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Abstract 
 

The dehydrodopamine structural motif is found widely throughout the world of natural 

products, being particularly prevalent in products isolated from marine species.  This unique 

structure arises from post-translational modification of a C-terminus tyrosine residue, and 

gives rise to interesting biochemical functions in the molecules in which it resides.  This 

thesis focuses on the development of methods into the synthesis of enamide derivatives of 

dehydrodopamine, with the ultimate application of these methods being in the synthesis of 

natural products.   

Model studies proved Buchwald-type copper catalysed cross-coupling reactions to be widely 

applicable in the synthesis of dehydrodopamines.  The methods developed in these model 

reactions displaying a wide tolerance for a variety of substrates, while also conserving the 

stereochemical properties of the employed starting materials. 

Following these findings, the developed synthetic procedures were used in combination with 

solid phase peptide synthesis techniques in attempts to access a range of short 

dehydrodopamine containing peptides.  The synthesis of the natural pentapeptide 

tunichrome Sp-1 22 was achieved, along with a series of differentially protected analogues 

(Fmoc/TBS-106, Fmoc-109, Fmoc/O-methyl-111, and O-methyl-110), as well as the 

unnatural [D-Pro]4-diastereomer 107 – with these compounds proving to have potent 

anti-oxidative activity in vitro.  NMR characterisation studies of tunichrome Sp-1 revealed the 

existence of an additional cis-prolyl isomer of the compound that was present in the original 

isolation publication but was not characterised at the time.  Significant progress was also 

made into the synthesis of the potent antimicrobial octapeptide plicatamide 23, with the 

synthesis of the Fmoc/Trt/TBS-protected structure (117) achieved.  Deprotection of this 

compound however proved problematic, with plicatamide proving unstable under the 

attempted purification procedures. 

The synthesised library of tunichrome Sp-1 analogues was subjected to testing in oxidative 

conditions, revealing a widespread ability for these compounds to undergo polymerisation.  

These compounds demonstrated a wide array of addition reactions upon the present 

dehydrodopyl and DOPA residues.  The extent to which polymerisation occurred appears to 

reinforce the predicted activity of tunichrome class of compounds as cross-linking agents 

within tunicate species.   
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1.1 Dehydrodopamine containing natural products 

 

1.1.1 The dehydrodopamine moiety 

 

 

Figure 1: The dehydrodopamine moiety (dcΔDOPA) coloured blue, with the associated 
enamide functionality circled. 

 

The work presented in this project primarily relates to chemistry of natural products 

containing the dehydrodopamine moiety (dcΔDOPA).  This structure, shown in Figure 1, is 

commonly found in marine natural products, and is also an important structure in the 

biochemistry of insects.1–12  The nitrogen of dehydrodopamine is typically present as part of 

an enamide functional group, although other structures, such as guanidine groups can also 

be attached.11  As well as dehydrodopyl enamides, similar dehydrotyramine and 

dehydrotopyl enamide structures (with 4-hydroxy and 3,4,5-trihydroxy ring structures 

respectively) are also common in nature.1–3,13–16  These structures are believed to be 

metabolites of tyrosine residues, that have been modified via hydroxylation on the aromatic 

ring by tyrosinase enzymes (Step (i) Scheme 1).17   
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Scheme 1: Possible biosynthetic routes for the formation of the dehydrodopamine moiety: 
(i) tyrosinase; (ii) DOPA decarboxylase; (iii) phenoloxidase; (iv) quinone methide isomerase; 

(v) oxidative decarboxylase. 

 

The free acid group of the tyrosine residue is also cleaved, with an alkene introduced into 

the alkyl chain.  The mechanism for this second transformation however varies between 

organisms.  In insects for example, the synthetic route is believed to first involve the 

formation of a saturated dopamine residue via the enzyme DOPA decarboxylase (Step (ii), 

Scheme 1).17  Phenoloxidase can then oxidise this molecule into the corresponding 

orthoquinone (Step (iii), Scheme 1), followed by rearrangement of the formed quinone into 

the quinone methide via the action of a quinone methide isomerase (Step (iv), Scheme 1).18  

Tautomerisation of the quinone methide species can then form the more stable 

dehydrodopamine structure.17,18  Alternatively, dehydrodopamine could be formed via a 

single oxidative decarboxylase enzyme reacting directly with a DOPA residue (Step (v), 

Scheme 1).17  This pathway is based on the existence of oxidative decarboxylase enzymes 

found in bacterial systems, which are capable of performing this type of reactions upon C-

terminal tyrosine residues.13,19 

 

 

1.1.2 Dehydro-N-acetyldopamine 

 

One of the simplest dehydrodopyl enamide structures found in nature is dehydro-N-

acetyldopamine (dehydro-NADA, 1), originally isolated by Andersen from the cuticle of 
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locusts.20  This compound has been extensively linked in the process of cuticle sclerotization 

in insects, whereby the exterior cuticle layer is hardened, forming the exoskeleton.20–24   

 

 

Figure 2: The structure of dehydro-N-acetyldopamine (1). 

 

The key to the sclerotizing activity of dehydro-NADA appears to be its ability to cross-link 

structures within the insect cuticle.  The hardened cuticle of insects is a complex matrix 

consisting of both the structural polysaccharide chitin, as well as a variety of crosslinking 

peptides.23  It has been shown that enzymes existing in the insect cuticle act to form 

dehydro-NADA from N-acetyldopamine (Steps (iii)-(iv), Scheme 1), which is subsequently 

oxidised by laccase to form a quinone methide structure (Scheme 2).18   

 

 

Scheme 2: Crosslinking activity of dehydro-N-acetyldopamine (1). 

 

The quinone methide species is highly reactive, and undergoes nucleophilic addition at the α 

and β positions within the molecule.18  Nucleophiles such as those on the side-chains 

histidine, leucine and tyrosine residues of proteins have all been shown to bond to 

dehydro-NADA.22,23  Such reactions are believed to be how dehydro-N-acetyldopamine 

causes cuticle sclerotization, in effect, binding together the components of the cuticle matrix.  

In addition to these reactions, dehydro-NADA has been shown to undergo addition with 

itself, forming a large array of naturally occurring dimers, a selection of which are shown in 

Figure 3.   
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Figure 3: A selection of dehydro-NADA dimers (2-7) all isolated from insect species.25–27 

 

These dimers are formed when the catechol group of another N-acetyldopamine-type 

compound adds to the quinone methide, forming the benzodioxane structure present in the 

dimers.  The above dimers have all been isolated from the insect species Aspongopus 

chinesis, a species which has been used as a traditional Chinese medicine in the treatment 

of pain and neuropathy, erectile dysfunction and cancer.27,28  Testing upon these individual 

components of the organism revealed compounds 4 and 5 to inhibit glucose-induced 

collagen IV, fibronectin and IL-6 formation in mesangial cells – suggesting they may have 

therapeutic use in the prevention of diabetic nephropathy.27  Additionally, compound 4 was 

found to be a potent inhibitor of COX-2 enzymes, giving it possible anti-inflammatory 

properties.27  Testing performed specifically on compounds 4 and 6 meanwhile, showed both 

compounds to have potent anti-oxidative activity in a wide range of assays.26 
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1.1.3 Tubastrine and orthidines A-E 

 

The analogous structures to the dehydro-NADA compound library in the marine world come 

in the form of tubastrine 8 and its related dimers: orthidines A-E (9-13).   

 

 

Figure 4: The structures of tubastrine 8 and orthidines A-E (9-13). 

 

Tubastrine 8 was originally isolated from the coral Tubastrea aurea  by Sakai et al. in 1987, 

and has since then also been found in the ascidian Dendrodoa grossularia.11,29  Orthidines A-

E (9-13) meanwhile, were isolated alongside tubastrine from the ascidian Aplidium orthium 

by Pearce at al. in 2008.30  Tubastrine features a styryl guanidine group rather than an 

enamide seen in previous structures.  This molecule however still has the ability to form 

dimers, analogous in structure to the benzodioxane dimers of dehydro-NADA.  As well as 

these structures, orthidine E (13) represents a cyclobutane dimer, apparently the result of 

cycloaddition of two tubastrine units.  Compounds 8-11 and 13 have shown anti-

inflammatory activity, as evidenced by their ability to inhibit superoxide production in PMA-

stimulated human neutrophils.30 
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1.1.4 Tunichromes 

 

The tunichromes are a family of DOPA and/or TOPA residue rich compounds isolated from 

blood cells of marine ascidian species.  Tunichromes are characterised as being small 

peptidyl compounds, all of which contain a dehydrodopyl or dehydrotopyl group at the C-

terminus.  They also all contain at least one other DOPA or TOPA residue within their 

structure.31  Tunichromes can be classified by the specific organism in which they isolated 

from, either Ascidia nigra (Tunichromes An-1 14, An-2 15 and An-3 16)1,3,4, Molgula 

manhattensis (Tunichromes Mm-1 17 and Mm-2 18)1, Phallusia mammillata (Tunichromes 

Pm-1 19, Pm-2 20, Pm-3 21)2, or Styela plicata (Tunichrome Sp-1, 22)10 (Figure 5). 

 

 

Figure 5: The structures of the tunichromes. 

 

These electron rich structures are good reducing agents, a property that has suggested they 

play a role in vanadium (III) or iron (II) sequestration.2,32–34  Each of these oxidatively 
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sensitive metal ions is found in high concentrations within tunicate species (V3+ in Ascidia 

and Phallusia species,  Fe2+ in Molgula species)1,2 in the same blood cells as tunichrome 

compounds.  It has been suggested that tunichromes act to maintain these oxidation states, 

reducing the naturally occurring V5+ or Fe3+ to V3+ or Fe2+ respectively.  While this is possible 

of the tunichromes associated with iron sequestration,35 no evidence has been found thus far 

of tunichrome compounds being able to reduce vanadium below an oxidation state of +4.17  

The role of vanadium ions in tunicate species has remained unknown for over 100 years, 

with tunic biogenesis or immunological functions among the many roles that have been 

proposed.33  Some other suggested functions, such as primitive O2 transport, or as a 

chemical deterrent to predators have however been largely disproven.36,37 

Given tunichromes contain dehydrodopamine, a possible role as cross-linking agents for this 

class of compounds has been proposed.17  Tunicates possess a protective outer tunic, which 

is composed of a fibrous polysaccharide and structural protein matrix.38,39  Given the 

dehydrodopyl group is capable of being oxidised by phenoloxidases present in these 

species, it is feasible that tunichrome molecules could undergo cross-linking reactions in vivo 

during tunic formation or repair.17,40  The presence of additional dopyl and topyl groups would 

likely add an extra layer of reactivity to these molecules, with these residues also capable of 

addition reactions upon oxidation, a process commonly observed in the DOPA rich adhesive 

foot proteins of mussels.41  Studies on crude mixtures of tunichromes from Ascidia nigra 

have shown that tunichromes are indeed capable of cross-linking soluble proteins.40 

Tunichromes have also been suggested to function as anti-microbial agents within tunicates.  

Fractional isolates of tunichrome mixtures from Ascidia nigra have shown activity against 

Gram-negative bacteria (Escherichia coli and Photobacterium phosphorium), but not towards 

Gram-positive bacteria (Staphylococcus aureus).40  However, testing of pure tunichrome Sp-

1 22 against E. coli, S. aureus, and Pseudomonas aeruginosa revealed no activity against 

any of these strains.10 
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1.1.5 Plicatamide 

 

 

 

Figure 6: The structure of plicatamide (23) 

 

Another interesting dehydrodopamine containing natural product is the octapeptide 

plicatamide (23).  This peptide was isolated from the blood cells of the same tunicate as 

tunichrome Sp-1, Styela plicata, by Tincu et al. in 2000.9  Plicatamide has displayed potent 

antimicrobial activity against Listeria monocytogenes, E. coli, P. aeruginosa and methicillin 

resistant S. aureus.42  Given the histidine rich nature of plicatamide, it would appear to be 

classed as a cationic antimicrobial peptide (CAP), wherein the amphipathic histidine 

residues allow for the molecule to permeate the phospholipid bilayer of the targeted 

organism.43,44  Biological testing by Tincu et al. on plicatamide did confirm that this was 

indeed the mechanism of action, with the molecule causing cell membrane permeation, the 

subsequent potassium efflux killing the cell.42  Interestingly though, plicatamide shows far 

higher activity at pH = 7.4 compared to pH = 5.5.  This is unusual for a cationic antimicrobial 

peptide as they are typically active in acidic environments, i.e. when the species is in its 

cationic state.43  The fact that plicatamide effects its toxic properties when the histidine 

residues are uncharged, coupled with the fact that it is significantly shorter than most 

existing antimicrobial peptides, suggests a rather novel mechanism of action for the 

compound.42 

 

 

1.1.6 Clionamide, celenamides A-E and storniamides A-D 

 

Clionamide (24) and the related celenamide class of compounds (celenamides A-D, 25-28) 

were all isolated from the marine sponge Cliona celata, while celenamide E (29) was 
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isolated from the species Cliona chilensis (Figure 7).5–7,45  These compounds are all short 

peptides which contain either a dehydrotyramine, dehydrodopamine or dehydrotopamine 

residue at the C-terminus.  All of these structures, except for celenamide D (28), possess 

6-bromotryptophan residues.  The structures of the celenamides meanwhile all contain 

additional dehydro-TOPA residues.  

 

 

Figure 7: The structures of clionamide (24) and celenamides A-E (25-29) 

 

From the compounds isolated from C. celata, only clionamide has been shown to have very 

weak antibiotic activity,45 while celenamide E on the other hand has shown activity against 

the Gram-positive bacteria S. aureus, Micrococcus luteus, Bacillus subtilis and Enterococcus 

faecallis.7 
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Figure 8: The structures of storniamides A-D (30-33). 

 

Another family of compounds isolated from a Cliona species of sponge are the storniamides 

(A-D, 30-33, Figure 8).8  These compounds have displayed antibiotic activity against Gram-

positive bacteria (S. aureus, B. subtilis and M. luteus), but are inactive against Gram-

negative bacteria and the fungus Candida albicans.8  A completely O-methyl protected 

synthetic analogue of storniamide A (34, Scheme 7, Section 1.2) meanwhile, has been found 

to be active in treating cancer cell lines.  While not cytotoxic itself, permethyl storniamide A 

(34) has been shown to reverse multi drug resistance in specific human colon cancer cell 

lines.46 

 

 

1.1.7 Halocyamines A and B 

 

One of the most interesting compounds discussed in the previous sections was plicatamide 

(23), an anti-microbial peptide which contains the dehydrodopamine moiety.  While 

halocyamines A and B (35 and 36) do not contain dehydrodopamine, they are interesting in 

that they are also enamide containing, short peptides that have cytotoxic activity.47 
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Figure 9: The structures Halocyamine A (35) and B (36) 

 

The halocyamines were isolated together from the ascidian Halocynthia roretzi by Azumi et 

al. in 1990.47 These compounds both possess a dehydro-6-bromotryptamine residue at the 

C-terminus of a tetrapeptidyl chain.  The dehydro-6-bromotryptamine residue is present in a 

Z-geometry, as opposed to the E-geometry ordinarily seen in dehydrodopamine structures.  

These two compounds have exhibited a wide array of bioactive functions.  Both the 

halocyamines showed antimicrobial activity against the Gram-positive bacteria B. subtilis, 

Bacillus megaterium and Bacillus cereus, as well as the yeast Cryptococcus neoformans.47  

Halocyamine A has also been shown to be cytotoxic against N18 neuroblastoma cells as 

well as against neuron cells from rat fetal brain.47  As the halocyamines are believed to be 

related to the immunology of the host ascidian, they were also tested against marine 

bacterial and viral strains.48  Halocyamine A is active against Achromobacter aquamarines 

and Pseudomonas perfectomarinus, while being inactive against Alteromonas putrefaciens 

and Vibrio anguillarum.48  It is of note that halocyamine A is less active against Gram-

negative bacteria (of which the majority of marine species are) as opposed to Gram-

positive.47,48  Halocyamine A is however able to completely inhibit the growth of infectious 

hematopoietic necrosis virus (IHNV) and infectious pancreatic necrosis virus (IPNV) in RTG-

2 trout ovarian cells. 

 

 

1.1.8 Styelins and clavanins 

 

Another set of antimicrobial compounds isolated from ascidians are the styelin and clavanin 

classes of peptides.49  These compounds are purely peptidyl in nature, featuring no dehydro-
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amino acid residues.  Styelins A-E and clavanins A-E were all isolated or produced 

recombinantly from the ascidian species Styela clava.50–54    

The clavanins A-D were originally isolated by Lee et al. in 1997,51 and clavanin E cloned 

from cDNA of the organism shortly after the same year.50  These peptides are all 23 amino 

acids in length and feature histidine rich sequences.  It is believed that they act as cationic 

antimicrobial peptides, due to their  amphipathic α-helix structures.49,51  The clavanins have 

been demonstrated to show antimicrobial activity against E. coli, P. aeruginosa, S. aureus, L. 

monocytogenes and C. albicans species.49,51 

Styelins A and B were originally isolated from Styela clava in 1997,52  with the rest of the 

family initially isolated through cDNA cloning.50  Styelin D was then later isolated from the 

same organism in 2000.54  Styelins A-E are longer peptides than the clavanins at 32 

residues in length, and typically feature a high degree of posttranslational modifications, 

such as DOPA or hydroxylysine residues.53  The styelins have shown antimicrobial activity 

against a range of bacteria, including Gram-positive L. monocytogenes, S. aureus and 

vancomycin resistant E. faecium, as well as Gram-negative E. coli, P. aeruginosa  and 

Salmonella typhimurium.52  Styelin D in particular is interesting as it features extensive post-

translational modifications in having four DOPA residues, two monohydroxylysine residues, 

three dihydroxylysine residues, a dihydroxyarginine residue and a 6-bromotryptophan 

residue.54  These modifications appear to enhance this molecule's antimicrobial activity in 

saline and low pH  conditions.53,54 

 

 

1.1.9 N-Acyl tyrosines 

 

Shown in Scheme 3 is a set of compounds that were found to be encoded for in 

environmental DNA (eDNA) extracted from soil samples.13,55,56  Incorporation of this eDNA 

into E. coli colonies by Brady et al. allowed for the biosynthesis of examples of N-acyl 

tyrosines,55,56 as well as the enamide and enol ester analogues.13  These compounds 

featured a variety of different fatty acid side chains, ranging from 8 to 18 carbon atoms in 

length, with both saturated and monounsaturated chains isolated.13,55,56   
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Scheme 3: The N-acyl tyrosine family of molecules, and subsequent N-acyl enamide and 
N-acyl enol ester metabolites (n = 6–16): (i) Oxidative decarboxylase, (ii) N,O-Transferase. 

 

Sequencing of the gene cluster responsible for the formation of these compounds appeared 

to show evidence of the encoding  of an oxidative decarboxylase enzyme.13  The N-acyl 

tyrosine compounds have been shown to exhibit antibacterial activity against B. subtilis, with 

the most potent analogues being those with C13-C16 length saturated side chains.56  
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1.2 Previous syntheses of dehydro-N-acetyldopamine (1) 

 

As the chemistry of dehydro-N-acetyldopamine (1) had been so widely reported on, it 

seemed the logical starting point at which to review the previous syntheses of 

dehydrodopamine containing natural products. 

 

 

Scheme 4: The original synthesis of dehydro-N-acetyldopamine 1. Reagents and conditions: 
(i) SOCl2, benzene, reflux, 2 h; (ii) NaN3, acetone, 0°C, 1h; (iii) benzene, reflux, 4 h; 

(iv) 1. CH3MgBr, THF, N2, 0°C, 2 h; 2. H2O; (v) BBr3, CH2Cl2, N2, -60°C, 10% overall yield.57 

 

The first synthesis of dehydro-NADA was achieved in 1987 by Ramamurthy and 

Sugumaran, starting from 3,4-dimethoxycinnamic acid.57  The 5 step synthesis first involved 

conversion of the acid to an acid chloride, followed by reaction with NaN3 to form an acyl 

azide (Steps (i) and (ii), Scheme 4).  Curtius rearrangement of the acyl azide formed an 

isocyanate, which with subsequent Grignard addition of methyl magnesium bromide gave 

rise to the acetyl end group (Steps (iii) and (iv), Scheme 4).  The resulting deprotection of 

the O-methyl groups produced dehydro-NADA (1) in 10% yield over the 5 steps.  A year 

later, the same group published an improved, two-step synthesis that used norepinephrine 

as the starting material.58 
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Scheme 5: Improved synthesis of dehydro-N-acetyldopamine. Reagents and conditions: 
(i) Ac2O, TEA, N2, 100°C, 1 h, 97% yield; (ii) K2CO3, DMSO, N2, 110°C, 2 h, 55% yield.58 

 

This synthesis involved acetylation of the free hydroxyl and amine groups of norepinephrine, 

followed by treatment with K2CO3 (Scheme 5).  This reaction produced dehydroNADA in a 

53% yield overall. 

