol) and N,N’-bis-

Boc-1-guanylpyrazole (25 mg, 0.079 mmol) to obtain Cbz-Arg(N,N-diBoc)-β-phenyl-Phe-Sta-
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NH(CH2)2Ph (81) as a solid (68 mg, 96%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.41 (s, 

1H), 8.28 (br s, 1H), 7.40–7.28 (m, 9H), 7.27–7.05 (m, 9H), 6.99–6.92 (m, 1H), 6.87 (d, J = 9.0 

Hz, 1H), 6.38–6.17 (m, 2H), 5.80 (br s, 1H), 5.31–5.21 (m, 1H), 5.07 (d, J = 12.32 Hz, 1H), 4.91 

(d, J = 12.8 Hz, 1H), 4.59 (d, J = 9.7 Hz, 1H), 4.21–4.10 (m, 1H), 3.83 (d, J = 6.1 Hz, 1H), 3.77- 

3.61 (m, 2H), 3.61–3.37 (m, 2H), 3.32–3.20 (m, 1H), 3.12 (d, J = 6.6 Hz, 1H), 2.88–2.78 (m, 2H), 

1.66–1.55 (m, 4H), 1.55–1.46 (m, 18H), 1.46–1.30 (m, 4H), 1.30–1.21 (m, 2H), 0.90–0.67 (m, 

6H). MS (Method B), m/z = 992 [M]+. 

Cbz-Arg(N,N-diBoc)-β-methyl-Phe-Sta-NH(CH2)2Ph (82). General procedure C was followed 

using Cbz-Orn(N-Boc)-β-methyl-Phe-Sta-NH(CH2)2Ph (62) (62 mg, 0.079 mmol) and N,N’-bis-

Boc-1-guanylpyrazole (27 mg, 0.087 mmol) to obtain Cbz-Arg(N,N-diBoc)-β-methyl-L-Phe-Sta-

NH(CH2)2Ph (82) as an oil (70 mg, 96%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.47 (s, 1H), 

8.42–8.26 (m, 1H), 7.61 (d, J = 1.8 Hz, 1H), 7.41–7.28 (m, 7H), 7.27–7.15 (m, 7H), 6.75–6.56 (m, 

2H), 6.50 (d, J = 9.2 Hz, 1H), 6.35 (s, 1H), 6.07 (d, J = 5.5 Hz, 1H), 5.14 – 4.85 (m, 2H), 4.44 (t, 

J = 7.5 Hz, 1H), 4.03 – 3.83 (m, 3H), 3.59–3.40 (m, 3H), 3.34–3.22 (m, 2H), 2.87–2.79 (m, 2H), 

2.35–2.15 (m, 2H), 1.73–1.52 (m, 3H), 1.50 (d, J = 7.3 Hz, 18H), 1.45–1.23 (m, 7H), 0.93–0.82 

(m, 6H). MS (Method B), m/z = 930 [M]+. 

Cbz-Arg(N,N-diBoc)-2-indanylgly-Sta-NH(CH2)2Ph (83). General procedure C was followed 

using Cbz-Orn(N-Boc)-2-indanylgly-Sta-NH(CH2)2Ph (63) (95 mg, 0.119 mmol) and N,N’-bis-

Boc-1-guanylpyrazole (41 mg, 0.131 mmol) to obtain Cbz-Arg(N,N-diBoc)-2-indanylgly-Sta-

NH(CH2)2Ph (83) as a solid (91 mg, 81%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.49 (s, 

1H), 8.39 (br s, 1H), 7.61 (d, J = 1.54 Hz, 1H), 7.39–7.30 (m, 5H), 7.27–7.06 (m, 8H), 7.05–7.00 

(m, 1H), 6.79 (d, J = 7.7 Hz, 1H), 6.70 (t, J = 5.3 Hz, 1H), 6.34 (s, 1H), 6.06 (d, J = 7.0 Hz, 1H), 