 

 

Scheme 6: Synthesis of dehydro-N-acetyldopamine by Ishibashi et al.  Reagents and 
conditions: (i) SnCl4, CH2Cl2, 0°C, 1.5 h, 57% yield; (ii) AlH3, Et2O, 0°C, 1h; (iii) Ac2O, 

pyridine, rt, overnight, 74% over 2 steps; (iv) NaIO4, H2O/CH3OH, rt, 15 h; then NaHCO3, 
chlorobenzene, reflux, 8h, 63% yield.59 

 

Another synthetic route into dehydro-NADA was published by Ishibashi et al., in which the 

enamide is introduced via oxidation of, and subsequent  thermolysis of, a phenylthio group at 
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the β position in the molecule.59  The starting material for this reaction was produced via a 

Friedel-Crafts reaction of 1,2-dimethoxybenzene with 2-chloro-2-(phenylthio)acetonitrile 

using SnCl4 as the Lewis acid (Step (i), Scheme 6).  Reduction of the nitrile followed by 

acetylation of the resulting amine gives the β-phenylthio precursor molecule.  Oxidation to 

the sulfoxide by NaIO4 then allows for the alkene to be introduced via heating with NaHCO3 

(Step (iv), Scheme 6).  The resulting molecule could then be deprotected with BBr3, similarly 

to step (v) in Scheme 4. 

The synthesis of permethyl storniamide A (34), first performed by Boger et al., followed a 

synthetic route similar to the one shown in Scheme 6 to introduce the two enamide groups 

present in the structure (Scheme 7).46 

 

 

Scheme 7: The synthesis of permethyl storniamide A (34).  Reagents and conditions: (i) 
PyBrOP, DIPEA, Ar, 25°C, 2 h, 100% yield; (ii) NaIO4, CH3OH/H2O, 6 h, dried ,then Na2CO3, 

toluene, 80°C, 18 h, then 100°C 12 h, 76% yield.46 

 

This reaction yielded the product 34 in a 76% yield, however this was present as a 2:1 

mixture of E,E and E,Z isomers.  Attempts to deprotect the O-methyl groups resulted in 

either partial deprotection, or degradation of the product.46  
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1.3 Synthesis of peptidyl enamides 

 

1.3.1 Oxidative decarboxylation and elimination of an O-acetyl group 

 

The majority of the natural products of interest featured dehydrodopamine attached to 

peptidyl residues.  For the synthesis of such compounds, a method was required whereby 

enamides could be formed within a peptide chain.  One method of installing such an 

enamide was to oxidatively cleave the C-terminus acid group of a peptide (Scheme 8).  This 

method, published by Wang et al., is noteworthy in that it appears to mimic the biosynthetic 

pathway to these compounds.60  

 

 

Scheme 8: Oxidative decarboxylation of a protected dipeptide.  Reagents and conditions: 
(i) Pb(OAc)4, Cu(OAc)2, pyridine, THF; (ii) DIPEA, LiClO4, THF.60 

 

The oxidative decarboxylation of the free acid group is achieved via the addition of lead (IV) 

acetate, along with a catalytic amount of copper (II) acetate (Step (i), Scheme 8).60,61  The 

formed O-acetyl group can then be eliminated with the use of DIPEA and lithium perchlorate 

(Step (ii), Scheme 8).  This reaction has been demonstrated to work on a range of different 

dipeptides, employing a Boc-protecting group strategy.60  In terms of the geometry of the 

double bond in the resulting products, the ratio of Z:E formed appears to be heavily 

dependent on the side-chains of the amino acids used. Reactions upon C-terminal tyrosine 

and phenylalanine compounds showed roughly equal amounts of Z:E isomers formed, while 

C-terminal leucine slightly favoured the Z isomer (approx. 2:1, Z:E).  C-terminal tryptophan 

residues meanwhile, showed high selectivity for the Z isomeric forms (up to 14:1, Z:E).  In all 

cases the stereochemistry of the chiral centre in the adjacent  amino acid residue was 

unaffected.60 

This method was used successfully in the synthesis of the indole enamide compounds 

chondriamide A and C (37 and 38).60 With the presence of a terminal tryptophan residue, the 

enamide could be installed in 63% yield, with a Z:E ratio of 14:1, using the given method 

(Step (i), Scheme 9).  The Z-enamide of chondriamide C (38) could later be converted to the 



  Chapter 1: Introduction 
 

 
19 

 

E-geometry by stirring in a lithium perchlorate solution for 20 hours, forming chondriamide 

A(37) in 43% yield (Step (iii), Scheme 9).   

 

 

Scheme 9:  The synthesis of chondriamides A and C (37 and 38).  Reagents and conditions: 
(i) 1. Pb(OAc)4, Cu(OAc)2, pyridine, THF, N2, 25°C, 1 h, 2. LiClO4, DIPEA, THF, 25°C, 15 

min 63% yield; (ii) 1. LiClO4, NaOMe, THF, N2, rt, 40 min, 2. NaOMe, THF, Ar, rt, 2 h, 37% 
yield; (iii) LiClO4, THF, Ar, rt, 20 h, 43% yield.60 

  

Chondriamides A and C were both isolated from the Chondria genus of sponge.62,63  

Chondriamide A (37) has shown cytotoxic activity against KB and LoVo cell lines, as well as 

antiviral activity against HSV-2.62  Chondriamide C (38) meanwhile is a potent anthelmintic 

compound.63 

 

 

1.3.2 Oxidative decarboxylation of a thioester 

 

Another biomimetic route towards enamides was found in the oxidative decarboxylation of 

thioesters method published by Min et al. (Scheme 10).64 
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Scheme 10: Synthesis of enamides via oxidative decarboxylation of a thioester.  Reagents 
and conditions: (i) 4-mercaptopyridine, EDC, CH2Cl2, rt, 90 min, 50% yield; (ii) [(η3-

allyl)PdCl]2, CataCXium A, dioxane, 105°C, 18 h, 72% yield.64 

 

This method first involves conversion of the terminal acid group of a peptide into an aromatic 

thioester.  The resulting compound is then decarboxylated by an allyl-palladium catalyst, 

introducing the double bond of the enamide.   Scheme 10 shows an example of this reaction 

upon a proline-phenylalanine dipeptide, which produced the corresponding enamide in a 

36% overall yield.  The reaction has also been shown to proceed well when performed upon 

Boc or Cbz protected amino acid thioesters, producing the αβ-dehydro analogues of these 

compounds in a predominantly E-geometry.  While limited examples have been performed 

on di/tri-peptide compounds (such as in Scheme 10), the impact of the reaction upon the 

stereochemistry of the chiral centre of the neighbouring amino acid residue is unreported.64  

Similar reactions to this have also been reported utilizing Ni(PPh3)4 as the catalyst in the 

presence of  a copper (I) species.65 

 

 

1.3.3 Copper catalysed coupling of a vinyl halide onto an amide 

 

The current most widely used method of synthesising enamides is via copper (I) catalysed 

coupling of an amide with a vinyl halide.66  The coupling procedure shown in Scheme 11, as 

published by the Buchwald group in 2003,67 is the most robust route into enamide 

compounds at present.  This synthesis was based upon earlier copper (I) catalysed C-N 

cross couplings,68,69 but was the first method that prevented isomerization of the vinyl halide 

during the reaction. 
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Scheme 11: Buchwald coupling of an amide with a vinyl halide.  Reagents and conditions: 
(i) 5 mol% CuI, DMED, K2CO3 or Cs2CO3, solvent, rt–110°C.67 

 

This reaction employs relatively mild reaction conditions and tolerates a wide range of 

substrates, including esters, thioethers, silyl ethers and amino groups.67,70  Only small 

amounts of copper (I) iodide and N,N'-dimethylethylenediamine ligand are required to 

catalyse the coupling reaction.  The geometry of the alkene of the coupling vinyl halide is 

conserved during the reaction, and di- and tri-substituted vinyl halides are tolerated well.  

The reaction is known to proceed with both vinyl bromides and vinyl iodides, with the iodides 

being more reactive and thus higher yielding at lower temperatures.67 

Work by Cesati et al. showed that the Buchwald coupling could progress on a range of 

unprotected amino acid amides, even with some possessing reactive groups on the side-

chain.  However, of the tested amino acid side-chains, the tyrosine, arginine, histidine and 

glutamic acid derived compounds all proved problematic.70   

 

 

Scheme 12: Buchwald enamide synthesis upon amino acid amides.  Reagents and 
conditions: (i) 5 mol% CuI, 10 mol% DMED, Cs2CO3, THF, 70°C.70 

 

Additionally, the reaction was shown to proceed upon dipeptide compounds with C-terminus 

amide groups.  These conditions also proved to conserve the stereochemistry of any chiral 

centres within the coupled enamide products. 

Buchwald-type coupling reactions have been used in the synthesis of a number of enamide-

containing natural peptide products.71–75  One example is shown below in Scheme 13, 

wherein a Buchwald coupling is used to synthesise the enamide functionality during the 

synthesis of the natural plant cyclopeptide ziziphine N (39).71 
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Scheme 13: The Buchwald coupling step in the synthesis of Ziziphine N (39).  Reagents and 
conditions: (i) CuI, (CH3)2NCH2CO2H, Cs2CO3, dioxane, 80°C, Ar, 75% yield.71  

 

 

1.4 Other methods of synthesising enamides 

 

Many other methods of synthesising enamides have been previously published, particularly 

prior to the advent of the Buchwald coupling protocol in 2003.66  Classical methods such as 

the Curtius rearrangement of acyl azides (Scheme 4),57,76 Peterson olefination (Step (i), 

Scheme 14),77,78 or the Horner-Wadsworth-Emmons reaction (Step (ii), Scheme 14)79 are 

now rarely used. 
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Scheme 14: Peterson olefination and Horner-Wadsworth-Emmons reaction routes towards 
enamides.  Reagents and conditions: (i) TBAF, THF, rt; (ii) 1. KHMDS, THF, -78°C, 2. 

Aldehyde, THF, rt.77–79 

 

One other noteworthy method of installing enamides is the ruthenium catalysed addition of 

an alkyne onto an amide, published by Gooßen et al. in 2005 (Scheme 15).80  This method 

allows for the selective synthesis of either E or Z enamides, depending upon the ligand 

attached to the ruthenium catalyst. 

 

 

Scheme 15: Gooßen synthesis of enamides.  Reagents and conditions: (i) Method a) for E-
enamides: [Ru(methylallyl)2(cod)], PnBu3, DMAP, toluene, 100°C, 15 h; Method b) for Z-

enamides: [Ru(methylallyl)2(cod)], Cy2PCH2PCy2, H2O, toluene, 100°C, 15 h.80 

 

While this reaction has not been used as widely as copper catalysed cross-couplings, it has 

been used in the synthesis of the enamide containing natural products: lansiumamides A,B 

and I, botryllamides C and E, Z-coscinamides A and B, and igzamide.81–83 

 

 



 

 

 

 

Chapter 2: The synthesis of 

N-acyl dehydrodopamines  
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2.1 Introduction 

 

The synthetic targets of this project are all compounds that contain the dehydrodopamine 

(dcΔDOPA) moiety.  Examples of natural products containing this moiety are given in Figure 

10. 

  

 

Figure 10: Dehydrodopamine containing natural products: tunichrome Sp-1 (22), 
N-acetyldehydrodopamine (1) and plicatamide (23). 

 

Dehydrodopamine appears to be the product of post-translational modification upon a C-

terminus 3,4-dihydroxylphenylalanine (DOPA) residue, wherein oxidative decarboxylation 

gives rise to the enamide functionality.13,17  The electron rich nature of the dehydrodopamine 

moiety leads to interesting redox chemical properties for the molecules in which it resides.   

This reactivity is likely responsible in part for the biological activities which have been 

attributed to many molecules containing dcΔDOPA residues.  Protein cross-linking is an 

attribute associated with dehydro-N-acetyldopamine (dehydro-NADA), and proposed as a 
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function of the tunichrome compound family.17,23,40  Plicatamide meanwhile is a short 

dehydrodopamine containing peptide shown to exhibit anti-microbial activity.42  Being 

significantly shorter than conventional anti-microbial peptides, it appears that the dcΔDOPA 

residue is necessary for plicatamide to achieve cell wall lysis within the bacteria.42  While the 

exact mechanism of action is unknown at present, plicatamide is a novel enough compound 

to warrant further study. 

The overall aim of this project was to develop a robust synthetic route to dehydrodopamine 

structures.  Using such a method, the above natural products could be synthesised.  Doing 

so would allow the further study into the biological role and activity of what appears to be an 

interesting class of compounds. 

 

 

Figure 11: Buchwald coupling of an amide onto a vinyl halide. 

 

Of the methods to access enamides that were discussed in the introduction, the most apt for 

this chemistry appears to be Buchwald-type couplings of amides with vinyl halides.67  This 

method appears the most robust, and requires relatively mild reaction conditions, giving the 

highest chance for success.  

 

 

2.2 Developing N-acyl dehydrodopamine model compounds 

 

Before commencing the synthesis of complex target natural products tunichrome Sp-1 and 

plicatamide, it was decided that a simpler model study should first be conducted in order to 

optimise the necessary reaction conditions.  Knowing that the side chain chemistry of amino 

acids can interfere with the Buchwald coupling reaction,70 proof of concept would first be 

obtained on simpler structures.  

As shown in Scheme 16, the dehydrodopamine end of the enamide would have to be 

incorporated as the vinyl halide coupling partner 40. 
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Scheme 16: Formation of dehydrodopamine enamide via Buchwald coupling. Reagents and 
conditions: (i) CuI, DMED, Cs2CO3, dioxane, 85°C, 18 h. 

 

It was anticipated that the catechol group would be protected with tert-butyldimethylsilyl 

(TBS) groups as literature had shown it to be a robust protecting group for the similarly 

structured DOPA residue.84,85  The same catechol protection strategy was intended to be 

employed for all DOPA fragments to be used in the synthesis of tunichrome Sp-1 (Chapter 

4), so the protection/deprotection chemistry of these model compounds would also provide 

valuable information for these later experiments.  Consistency with the rest of the catechol 

protecting groups when synthesising tunichrome Sp-1 would also mean that catechol 

deprotection could be achieved in one step.  The deprotection conditions for TBS are also 

very mild, requiring only fluoride ion for removal.  Being unaware as to how stable the 

enamide moiety would be to these conditions, milder conditions were desirable in order to 

prevent any possible product decomposition. 

The Buchwald coupling between vinyl halides and amides is known to proceed with a range 

of vinyl halides, with iodides having been shown to be the most reactive.67  Iodides allow for 

higher yields at lower temperatures than the corresponding bromides.  Vinyl iodides could 

typically react at temperatures as low as 70°C, compared to around 110°C for vinyl 

bromides.67  For this reason, a vinyl iodide was believed to give the reaction the greatest 

chance of proceeding successfully.  The milder reaction conditions were also desirable in 

order to minimise any possible side reactions, making the iodide the obvious choice for use 

as the halide for the coupling reactant.  As the Buchwald coupling conserves the double 

bond geometry during the reaction, in order to synthesise the desired E-enamides it is 

important to have the vinyl iodide in a purely E-geometry.  

A preliminary set of model reactions to explore this Buchwald coupling step was envisaged, 

utilising simple alkyl primary amides as one of the reactants.  A library of 10 different straight 

chain alkyl amides, varying in length from 2 carbons (acetamide) to 18 carbons (stearamide) 

was chosen.  These simple alkyl amides have no other reactive groups beyond the amide, 

and their differing chain length would give some variety to their solubility in organic solvents.  

The alkyl amides chosen were also partly inspired by a class of bacterial metabolites known 

as NATs (N-acyl tyrosines).  As described in the introduction, NATs contain acyl chains 
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ranging from 8-18 carbons in length and are known to undergo oxidative decarboxylation to 

form dehydrotyramine enamides (Chapter 1, Scheme 3).13  Encouragingly, a range of fatty 

acid derived enamides have been previously synthesised by Georgiades et al. using a 

Buchwald coupling with a TBS protection strategy.86   

 

 

2.3 Synthesis of starting materials 

 

In the work by Georgiades, TBS protected 4-hydroxystyryl bromide was synthesised from 

4-hydroxycinnamic (Figure 12).86  The conversion of carboxylic acid to halide is a modified 

Hunsdiecker reaction, whereby N-bromosuccinimide was used as a source of radical 

bromine and a lithium salt of the acid was prepared in situ as opposed to using a pre-formed 

silver salt.87,88  These particular reaction conditions are known to be effective when the 

starting material is an analogue of cinnamic acid (3-arylpropenoic acid).89    

 

 

Figure 12:  E-Styryl bromide formation via modified Hunsdiecker reaction performed by 
Georgiades et al.86 

 

The reaction selectively affords the E-styryl halide from the E-acid starting material.  Starting 

with an acid in Z-orientation will still produce predominantly the E-styryl iodide, but in lower 

excess.89  It is also known that N-bromosuccinimide (shown in Figure 12) can be substituted 

with N-iodosuccinimide in order to form the iodinated equivalent; and for that matter, with N-

chlorosuccinimide, if the vinyl chloride is desired.88 Thus a synthetic plan towards (E)-((4-(2-

iodovinyl)-1,2-phenylene)bis(oxy))bis(tert-butyldimethylsilane) (40) was developed as shown 

in Scheme 17.  
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Scheme 17: Synthesis of TBS-protected styryl iodide 40. Reagents and Conditions: (i) 1) 
TBSCl, imidazole, DMF, rt, 18 h; 2) K2CO3, H2O/CH3OH 1:1, rt, 1 h; (ii) NIS, LiOAc, CH2Cl2, 

rt, 1 h. 

 

The starting material for this synthesis was caffeic acid (41), the catechol group of which was 

protected with two tert-butyldimethylsilyl (TBS) ether groups.  This reaction was achieved 

using TBSCl and imidazole in DMF, followed by K2CO3 to yield the protected acid 42 in 87% 

yield after purification.  Spectroscopic and spectrometric data obtained for this compound 

were in agreement with those previously published.90   The transformation from the protected 

acid 42 to the protected styryl iodide was achieved using NIS and LiOAc in CH2Cl2.  With a 

one hour reaction time at room temperature a 31% yield was possible. 

 

 

Figure 13: Key HMBC correlations for iodide 40. 

 

The 1H NMR spectrum of compound 40 showed a distinctive set of signals at 7.28 and 6.56 

ppm corresponding to the two alkene protons.  These signals possessed a 3JHH coupling 

constant of 14.9 Hz, indicating that the compound has an E-geometry.  HMBC correlations 

(as summarised in Figure 13) from the aryl protons H-4 and H-8 (both found at δH 6.74–6.77) 

identified alkene position C-2 at 144.7 ppm, while C-1 was assigned to the 13C resonance at 

73.8 ppm.  The particularly shielded nature of the C-1 resonance is the result of iodine 

substitution.  Mass spectrometry served to confirm the presence of the molecular ion for 

C20H35INaO2Si2 [M+Na]+ at m/z = 513.1105. 

The low yield of 31% for the conversion of acid 42 to vinyl iodide 40 was lower than desired 

and so attempts were made to improve it.  Lengthening the reaction time (up to 4 hours), or 

the changing the reaction temperature (60°C and 0°C), were not found to increase the yield.  

It was observed that during the reaction the solution would become a progressively darker 

red/purple colour, possibly due to I2 formation.  The reaction seemed to progress until all NIS 
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was consumed, becoming either the desired product or the I2 side product.  Doubling the 

equivalents of NIS did not improve the yield, nor did more gradual addition of NIS.  

Increasing the catalytic amount of LiOAc from 25% to 100% was also ineffective.    

A previous study by Das et al. suggested that the solvent used in Hunsdiecker reactions was 

particularly important to reaction rate.91  Their study compared the rate of formation of vinyl 

bromides from various cinnamic acids, finding that a solvent mix of 97:3 CH3CN:H2O 

afforded a faster rate of reaction than CH2Cl2, which was in turn faster than pure CH3CN.  

However, they also noted that the ultimate yield of the reaction was not affected.  Upon 

testing these different CH3CN solvent mixtures in the current reaction, it was found that the 

product yield was reduced.  This appeared to be a result of the very limited solubility of the 

TBS-protected acid 42 in the more highly polar CH3CN solutions. 

The Buchwald coupling reaction also required a set of amide starting materials.  The chosen 

amides were the simple straight chain, saturated amides: acetamide (43), hexanamide (44), 

octanamide (45), nonanamide (46), decanamide (47), lauroylamide (48), myristamide (49), 

palmitamide (50) and stearamide (51), as well as the diunsaturated linoleamide (52).  The 

saturated amides (apart from acetamide and stearamide – both sourced commercially) were 

synthesised from the corresponding acid chlorides via reaction with aqueous ammonia 

(Table 1).   