5.08 (s, 2H), 4.53–4.38 (m, 1H), 4.20–4.09 (m, 1H), 4.07–4.00 (m, 1H), 3.99–3.89 (m, 1H), 3.81–
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3.62 (m, 1H), 3.60–3.43 (m, 2H), 3.42–3.30 (m, 2H), 3.13–2.91 (m, 2H), 2.89–2.79 (m, 3H), 2.79–

2.67 (m, 1H), 2.42–2.21 (m, 2H), 1.81–1.72 (m, 1H), 1.67–1.54 (m, 5H), 1.52–1.36 (m, 19H), 

0.99–0.85. (m, 6H). MS (Method B), m/z = 942 [M]+. 

Cbz-Arg(N,N-diBoc)-Ser-Sta-NH(CH2)2Ph (84). General procedure C was followed using Cbz-

Orn(N-Boc)-Ser-Sta-NH(CH2)2Ph (64) (40 mg, 0.056 mmol) and N,N’-bis-Boc-1-guanylpyrazole 

(19 mg, 0.061 mmol) to obtain Cbz-Arg(N,N-diBoc)-Ser-Sta-NH(CH2)2Ph (84) as an oil (20 mg, 

48%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.45 (s, 1H), 8.47–8.33 (m, 1H), 7.38–7.28 (m, 

7H), 7.26–7.16 (m, 3H), 6.84–6.69 (m, 1H), 6.59–6.47 (m, 1H), 6.36 (d, J = 7.5 Hz, 1H), 5.18–

5.04 (m, 2H), 4.49-4.38 (m, 1H), 4.26–4.15 (m, 1H), 4.08–3.85 (m, 3H), 3.79–3.69 (m, 1H), 3.56–

3.29 (m, 4H), 2.81 (t, J = 7.4 Hz, 2H), 2.42–2.19 (m, 2H), 1.94–1.54 (m, 8H), 1.53–1.43 (m, 18H), 

1.42–1.24 (m, 2H), 0.93–0.85 (m, 6H). MS (Method B), m/z = 856 [M]+. 

Cbz-Arg(N,N-diBoc)-β-hydroxy-Val-Sta-NH(CH2)2Ph (85). General procedure C was followed 

using Cbz-Orn(N-Boc)-β-hydroxy-Val-Sta-NH(CH2)2Ph (66) (16 mg, 0.022 mmol) and N,N’-bis-

Boc-1-guanylpyrazole (7 mg, 0.023 mmol) to obtain Cbz-Arg(N,N-diBoc)-β-hydroxy-Val-Sta-

NH(CH2)2Ph (85) as a solid (18 mg, 94%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.48 (s, 

1H), 8.44–8.31 (m, 1H), 7.36–7.27 (m, 7H), 7.27–7.17 (m, 3H), 7.16–7.02 (m, 1H), 6.77–6.62 (m, 

1H), 6.50–6.32 (m, 1H), 6.32–6.14 (m, 1H), 5.19–5.02 (m, 2H), 4.46–3.77 (m, 6H), 3.60-3.29 (m, 

4H), 2.82 (t, J = 7.0 Hz, 2H), 2.40-2.11 (m, 2H), 1.96-1.78 (m, 1H), 1.78-1.52 (m, 3H), 1.51-1.40 

(m, 18H), 1.39-1.29 (m, 2H), 1.27 (s, 3H), 1.20–1.00 (m, 4H),  0.89-0.78 (m, 6H). MS (Method 

B), m/z = 884 [M]+. 