 

Table 1: Synthesis of fatty acid amides and associated yields. 

 

Number Product (R group) Yield (%) 

44 Hexanamide (-C5H11) 42 

45 Octanamide (-C7H15) 98 

46 Nonanamide (-C8H17) 92 

47 Decanamide (-C9H19) 86 

48 Lauroylamide (-C11H23) 75 

49 Myristamide (-C13H27) 95 

50 Palmitamide (-C15H31) Quant. 
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To synthesise linoleamide (52), linoleic acid was first converted to the acid chloride with 

thionyl chloride before undergoing the same reaction with aqueous ammonia.  This yielded 

52 in a 62% yield. 

All of the NMR spectra obtained for the synthesised compounds 44–52 were in accordance 

with that previously published on each compound.86,92–99  Each compound was also identified 

via mass spectrometry, full details of which can be found in the experimental section 

(Chapter 8). 

 

 

2.4 Buchwald coupling reaction 

 

With fatty acid amides 44–52 and vinyl iodide 40 in hand, the key Buchwald coupling could 

now be attempted.  The initial strategy involved adapting a method published by Cesati et 

al., whereby they successfully reacted a selection of unprotected amino acid derived amides 

with a range of vinyl iodides (Figure 14).70 

 

 

Figure 14: Synthesis of amino acid derived enamides as described by Cesati et al.70 

 

The reason this method was chosen was due to the belief that if successful in the model 

study, it could be quickly adapted to suit the ultimate target peptide enamides.  These same 

reaction conditions were also previously reported in the original Buchwald coupling paper, 

albeit with much simpler starting materials, and so appeared to have wide scope of 

reactivity.67   

The initial model reactions were performed with the simplest amide, acetamide, as the 

coupling partner to vinyl iodide 40.  With acetamide being the smallest amide proposed, it 

was predicted to be the least hindered and most likely to react.  However, when the reaction 



  Chapter 2: N-acyl dehydrodopamines 
 

 
32 

 

was run with a 1:1.5:1.5 ratio of 40/43/Cs2CO3 in the above conditions, it did not produce any 

of the corresponding enamide. 

Modifications were then made to the same reaction procedure in an attempt to get it to work.  

These included attempting the reaction by refluxing under nitrogen rather than in a Schlenk 

tube, as well as attempting to pre-form the CuI-DMED complex in solution before adding any 

amide or vinyl iodide, neither of which were successful. 

 

Table 2: Optimisation of Buchwald coupling reaction of acetamide (43) to vinyl iodide 40. 

 

Solvent 43 eq. 40 eq. CuI eq. DMED eq. Temp (°C) Yield (%) 

THF 

1.5 1 0.05 0.10 
70 

none 

2.0 1 0.05 0.10 none 

Toluene 

1.5 1 0.05 0.10 

85 

5 

1.5 1 0.5 1 61 

1.5 1 1 2 60 

2 1 1 2 54 

dioxane 1.5 1 0.5 1 21 

 

 

It was not until the reaction was attempted in toluene that the expected product 53 was first 

observed.  The use of toluene, with a higher boiling point of 110°C, allowed for the higher 

reaction temperature of 85°C.  The enamide 53 was only isolated in a 5% yield when the 

reaction was attempted in conditions similar to those published by Cesati et al., with only 

0.05 equivalents of CuI catalyst.70  Adjusting the stoichiometric amounts of each reagent 

however, allowed for further improvement of the reaction yield, as summarised in Table 2.  

Increasing the amount of CuI catalyst and DMED ligand to 0.5 and 1.0 equivalents 

respectively gave the highest yield of 61%.  Further increase of this catalyst/ligand pair did 
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not result in a higher observed yield, although it did not appear detrimental to the given yield 

either.  Meanwhile, increasing the equivalents of the amide coupling partner (up to 2 

equivalents) resulted in a slight decrease in overall yield.  The reaction was also attempted 

in the more polar solvent dioxane.  While this did yield the desired product, it did so in a 

significantly lower yield.  From these discoveries, a standard procedure was developed in 

order to synthesise the rest of the model compound library (Scheme 18). 

 

 

Scheme 18: General procedure for the synthesis of alkyl enamides. 

 

In the general procedure the equivalents of copper iodide have been greatly increased from 

0.05 to 0.5, with the DMED ligand increased to 1.0 equivalents accordingly.  Toluene, being 

the most effective of the solvents tested, was to be used in the reactions with a temperature 

of 85°C.  The reaction time was kept at 18 hours after experiments with longer reaction 

times (up to a maximum period of 72 hours) did not see increased yields. 

A table with the structures of all the alkyl enamides formed along with the best yield 

achieved is presented below (Table 3).   No significant trend could be determined linking the 

chain length of the coupling amide to the overall yield.   
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Table 3: Buchwald coupling yields for the N-acyl dehydrodopamine compound library. 

Number Structure of Enamide Yield (%) 

53 

 

61 

54 

 

66 

55 

 

45 

56 

 

33 

57 

 

32 

58 

 

34 

59 

 

54 

60 

 

39 

61 

 

70 

62 

 

35 
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One important technique developed during the synthesis of the alkyl enamide library 

involved the use of ninhydrin stain to confirm the presence of the product.  When the 

reaction mixture was analysed by TLC and the plate stained with ninhydrin, this particular set 

of protected alkyl enamides stained with a distinctive bright yellow colour upon heating.  This 

can be particularly time-saving, preventing unnecessary work up of failed reactions, 

especially during optimisation steps.  Some structurally more complex examples, which will 

be presented later on in Chapter 3, which contain the same dehydrodopamine group would 

also prove to give brightly coloured (although not necessarily yellow) spots when analysed 

by ninhydrin staining.  As all of the dehydrodopamine compounds in question are colourless 

in solution, visualisation of TLC plates with ninhydrin eases the process of column 

chromatography, a particularly deceptive procedure due to the presence of some highly 

coloured side products that arise in the Buchwald coupling reaction. 

The characterisation of the novel enamides 53–62 was achieved using NMR spectroscopy 

and mass spectrometry.  The presence of a resonances at δH ≈ 7.30 ppm (JHH = 14.5, 10.5 

Hz) and 5.97 ppm (JHH = 14.5 Hz) in the 1H NMR spectrum are indicative of the enamide 

alkene protons.  TBS groups were also observed in the 1H spectrum with shifts typically 

observed at δH = 0.99 and 0.19 ppm. 

More detailed explanation of the NMR assignment is found in section 2.6 of this chapter, 

while specific NMR and MS data for each compound can be found in the experimental 

section (Chapter 8). 

 

 

2.5 Reaction mechanism of the Buchwald coupling  

 

During purification of reaction products, it was noticed that the starting material, vinyl iodide 

40 was usually recovered.  As this was the limiting reagent, this finding suggested that the 

reaction wasn't going to completion.  Attempted reactions with increased reaction time, or 

increased equivalents of coupling amide did not prevent starting material from being 

recovered.  Graduated addition of the coupling amide into the reaction mixture over the 18 

hour reaction time frame was also unsuccessful.  It was then discovered that the amide was 

also remaining unreacted; however, it was generally not recovered as it would be retained 

on the silica during column chromatography.  This suggested that the reaction was stopping 

before completion due to the catalyst being consumed.   
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Scheme 19: Possible reaction mechanism for Buchwald coupling. 

 

The reaction mechanism and kinetics for the Buchwald coupling of vinyl halides to amides 

has not been widely investigated.  However, the analogous Goldberg coupling of an aryl 

halide to an amide has been extensively studied.100,101  The catalyst for the reaction is formed 

when N,N'-dimethylethylenediamine chelates copper (I). It is known that the ligand used will 

have large effect on the rate of reaction,67,101 with some of the best ligands featuring an 

ethylenediamine bidentate structure.  Attachment of methyl groups to the ligand is believed 

to increase reaction rate as they donate electrons to the nitrogen, increasing the overall 

electron density on the coordinated copper atom.  Conversely, larger groups, or a higher 

degree of substitution on the amino groups is believed to produce undesirable steric effects, 

thus reducing reaction rate.101  N,N'-Dimethylethylenediamine is regarded as the best ligand 

for the Buchwald coupling reaction.67  

The first step in the catalytic cycle is believed to be the amide displacing iodine to form 

complex 64 (Step (i), Scheme 19).  This requires the amido group to be deprotonated in 

order to occur, hence the use of the base Cs2CO3 in the reaction.  The amidate-DMED 
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copper complex 64 is known to be a key intermediate in the reaction cycle, with the amidate 

increasing the basicity of copper.  The electron rich copper centre is then more prone to the 

later oxidative addition of the vinyl iodide.101  One reaction that can disrupt the catalytic cycle 

is the displacement of the DMED ligand from the copper atom by a second amidate group.  

This produces a bisamidate complex (67) which is relatively unreactive (Figure 15).  While 

the second amidate group would increase the electron density around copper; it is possible 

that, due to the linear structure of the complex, there would be a higher energy barrier when 

undergoing oxidative addition.101  This is because this transition would involve the negatively 

charged amidate groups having to bend towards each other, likely an unfavourable 

interaction.101   

 

 

Figure 15: Equilibrium between DMED-Cu-amidate complex and the bisamidate-Cu 
complex.102 

 

In theory, the solution to avoid this issue is to increase the equivalents of DMED in order to 

drive the equilibrium back towards the DMED-amidate copper complex 64.  Increasing the 

ratio of diamine ligand from 1:2 Cu/Ligand up to 1:10 has been shown in studies to increase 

the reaction rate of Goldberg type couplings significantly.100  Conversely, increasing amide 

concentrations will lead to a decrease in reaction rate.100  This information suggests that the 

rate of reaction for a Buchwald coupling under standard conditions would be highly 

dependent on the ratio of diamine ligand to amide – assuming copper iodide concentration 

was kept constant.  The high ratio of amide to DMED used in the present study may be the 

cause of the low yields, however, this does not seem to account for the fact that this ratio 

can only improve during the time course of the reaction as the amide is consumed.  The fact 

that the reaction initiated implies that given enough time, it should proceed to completion.  

The conditions used in the current general procedure also have a far larger ligand/amide 

ratio than the examples in literature that use 10 mol% of the ligand.  However, in practice, 

the reaction would eventually stop sometime within the 18 hour reaction time.  The inactivity 

of the bisamidate complex may however, go some way in explaining the solvent sensitivity of 

the Buchwald coupling.  The reaction appeared only to work for this particular chemistry in 
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toluene (and later dioxane; See Table 6, Chapter 3).  Attempts in solvents with a higher 

dielectric constant, such as THF and DMF, were unsuccessful.  These highly polar solvents 

were initially chosen as they should be more able to dissolve the highly polar amides and 

Cs2CO3.  Given the need to avoid bisamidate formation though, limited solubility of these 

molecules may actually be a desirable condition.  

The next step in the catalytic cycle is more contentious as to the actual mechanism involved.  

The pathway shown in step (ii), Scheme 19, presents the vinyl iodide adding onto the copper 

via a 2η π coordinate bond.  This is based on a proposed mechanism for the Goldberg 

amidation in which the aryl π orbitals are believed to chelate to copper as a precursory step 

before oxidative addition of the aryl iodide.101  The same mechanism could be possible in the 

case of a Buchwald coupling, the occupied π orbitals supplied to copper via the alkene, 

rather than the aromatic ring.  If this were to happen, the next step in the cycle would involve 

the oxidative addition of the vinyl iodide to form the pentavalent copper (III) species 66 (Step 

(iii), Scheme 19).  Following this, reductive elimination can occur yielding the desired 

enamide product, as well as reproducing the starting copper (I) catalyst 63 (Step (iv), 

Scheme 19).  Zhang et al. predicted that the formation of the π coordinate bond would be 

the rate limiting step in the reaction.101  Reactivity  in this step improves when electron 

donating groups are present on the ring, as they increase the availability of π electrons.100,103  

The effects of ring substitution would likely have similar effects during a Buchwald coupling 

of a styryl iodide such as the one used in our case, as the alkene would be in conjugation 

with the aromatic ring.   The TBS protected phenolic groups on our iodide 40 should 

therefore assist the coupling.  Conversely, their large steric bulk may hinder formation of a 

particularly crowded pentavalent copper(III) complex (66).   
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Scheme 20: Alternative mechanism for the Buchwald coupling reaction. 

 

An alternative Buchwald coupling mechanism is shown in Scheme 20.  This mechanism 

initially is similar to the previous, but involves a copper (II) intermediate (68) rather than a 

copper (III) complex.  Rather than iodide 40 coordinating onto copper via occupied π 

orbitals, it undergoes a single electron oxidation by copper (I) to form copper (II) complex 68.  

The high degree of conjugation in styryl iodide 40 may allow for the radical anion to be 

temporarily stabilised.  The radical then proceeds to react with the amidate group, reducing 

copper (II) back down to copper (I) and releasing the enamide product.  

 

 

2.6 Deprotection of model compounds 

 

The next critical synthetic step to explore was removal of the catechol TBS-protecting groups 

in the presence of an enamide moiety.  The general reagent for such desilylation reactions is 

tetrabutylammonium fluoride (TBAF), acting as an organic solvent soluble fluoride source.   
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Scheme 21: Attempted deprotection of N-acetyldehydrodopamine 53, forming 
benzodioxanes 2 and 3. 

 

This reaction was attempted on the protected acetyl enamide 53, but did not yield the 

expected catechol product.  The reaction instead formed a dark brown solution, due to the 

formation of the dimeric compounds 2 and 3 (Scheme 21).  N-Acetyldehydrodopamine 

(dehydro-NADA, 1), a well-studied compound isolated from the chitin of insects, is known to 

undergo oxidative addition across the double bond of the enamide.21,23  In the absence of 

other nucleophiles, the catechol group of one molecule can add across the double bond of 

the enamide of a second molecule, forming the benzodioxane structures shown in Scheme 

21.    The details of the mechanism of these types of reaction will be discussed later in 

Chapter 6, however it is known that mild base is enough to promote this reaction.21  In this 

case the mildly basic fluoride ion appears to be adequate to effect the reaction. 
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Figure 16:  Likely structures formed upon deprotection of enamide 53 with TBAF. 

 

The yield of dimer product isolated was not enough to allow for full characterisation, but 

evidence of its existence was present in the 1H NMR spectrum of the crude product; with 

critical resonances matching previously reported data.26  Figure 16 shows a close up view of 

the two proton signals arising from the stereogenic centres (H-1' and H-2') at δ 4.71 and 5.69 

ppm.  The coupling constant of 7.1 Hz, is consistent with H-1' and H-2' being in a relative 

anti arrangement based on data published on compound 2, as well as data for the similarly 

structured orthidines A-D.26,30   A minor set of secondary signals is observed under each the 

H-1' and H-2' peaks in the 1H NMR spectrum.  These peaks are present in an approximately 
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1:3 ratio comparative to the major product, indicative of the presence of the other 

regioisomer, 3.  Further suggesting the presence of the dimers was the presence of a 

molecular ion [M+Na]+ at m/z = 407.1201 (Calculated for C20H20N2NaO6 = 407.1214). 

In order to avoid these oxidation by-products, a non-basic de-silylating reagent was required.  

Trimethylamine trihydrofluoride (TEA.3HF) is such a reagent, being mildly acidic.  It 

essentially functions as a source of hydrogen fluoride, although, is far safer to handle. 

 

 

Scheme 22: Deprotection of N-acyl dehydrodopamine compounds. 

 

Under the conditions shown in Scheme 22, the reaction proceeded in each case to yield the 

appropriate deprotected catechol enamides in yields ranging from 50-98 % (Table 4).  

Additionally, the oxygen radical absorbance capacity (ORAC) values relative to Trolox® are 

given for each of the deprotected compounds in the same table. 
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Table 4: Deprotection yields for the N-acyl dehydrodopamine compound library, with the 
corresponding relative ORAC values for each compound. 

Number Structure of Enamide Yield (%) 
Relative 

ORAC Valuea 

1 

 

89 0.52 ± 0.01 

69 

 

94 0.79 ± 0.04 

70 

 

92 1.29 ± 0.03 

71 

 

57 1.35 ± 0.07 

72 

 

92 2.36 ± 0.07 

73 

 

98 0.64 ± 0.01 

74 

 

61 0.37 ± 0.01 

75 

 

91 0.38 ± 0.02 

76 

 

50 0.24 ± 0.01 

77 

 

80 0.43 ± 0.01 

a Ascorbic acid standard gave a ORAC value of 0.40 ± 0.02 
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Characterisation of 1 and 69–77 was based upon analysis of spectroscopic and 

spectrometric data.  All compounds featured the distinctive splitting pattern of a 1,3,4 tri-

substituted aromatic ring in the 1H NMR spectrum, with two doublets (H-4, δH ≈ 6.79 ppm, J 

= 2.0 Hz and H-7, δH ≈ 6.68 ppm, J = 8.0 Hz) and a doublet of doublets (H-8, δH ≈ 6.63 ppm, 

J = 8.0, 2.0 Hz) apparent.  The two alkene protons are distinctive, in CD3OD appearing as 

two doublets, one at ≈ 7.23 ppm (H-1) and the other at ≈ 6.07 ppm (H-2).  The large coupling 

constant of these two protons (JHH ≈ 14.5 Hz) confirms the olefin geometry is E.  Meanwhile, 

the lack of 1H and 13C resonances corresponding to the TBS groups confirmed protecting 

groups' removal from the molecule.  

 

 

Figure 17: Key 2D NMR correlations for the N-acyl dehydrodopamine class of compounds 
(for 2≤n≤15). 

 

Key HMBC correlations arising from H-1, H-10 and H-11 into carbonyl C-9 were integral in 

confirming the enamide linkage between the styryl and acyl segments of the molecule 

(Figure 17).  

The only points of difference between compounds 1 and 69–76 were in the acyl chain 

lengths.  Within these chains, only H-10, H-11 and the terminal methyl group were 

discernible in the 1H and 13C NMR spectra.   The methylene groups bracketed in Figure 17 

meanwhile, featured significant 1H NMR signal overlap.  This meant that characterisation of 

the individual acyl analogues was based on the relative integrals of the methylene signal 

region in the 1H NMR combined with the number of methylene carbon signals observed in 

the 13C NMR spectrum.  Mass spectrometry confirmed the presence of the molecular ions 

expected for each of the specified compounds 1 and 69–77, further details of which can be 

found in the experimental section (Chapter 8). 

The anti-oxidative ORAC assay data presented in Table 4 was obtained in collaboration with 

Dr. Marie-Lise Bourguet-Kondracki from the Muséum National d'Histoire Naturelle, Paris, 

France.  This assay measures the oxygen radical absorbance capacity of the tested 

compounds relative to the anti-oxidative capacity of Trolox® (a water soluble analogue of 

vitamin E).  The tested compounds are incubated with fluorescein in phosphate buffer 

solution before the addition of the oxidant AAPH.  The fluorescence values are then 
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measured over 90 minutes and expressed as units relative to the observed Trolox® 

standard values (i.e. a compound with an ORAC value of one has equal anti-oxidative 

capacity to Trolox®).  The higher the ORAC value of a compound, the higher the capacity of 

that compound to act as anti-oxidant.  In terms of the in vitro anti-oxidant activities observed 

for the compounds in Table 4, most showed moderate ORAC activity similar in level to that 

measured for the ascorbic acid standard (0.40 ± 0.02).  Compounds 70-72 however, with N-

acyl chains between 8-10 carbons in length, displayed more potent activity, being between 

1.29–2.36 times more potent than Trolox®.  These observations are interesting given all of 

these compounds possess very similar structures, with the anti-oxidant activity likely to be 

attributed to the dehydrodopamine head-group.  The reason some compounds may show 

reduced activity may be due to their low solubilities, particularly the longer acyl chain 

compounds (73-77) which are not greatly soluble in aqueous solutions.  It is however curious 

that the shorter acyl chain compounds (1,69) displayed such lowered ORAC values.  

However, the solubilities of these types of compound are difficult to predict, due to the ability 

of fatty acid-type compounds to form micelle structures in aqueous environments.  These 

properties may possibly lead compounds 70-72 having enhanced solubility under the assay 

conditions. 



 

 

 

 

Chapter 3: The synthesis of amino 

acid enamides 
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3.1 Introduction 

 

With the Buchwald enamide synthesis proving a viable method for the formation of the 

dehydrodopamine moiety, further study was required in order to extend this reactivity to be 

compatible with peptide-containing compounds.  This step was crucial if the reaction was 

going to be implemented in the synthesis of tunichrome Sp-1 and plicatamide, with both 

featuring a dehydrodopamine residue attached to proline and histidine residues respectively. 