Cbz-Arg(N,N-diBoc)-Thr-Sta-NH(CH2)2Ph (86). General procedure C was followed using Cbz-

Orn(N-Boc)-Thr-Sta-NH(CH2)2Ph (67) (46 mg, 0.063 mmol) and N,N’-bis-Boc-1-guanylpyrazole 

(22 mg, 0.070 mmol) to obtain Cbz-Arg(N,N-diBoc)-Thr-Sta-NH(CH2)2Ph (86) as an oil (50 mg, 
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91%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 11.48 (s, 1H), 8.45–8.32 (m, 1H), 7.36–7.28 (m, 

6H), 7.27–7.17 (m, 4H), 6.78 (d, J = 9.5 Hz, 1H), 6.57–6.43 (m, 1H), 6.38 (d, J = 6.4 Hz, 1H), 

5.11 (s, 2H), 4.40–4.16 (m, 4H), 4.04–3.86 (m, 2H), 3.60–3.28 (m, 5H), 2.81 (t, J = 7.3 Hz, 2H), 

2.41–2.19 (m, 2H), 2.03–1.82 (m, 3H), 1.80–1.52 (m, 5H), 1.52–1.41 (m, 18H), 1.39–1.31 (m, 

1H), 1.16 (d, J = 5.9 Hz, 3H), 0.92–0.85 (m, 6 H). MS (Method B), m/z = 870 [M]+. 

Cbz-Arg(N,N-diBoc)-D,L-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph (87). General procedure C was 

followed using Cbz-Orn(N-Boc)-threo-β-phenyl-Ser-Sta-NH(CH2)2Ph (68) (90 mg, 0.114 mmol) 

and N,N’-bis-Boc-1-guanylpyrazole (39 mg, 0.125 mmol) to obtain Cbz-Arg(N,N-diBoc)-threo-β-

phenyl-Ser-Sta-NH(CH2)2Ph (87) as a solid (58 mg, 55%). 1H-NMR (300 MHz; CDCl3, rotamers): 

δ 11.48 (s, 1H), 8.34 (t, J = 5.8 Hz, 1H), 7.40–7.28 (m, 9H), 7.27–7.09 (m, 6H), 6.79 (d, J = 9.0 

Hz, 1H), 6.37 (br s, 1H), 6.26 (d, J = 6.2 Hz, 1H), 5.50-5.35  (m, 1H), 5.19–5.02 (m, 2H), 4.78–

4.58 (m, 1H), 4.15–4.02 (m, 2H), 4.02–3.87 (m, 2H), 3.87–3.74 (m, 1H), 3.56–3.39 (m, 2H), 3.38–

3.17 (m, 2H), 2.87 -2.77 (m, 2H), 2.15–2.06 (m, 2H), 1.69–1.29 (m, 26H), 0.93–0.82 (m, 6H). MS 

(Method B), m/z = 932 [M]+. 

Cbz-Cav(N-Boc)-CyHexGly-Sta-NH(CH2)2Ph (88). General procedure A was followed using 

NH2-CyHexGly-Sta-NH(CH2)2Ph (57) (82 mg, 0.198 mmol) and Cbz-Cav(N-Boc)-OH (58 mg, 

0.141 mmol) to obtain Cbz-Cav(N-Boc)-CyHexGly-Sta-NH(CH2)2Ph (88) as an oil (75 mg, 65%). 

1H-NMR (300 MHz; CDCl3, rotamers): δ 7.71–7.49 (m, 2H), 7.37–7.29 (m, 6H), 7.28-7.15 (m, 

4H), 7.10–6.93 (m, 1H), 6.86–6.71 (m, 1H), 6.43–6.25 (m, 1H), 6.11 (br s, 2H), 5.16–5.02 (m, 

2H), 4.62 (br s, 1H), 4.53–4.27 (m, 2H), 4.09–3.82 (m, 4H), 3.60–3.34 (m, 2H), 2.85–2.78 (m, 

2H), 2.38–2.25 (m, 2H), 2.15 (br s, 1H), 2.04–1.90 (m, 1H), 1.83–1.54 (m, 8H), 1.53–1.46 (m, 

9H), 1.42- 1.32 (m, 1H), 1.25–0.95 (m, 5H), 0.94–0.80 (m, 6H). MS (Method B), m/z = 810 

[M+H]+. 
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Cbz-Cav(N-Boc)-Phg-Sta-NH(CH2)2Ph (89). General procedure B was followed using Boc-

Phg-Sta-NH(CH2)2Ph (38) (97 mg, 0.190 mmol) and Cbz-Cav(N-Boc)-OH (60 mg, 0.146 mmol). 

The crude material was purified by preparative LCMS to obtain Cbz-Cav(N-Boc)-Phg-Sta-

NH(CH2)2Ph (89) as a solid (34 mg, 29%). 1H-NMR (300 MHz; CDCl3, rotamers): δ 8.38 (d, J = 

5.3 Hz, 1H), 7.39–7.27 (m, 9H), 7.27–7.12 (m, 6H), 6.92 (d, J = 9.5 Hz, 1H), 6.46–6.24 (m, 2H), 

6.20 (d, J = 6.6 Hz, 1H), 6.02–5.86 (m, 1H), 5.53 (d, J = 5.9 Hz, 1H), 5.07 (s, 2H), 4.56–4.44 (m, 

1H), 4.08–3.79 (m, 4H), 3.48–3.31 (m, 2H), 2.74 (t, J = 7.0 Hz, 2H), 2.30–2.10 (m, 1H), 2.07–

1.90 (m, 2H), 1.90–1.75 (m, 1H), 1.63–1.51 (m, 2H), 1.46 (s, 9H), 1.42–1.27 (m, 2H), 0.93–0.83 

(m, 6H). MS (Method B), m/z = 804 [M+H]+. 

Cbz-Cav(N-Boc)-Ile-Sta-NH(CH2)2Ph (90). General procedure B was followed using Boc-Ile-

Sta-NH(CH2)2Ph (33) (48 mg, 0.117 mmol) and Cbz-Cav(N-Boc)-OH (60 mg, 0.146 mmol) to 

obtain Cbz-Cav(N-Boc)-Ile-Sta-NH(CH2)2Ph (90) as a solid (32 mg, 35%). 1H-NMR (300 MHz; 

CDCl3, rotamers): δ 7.39 – 7.27 (m, 7H), 7.26 – 7.17 (m, 3H), 6.78 (d, J = 9.02 Hz, 1H), 6.71 – 

6.56 (m, 1H), 6.30 (d, J = 6.6 Hz, 1H), 6.12 (br. s., 2H), 5.20 – 5.03 (m, 2H), 4.65 – 4.43 (m, 1H), 

4.39 – 4.25 (m, 1H), 4.29 – 4.17 (m, 1H), 4.06 – 3.81 (m, 4H), 3.49 (dq, J = 6.1, 13.3 Hz, 2H), 

2.87 – 2.77 (m, 2H), 2.41 – 2.08 (m, 4H), 2.05 – 1.83 (m, 2H), 1.63 – 1.52 (m, 2H), 1.49 - 1.31 

(m, 10H), 1.16 – 1.00 (m, 1H), 0.98 – 0.77 (m, 12H). MS, m/z = 784 [M+H]+. 

 

Structural Biology Experimental 

Protein expression and purification. P. vivax PMV (residues R35–R476), bearing an N-terminal 

gp67 signal peptide and a fusion tag comprising a FLAG tag, SUMO domain and tobacco etch 

virus (TEV) protease-cleavage site, was expressed in SF21 insect cells. Recombinant protein was 

purified initially from cell supernatant with anti-FLAG M2-agarose. Pooled fractions were 
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concentrated, and the N-terminal fusion tag was removed with TEV protease (1:25 (v/v), 5 h at 

room temperature, then overnight at 4oC). Gel-filtration chromatography (Superdex 75) in 20 mM 

HEPES, pH 7.2, 100 mM NaCl, and 0.2 mM DTT resulted in pure and stable protein that was 

concentrated for crystallization. 