 

 

Figure 18: Example of a Buchwald coupling reaction onto L-methioninamide, performed by 
Cesati et al.70  

 

In work published by Cesati et al., Buchwald coupling was performed using amide analogues 

of a selection amino acids.70  The Buchwald coupling was found to proceed even in the 

presence of unprotected α-amino groups.  Similarly, this procedure also tolerated some 

amino acid amides containing side-chain functionality – namely, the amides of methionine, 

glutamine, tyrosine and tryptophan.  However, not all amino acid amides participated 

successfully in the coupling reaction, with the presence of some side-chains inhibiting the 

formation of the enamide.  For example, the amide analogues of arginine, histidine and 

glutamic acid did not couple successfully, while tyrosinamide exhibited preference for 

coupling at the phenolic OH rather than at the amide.  In order to create a viable route 

towards enamide containing peptide natural products, the limitations associated with side-

chain functionality would need to be overcome. 

The obvious solution to this problem is to introduce protecting groups onto the side chain of 

the amino acid amides.  Due to the prevalence of peptide synthesis in modern chemistry, 

protected amino acid analogues are widely and cheaply available.  The chosen strategy was 

to use side chain protected amino acid reagents, typical of those used for Fmoc solid phase 

peptide synthesis, as starting materials.  These could then be converted to their respective 

amide derivatives for use in the Buchwald coupling step.  The Fmoc protection strategy was 
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preferred over the common alternative of Boc protection as it is orthogonal to the TBS 

protection scheme employed on the dehydrodopamine residue.  Conversely, Boc chemistry 

uses TFA and HF as reagents, both of which can act to remove TBS while also being 

particularly hazardous to handle. 

The two amino acid amides that are of direct relevance to the plicatamide and tunichrome 

Sp-1 target molecules are L-histidinamide and L-prolinamide (78).  Histidinamide itself was 

not a viable Buchwald coupling partner in the work be Cesati et al., likely due to the 

presence of the basic imidazole side chain interfering with the reaction.70  In order to 

overcome this lack of reactivity, a trityl protecting group was considered necessary (79, 

Figure 19).  In the case of L-prolinamide (78) absence of a side chain means that it can be 

used directly in the Buchwald reaction.   

Alongside 78, the unnatural D-prolinamide enantiomer would also be synthesised.  The work 

by Cesati et al. had observed little to no epimerisation of the αCH chiral centre of the 

successfully coupled peptides.70  This was a vital observation if the correct stereoisomers of 

tunichrome Sp-1 and plicatamide were to be synthesised.  Synthesising both the D and L 

proline-dehydrodopamine enamides, then measuring the respective [α]D values, would give 

at least a clear indication of whether racemisation of the chiral centre occurs in the current 

conditions.  Subsequent incorporation of the D-proline enamide into the structure of 

tunichrome Sp-1 would allow for NMR comparison of the natural and unnatural 

diastereomers, identifying any evidence of epimerisation throughout the synthesis. 
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Figure 19: Proposed amino acid amide library for the Buchwald coupling reaction. 

 

To explore the reactivity and generality of the Buchwald coupling, a library with unprotected 

glycinamide (80), L-valinamide (81), L-leucinamide (82), L-isoleucinamide (83) and L-

phenylalaninamide (84) was envisaged.   The lack of functionality on the side chains of these 

molecules was predicted to give them a good chance of successfully participating in the 

coupling reaction.  Additionally, a range amino acid amides containing protected side chain 

functionality, typical of those used in Fmoc chemistry, was to be included in the library.  

These compounds included tert-butyl protected L-threoninamide (85), acetamidomethyl 

protected L-cysteinamide (86) and TBS protected L-3,4-dihydroxyphenylalaninamide (H2N-L-

DOPA(TBS)2-NH2, 87).  

 

 

3.2 Synthesis of amino acid amides 

 

The first step towards the synthesis of peptide enamides was to purchase or prepare the 

required amino acid amides for the coupling reaction.  Glycinamide, L-isoleucinamide, L-

valinamide and Acm-protected L-cysteinamide were all obtained commercially.  The 
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remaining amino acid amides were prepared via one of two methods.  The first method, 

used in the synthesis of L-phenylalaninamide, started with a methyl ester precursor.  

Substitution of the methyl ester with aqueous ammonia produced the amino acid amide 84 in 

a 91% yield (Scheme 23), with spectral data being in accordance with that previously 

published.104 

  

 

Scheme 23: Synthesis of L-phenylalaninamide (84). 

 

The remaining amino acid amides were to be synthesised from their corresponding Fmoc-

protected amino acids.  The Fmoc protected amino acid derivatives of 78, 79, 82 and 85 

were all commercially available.  In contrast, Fmoc-TBS-protected 3,4-

dihydroxyphenylalanine (88) was not available and so was prepared by a literature route 

(Scheme 24).84,85  Starting with L-DOPA, this reaction yielded compound 88 in a 24% yield 

over two steps. 

 

 

Scheme 24: Synthesis of Fmoc-DOPA(TBS)2-OH 88.  Reagents and conditions: (i) TBSCl, 
DBU, CH3CN, rt, 17 h, 44% yield; (ii) Fmoc-OSu, Na2CO3, H2O:THF (1:1), rt, 18 h, 54% 

yield. 

 

Conversion of Fmoc-protected amino acids to the corresponding amide was achieved using 

hydroxybenzotriazole ammonia salt as the ammonia source along with the carbodiimide 

coupling reagent EDC.  The Fmoc protecting group could then be removed using 

DMF/piperidine to yield the desired amino acid amide derivatives (Table 5).  This 

methodology was used in the synthesis of the amino acid amide analogues of L-proline (78), 
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L-histidine (79), L-leucine (82), L-threonine (85) and L-DOPA (87).  The associated structures 

and yields are shown in Table 5.  The majority of yield loss came during the purification step 

of the Fmoc-deprotection stage (Step 2, Table 5).  As these amides are highly polar and 

have low solubility in most organic solvents, silica gel column chromatography is made 

difficult, with a large amount of product being retained on the silica gel.   

Spectral data obtained for compounds 78  and  82 was in accordance with previously 

published data.104–106  Compounds 79, 85 and 87 meanwhile, were all fully characterised, 

details of which can be found in the experimental section (Chapter 8). 
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Table 5: Synthesis amino acid amides from Fmoc-amino acids with associated yields and 
[α]D values. 

 
Number Structure [α]D Yield (% - over 2 steps) 

78  

 

-7a 27 

79 

 

+4a 50 

82 

 

+63b 49 

85 

 

+32b 67 

87 

 

-18b 40 

a
 (0.5 g/100 mL, DMF), b (1.0 g/100 mL, THF) 

 

 

 

 

 



  Chapter 3: Amino acid enamides 
 

 
53 

 

3.3 Synthesis of amino acid enamides 

 

With the amino acid amides required in hand, the synthesis of the dehydrodopamine 

enamides could now progress.  The method used in the coupling procedure was adapted 

from the method used previously in the N-acyl dehydrodopamine library synthesis (Section 

2.4, Chapter 2).  It was anticipated that the amino acid amides would have quite different 

solubilities compared to the fatty acid amides used previously, so it was decided to test the 

coupling reaction in a variety of solvents.   The Buchwald coupling had previously appeared 

to be highly sensitive to the relative concentrations of substrates, so finding a solvent with 

the ideal solubilising effects was important. As L-histidinamide 79 was the main coupling 

target for the project, it was chosen as the initial amide on which to first test the coupling 

reaction.  Table 6  summarises the resulting yield of the Buchwald coupling under various 

conditions 

 

Table 6: Optimisation of Buchwald coupling conditions for L-histidinamide 79. 

 

Solvent CuI/DMED eq. Yield 

DMF 0.05/0.10 No reaction 

DMSO 0.05/0.10 No reaction 

THF (run at 70°C) 
0.05/0.10 No reaction 

1.0/1.5 No reaction 

toluene 
0.05/0.10 No reaction 

1.0/2.0 6% 

dioxane 
0.05/0.10 Trace amounts 

1.0/1.5 34 % 



  Chapter 3: Amino acid enamides 
 

 
54 

 

The Buchwald coupling reaction was attempted in five different aprotic solvents, all with 5 

mol% of CuI catalyst and 10 mol% DMED ligand.  As shown in Table 6, the highly polar 

solvents DMF, DMSO and THF gave no product.  When these solvents were used the amide 

starting material was easily dissolved, which would likely lead to deactivation of the catalyst 

via bisamidate formation.  Uniquely to DMF, the reaction mixture turned a black colour and 

starting materials were not recoverable.  This implied there was a competing degradation 

reaction that occurs in this case.  In the case of THF, the reaction was run at a lower 

temperature (70°C) in order to avoid any excessive pressure in the reaction vessel due to 

the low boiling point of THF (66°C).  While the reaction should be able to progress at this 

temperature, it was found to be far more reliable at 85°C when working with other solvents.  

It is also of note that these THF coupling conditions would later prove useable for substrates 

such as Fmoc-prolinamide (90), L-leucinamide (82) and L-threoninamide (85) 

The coupling reaction did proceed with the use of toluene or dioxane as the solvent, with 

reactions run in dioxane being the higher yielding.  It was found however, that an increased 

stoichiometry of catalyst and ligand were required compared to literature examples.  This 

was similar to the conditions developed for the N-acyl dehydrodopamine compounds, 

although due to the lower general yields for these peptide couplings, the equivalents of 

copper iodide was increased to 1.  

With a standard procedure developed, the rest of the library could be synthesised 

accordingly.  The products and associated yields of each of these reactions are present in 

Table 7. 
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Table 7: Amino acid amide Buchwald coupling products with associated yields and [α]D 

values. 

 

Amide Product [α]D
 Yield (%) 

  

-31a 34 

 

-  none 

  

-32a 32 

  

+29a 30 

  

 trace 

  

-30a 15 

  

-18a 38 
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-21a 22 

  

-69a 42 

  

-25a 33 

 
 

-4a 14 

  

-64a 65 

a (1.0 g/100 mL, CH2Cl2) 

  

 

3.4 Isolation and characterisation of amino acid enamides 

 

One issue that arose during the initial purification of 89 was that the 1H NMR spectrum of the 

compound featured many signals that were very broad, while several resonances were 

absent in the 13C NMR spectrum.  That the resonances were indeed present was revealed 

by the successful observation of HMBC correlations from 1H resonances to 13C signals that 

were either extremely broad or absent.  
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Table 8: 1H and 13C NMR resonances of compound 89.  Underlined/circled resonances 
represent those broadened in the respective spectra. 

 

Position 1H NMR δ 13C NMR δ 

1 7.27–7.28 (1H, m) 121.0 

2 6.03 (1H, d, 14.7 Hz) 113.3 

3 - 130.0 

4,7,8 6.74–6.81 (3H, m) 118.5, 119.0, 121.3 

5,6 - 146.0, 147.0 

9 - 172.1 

10 3.68–3.74 (1H, m) 55.3 

11 2.91–3.03 (2H, m) 33.0 

12 - 137.3 

14 7.39 (1H, d, 1.3 Hz) 138.5 

16 6.64 (1H, d, 1.3 Hz) 120.0 

NH 9.40 (1H, br d, 11.1 Hz) - 

Trt-C - 75.5 

Trt-Ar - 142.4 

Trt-ArH 7.23–7.32 (9H, m), 7.06–7.11 (6H, m) 128.2, 129.8 

Si(CH3)2C(CH3)3 - 18.5, 18.6 

Si(CH3)2C(CH3)3 0.99 (9H, s), 0.99 (9H, s) 26.1 

Si(CH3)2C(CH3)3 0.20 (6H, s), 0.20 (6H, s) -3.9 

 

 

While the resonances associated with the trityl and silyl groups were sharp, signals 

associated with atoms in the centre of the molecule were missing, weakened or broad (Table 

8).  These groups appeared in the nitrogen rich central part of the molecule.  It was 

suspected that broadening could be due to copper chelation to this central area, and this 

had been retained throughout the purification procedures.  Both copper (I) and copper (II) 
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have been shown to bind to small peptide compounds, with histidine residues shown to have 

a particularly high affinity for copper (II) ions.107–109  Copper (II) is paramagnetic and so would 

be expected to broaden the 1H and 13C NMR signals of those atoms in close proximity, if it 

were indeed chelated.107  In order to try and extract any residual copper ions, 89 was 

washed with a 5% aqueous EDTA solution.  The effects of this on the 1H and 13C NMR 

spectra are also shown in Figure 20. 

 

 

 

 

Figure 20: 1H and 13C NMR spectra of compound 89. (a) Original NMR spectra (b) NMR 
spectra after washing with EDTA soln. 

 



  Chapter 3: Amino acid enamides 
 

 
59 

 

The enamide NH (9.40 ppm), and indole protons (7.39 and 6.64 ppm), H-2 (6.03 ppm), H-10 

(3.71 ppm) and H-11 (2.97 ppm) signals are all now far sharper, with their splitting patterns 

now clearly observed.   

The differences observed in the 13C NMR spectra were even more pronounced, with the 

signals for C-9 (172.1 ppm), C-10 (55.3 ppm) and C-11 (33.0 ppm) being effectively non-

existent in the original spectrum.   

Upon reviewing the NMR spectra of the synthesised phenylalanine enamide 98, evidence of 

similar signal broadening was also observed in the 1H and 13C spectra.  This showed such 

copper chelation was not uniquely associated with the histidine residue.  This meant that the 

EDTA wash was established as a necessary step in the standard work up procedure for all 

subsequently synthesised amino acid enamides. 

  

 

Figure 21:  Key COSY and HMBC correlations of the peptide enamide compounds. 

 

The subsequent NMR signal assignment for the peptide enamides was undertaken in a 

similar manner to the characterisation of the previous N-acyl dehydrodopamine compounds.  

The HMBC correlations from the amino acid αCH2 and βCH2 protons to the carbonyl carbon, 

and from enamide H-1 to the carbonyl carbon implying the presence of the enamide 

connection (Figure 21). 

One amino acid amide did not give the expected enamide product.  Reaction of 

Acm-protected Cys-NH2 (86) unexpectedly gave a vinyl sulfide product 100.  For compound 

100 a significant change in the 1H NMR chemical shifts of both H-1 and H-2 were observed.  

These protons were found at δH = 6.44 and 6.53 ppm respectively, compared to the shifts δH 

≈ 7.30 and 6.05 ppm indicative of an enamide group. The observed coupling constant of 

these signals was also slightly larger at JHH = 15.5 Hz when compared to typical enamide 

values (≈14.5 Hz).  Additionally, no shifts associated with the Acm-group were observed in 

the 1H and 13C NMR spectra.  The HMBC correlation from H-1 into C-11 proposed the 

connection of the styryl group onto the sulfur of cysteinamide (Figure 22). The molecular ion 

[M+H]+ m/z = 483.2510 was also observed, with the calculated value for C23H43N2O3SSi2 

being 483.2527. 
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Figure 22: Key COSY and HMBC correlations for compound 100. 

 

Also of interest was the stereochemical integrity of the chiral centre of the amino acid amide 

in the resulting enamides.  All of the amino acid amides synthesised (78, 79, 82, 84, 85, 87, 

90, 91) as well as their corresponding enamides (89, 92–101) exhibited specific rotations in 

plane polarised light, implying that complete racemisation had not occurred in any of the 

reaction steps.  Lack of access to a chiral HPLC column prevented determination of any 

extent of partial racemisation.  The S and R proline-enamide isomers (92 and 93) showed 

approximately equal but opposite specific rotations of [α]24
D -32 and [α]24

D +29 respectively (c 

1.0, CH2Cl2).  These findings appear in line with previous literature on the Buchwald coupling 

which showed conservation of this chiral centre in similar amino acid amide coupling 

reactions.19   

 

 

3.5 Side reactions during peptide Buchwald coupling reactions 

 

The typical yields for Buchwald coupling reactions onto amino acid amides were quite low in 

comparison to the yields achieved upon the fatty acid amides.  For glycinamide (80) only 

trace amounts of the enamide product was detectable, while L-prolinamide (78) did not form 

any enamide at all.  A possible explanation for this is that the amine and amide groups of 

these molecules may be chelating to the copper catalyst (Scheme 25).   
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Scheme 25: Competing chelation of amino acid amides onto DMED-Cu complex. 

 

Previous literature has shown the ability of glycine and L-proline to facilitate Buchwald 

coupling reactions when used as a ligand for copper iodide.110  It is therefore feasible that 

their amino acid amide analogues could do the same, competing with 

N,N'-dimethylethylenediamine for copper binding.  This would have the effect of producing 

102, possibly a less active catalyst species.  Alternatively, the DMED-Cu-amido complex 

transition state may form as usual, followed by additional chelation of the amino group to 

form a species such as 103 (Scheme 26).  An orientation like this may block the vinyl iodide 

from accessing the copper atom, creating an inactive species. 

 

 

Scheme 26: Alternative mechanism of deactivation of copper catalyst by amino acid amides. 

 

All the amino acid amides used could potentially interrupt the reaction in such a manner as 

shown in Scheme 25 and Scheme 26, possibly explaining the typically low yields for peptide 

Buchwald couplings.  Glycinamide (80) may be particularly prone to copper chelation given 

its lack of side chain steric effects.  This may allow it to easily orientate itself in a manner that 

allows it to undergo bidentate chelation to copper.  Likewise, this could also explain why 

H2N-L-DOPA(TBS)2-NH2 (87), with its relatively large steric bulk, had such a higher yield 

than the other amino acid amides. 

The lack of reactivity of L-prolinamide (78) may be due to the locked orientation of the amino 

acid amide backbone enforced by the ring structure.  This would likely force the amide and 
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amine to be in an orientation favourable for bidentate chelation.  It was observed that Fmoc-

protection of the prolinamide amine group would allow for the coupling reaction to occur.  

This makes sense in regards to the amine group now being blocked sterically from binding to 

copper.  The presence of excess base (DMED and Cs2CO3) in the reaction mixture however, 

would mean that the Fmoc-group is cleaved (hence the reaction product 92).  It's possible 

that Fmoc is only removed at a rate favourable to the reaction progression, or simply 

provides more favourable solubility to prolinamide.  Attempts were made to replicate this 

using Fmoc-L-His(Trt)-NH2, however it led to only trace amounts of the enamide being 

formed, along with large amounts of cleaved Fmoc contaminant. 

Of all the compounds tested, only one completely failed to form an enamide.  The L-

cysteinamide 86 reaction resulted in addition onto the sulfur, rather than onto the amide.  

Upon consulting the literature it was found that C-S coupling reactions between aryl thiols 

and vinyl iodides in the presence of copper (I) iodide are possible.111  As sulfur is a softer 

base than nitrogen, it may show preferential ligation to the soft copper catalyst, which in turn 

allows for preferential coupling at the sulfur.  While the thiol group of L-cysteinamide 86 was 

protected with an acetamidomethyl (Acm) group, it's possible that the presence of iodide 

anion in solution caused deprotection to occur.   



 

 

 

 

Chapter 4: The synthesis of 

tunichrome Sp-1 and analogues 
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4.1 Introduction 

 

 

Figure 23: The structure of tunichrome Sp-1 22. 

 

One of the specified targets of this project was the marine natural product tunichrome Sp-1.  

Isolated from the ascidian Styela plicata this modified pentapeptide contains three catechol 

groups, one of which is part of the dcΔDOPA moiety (Figure 23, highlighted blue).  While the 

biological function of the tunichrome class of compounds has not been conclusively 

determined, they have been widely implicated in the sequestering of vanadium and iron into 

the blood cells of ascidians.32  The tunichromes have also been proposed as crosslinking 

agents for the outer tunic of the organisms, or as crude clotting agents.17,32,40  The dcΔDOPA 

(or dcΔTOPA) residues which appear in every tunichrome are particularly sensitive to 

oxidative conditions.  Whether this reactivity is related to the storage of oxidatively sensitive 

vanadium (III) or is responsible for crosslinking addition reactions is unclear at present.  This 

project pursues the synthesis tunichrome Sp-1 with the intent to later test the properties of 

the compound under oxidative conditions.  As the tunichromes are typically difficult to isolate 

from natural sources, synthesis of the compound appears the easiest way for a large amount 

of the pure substance to be accessed. 