Structure determination. P. vivax PMV (11 mg/ml) was co-crystallized with 27 (8 molar excess) 

in 0.2 M ammonium sulfate, 25% (w/v) polyethylene glycol 3350, and 0.1 M bis-tris chloride, pH 

5.5, at the CSIRO Collaborative Crystallization Centre. Crystals were frozen in well solution sup-

plemented with 20% ethylene glycol. Data were collected at the Australian Synchrotron MX2 

beamline at 100 K using the Australian Cancer Research Fund Eiger 16M detector. Data were 

processed with XDS [45, 46] Pointless [45] and Aimless [47] and the structure solved by 

molecular replacement with Phaser [48] using the PMV chain A 

protein component only from PDB 4ZL4 [37]. Further rounds of building and refinement with 

Coot [49] and Phenix [50], incorporating simulated annealing, yielded the final model. Restraints 

and co-ordinates for 27 were generated using the Grade server [51]. GlcNAc moieties were built 

using Coot into density for glycosylation (derived from insect cell expression). 

Molecular modelling experimental. CLC Drug Discovery Workbench software (version 2.4.1) 

was used to minimize each P2 analogue using the previously published P. vivax plasmepsin V 

crystal structure (PDB accession number 4ZL4) [37]. A 13Å radius binding site, centralized to 

binding region of WEHI-842 to plasmepsin V, was setup for minimalization of the input ligand. 

The water molecule present in the P2 pocket of the X-ray crystal structure was retained for docking 

purposes. The input ligand was built into the program using the ligand designer and WEHI-842 as 

a template. To minimalize the binding conformation of the input ligand, CLC Drug Discovery 

Workbench uses a standard mode to determine the favorable binding poses, which detects various 



 57 

flexible ligand conformations while holding protein as rigid structure during docking. The default 

number of iterations was set at 500. The ligand binding interactions of the resulting minimization 

were observed using the CLC Drug Discovery visualization tool and a score calculated. The 

docking data was then exported into PyMOL software for the visualization and output of the image 

seen in Figures S1-S4. The docking score used in the Drug Discovery Workbench is the 

PLANTSPLP [52]. 

 

Biology Experimental 

Plasmepsin V fluorogenic PEXEL cleavage assays. Recombinant P. vivax plasmepsin V and 

PEXEL cleavage assays were performed as described previously [37]. Briefly, P. vivax plasmepsin 

V was recombinantly expressed and purified from High Five insect cells using anti-FLAG M2-

agarose followed by Gel-filtration chromatography (Superdex 75). Reactions included a 

fluorescent peptide of nine amino acids containing the PEXEL (RTLAQ) sequence from KAHRP 

[29]. The KAHRP PEXEL peptide substrate DABCYL-RNKRTLAQKQ-E-EDANS was obtained 

commercially and used at a final assay concentration of 12 μM (the Km of the substrate). The end-

point for all assays was set within the linear range of activity (approximately 1 h). Tween-20 was 

used at 0.005% final assay concentration. The final assay buffer concentration was as follows: 25 

mM Tris HCl and 25 mM MES, pH 6.4. The final assay volume was 20 μL which consisted of 2.5 

ng per well of recombinant P. vivax plasmepsin V. A ten-point 1-in-3 serial dilution of compounds 

was generated using DMSO as a vehicle (final assay concentration of 1%). Assay reactions were 

incubated for 120 min at 37°C and read using a fluorescence plate reader (ex, 340 nm; em, 495 

nm). IC50 values were determined using a nonlinear regression four-parameter fit analysis, using 

GraphPad Prism software, where two of the parameters were constrained to 0 and 100%.  
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Parasite PEXEL processing assay, immunoblot, and densitometry. P. falciparum 3D7 were 

cultured in human O+ erythrocytes at 4% hematocrit in RPMI 1640 medium supplemented with 

25 mM HEPES, pH 7.4, 0.2% sodium bicarbonate, and 0.5% Albumax II (Invitrogen) in culture 

gas (5% CO2, 5% O2, 90% N) at 37ºC. P. falciparum 3D7 expressing PfEMP3-GFP were as 

generated previously [29] and treated with compounds as described previously [35]. Briefly, 

24−34 h old trophozoites were purified from uninfected erythrocytes by passing the culture 

through a Vario Macs magnet column (Miltenyi Biotech) and cells treated with inhibitor for 3 h at 

37°C in culture gas. Parasites were treated with 0.1% saponin to liberate contaminating 

hemoglobin and pellets solubilized in 4× Laemmli sample buffer before protein separation via 

SDS-PAGE. Proteins were transferred to nitrocellulose, blocked in 10% skim milk/PBS-T (0.05%) 

and probed with mouse anti-GFP (Roche; 1:1000 in 1% skim milk/PBS-T) or rabbit anti-HSP70 

(Roche; 1:2000 in 1% skim milk/PBS-T) antibodies followed by horseradish peroxidase-

conjugated secondary antibodies (goat α-mouse; Silenius; 1:1000 in 1% skim milk/PBS-T) and 

visualized using enhanced chemiluminescence (GE Amersham). Blots were exposed within the 

linear range using film or the ChemiDoc™ Touch system (Bio-Rad), imaged or scanned and then 

quantified in Image Lab (Bio-Rad). 

Parasite viability assay. Parasite viability assays were performed as described by Gamo et al [53]. 

Briefly, P. falciparum 3D7 parasites were cultured according to the procedure described by Jensen 

et al. [54] in RPMI-HEPES media supplemented with L-glutamine and Albumax II. Early ring-

stage P. falciparum 3D7 parasites were obtained by sorbitol synchronization and incubated with 

compounds solubilized in DMSO (not greater than 0.02% final to limit toxicity) in ten-point 

titrations. Parasitemia was determined at 72 h using a lactate dehydrogenase (LDH) readout as a 

percentage relative to the DMSO vehicle control. Values were plotted using a 4-parameter log 
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dose, non-linear regression analysis, with sigmoidal dose response (variable slope) curve fit in 

GraphPad Prism (ver 6.05) to generate drug curves and EC50 values. 

HepG2 cell growth inhibition assay. The cell growth inhibition assays were performed as 

described by Gilson et al [44]. Briefly, HepG2 cells were cultured in Dulbecco’s Modified Eagles 

Medium (DME) supplemented with 10% fetal calf serum (FCS) in a humidified incubator at 37°C 

and 5% CO2. Cells (1 x 104) were seeded in 384 well assay plates and incubated with compounds 

(10-point titration) for 48 hr.  Cytotoxicity was determined using Cell Titer Glo. Percent viability 

was normalized to DMSO controls (100% viability) and 10 M bortezomib (0% viability). The 

EC50 was calculated using a four-parameter logistic nonlinear regression model. 
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ABBREVIATIONS 

Abu – aminobutyric acid; Cav – canavanine; CyHexGly – cyclohexylglycine; CyPenGly –  

cyclopentylglycine; EtNva – beta-ethyl-norvaline; GFP – green fluorescent protein; HBTU – O-

(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate; β-hydroxy-Val – β-

hydroxy-valine; 2-indanylGly – 2-indanyl glycine; KAHRP – knob associated histidine rich 

protein; LDH – lactate dehydrogenase; β-methyl-Phe – (2S,3S) erythro-L-β-methyl-phenylalanine; 

Nva – norvaline; Orn – ornithine; PfEMP3 – P. falciparum erythrocyte membrane protein 3; PMV 

– plasmepsin V; PEXEL – Plasmodium export element; Pf – Plasmodium falciparum; β-phenyl-

Phe – 3,3-diphenyl alanine; threo-β-phenyl-Ser – D,L-threo-β-phenyl serine; Pv – Plasmodium 

vivax; Sta – (3S,4S)-4-amino-3-hydroxy-6-methylheptanoic acid; tBuGly – tert-butyl glycine; 

TFA – trifluoroacetic acid. 
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