Alongside tunichrome Sp-1, a range of variably protected analogues were also targeted for 

synthesis.  Of specific interest was the preparation of analogues with a masked 

dehydrodopamine catechol group and an Fmoc-blocked N-terminus, both together and 

individually.  Such analogues would allow for a more in-depth oxidation study, which should 

act to highlight the role of the dehydrodopamine residue during these reactions.   
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4.2 Synthetic plan towards tunichrome Sp-1 

 

With the successful synthesis of the L- and D-proline-dehydrodopamine compounds 92 and 

93, a viable route towards tunichrome Sp-1 presented itself.  When referring to Figure 24, 

the initial retrosynthetic disconnection shown is at the amide bond between glycine and 

proline residues to form fragments 104 and 92.  This disconnection was chosen over the 

enamide connection due to the highly efficient nature of peptide coupling reactions when 

compared to the yields observed previously for Buchwald couplings using large peptide 

fragments.  Fragment 92 could be accessed, as described in Chapter 3, from Fmoc-L-

prolinamide (90) and styryl iodide 40.  The tripeptide 104 would be produced using solid 

phase peptide synthesis, with Fmoc-glycine (105) and Fmoc- DOPA(TBS)2-OH (88) as the 

starting materials. 
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Figure 24: Retrosynthetic breakdown of tunichrome Sp-1. 

 

 

4.3 Synthesis of tripeptide 104 

 

The synthesis of tripeptidic fragment 104 of tunichrome Sp-1 was carried out on 2-chlorotrityl 

resin using standard solid phase peptide synthesis techniques (SPPS).  SPPS is a very 

efficient way to synthesise peptides and dramatically reduces the amount of product lost 
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when compared to traditional solution phase chemistry.  In solution phase chemistry the 

products of each synthetic step need to be purified, usually resulting in loss of product at 

each stage.  With SPPS the product is bound to solid resin beads and therefore, between 

each reaction, the beads can simply be rinsed clean of the liquid reagents.  The results of 

this process are typically a higher purity and yield of product.  The main downside to SPPS 

is that the coupling conditions require higher equivalents of coupling reagents and amino 

acids.  This is to ensure the reaction goes to completion as removal of unreacted resin-

attached material is not possible. 

The target peptide Fmoc-DOPA(TBS)2-DOPA(TBS)2-Gly-OH (104), consists of two different 

amino acids.  The Fmoc protection strategy was employed as it was orthogonal with TBS-

protection.  This meant the TBS-protecting groups would remain attached during peptide 

synthesis, and could ultimately be removed from the molecule while conserving the 

presence of any Fmoc-protecting groups.  The Fmoc-protection strategy also has the 

advantage of not requiring highly hazardous reagents such as HF, and allows for the use of 

2-chlorotrityl resin.  This resin was advantageous in that it has very mild cleavage 

conditions.112  Final cleavage of the completed peptide can be achieved using a weak acid, 

such as 2,2,2-trifluoroethanol (TFE), allowing for all protecting groups on the peptide to be 

retained.  With the intention to further modify the peptide after cleavage from the resin, these 

protecting groups were critical to the later steps in the synthesis. 

The required amino acids for the synthesis were Fmoc-glycine (105, sourced commercially) 

and Fmoc-DOPA(TBS)2-OH (88).  The latter was synthesised from L-DOPA, according to 

known literature preparations (Scheme 24, Chapter 3).84,85 
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Scheme 27 Synthesis of peptide fragment 104. Reagents and conditions: (i) [Resin loading] 
Fmoc-Gly-OH 105, DIPEA, CH2Cl2, rt, 1 h, then [Resin capping] CH3OH, DIPEA, CH2Cl2, rt, 

1 h; (ii) [Fmoc-deprotection] piperidine, DMF, rt, 30 min; (iii) [Peptide coupling] Fmoc-
DOPA(TBS)2-OH 88, HATU, DIPEA, DMF, rt, 1 h; (iv) [Cleavage] TFE, CH2Cl2, rt, 2 h, 88% 

yield (6 steps). 

 

Scheme 27 summarises the SPPS cycle for the synthesis of 104.  This six step process was 

very efficient, producing the tripeptide in an 88% yield based on the claimed resin loading 

capacity.   
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Detailed characterisation of this compound was undertaken in order to assist with the later 

characterisation of completed tunichrome Sp-1. 

 

 

Figure 25: Key COSY and HMBC correlations of tripeptide 104 with indicated residue 
numbers. 

 

COSY experiments proved helpful in identifying the signals belonging to each peptide 

fragment amongst a fair amount of signal overlap in the 1H NMR spectrum acquired in CDCl3 

solvent.  The amido protons (δH = 7.00, 6.77 and 5.31 ppm for DOPA(2)-NH, Gly(3)-NH and 

DOPA(1)-NH respectively) showed a wider dispersion in chemical shift than the alkyl chain 

resonances, which were comparatively overlapped.  Following the COSY correlations from 

each amido proton however, revealed the alkyl backbone of each of the individual residues 

(Figure 25, red arrows).  The Gly(3) residue was easily distinguishable, having only one 

correlation to the αCH2 group which was observed as two diastereomeric signals (4.11–4.01 

Gly(3)-αCH2a, 3.91–3.80 Gly(3)-αCH2b).  The two DOPA residues showed COSY 

correlations from their corresponding NH signals to the αCH signals (4.77 and 4.38–4.28 

ppm for DOPA(2)-αCH and DOPA(1)-αCH), and then from the αCH signals to the βCH2 

signals (also diastereomeric: 3.07–2.97  and 2.91–2.80 ppm for DOPA(2)-βCH2; 3.00–2.91 

and 2.75–2.63 ppm for DOPA(1)-βCH2).  HMBC experiments were required in order to 

assign each α-β proton signal set to each DOPA residue.  The 13C NMR chemical shifts of all 

the carbonyl carbons (apart from the carbamate at δC = 156.4 ppm) were too similar to 

differentiate (δC = 171.2, 171.6 and 172.1 ppm), making relative positioning of the identified 

residues difficult.  There appeared to be an HMBC correlation from the DOPA(1)-αCH signal 

at 4.38–4.28 ppm into the carbamate signal at 156.4 ppm, however overlap from the 

correlation of the Fmoc-CH2 into the same carbon made it difficult to ascertain.  The more 

pronounced DOPA(2)-αCH proton signal at 4.77 ppm showed no HMBC correlation into the 

carbamate region, but did correlate into one of the amide peaks.  This appeared to support 
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the positioning of the DOPA residues relative to each other, following the logical HMBC 

correlation patterning in Figure 25.  Mass spectrometry detected the presence of the 

tripeptide, with the molecular ion at m/z = 1134.5507 ([M+Na]+ calculated for 

C59H89N3NaO10Si4, 1134.5517) being observed.  

 

 

4.4 Peptide coupling of the two fragments 92 and 104 

 

With tripeptide fragment 104 in hand, coupling to the proline-enamide 92 (synthesised in 

Chapter 3) could be attempted.   

 

 

Scheme 28: Synthesis of protected tunichrome Sp-1 106. Reagents and conditions: (i) 
EDC.HCl, HOBt, DMF, N2, rt, 2 h, 73% yield. 

 

Using the conditions shown in Scheme 28, the peptide coupling was achieved, giving 106 in 

73% yield.  EDC was selected as the coupling reagent because it could be used without 

adding any additional base.  As the stability of the protected enamide fragment in base was 

unknown at the time, these conditions were used as a precaution.  Later experiments would 

show this yield could be increased slightly to 80% by using HATU and DIPEA in DMF as the 

coupling reagents, with the added base not causing any adverse reaction. 
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Figure 26: COSY correlation chains of protected tunichrome Sp-1 106. 

 

Characterisation of the protected tunichrome Sp-1 106 followed on from the characterisation 

of tripeptide 104.  The 1H and 13C NMR signals expected for tripeptide 104 and proline-

enamide 92 were all accounted for in the spectra of 106.  The 1H-1H spin systems within the 

COSY spectrum again indicated all the amino acid fragments were present (Figure 26).  The 

broad nature of most of the 1H NMR signals for the methylene protons of each amino acid 

residue, as well as the close proximity of all the amide carbonyl resonances meant that 

HMBC experiments could not resolve the relative order of the residues.  However, given the 

structures of the starting materials, the only logical order is as presented in Figure 26.  Later 

confirmation of this would come following full characterisation of the deprotected product.  

Mass spectrometry showed a molecular ion at m/z = 1592.8307 ([M+Na]+ calculated for 

C84H131N5NaO12Si6, 1592.8302), confirming that the proline enamide section was indeed 

attached to the tripeptide. 

 

 

4.5 Deprotection to tunichrome Sp-1 

 

The deprotection of peptide 106 required removal of the Fmoc and TBS groups.  Having 

found earlier that the deprotected dcΔDOPA residue was unstable in base (Section 2.5, 

Chapter 2) meant that Fmoc-deprotection would have to be performed prior to TBS removal.  

The deprotection was performed in a one pot reaction whereby Fmoc was firstly removed, 

the solvent evaporated and then the silyl groups taken off.  The reason for combining the 

steps was to simplify purification, with only one reverse phase chromatography column 

required, resulting in less product loss.  The Fmoc-piperidine by-product from the first 

deprotection stage did not interfere with the subsequent desilylation reaction and was easily 
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separable at the end.  Deprotection in this manner gave tunichrome Sp-1 in an 85% yield 

(Scheme 29). 

 

 

Scheme 29: Deprotection of compound 106. Reagents and conditions: (i) Piperidine, DMF, 
rt, 1 h, dried, then (ii) TEA.3HF, THF, rt, 1 h, 85% yield. 

  

The initial NMR spectra of tunichrome Sp-1 were obtained in CD3OD, affording a less 

crowded 1H NMR spectrum with exchangeable protons not being observed.   The HMBC 

experiments from this dataset were useful in confirming the order of the residues within the 

peptide chain.   

 

 

Figure 27: Key HMBC and COSY correlations of tunichrome Sp-1 22. (CD3OD dataset). 

 

The backbone of the peptide could be assigned via the logical distribution of HMBC 

correlations into each of the carbonyl carbons as shown in Figure 27.  The DOPA(2)-αCH 

correlation into two carbonyl groups was key, confirming its position within the chain rather 

than at the N-terminus.  Absence of the signals attributed to Fmoc and TBS in the 1H and 13C 
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NMR spectra implied that these protecting groups had been successfully removed, While the 

distinctive set of doublets for the dcΔDOPA(5) residue (δH = 7.16 and 6.16 ppm, J = 14.6 Hz) 

confirmed the retention of the enamide group. 

 

 

Figure 28: Key TOCSY and HMBC correlations of tunichrome Sp-1 22. (d6-DMSO dataset). 

 

Running NMR experiments in d6-DMSO allowed for exchangeable protons to be observed, 

notably the six phenolic protons, present between 8.94 and 8.63 ppm in the 1H NMR 

spectrum.  Figure 28 shows how the individual peptide residues were characterised by 

following the TOCSY correlation chains from the N-H signals along each residue's side-

chain (except for Pro(4) – it having no amide protons).  For the DOPA(1), DOPA(2) and 

dcΔDOPA(5) residues, further HMBC correlations showed correlations from the α and β 

protons into the aromatic carbon peaks of the 13C NMR spectrum.  Significant overlap of the 

aromatic protons in the 1H NMR spectrum meant that the DOPA and dcΔDOPA residues 

could not be fully differentiated from one another in either the 1H or 13C NMR spectra.  

The 1H NMR data (obtained in d6-DMSO) matched the data that was originally reported for 

the isolation of tunichrome Sp-1 (Table 9).10  The mass spectrum also showed the presence 

of the associated molecular ion [M+H]+ m/z = 664.2615 (Calcd for C33H38N5O10, 664.2613). 
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Table 9: 1H NMR comparison of synthetic tunichrome Sp-1 to isolated tunichrome Sp-1.10 

 Isolated Tunichrome Sp-1a Synthetic Tunichrome Sp-1b 

Pro(4)-γCH2 1.92 (2H, m) 1.84–1.99 (2H, m) 

Pro(4)-βCH2 2.08 (2H, m) 
1.79–1.91 (1H, m) 

2.05–2.15 (1H, m) 

DOPA(1)-βCH2 
2.63 (1H, m) 

3.01 (1H, m) 

2.59–2.68 (1H, m) 

2.99–3.04 (1H, m) 

DOPA(2)-βCH2 
2.64 (1H, m) 

2.91 (1H, m) 

2.59–2.68 (1H, m) 

2.85–2.96 (1H, m) 

Pro(4)-δCH2 3.53 (2H, ddd) 3.35–3.61 (2H, m) 

DOPA(1)-αCH 3.82 (1H, m) 3.81–3.85 (1H, m) 

Gly(3)-αCH2 

3.94 (1H, d) 

4.02 (1H, d) 

3.90 (1H, dd, 17.1, 4.9 Hz) 

4.04 (1H, dd, 17.1, 5.5 Hz) 

Pro(4)-αCH 4.31 (1H, dd) 4.32 (1H, dd, 8.3, 3.8 Hz) 

DOPA(2)-αCH 4.57 (1H, dd) 4.51–4.62 (1H, m) 

dcΔDOPA(5)-βCH 6.04 (1H, d, 14.7 Hz) 
6.05 (1H, d, 14.6 Hz) 

6.13 (1H, d, 14.6 Hz) 

DOPA(1)-ArH 

DOPA(2)-ArH 

dcΔDOPA(5)-ArH 

6.53–6.70 (9H, m) 6.47–6.78 (9H, m) 

dcΔDOPA(5)-αCH 7.05 (1H, dd, 14.7, 9.9 Hz) 
7.05 (1H, dd, 14.6, 10.0 Hz) 

7.10 (1H, dd, 14.6, 10.0 Hz) 

DOPA(1)-NH2 7.89 (2H, br) 7.91 (2H, br) 

Gly(3)-NH 8.21 (1H, br) 8.18 (1H, t, 4.9 Hz) 

DOPA(2)-NH 8.69 (1H, d, 11.1 Hz) 8.68–8.74 (1H, m) 

DOPA(1)-OH 

DOPA(2)-OH 

dcΔDOPA(5)-OH 

8.79–8.87 (6H, br) 8.62–8.94 (6H, m) 

dcΔDOPA(5)-NH 9.96 (1H, d, 9.9 Hz) 
9.96 (1H, d, 10.0 Hz) 

10.27 (1H, d, 9.9 Hz) 

a Published NMR data for isolated tunichrome Sp-1 (d6-DMSO, 300 MHz)10; b NMR data obtained for synthetic 
tunichrome Sp-1 (d6-DMSO, 500 MHz). Underlined values denote a minor set of related signals also observed. 

   

 

An interesting observation in the synthetic tunichrome Sp-1 NMR dataset, was the 

appearance of a secondary set of minor peaks (Underlined resonances, Table 9).  The 
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secondary set of (E)-enamide NH-CH=CH 1H NMR resonances were easily discernible in d6-

DMSO, occurring at δH = 10.27, 7.10 and 6.13 ppm for the dcΔDOPA(5)-NH, dcΔDOPA(5)-

αCH and dcΔDOPA(5)-βCH protons respectively (compared to  9.96, 7.05 and 6.05 ppm for 

the major product).  Upon referring to the original NMR spectra from the isolation of 

tunichrome Sp-1, evidence of these minor signals was also present.10  Having access to the 

high resolution 2D NMR data of tunichrome Sp-1 in CD3OD allowed for this minor species to 

be more readily discerned due to less signal overlap than in the d6-DMSO data.  The data 

obtained from these experiments, while not sufficient to completely assign the minor species, 

provided adequate information to prove that the minor species was the cis-prolyl conformer 

of tunichrome Sp-1.  These two conformers (22a and 22b, Figure 29) exist as a result of the 

fixed orientation of the proline residue about the 5-membered ring.  Additionally, the peptide 

bond between Gly(3) and Pro(4) is planar, due to the electrons of the carbonyl double bond 

being delocalised about the N atom.  This locked structure leads to two conformers; one 

where the carbonyl and Pro(4)-αCH–βCH2 bonds are located trans to one another (22a), 

and one where they are cis to each other (22b).  Previous literature has shown that the 

specific orientation of a proline residue can be determined by the difference in value 

between the 13C NMR Pro(4)-βCH2 and γCH2 resonances (Δβγ).113  A Δβγ value < 8 ppm 

typically represents a trans conformation, while a Δβγ value between 9–15 ppm is generally 

representative of a cis conformation.113,114 
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Figure 29: Δβγ 13C NMR chemical shift differences for cis/trans prolyl isomers of tunichrome 
Sp-1. 

 

The cis/trans assignment for each of the two tunichrome Sp-1 isomers was based on these 

observed Δβγ ppm differences.  Figure 29 shows the major set of peaks (highlighted blue) at 

30.8 and 25.7 ppm for the βCH2 and γCH2 resonances of proline respectively.  This 

corresponds with a Δβγ value of 5.1 ppm.  The minor set of peaks (highlighted red) 

meanwhile occurred at 33.4 and 23.4 ppm, a Δβγ value of 10 ppm.  Based upon these 

values, the major product synthesised was determined to be trans-prolyl tunichrome Sp-1 

22a, with cis-prolyl tunichrome Sp-1 22b being the minor product.  Further evidence of the 

trans-conformation of compound 22a was found in the NOESY correlation between the 
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Gly(3)-αCH2 and the Pro(4)-δCH2 groups.  When comparing the relative integrals of the 1H 

NMR peaks, the cis:trans ratio of the product produced was approximately 1:5. 

In order to ensure that this second signal set was indeed a cis-prolyl isomer and not the 

result of epimerization of the Pro(4)-αC, the synthesis of [D-Pro]4-tunichrome Sp-1 107 was 

proposed.  Having previously synthesised the D-proline enamide compound 93 in Chapter 3 

(Table 1), the synthesis of 107 would simply involve coupling of 93 to tripeptide 104, followed 

by two deprotection steps as outlined in Scheme 30.  The initial coupling reaction (Step (i), 

Scheme 30) produced the protected [D-Pro]4-tunichrome Sp-1 (108) analogue in 49% yield. 

 

 

Scheme 30: Synthesis of [D-Pro]4-tunichrome Sp-1 (107).  Reagents and conditions: (i) 
EDC.HCl, HOBt, DMF, N2, rt, 2 h, 49% yield; (ii) Piperidine, DMF, rt, 1 h, dried, then (iii) 

TEA.3HF, THF, rt, 1 h, 82% yield. 

 

The protected analogue of [D-Pro]4-tunichrome Sp-1 (108) was characterised in a similar 

manner to the previously characterised diastereomer (106).  The key spectral differences 

came predominantly from the 1H NMR spectra, where the Pro(4)-αCH  signal previously 
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found at δH = 4.78 ppm for 106 moved to 4.73 ppm for 108.  The Gly(3)-αCH2 signal was 

also different in the spectrum of 108, observed as two clearly distinct diastereomeric peaks 

at δH = 4.03–4.12 and 3.77–3.90 ppm, compared with the single observed signal at 3.83–

4.09 ppm in the spectrum of 106.  The observed [α]D value of +37 for 108 was also 

significantly different to the -55 value observed for 106.  The mass spectrum showed the 

presence of the expected molecular ion for [M+Na]+ at m/z = 1592.8242 (C84H131N5NaO12Si6 

calculated mass = 1592.8302).  Deprotection of 108 was carried out once again with 

piperidine/DMF and TEA.3HF, in a two-step, one pot synthesis – yielding 

[D-Pro]4-tunichrome Sp-1 in 82% yield.  

The NMR spectra of [D-Pro]4-tunichrome Sp-1 (107) was compared to that of both the trans 

and cis prolyl conformers of tunichrome Sp-1 (22a and 22b).  The 13C NMR shifts of the 

Pro(4)-βCH2 and Pro(4)-γCH2 carbons, while slightly different between the 22a and 107, did 

not match those observed for cis-tunichrome Sp-1 (22b).  A more detailed comparison of key 

NMR shifts is tabulated below, highlighting the differences between trans-tunichrome Sp-1 

(22a) and compounds 22b and 107 (Table 10).  In general the 1H and 13C NMR of 

compound 107 closely resembled that of tunichrome Sp-1, with only slight differences in 

some 1H NMR shifts.  The major differences appear to be the 1H NMR shifts of the DOPA(1)-

αCH, DOPA(2)-αCH, Gly(3)-αCH2 and the dcΔDOPA(5)-βCH protons.  The DOPA(1)-αCH, 

DOPA(2)-αCH and dcΔDOPA(5)-βCH shifts of 107 occur slightly downfield compared to 

where they are observed in the 22a 1H NMR spectrum.  The Gly(3)-αCH2 signals of 107 

meanwhile appear as two distinct diastereomeric  doublet signals in the 1H NMR spectrum, 

compared to one broad multiplet system in the spectrum of 22a.    Conversely, the shifts 

arising from the Pro(4) residues of each compound are present in relatively similar areas of 

the 1H NMR spectra.  The [α]D value of 107 was +108, a clear difference in value to the [α]D 

observed for 22 of -71.  Evidence of a cis-isomer of [D-Pro4]-tunichrome Sp-1 was also 

present in the NMR spectra of the compound 107, with trans-[D-Pro4]-tunichrome Sp-1 again 

being the major product. 
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Table 10: Comparison of key 1H and 13C NMR shifts for compounds 22a, 22b and 107. 

 
trans-Tunichrome Sp-1a 

(22a) 

cis-Tunichrome Sp-1a 

(22b) 

trans-[D-Pro4]-

Tunichrome Sp-1b (107) 

 1H δ 13C δ 1H δ 13C δ 1H δ 13C δ 

DOPA(1)-αCH 4.00–4.08 
(1H,m) 55.5 - - 

4.19–4.30 
(1H, m) 55.4 

DOPA(1)-βCH2 

2.90 

(1H, dd, 14.0, 7.5 
Hz) 

2.96–3.06 
(1H, m) 

37.9c - - 

2.89–2.99 

(1H, m) 
3.07–3.17 

(1H, m) 

37.6 

DOPA(2)-αCH 4.66 
(1H, t, 7.1 Hz) 56.3 - - 

4.76–4.86 

(1H, m) 56.2 

DOPA(2)-βCH2 

2.79 
(1H, dd, 14.0, 8.5 

Hz) 
2.96–3.06 

(1H,m) 

38.2c - - 

2.76–2.86 
(1H, m) 

3.02–3.12 
(1H, m) 

38.1 

Gly(3)-αCH2 
3.98–4.05 

(2H,m) 43.1 - 43.0 

3.99 

(1H, d, 17.3 Hz) 
3.87 

(1H, d, 17.3 Hz) 

43.1 

Pro(4)-αCH 4.44 
(1H, dd, 8.7, 4.2 Hz) 61.9 

4.51–4.60 
(1H, m) 61.2 

4.42–4.48 

(1H, m) 61.9 

Pro(4)-βCH2 

1.94–2.06 

(1H, m) 
2.18–2.26 

(1H, m) 

30.8 

2.09–2.18 
(1H, m) 

2.33–2.39 

(1H, m) 

33.4 

1.90–2.00 

(1H,m) 
2.17–2.27 

(1H, m) 

30.7 

Pro(4)-γCH2 1.97–2.10 

(2H,m) 25.7 
1.88–1.96 

(2H, m) 23.4 
1.95–2.09 

(2H, m) 25.8 

Pro(4)-δCH2 

3.47–3.56 

(1H, m) 
3.58–3.65 

(1H, m) 

47.9 - 47.7 
3.45–3.64 

(2H, m) 47.8 

dcΔDOPA(5)-αCH 7.16 

(1H, d, 14.6 Hz) 121.1 
7.23 

(1H, d, 14.6 Hz) - 
7.19 

(1H, d, 14.5 Hz) 121.2 

dcΔDOPA(5)-βCH 6.16 

(1H, d, 14.6 Hz) 116.1 
6.23 

(1H, d, 14.6 Hz) - 
6.29 

(1H, d, 14.5 Hz) 116.6 

a 1H (500 MHz), 13C (125 MHz), CD3OD; b 1H (400 MHz), 13C (100 MHz), CD3OD; c denotes shifts that could not 
be discerned from one another 

 

 

4.6 Analogues of tunichrome Sp-1 for oxidation study 

 

With the intention to later investigate the properties of tunichrome Sp-1 under oxidative 

conditions, a series of analogues were needed in order to provide adequate controls so that 



  Chapter 4: Tunichrome Sp-1 
 

 
80 

 

the specific role of the dehydrodopamine residue could be determined.  The additional 

analogues deemed necessary were a terminal amine protected analogue 109, a 

dcΔDOPA(5) catechol protected analogue 110, and an analogue with both those groups 

protected 111 (Figure 30).  O-Methyl protection upon the dcΔDOPA(5) catechol group would 

allow for experiments to be run, whereby this residue would not be susceptible to oxidation 

into an orthoquinone.  This would attribute any observed activity solely to the catechol 

groups of the DOPA(1) and DOPA(2) residues.  Protecting the terminal amine group on the 

other hand would eliminate a potential nucleophile from the reaction mixture, further 

simplifying the reactivity of these particular analogues. 

 

 

Figure 30: Proposed analogues of tunichrome Sp-1. 

 

The compound 109 could be synthesised using the same protection strategy employed for 

the synthesis of tunichrome Sp-1.  Deprotection would differ from that presented in Scheme 

29, in that only step (ii) would be performed, conserving the Fmoc-protecting group.  The 

reaction of 106 with TEA.3HF proceeded as expected, forming Fmoc-protected tunichrome 

Sp-1 109 in a quantitative yield.  In terms of the characterisation of 109, the compound's 

NMR spectra closely resembled that of 22.  Each individual amino acid residue could again 

be discerned from one another via the 1H-1H spin systems observed in the COSY NMR 

spectrum.  HMBC correlations meanwhile, particularly those arising from the α-proton 

resonances into each of the 13C carbonyl resonances established the relative connectivity 

between the individual residues (Figure 31). 
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Figure 31 Key HMBC and COSY correlations of Fmoc-protected tunichrome Sp-1 109. 

 

Additionally, the distinctive aryl peaks of the Fmoc group were observed in the 1H NMR 

spectrum as four resonances at δH = 7.22–7.29, 7.34, 7.52–7.59 and 7.73 ppm (each 

integrating for two protons), while the methine and methylene protons were present at δH = 

4.13 and 4.18–4.34 ppm respectively. A distinctive resonance occurring in the 13C NMR 

spectrum at δC = 158.3 ppm was indicative of the presence of the Fmoc carbamate group.  

Meanwhile, no shifts associated with TBS-groups were detected in the 1H and 13C spectra, 

proving their complete removal.  Detection of the [M+Na]+ molecular ion of 109 observed at 

m/z = 908.3092 (Calculated for C48H47N5NaO12 = 908.3113) also acted to confirm the 

proposed structure.   

The synthesis of O-methyl protected tunichrome Sp-1 analogues 110 and 111 would not be 

able to proceed given the starting materials currently available.  Instead, these compounds 

would need to be synthesised using a different proline-enamide fragment, featuring O-methyl 

protection on the dcΔDOPA residue rather than TBS protection.  This would require the 

synthesis of a new vinyl iodide coupling partner to pair with Fmoc-prolinamide 90.  The TBS 

protected tripeptide fragment (104) could still be used however, which ultimately would allow 

for the selective removal of the  TBS-protecting groups of DOPA(1) and DOPA(2) while 

conserving the O-methyl protection on dcΔDOPA(5). 

 

 

4.7 Synthesis of O-methyl protected Pro-dcΔDOPA fragment 112 

 

Synthesis of the O-methyl-dcΔDOPA(5) analogues of tunichrome Sp-1 would first require a 

new Buchwald coupling partner, (E)-4-(2-Iodovinyl)-1,2-dimethoxybenzene (113) to be 



  Chapter 4: Tunichrome Sp-1 
 

 
82 

 

synthesised. With 3,4-dimethoxycinnamic acid (114, obtained from commercial sources) as 

the starting material for the Hunsdiecker transformation, the O-methyl-protected styryl iodide 

113 was synthesised in 72% yield (Scheme 31). 

 

 

Scheme 31: Synthesis of styryl iodide 113. Reagents and conditions: (i) NIS, LiOAc, 
CH3CN:H2O (19:1), rt, 1 h, 72% yield. 

 

This reaction proceeded in a far greater yield than the previous synthesis for the TBS-

protected styryl iodide 40 (31%, Scheme 17, Chapter 2).  The likely explanation for this is the 

change in solvent conditions.  With the reaction known to proceed best in a CH3CN/H2O mix, 

the favourable solubility of 3,4-dimethoxycinnamic acid (114) in these conditions allowed for 

a higher yielding reaction.91  

Characterisation of iodide 113 was analogous to that of TBS-protected iodide 40.  The sole 

product was again the E isomer, the key doublets associated with the alkene protons 

observed at 6.65 and 7.35 ppm in the 1H NMR spectrum, with a coupling constant of 15.0 

Hz.  The methoxy groups meanwhile, were observed as two singlets at 3.88 and 3.89 ppm. 

The molecular ion for [M+Na]+  at m/z = 312.9686 (Calcd for C10H11INaO2, 312.9696) was 

also observed in the mass spectrum.  

With styryl iodide 113 in hand, the Buchwald coupling reaction with Fmoc-L-prolinamide 90 

was then performed (Scheme 32). 

 

 

Scheme 32: Synthesis of O-methyl-protected dcΔDOPA-proline enamide 112. Reagents 
and conditions: (i) CuI (0.5 eq.), DMED (1.5 eq.), Cs2CO3 (1.5 eq.), dioxane, 85°C, 18 h. 

37% yield.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
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This reaction proceeded in a 37% yield, a slight increase on the yield seen in the equivalent 

coupling reaction when TBS protection was employed (32%).  This increase in yield is not 

enough to imply that there is a significant effect on the reaction yield imposed by the 

particular catechol protection strategy used. 

 

 

Figure 32: Key COSY and HMBC correlations of O-methyl-Pro-dcΔDOPA 112. 

 

Prolyl enamide 112 could be characterised by firstly following the COSY correlations 

attributed to the proline residue.  The COSY spectrum showed a distinct chain of correlations 

starting from the methine H-10 proton, through the methylene chain to H2-13.  The observed 

HMBC correlations from H-1, H-10 and H2-11 into C-9 suggested attachment of the styryl 

group onto the amide – forming the enamide functionality (Figure 32).  The methoxy groups' 
1H NMR signals were observed at 3.83 and 3.84 ppm.  While these signals were too close in 

proximity to be definitively assigned, HMBC correlations from these signals into the 

quaternary carbons C-5 and C-6 confirmed their relative position within the molecule.  Mass 

spectrometry data showed a molecular ion at m/z = 277.1543, attributed to the [M+H]+ ion of 

C15H21N2O3 (calculated at 277.1547).  

  

 

4.8 Synthesis of O-methyl-tunichrome Sp-1 analogues 

 

With (S,E)-N-(3,4-Dimethoxystyryl)pyrrolidine-2-carboxamide (112) in hand, the synthesis of 

the O-methyl-tunichrome Sp-1 analogues could proceed.  Fragment 112 was coupled to 

tripeptide 104, again using EDC as the coupling reagent (Step (i), Scheme 33). 
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Scheme 33:  Synthesis of O-methyl-protected tunichrome Sp-1 analogues. Reagents and 
conditions: (i) EDC.HCl, HOBt, DMF, N2, rt, 2 h, 74% yield; (ii) piperidine, DMF, rt, 1 h, then 

(iii) TEA.3HF, THF, 1 h, 88% yield. 

 

This method produced the precursor compound 115 in a 74% yield.  The characterisation of 

115 was achieved in the same manner as previous tunichrome Sp-1 analogues.  Individual 

amino acid residues were easily identified via the COSY correlation chains arising from each 

of the amide proton signals (Figure 33).  The HMBC correlations observed were not 

adequate to completely discern the inter-residue connectivity of the compound, due in part to 

the very broad Gly(3)-αCH2 1H signal, as well as the close proximity of the two 13C 

resonances  associated with the carbonyl groups of the two DOPA residues.  The HMBC 

spectrum however, did show key correlations from the two O-methyl groups (δH = 3.81 and 

3.84 ppm) into two quaternary aromatic carbons (δC = 149.2 and 148.2 ppm respectively).  

Signals typical of those previously observed for Fmoc and TBS groups were present in both 

the 1H and 13C NMR spectra.  Evidence that the molecule was indeed successfully coupled 

between Gly(3) and Pro(4) was found with the presence of the [M+Na]+ molecular ion 

observed at m/z = 1392.6895 (m/z calculated for C74H107N5NaO12Si4 = 1392.6886).     
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Figure 33: Key COSY and HMBC correlations of protected O-methyl-tunichrome Sp-1 (115). 

 

Variable deprotection of compound 115 would enable access to the two remaining 

analogues 110 and 111.  A one pot, two-step deprotection (Steps (ii) and (iii), Scheme 33) 

of 115 produced O-methyl-protected tunichrome Sp-1 110 in a 91% yield.  The NMR spectra 

of 110 showed similar COSY and HMBC correlation patterns to those seen for parent 

compound 115, with the lack of observed correlations from amido protons in this case being 

attributed to the deuterium exchange from the CD3OD solvent (Figure 34).  The O-methyl 

groups were once again obvious from their HMBC correlations into the dcΔDOPA(5) 

quaternary aromatic 13C resonances.  The 1H signals associated with the prolyl alkyl region 

were all very broad, preventing the observation of any HMBC correlations between Gly(3) 

and Pro(4).  However, the mass spectrum again showed these residues were attached, with 

a molecular ion [M+H]+ detected at m/z = 692.2929 (calculated for C35H42N5O10 = 692.2926). 

 

 

Figure 34: Key COSY and HMBC correlations of O-methyl-tunichrome Sp-1 analogues 110 
and 111. 
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Meanwhile, treatment of 115 with only TEA.3HF yielded Fmoc-O-methyl-protected 

tunichrome Sp-1 (111) in an 88% yield (Step (iii), Scheme 33).  This molecule featured the 

same predominant HMBC/COSY correlation patterning, as shown in Figure 34.   The main 

point of difference between the NMR spectra of 111 and 110, was the presence of signals 

associated with the Fmoc group.  The most distinctive of these peaks are the 1H aryl shifts at 

δH = 7.25–7.32, 7.33–7.39, 7.54–7.61 and 7.76 ppm, as well as the 13C carbamate shift at δC 

= 158.3 ppm.  The mass spectrum also showed an ion of the correct mass for [M+Na]+ at 

m/z = 936.3422 (Calculated for C50H51N5NaO12 = 936.3426). 

 

Table 11: Relative ORAC values for tunichrome Sp-1 and analogues. 

Compound Relative ORAC Valuea 

Tunichrome Sp-1 (22) 3.84 ± 0.03 

[D-Pro]4-Tunichrome Sp-1 (107) 4.86 ± 0.08 

Fmoc-Tunichrome Sp-1 (109) 2.02 ± 0.03 

O-methyl-Tunichrome Sp-1 (110) 3.42 ± 0.07 

Fmoc/O-methyl-Tunichrome Sp-1 (111) 3.73 ± 0.09 

a Ascorbic acid standard gave a ORAC value of 0.40 ± 0.02 

 

Tunichrome Sp-1 (22) and its analogues (107, 109-111) were all tested in ORAC assays (as 

described previously in Section 2.6).  All of these compounds exhibited potent anti-oxidative 

activity in vitro, with each analogue having at least two times the oxygen radical absorbance 

capacity of Trolox® (Table 11).  The most potent compound, [D-Pro]4-tunichrome Sp-1 (107), 

had a relative capacity of 4.86 ± 0.08, although, it is unclear as to why this value is so much 

higher than that for the diastereomer (L-Pro)-tunichrome Sp-1 (22, 3.84 ± 0.03).  The values 

observed however, were typically far higher than the highest value seen in the N-acyl 

dehydrodopamine library (72: 2.36 ± 0.07), which is likely a result of the additional DOPA 

residues present in each compound in the tunichrome Sp-1 library. Fmoc-Tunichrome Sp-1 

did exhibit an ORAC value lower than expected, although this compound is known to be 

relatively insoluble in aqueous solutions.  Interestingly, while the two completely deprotected 

tunichrome analogues (22 and 107) showed the highest anti-oxidative capacity, the 

compounds with O-methyl-protected dcΔDOPA(5) residues were still relatively potent.  This 
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observation seems to show that a large amount of the anti-oxidative capacity of this class of 

compounds can be attributed to the two free DOPA residues.   



 

 

 

 

Chapter 5: The synthesis of 

plicatamide 
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5.1 Introduction 

 

Having proven the Buchwald enamide synthesis a robust route towards 

dcΔDOPA-containing natural products, the synthesis of the more complex plicatamide was 

envisaged.  Plicatamide 23 was isolated by Tincu et al. from the same species of tunicate as 

tunichrome Sp-1, Styela plicata.9  The phenylalanine and histidine rich octapeptide features 

a terminal dcΔDOPA residue and is considerably larger than the members of the tunichrome 

family (Figure 35).  

 

 

Figure 35: The structure of plicatamide 23 

 

Plicatamide has been shown to exhibit potent antimicrobial activity towards methicillin 

resistant Staphylococcus aureus (MRSA), Listeria monocytogenes, Escherichia coli and 

Pseudomonas aeruinosa, activity attributed to its ability to permeate the bacterial cell 

membrane.42  This is an activity typical of the cationic antimicrobial peptide (CAP) class of 

compounds.  However, CAPs are generally larger peptides than plicatamide, typically 

between 20-40 amino acids in length.43  CAPs are typically active when they possess a 

positive charge.43  Plicatamide however, shows increased activity at pH 7.4 (where the 

histidine residues are uncharged) compared to at pH 5.5 (where histidine residues are 

positively charged).42 The dcΔDOPA end group of plicatamide also appears to be somewhat 

necessary for the compounds activity, as replacement of this residue with DOPA (the 

probable biosynthetic precursor) significantly decreases the potency of the compound.42  

These properties suggest there is some novel aspect in the way plicatamide exerts its 

antibacterial activity.  This makes plicatamide a very interesting compound for further study.   

As plicatamide has only been found in low amounts within Styela plicata (0.1 mg per 100 mL 

of the organism's blood)9, a synthesis of the compound is required.  Production of a 
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significant amount of plicatamide would allow for a more in depth study into its suitability as 

an antibiotic, as well as into its specific mechanism of action.   

 

 

5.2 Synthetic plan towards plicatamide 

 

The synthetic route developed towards plicatamide closely followed the methodology 

developed for the synthesis of tunichrome Sp-1.  Retrosynthetically, the first disconnection 

was the peptide linkage between the Phe(6) and His(7) residues (Figure 36).   Having 

already prepared fragment 89 previously (Table 6, Chapter 3), only hexapeptide fragment 

116 would need to be synthesised.  As mentioned in the previous chapter, having the 

peptide linkage as the final constructive step in the synthesis would give the best yields at 

this late stage, minimising material wastage.   
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Figure 36: Retrosynthetic breakdown of plicatamide 23. 

 

 

The hexapeptide 116 would be synthesised with solid phase chemistry upon 2-chlorotrityl 

resin, again adopting an Fmoc protection strategy.  The peptide chain could be broken into 

three main amino acid residues; phenylalanine, histidine and leucine, shown in Figure 36.  

Trityl would be used as the protecting group for the imidazole group on the histidine 

residues, cleavage of which could later be achieved with acid.   

In terms of the final deprotection of the completed, protected plicatamide peptide, the 

orthogonal protection strategy employed would give control over the order that each set of 

protecting groups was removed in.  Knowing that an unprotected dcΔDOPA residue was 

unlikely to survive the basic Fmoc removal conditions, nor the acidic trityl deprotection 

procedure, meant that TBS-removal would be scheduled as the final step of the synthesis. 
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5.3 Synthesis of hexapeptide 116 

 

The peptide coupling cycle for the synthesis of the peptide fragment 116 was the same 

general cycle as used previously, although utilizing a different sequence of amino acids 

(Scheme 34). Starting from the C-terminus, the peptide was built up sequentially via five 

peptide coupling reactions to produce the hexapeptide 116 upon the chlorotrityl resin.  The 

resin was then treated with TFE, yielding the protected peptide 116 in a 95% yield (based 

upon the claimed resin loading capacity).   

 

 

 

Scheme 34: Synthesis of hexapeptide 116. Reagents and conditions: (i) [Resin loading] 
Fmoc-Phe-OH, DIPEA, CH2Cl2, rt, 1 h, then [Resin capping] CH3OH, DIPEA, CH2Cl2, rt, 1 h; 

(ii) [Fmoc-deprotection] piperidine, DMF, rt, 30 min; (iii) [Peptide coupling] either Fmoc-
His(Trt)-OH/Fmoc-Leu-OH/Fmoc-Phe-OH, HATU, DIPEA, DMF, rt, 1 h; (iv) [Cleavage] TFE, 

CH2Cl2, rt, 2 h, 95% yield (12 steps). 
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In terms of the characterisation of peptide 116, significant signal overlap was observed in the 
1H NMR spectrum due to the multiple histidine and phenylalanine residues within the 

molecule.  The amido proton shifts however, were dispersed widely enough that the 

individual amino acid residues could be assigned via TOCSY correlation patterns.  As shown 

in Figure 37, the leucine residue had a distinctive TOCSY correlation chain, starting from the 

amido proton and extending through the αCH, βCH2, γCH and δCH3 groups.  The histidine 

and phenylalanine residues meanwhile, all exhibited similar TOCSY correlation patterns, all 

displaying correlations between the NH, αCH and βCH2 groups.  The histidine residues were 

discernible from phenylalanine as they both featured HMBC correlations from the βCH2 

protons into the imidazole carbon resonances at δC = 118.6 and 119.2 ppm. 

 

 

Figure 37: Key TOCSY and HMBC correlations of the histidine, phenylalanine and leucine 
residues of compound 116. 

 

While the residues of hexapeptide 116 could be identified, their positioning relative to one 

another could not be determined due to signal overlap.  The residue sequence was therefore 

assumed as being in the order in which the peptide was synthesised.  To confirm this, the 

mass spectrum of 116 was analysed, showing the main observed molecular ion [M+H]+ at 

m/z = 1553.7122 (Calculated for C98H93N10O9, 1553.7122).  The mass spectrum showed no 

evidence of any other molecules containing missing or additional histidine, phenylalanine or 

leucine residues.  This implied that all the coupling steps proceeded to completion, ensuring 

the correct sequence of amino acids. 
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5.4 Synthesis of protected plicatamide 117 

 

The two protected fragments 89 and 116 could now be connected via a solution phase 

peptide coupling, utilizing EDC in the presence of HOBt (Scheme 35). 

 

Scheme 35: Synthesis of protected plicatamide 117.  Reagents and Conditions:  (i) EDC, 
HOBt, DMF, rt, 2 h, 93% yield. 

 

The coupling proceeded as expected, yielding protected plicatamide 117 in 93% yield.  

When attempts were made to couple the two fragments using HATU and DIPEA instead, 

three different sets of signals were observed in the 1H NMR spectrum of the product mixture.  

While the mixture could not be separated to allow investigation into the side reaction 

occurring, the three compounds appeared to closely resemble one another.  While not 

possible to say for certain, it is possible that these conditions caused racemisation of some 

of the amino acid residues.  Histidine in particular is susceptible to racemisation during the 

formation of the active coupling ester, especially when unprotected at the π nitrogen.115  This 

is caused by an intramolecular deprotonation of the αCH group by the imidazole π nitrogen.  

HATU is generally considered to supress this mechanism of racemisation, by forming the 

less active HOAt ester.  However, it may be possible that the presence of DIPEA base in this 

coupling reaction could cause deprotonation of the α-proton of histidine, leading to 

racemisation at a later point in the reaction. 

Similarly to the previously characterised hexapeptide, the 1H NMR spectrum of protected 

plicatamide 117 featured a high degree of signal overlap.  However, the individual amino 

acid residues could still be distinguished via TOCSY correlations from each amido proton 

signal (Figure 38).   It was apparent that the product included an additional histidine and 
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dcΔDOPA residue when compared to the reaction starting material hexapeptide 116.  A 

distinctive doublet signal in the 1H NMR at δH = 6.24 ppm (JHH = 14.4 Hz) in CDCl3 was 

indicative of the presence of the His-dcΔDOPA enamide moiety (specifically, arising from the 

dcΔDOPA(8)-βCH proton).  By overlaying the NOESY and COSY spectra of 117, the 

NOESY correlations between the NH of each residue to the αCH of the adjacent residue (to 

the N-terminus side) could be distinguished.  This allowed for the relative order of the 

residues to be determined (Figure 38). 

 

Figure 38: TOCSY NMR spectrum of 117 highlighting the NH-αCH-βCH2 correlations of 
each amino acid residue type.  Numbers indicate position of the residues within the peptide 

chain. 
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The [M+2H]2+ molecular ion for compound 117 was identified in the mass spectrum at m/z = 

1147.5544, compared to the calculated value of 1147.5568 for C143H150N14O11Si2.  This 

showed the successful joining of the two fragments. 

 

 

5.5 Deprotection of protected plicatamide 117 

 

The deprotection of compound 117 into plicatamide would prove more complex than for that 

of tunichrome Sp-1.  The order of deprotection would be critical to the success of the 

synthesis.  The Fmoc deprotection requires base, meaning it would have to be removed 

prior to the TBS groups.  The relative order of the Fmoc and trityl deprotection steps 

however, was not as obvious.  While the histidine residues are possibly base sensitive, this 

is true even when they are protected.  The main effect of trityl deprotection would be a 

drastic change in the solubility of the compound.  The initial strategy was to firstly deprotect 

Fmoc – as this step required base, it could not be performed later in the presence of an 

unprotected dehydrodopyl group.  Afterwards, trityl could be removed, followed finally by 

TBS deprotection to yield plicatamide 23. 

 

 

Scheme 36: Initial deprotection strategy for the synthesis of plicatamide (23).  Reagents and 
conditions: (i) piperidine, DMF, rt, 10 mins; (ii) TFA/TIPS/H2O (95:2.5:2.5), rt, 30 min; (iii) 

TEA.3HF, THF, rt, 30 min. 

 

The initial Fmoc deprotection (Step (i), Scheme 36) proceeded as planned, affording 

compound 118 in an 83% yield.  Evidence of the removal of Fmoc was apparent in the mass 

spectrum, with the [M+2Na]+ molecular ion at m/z = 1058.5076 (calculated for 

C128H138N14Na2O9Si2 = 1058.5047) signifying a requisite loss of 222 Da.  The 1H NMR 

spectrum likewise showed the loss of the shifts associated with the Fmoc group.  

Importantly, there appeared to be no evidence of any diastereomers present, with only one 

set of 1H NMR peaks observed.   



  Chapter 5: Plicatamide 
 

 
97 

 

The next step was the trityl deprotection (Step (ii), Scheme 36) which utilized a 

TFA/TIPS/H2O cleavage cocktail.116  These conditions led to degradation of the compound 

as evidenced by a significant decrease in the relative integration of the 1H NMR signal 

associated with the dcΔDOPA(8)-αCH proton at δH = 6.17 ppm, which only integrated for 

approximately 17% of the expected value when compared with the rest of the peptidyl 

signals.  Additionally, the isolated product mixture appeared complex, with distinctive 1H 

NMR signals such as the Leu(4)-δCH3 resonances appearing as complex multiplets, rather 

than the expected doublets.  These observations suggested that the majority of the enamide 

moiety did not survive the highly acidic conditions, meaning that a new, milder cleavage 

reagent was required.  In a paper published by Palladino et al., the weak acid 

hexafluoroisopropanol (HFIP) containing dilute HCl was successfully used as a global 

deprotection reagent.117  Trityl protected histidine residues were demonstrated to be easily 

deprotected in HFIP containing a concentration of only 0.01 N HCl.117  Employing these 

conditions for the deprotection of compound 118 was again found to be unsuccessful.  The 

trityl groups did appear to be cleaved, as evidenced by the bright yellow colour of the trityl 

cation species being formed during the reaction.  However, these cations must have 

subsequently reacted with the molecule, with large trityl signals still being observed in the 1H 

NMR.  The dcΔDOPA(8)-βCH enamide signal at δH 6.04 ppm integrated for approximately 

30% of the expected value, suggesting it may be involved in this side reaction.   

 

 

Scheme 37: Revised trityl deprotection step.  Reagents and conditions: (i) 0.01 N HCl in 
HFIP/TIPS/H2O (95:2.5:2.5), rt, 30 min, 83% yield. 

 

The ultimate solution to this problem was to add H2O and TIPS as scavenging agents within 

the reaction mixture.  With a solution of 0.01 N HCl in HFIP/TIPS/H2O (95:2.5:2.5), 

deprotection was achieved in an 83% yield (Scheme 37).  During the reaction, the previously 

observed bright yellow colour was absent, proving these conditions efficient in quenching the 

trityl cation species.  The now highly polar deprotected product 119 was purified via reverse 

phase C8 column chromatography – eluting in a 70% CH3OH/H2O solution.  Evidence of the 

successful removal of the trityl groups was found in the 1H NMR spectrum, wherein the 

relative integration of the aryl region was substantially decreased.  The dcΔDOPA(8)-βCH 

signal (δH = 6.20 ppm, doublet, JHH = 14.7 Hz) now integrated appropriately when compared 

to the signals from aromatic region (representing a total of 27 protons).  The Leu(4)-δCH3 
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signals were no longer observed as complex multiplets, with both signals now doublets (JHH 

= 6.8 Hz) at δH = 0.91 and 0.95 ppm.  The mass spectrum also showed the expected 

[M+Na]+ ion at m/z 1367.6951 (Calculated for C71H96N14O9Si2 = 1367.6915). 

The final deprotection step was the removal of the TBS groups from the dcΔDOPA(8) 

catechol group.  TEA.3HF in THF was again the reagent of choice for this reaction and 

proved effective in removing the TBS groups.  After the initial purification procedures were 

carried out via reversed phase C8 column chromatography, the expected product 23 was 

observed, albeit as a minor product.  

 

 

Scheme 38: Degradation of plicatamide 23. 
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While the reaction did appear to afford plicatamide 23 as a product, there appeared to be a 

subsequent hydrolysis of the enamide group (Scheme 38) and thus a pure sample could not 

be obtained.  From the 15 mg of protected starting material used, a 1.2 mg fraction was 

collected after attempted purification, the 1H NMR spectrum of which is shown in Figure 39. 

The signals related to the peptidic bulk of plicatamide are strongly present in this spectrum, 

while the dcΔDOPA(8)-βCH signal (δH = 6.14 ppm, JHH = 14.8 Hz) is relatively weak, 

implying plicatamide is only present as a minor product (Figure 39).  

 

 

Figure 39: 1H NMR spectrum of the original deprotection of 119. 

 

A molecular ion [M+H]+ observed at m/z 984.4886 corresponding to 116 (calculated for 

C51H62N13O8 = 984.4840) confirmed it as one of the degradation products.  The 1H NMR 

spectrum of previously eluted fractions also showed trace evidence for aldehyde 120.  With 

subsequent repeats of the same reaction, purification was attempted utilizing a variety of 

reversed phase column chromatography techniques.  Ultimately, it was found that neither 

the use of a C18 silica support in place of previously used C8, nor the usage of a CH3CN/H2O 

solvent system, would improve separation. 

It was hypothesised that the aqueous purification conditions, along with the 40°C heat 

applied to the compound during solvent evaporation, was causing the degradation of 

plicatamide.  To avoid this, an attempt was made to purify the crude reaction via column 

chromatography upon an LH20 solid support phase with CH3OH as the eluent. The crude 1H 

NMR spectrum of the resulting isolate showed that this method appeared to prevent the 

degradation of plicatamide, however, it did not provide sufficient separation from the 

triethylamine present in the reaction mixture.  This mixture was then purified further on the 

same support, with the use instead of a dilute HCl solution (pH = 5) as the eluent.  The acid 

was required in order to give plicatamide sufficient water solubility for efficient separation 
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upon the LH20 support.  The solvent was removed via freeze drying rather than using a 

rotary evaporator.  This process yielded 1 mg of plicatamide, a 6% yield from precursor 23.   

1H NMR and COSY spectra were obtained immediately after purification, with the data 

obtained matching that of the data reported for the natural product (Figure 40).9  The mass 

spectrum obtained for 23 also showed the molecular ion [M+H]+ at m/z = 1117.5374 

(calculated for C59H69N14O9 = 1117.5366), consistent with the presence of plicatamide. 

   

 

Figure 40:  The 1H and COSY NMR spectra (D2O) of synthesised plicatamide (Left) and the 
original isolated plicatamide9 (Right). 

 

Unfortunately, when the NMR sample was subsequently freeze-dried overnight to remove 

the D2O solvent, the compound degraded.  The solid left after the freeze-drying process was 

completely insoluble in D2O and CD3OD.  Only when dissolved in d6-DMSO could a 1H NMR 

spectrum be obtained, which showed signals similar to those of plicatamide, albeit much 

weaker and broader (Figure 41).  
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Figure 41: Stacked plot of the 1H NMR spectra of plicatamide (Top, D2O) and its 
degradation product (Bottom, d6-DMSO). 

 

The low solubility of the degradation product, along with the extensively broadened 1H NMR 

shifts implied that plicatamide had undergone polymerisation.  The conditions under which 

the degradation occurred show that plicatamide is a very unstable compound.  The 

dcΔDOPA(8) residue is likely implicated in this instability, with the 1H NMR  signal related to 

its βCH proton (δH = 6.14 ppm, JHH = 14.8 Hz) nearly non-existent in the degraded product.  

There are a few possibilities as to what caused the degradation of plicatamide.  

Dehydrodopamine residues are known to undergo polymerisation reactions when exposed 

to atmospheric oxygen (a topic that will be covered in Chapter 6), however this process 

generally only occurs rapidly in the presence of a base.  It is possible that with the presence 

of multiple imidazole side-chains within plicatamide, the molecule is basic enough to auto-

catalyse this reaction.  While the compound showed no signs of degradation when dissolved 

in D2O, this may be due to the compound being present as the HCl salt.  Upon removal from 

the NMR tube and dilution with water, the pH rise may have been sufficient to polymerise the 

compound.  Alternatively, the degradation of plicatamide may be a result of aggregation of 

the peptide.  Plicatamide is rich in aromatic residues, which could lead to the formation π-π 

stacking interactions, forming an insoluble product.118  It has been proposed that dopamine is 

heavily involved in π-π stacking structures when forming polydopamine structures, and it is 

possible that dehydrodopamine could exhibit similar activity in this case.119   
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Even though the exact mechanism of degradation is not obvious, the observed instability of 

purified plicatamide does go some way towards explaining the very low yield of the catechol 

deprotection step.  While we know a certain amount of hydrolysis of the dcΔDOPA(8) 

residue occurred, this does not seem to account for the total amount of product lost.  It may 

be that during the deprotection of plicatamide, degradation occurs not only through the 

mechanism shown in Scheme 38, but also through polymerisation.  Any such polymerisation 

products are likely to be retained on the column, being insoluble in H2O and CH3OH.  When 

plicatamide was originally isolated it was done so using reversed phased HPLC in 

CH3CN/H2O with 0.085% TFA.9,42  The presence of acid appears key in the isolation of 

plicatamide, with the molecule having favourable solubility when all the histidine imidazole 

groups are protonated.  The same was observed in the current chemistry, where it was 

found that dilute HCl (0.01 mM, pH = 5) was required to effectively isolate plicatamide.  

Whilst the synthetic strategy developed for the synthesis of dehydrodopamine containing 

compounds was capable of producing plicatamide, the ultimate yields were disappointing.  

The dataset obtained for plicatamide is not sufficient for full structural elucidation of the 

compound; however, it seems clear that this data is analogous to that of the isolated natural 

product.  Likewise, knowing the structure of plicatamide's protected precursor 117 suggests 

that the logical product of the deprotection steps would be plicatamide.  In terms of future 

work on this compound, a larger yield would be desirable, as would be the development of 

handling techniques to ensure no product degradation occurs.  The synthesis appears not to 

be overtly flawed in terms of the reagents used, but rather with the purification techniques 

employed during the final deprotection step.  It appears that the compound is unstable under 

prolonged exposure to heat, strong acid or mild base when in aqueous conditions.  This 

means any purification procedure ultimately developed for this compound would likely need 

to avoid aqueous systems to be of practical use.  The high polarity of plicatamide makes this 

difficult, with it being too polar to separate via normal phase column chromatography, even 

when attempted on phenyl or diol functionalised silica gels.  The most promising technique 

appears to be the use of LH20-type column chromatography supports.  If aqueous solvent 

systems do prove unavoidable, it seems likely the compound would need to be 

purified/stored in a mildly acidic buffer solution, with any removal of solvent being performed 

via freeze-drying. 



 

    

 

 

Chapter 6: The oxidation chemistry 

of dehydrodopyl compounds 
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6.1 Introduction 

 

The chemistry reported in the previous chapters was inspired by natural products which all 

contain the dehydrodopamine moiety within their structure.  Biosynthetically speaking, these 

products appear to be the result of post-translational modification upon tyrosine residues by 

the organisms in which they are found.17,23  The dcΔDOPA moiety present within these 

products is known to be highly susceptible to oxidation.21  Oxidation of this moiety results in 

the formation of highly reactive and conjugated structures, capable of undergoing a diverse 

array of addition reactions.24  For example, the simple acyl dehydrodopamine compound 

dehydro-NADA (1) has been shown to be a cross-linking agent, which acts to harden the 

protective chitin exoskeleton of insects.23,24  This sclerotizing activity is the result of the 

molecules ability to bond multiple nucleophiles from the various crosslinking proteins present 

in the cuticle matrix (Scheme 39).23,24   

 

 

Scheme 39:  One of the possible nucleophilic addition reactions of oxidised 
dehydro-NADA 1. 

 

In the structurally more complex dehydrodopamine containing marine natural products, such 

as the tunichromes, the exact role of the dcΔDOPA structure is less obvious.  The 

tunichromes have been linked to the sequestration of vanadium ions, which are found in 

particularly high concentrations within some tunicate species.17,32  As tunicates are able to 

store vanadium in the oxidatively sensitive +3 oxidation state, it has been proposed that the 

tunichromes may act to maintain this oxidative state.32,34  The catechol and pyrogallol 

moieties abundant in the tunichrome family of compounds are known to be able to strongly 

chelate vanadium at the low pH levels present in the blood cells of the tunicate species, 

however, modern research appears to indicate that the tunichromes are incapable of 

reducing vanadium to the +3 state.17  While this does not rule out the possibility that the 
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tunichromes are vanadium sequestering compounds, it does give credence to the alternative 

theories about the biological functions of tunichromes.  The other most widely proposed 

function of tunichromes is that they are in fact cross-linking agents, similar in nature to 

dehydro-NADA.17  With tunichromes having the hypothetical ability to undergo the same 

addition reactions as dehydro-NADA, and with them being found in the blood of tunicates, it 

is possible their biological function lies in wound repair or tunic formation.17  Previous studies 

have shown that tunichrome mixtures do indeed have the ability to cross-link proteins.40 

With a stock of synthetic tunichrome Sp-1, along with an array of Sp-1 analogues and 

smaller catechol containing compounds in hand, an investigation into their oxidative 

chemistry was undertaken.  The aim of such a study was to try and interpret what was 

occurring when these compounds undergo oxidation.  It was hoped that having pure 

compounds, as well a range of controls, would help create a clearer picture of this process. 

 

 

6.2 Single electron oxidation of catechol containing compounds 

 

In Chapter 2, the formation of benzodioxane dimers (2 and 3) was reported when dehydro-

NADA (1) was exposed to a weak base.  The presence of fluoride was sufficient to catalyse 

the oxidation of 1 with atmospheric oxygen.  This extreme base sensitivity is a well-known 

property of dehydrodopamine, with this same reaction of 1 known to proceed upon exposure 

of the compound to Tris HCl buffer solution at pH = 8.6.21  The reaction is believed to 

proceed via a single electron oxidation of the catechol group, the mechanism of which is 

presented in Scheme 40.17 
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Scheme 40: Reaction mechanism for the formation of benzodioxane 2 from 
dehydro-NADA 1. 

  

In this reaction, the catechol group of 1 is oxidised by oxygen to form the semiquinone 121.  

The conjugated dehydrodopamine structure allows for tautomerisation of this radical species 

to form the radical quinone methide structure 122.  Radical coupling of these two species 

forms one of the bonds that will eventually make up the benzodioxane ring.  The second 

such bond is achieved via a 1,6-Michael addition of the free hydroxyl onto the quinone 

methide, forming compound 2.  The reaction mechanism shown in Scheme 40 shows only 

one of four possible isomers that can be formed from this specific reaction.  The orientation 

of the catechol upon addition can lead to two possible regioisomers about the benzodioxane 

ring, with each regioisomer giving rise to a set of two stereoisomers depending upon the 

face of attack. 

In addition to the mechanism shown in Scheme 40, there are many other possible reactions 

that can occur upon oxidation of 1.  Not shown in Scheme 40 are the many other radical 

resonance structures, such as those that could lead to dimerisation at the aryl positions of 

the molecule.  It is also possible that the dimers undergo further addition with radical species 

to form a number of larger oligomers.  The wide array of addition reactions that can possibly 
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occur is likely the reason why the yield of benzodioxane dimers is relatively low for this 

reaction.   

 

 

Scheme 41: Dimerisation of DOPA containing compounds in basic conditions 

 

While other catechol containing compounds such as DOPA are also susceptible to oxidation 

under the same conditions as dehydrodopamine, they do not generally form the same 

variety of adducts.  DOPA and dopamine residues which have free terminal amines tend to 

undergo cyclisation into dihydroxyindole structures.120,121  Meanwhile DOPA residues that are 

non-terminal tend to exhibit aryl-aryl dimer products when exposed to base (Scheme 41).41  

The reason for this is that the lower degree of unsaturation in these compounds means that 

the quinone methide intermediate is less conjugated and therefore less stable.  The result of 

this is that the dimerisation reactions of these compounds tend to proceed via a semiquinone 

radical intermediate.17     
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6.3 Two electron oxidation of catechol containing compounds 

 

 

Scheme 42: Enzyme catalysed oxidation of dehydro-NADA 1 and subsequent nucleophilic 
addition. 

 

In biological systems, the oxidation of dehydrodopamine is believed to proceed via a two 

electron oxidation.  In the sclerotization of the insect cuticle for example, dehydro-NADA 1 is 

believed to be oxidised into orthoquinone 123 by the enzyme laccase (Scheme 42).23  Once 

formed, this orthoquinone has the potential to undergo 1,4-Michael addition at any of the free 

aryl positions on the molecule.  Additionally, the orthoquinone can tautomerise into the 

quinone methide structure 124, which gives the possibility of both 1,6 Michael addition as 

well as nucleophilic addition to the imine.17,23  When nucleophilic attack occurs in either of 

these scenarios, the catechol is reformed and can potentially undergo oxidation again to 

form even more adducts.  All of this serves to make dehydro-NADA an effective cross-linking 

agent, able to indiscriminately bind various nucleophiles from both structural proteins and 

chitin within the cuticle matrix.23  Meanwhile, in tunicate species the enzyme phenoloxidase 

is present, which possesses activity analogous to that of laccase.17  If exposed to this 

enzyme, it's likely that tunichrome-type compounds would also exhibit similar behaviour to 

that of dehydro-NADA in insects.  

 

 

Scheme 43: Enzyme catalysed oxidation of DOPA residues. 



  Chapter 6: Oxidation of dehydrodopamines 
 

 
109 

 

Many tunichromes however, also contain additional saturated DOPA residues.  This creates 

an extra layer of reactivity, as these residues can also be oxidised by phenoloxidase in a 

manner similar to dehydrodopamine (Scheme 43).  These quinone structures would then 

theoretically allow for 1,4-Michael addition reactions to take place on the aromatic rings of 

these molecules.  With tunichromes having so many potentially reactive sites within their 

structures, this family of molecules have obvious potential as cross-linking agents.   

 

 

6.4 Oxidation of tunichrome Sp-1 

 

In order to mimic the activity of tunichrome Sp-1 in biological systems, a set of reactions 

using NaIO4 was planned.  NaIO4 was chosen as it oxidises catechol groups to the 

corresponding orthoquinones, the intention of this being to replicate the chemistry of these 

compounds when they are exposed to phenoloxidase.122   

In the first such experiment, sodium periodate was added to a solution of tunichrome Sp-1 

and the reaction photographed over the course of 20 hours (Figure 42).  This reaction was 

performed with a 3:1 excess of NaIO4 to tunichrome Sp-1, using water as the solvent. Upon 

the immediate addition of periodate, the solution flashed a red colour that quickly 

disappeared with the diffusion of the reagents.  This happened too quickly to photograph, 

however the reaction then proceeded to undergo another gradual colour change.  The clear 

solution became a clear yellow colour within 1 minute, and then proceed through orange and 

finally to red over the course of around 30 minutes.  The reaction also proceeded to become 

more opaque, with a fine maroon precipitate eventually forming.  The precipitate then 

ultimately settled to the bottom of the reaction vessel and no further changes were observed.    
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Prior 1 min 5 min 30 min 120 min 20 h 

Figure 42: Time-lapse of the oxidation of tunichrome Sp-1 by NaIO4.  Reagents and 
conditions: tunichrome Sp-1 (22,1 mg/mL), NaIO4 (1 mg/mL), H2O, rt. 

 

Upon completion of the reaction the resulting solid 125 was separated from the supernatant 

for further analysis.  Upon attempted dissolution, the solid was found to be completely 

insoluble in any of solvents tried (H2O, CH3OH, THF, CH2Cl2, DMF and DMSO).  Theorising 

that the solid was in fact a large molecular weight polymer of tunichrome, the compound was 

refluxed in 2M HCl for 3 hours.  This process was intended to hydrolyse the peptide bonds 

within the structure, breaking the structure into smaller soluble fragments.  A small amount of 

the solid was able to be dissolved in this manner.  The soluble fraction of the reaction 

mixture was purified via LH20 column chromatography, eluting in H2O, after which the 

collected fractions were analysed by NMR spectroscopy.  Early eluting fractions were found 

to contain a mixture of proline and glycine, whereas no evidence of DOPA residues could be 

observed.  Aromatic signals were evident in the later eluting fractions but the mixture of 

compounds was too complex to elucidate the structure of any individual compounds.  For 

comparisons sake, a sample of tunichrome Sp-1 was digested with HCl in the same 

conditions as solid 125, and the crude NMR spectra compared (Figure 43).  

 



  Chapter 6: Oxidation of dehydrodopamines 
 

 
111 

 

 

Figure 43:  Comparison of the crude 1H NMR spectra of the HCl digestion of tunichrome 
Sp-1 (22, bottom) and the HCl digestion of the solid 125 (top). 

 

It is obvious from these spectra that the aromatic signals associated with solid 125 have 

been greatly reduced in size.  This suggests the aromatic containing residues cannot be 

dissolved by HCl and are still present in the undissolved solid, or significant substitution is 

occurring at these aromatic positions during the oxidation reaction, or possibly both.  The 

mass spectra of the 125 hydrolysis reaction showed a complex array of molecular ions, 

many larger in mass than tunichrome Sp-1.  However, no specific molecular ions could be 

identified as belonging to simple dimers of DOPA or dcΔDOPA that were shown in the 

previous sections.  The mass spectrum of the tunichrome Sp-1 digestion meanwhile showed 

no molecular ions above the mass of the starting material (Molar mass = 663.2540). 

To investigate further the changes occurring during the oxidation reaction, a fresh sample of 

tunichrome Sp-1 was reacted with periodate and the reaction monitored via UV-Vis 

spectrophotometry (Figure 44). 
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Figure 44: UV-Vis spectral time-course of the oxidation of tunichrome Sp-1 (22).  Reagents 
and conditions: tunichrome Sp-1 (0.1 mM), NaIO4 (0.1 mM), 30% THF/H2O.  

 

The initial UV-Vis spectrum of tunichrome Sp-1 showed absorption maxima at 285 nm 

indicative of the catechol groups on the DOPA residues, as well as another maxima at 312 

nm arising from the dcΔDOPA system.123–125  Upon addition of periodate, these two peaks 

decrease quickly in strength over a period of about five minutes.  Simultaneous to this, there 

appears to be a very broad increase in absorbance between approximately 375–550 nm.  

The broadness of this absorption means it is likely to be the result of multiple different 

products.  DOPA aryl-aryl dimers are known to absorb wavelengths of 420 and 510 nm, 

while amino Michael adducts of DOPA quinones also absorb at around 500 nm.123,124  This 

suggests that both the DOPA and dcΔDOPA catechol groups in tunichrome Sp-1 undergo 

rapid addition with any available nucleophile upon oxidation.  Interestingly, there does not 

appear to be any quinone absorbances observed (approx. 305 and 400 nm)124, suggesting 

that it is likely that if these species are produced they are only present transiently.  

Further experiments involving these oxidative reactions found that even with 0.5 equivalents 

NaIO4, conversion of 22 into the maroon solid 125 still occurred.  The same maroon solid 
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was also produced when the reaction was performed in the presence of a large excess (10 

equivalents) of lysine.  These findings imply that the reaction cannot be quenched by an 

excess of nucleophile, rather, upon addition of oxidant tunichrome Sp-1 appears to 

polymerise uncontrollably until it completely precipitates from solution.   

   

   
1 min 30 min 20 h 

Figure 45: Time-lapse of the reaction of tunichrome Sp-1 in NaOH.  Reagents and 
conditions: tunichrome Sp-1 (22, 1 mg/mL) in NaOH (0.1 M). 

 

Knowing that dehydrodopamine containing compounds can undergo single electron 

oxidation when exposed to base, tunichrome Sp-1 22 was subjected to alkaline conditions.  

In the initial experiment 22 was added to a phosphate buffer (pH = 7.9) and exposed to air.  

However, these conditions did not cause any reaction, as 22 simply precipitated out of 

solution.  The precipitated tunichrome Sp-1, appears to be relatively stable in this state, not 

reacting even after 20 hours.  The use of 0.1 M NaHCO3 (pH = 8.3) also caused the same 

precipitation of starting material to occur (Figure 46).   

 

 

Figure 46: 1H NMR spectrum of unreacted tunichrome Sp-1 after 20 hours in 0.1 M NaHCO3 
solution. 
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A reaction was finally produced upon exposure of 22 to 0.1 M NaOH (pH = 13).  As shown in 

Figure 45 the colourless tunichrome Sp-1 solution slowly turns a clear yellow colour over the 

20 hour reaction timeframe.  The 1H NMR of this water soluble product showed complete 

loss of the signals related to the enamide functionality.  The rest of the signals appeared 

broadened, suggesting polymerisation of the compound had occurred.  The mass spectrum 

of the reaction product again showed a complex mixture of molecular ions, with some 

appearing significantly higher in mass than 22.   

 

 

6.5 The oxidation of tunichrome Sp-1 analogues 

 

In an attempt to gauge more accurately the chemistry that is occurring during the oxidation 

of tunichrome Sp-1, the same periodate oxidation was carried out upon the series of 

synthesised Fmoc-protected and O-methyl protected analogues of tunichrome Sp-1 (106 

and 109-111).  The first compound this was attempted on was Fmoc-protected tunichrome 

Sp-1 109.  The terminal amine of this compound is protected, which prevents it from 

participating in any addition reactions.  

 

      
Prior 30 s 1 min 5 min 30 min 20 h 

Figure 47: Time-lapse of the oxidation of Fmoc-tunichrome Sp-1 (109) by NaIO4.  Reagents 
and conditions: Fmoc-tunichrome Sp-1 (109, 1.3 mg/mL), NaIO4 (0.32 mg/mL), 55% 

CH3OH/H2O, rt. 

 

During this reaction the solution initially turned red, this colour only lasting for about one 

minute (Figure 47).  An off white solid then proceeded to precipitate from solution which 

subsequently became a clear yellow colour.  The off white solid 126 was slightly soluble in 
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CD3OD, meaning a 1H NMR spectrum could be obtained.  The signals in the resulting 

spectrum were too weak and broad to determine much useful structural information about 

the compound, only showing the presence of broad signals approximately where Fmoc 

resonances would ordinarily be located.  The mass spectrum of solid 126 was also 

inconclusive, not showing evidence to the presence of larger, polymeric ions.  The low 

solubility of the solid 126 however, may be responsible for this lack of observed data.  The 

reaction was therefore monitored by UV-vis spectrophotometry, shown in Figure 48. 
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Figure 48: UV-Vis spectral time-course of the oxidation of Fmoc-tunichrome Sp-1 (109).  
Reagents and conditions: Fmoc-tunichrome Sp-1 (109, 0.1 mM), NaIO4 (0.1 mM), 30% 

THF/H2O. 

 

In these experiments, the signals associated with the Fmoc group appeared to obscure 

some of the shorter wavelength absorbances, however, the distinctive dehydrodopamine 

absorbance at 312 nm was visibly reduced during the reaction.  The first five minutes of the 

reaction saw an increase in absorbance between 425–550 nm.  This signal then proceeded 

to become stronger, but at the same time more broad and indistinct.  Increases in this area 

of the UV-vis spectrum imply that aryl adducts are still being formed during the reaction.   
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While amino-aryl adducts can be ruled out, the catechol groups could still be acting as 

nucleophiles.  It appears that even with the terminal amine of tunichrome Sp-1 protected, the 

molecule will still undergo polymerisation when oxidised.  However, without the possible 

formation of amino-aryl adducts, the polymer forms as a white coloured solid rather than 

maroon.   

The next analogue to be tested was tunichrome Sp-1 with O-methyl-protection upon the 

catechol of the dcΔDOPA(5) residue (Compound 110).  This protection prevents the 

dcΔDOPA(5) residue from undergoing oxidation into the quinone or quinone methide 

species, leaving only the catechol groups of the unprotected DOPA residues free to be 

oxidised.    

 

     
Prior 1 min 5 min 45 min 20 h 

Figure 49: Time-lapse of the oxidation of O-methyl-tunichrome Sp-1 (110) by NaIO4.  
Reagents and conditions: O-methyl-tunichrome Sp-1 (110, 1.16 mg/mL), NaIO4 (0.36 

mg/mL), 40% CH3OH/H2O, rt. 
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Figure 50: UV-Vis spectral time-course of the oxidation of O-methyl -tunichrome Sp-1 (110).  
Reagents and conditions: O-methyl -tunichrome Sp-1 (110, 0.1 mM), NaIO4 (0.1 mM), 30% 

THF/H2O. 

 

Upon oxidation, compound 110 was observed to gradually turn a clear red/orange colour 

(Figure 49).  This compound did not appear to show the same initial disappearing red colour 

that was seen with compounds 22 and 109.  After approximately 45 minutes, a maroon 

precipitate began to form, with complete precipitation achieved within 20 hours.  The colour 

of the precipitated solid was very similar to that observed for tunichrome Sp-1, and was 

again completely insoluble.   

Figure 50 shows that the catechol related absorbances appear to increase over time, an 

unexpected observation, possibly the result of an increasing opaqueness of the solution 

throughout the reaction.  One important observation is that the 312 nm absorbance peak 

appears to remain relatively stable, not undergoing any visible decrease in size.  This 

suggests the dcΔDOPA residue is not undergoing any reaction.  Once again, a broad 

absorbance signal between 400–550 nm is shown to form.  This data appears to suggest 

that the maroon colour of the solid is the result of amine Michael addition onto the DOPA aryl 

groups. 
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Prior 1 min 5 min 45 min 20 h 

Figure 51: Time-lapse of the oxidation of Fmoc-(OMe)2-tunichrome Sp-1 (111) by NaIO4.  
Reagents and conditions: Fmoc-(OMe)2-tunichrome Sp-1 (111, 1.1 mg/mL), NaIO4 (0.25 

mg/mL), 60% CH3OH/H2O, rt. 

 

When experimenting with the Fmoc and O-methyl -protected tunichrome Sp-1 analogue 111, 

the oxidative reactivity once again changed.  No red colour was observed at any stage 

during this reaction, the only colour change observed was to the pale yellow colour shown in 

Figure 51.  Similarly to the reactions involving Fmoc-protected Sp-1 109, the formed solid at 

the end of the reaction was an off white colour.  This was expected, with no free amines 

present in this molecule.  However, the fact that the reaction did not show any red colour at 

all was quite unique.  During the oxidation of 109, there was a red colour observed during 

the first minute of the reaction (Figure 47).  Likewise, in the original oxidation tunichrome Sp-

1 (Figure 42), there was an un-photographed red colour that was momentarily produced.  

Seeing as this is not observed for the Fmoc-O-methyl-protected reaction (Figure 51), this 

suggests the colour is associated with the free dehydrodopamine residue – possibly the 

result of a transient quinone methide species.  While a red colour was seen during the 

oxidation of the O-methyl protected compound 110, this was more similar to the secondary 

red colour observed for tunichrome Sp-1, hypothesised to result from the formation of amine-

aryl Michael adducts.  As compound 111 is Fmoc-protected at the amine, it cannot form this 

adduct, hence the lack of red colour altogether. 
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Figure 52: UV-Vis spectral time-course of the oxidation of Fmoc-(OMe)2-tunichrome Sp-1 
(111).  Reagents and conditions: Fmoc-(OMe)2-tunichrome Sp-1 (111, 0.1 mM), NaIO4 (0.1 

mM), 30% THF/H2O. 

 

Compound 111 shows little change in the in the strength of catechol absorbances during the 

course of the reaction.  This is expected as the dehydrodopyl group is protected and so 

should not react, while the Fmoc absorbances mask any other catechol peaks.  There does 

appear to be a broad absorbance shoulder built between 325 and 450 nm, as indicated by 

the arrow in Figure 52.  This absorbance range may indicate aryl-aryl dimers (which absorb 

at approx. 420 nm) are being formed, while amino-aryl dimers (absorbing at approx. 500 nm) 

are obviously absent.123,124 

With the formed solid being somewhat soluble in CD3OD, a 1H NMR spectrum could be 

obtained.  This spectrum showed broad peaks around the resonances expected for 

compound 111.  A broad resonance between δH = 6.16–6.34 ppm implied the presence of 

the intact enamide functionality within the polymeric substance.  

In order to try and observe the chemistry specific to the dcΔDOPA residue, N-hexanoyl 

dehydrodopamine 69 was proposed as a test compound.  This compound was reacted in the 

same manner as previous, with one equivalent of NaIO4. 
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Prior 30 s 1 min 5min 60 min 20 h 

Figure 53: Time-lapse of the oxidation of N-hexanoyl dehydrodopamine (69) by NaIO4.  
Reagents and conditions: N-hexanoyl dehydrodopamine (69, 1.2 mg/mL), NaIO4 (1.0 

mg/mL), 60% CH3OH/H2O, rt. 

 

As seen in Figure 53, an initial red colour was observed, which disappeared after 

approximately one minute.  The resulting yellow solution then gradually darkened in colour, 

but did not form a precipitate after 20 hours. 
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Figure 54: UV-Vis spectral time-course of the oxidation of N-hexanoyl dehydrodopamine 69.  
Reagents and conditions: N-hexanoyl dehydrodopamine 69 (0.1 mM), NaIO4 (0.1 mM), 30% 

THF/H2O. 
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In the UV-vis experiments, oxidation of 69 showed the expected decrease in absorbance at 

312 nm, however, this occurred less rapidly than in tunichrome Sp-1.  A short broad 

absorbance peak was also observed at 490 nm after approximately one minute of reaction 

time.  This peak later became broader and less defined, likely representing subsequent 

polymer growth.   

 

 

Figure 55: 1H NMR spectrum of the product of periodate oxidation of N-hexanoyl 
dehydrodopamine (69) 

 

The 1H NMR spectrum of the reaction product showed the alkyl resonances associated with 

69, with the aryl and enamide shifts being almost completely absent.  This suggested that a 

high degree of substitution had occurred around the aromatic ring. 
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Figure 56: Continuous absorbance measurement at 490 nm for N-hexanoyl 
dehydrodopamine 69 (A) and tunichrome Sp-1 22 (B) upon oxidation with NaIO4. 

 

Experiments were performed whereby the absorbance at 490 nm was continuously 

measured over a five minute period under the same oxidation conditions used previously.  

The results of these experiments show that compound 69 (Line A, Figure 56) exhibits a 

temporary peak in this wavelength absorbance between 100 and 200 seconds.  This is 

followed by a more gradual increase in this same absorbance that continues on past the end 

of the experiment.  The same experiment on tunichrome Sp-1 provided near identical 

results, again featuring a temporary peak in absorbance after 100 seconds (Line B, Figure 

56).  Conversely, when the experiment was performed on all the other tunichrome Sp-1 

analogues, a temporary absorbance peak was not seen, with only the gradual increase in 

absorbance being observed.  The temporary absorbance peak observed for compounds 69 

and 22 suggest that the unprotected dcΔDOPA residue undergoes some sort of reaction that 

occurs far more rapidly than that observed for the oxidation of simple DOPA residues.  It is 

possible that this absorbance is resultant of some sort of Michael adduct upon the proposed 

quinone methide species formed by dcΔDOPA. However, contrary to this theory is the 

observation that Fmoc-protected tunichrome Sp-1 109 did not appear to display the same 

absorbance peak, even though it possesses a free dcΔDOPA residue.  Unfortunately, the 

very broad nature of the UV-vis absorptions of these compounds, especially at long 

wavelengths, makes the collection of more conclusive data difficult.   

The final analogue of tunichrome Sp-1 to be tested under oxidation was compound 115, 

featuring full TBS-protection of all 3 catechol groups as well as Fmoc-protection of the 
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amine.  After a reaction time of 20 hours with NaIO4, no colour changes were observed.  

NMR analysis showed that no reaction had occurred, and the starting material was 

recovered. 

 

 

6.6 Proposed biological purpose of tunichrome Sp-1 

 

The analysis of tunichrome Sp-1 and its analogues under oxidative conditions provided 

some insight into the individual reaction pathways that may be occurring.  It became 

apparent that both the dcΔDOPA and DOPA catechol groups can undergo polymerisation 

reactions when oxidised.  It also appears that if free amines exist in the reaction mixture, 

they will undergo Michael addition to the catechol groups of tunichrome Sp-1.  However, in 

the absence of free amine groups, polymerisation is still able to occur, likely with the 

catechol groups themselves acting as nucleophiles.   

One thing that was not clear from the UV-vis data obtained was the relative rate of 

polymerisation of the DOPA groups compared to that of the dcΔDOPA group.  A transient 

red species was visually observed in all the models possessing an unprotected dcΔDOPA 

group, however, evidence of this species was not observed in the UV-vis spectra.  

Continuous measurement at 490 nm does appear to show that dcΔDOPA residues can 

undergo some type of reaction prior to the general polymerisation of tunichrome Sp-1, but 

this evidence is not conclusive. 

The tunichromes have been proposed as protein cross-linking agents in tunicate species, 

possibly used in the roles of tunic formation and maintenance, or in wound repair.17  

Tunichrome Sp-1 can obviously undergo an extensive array of addition reactions, and will do 

so in an uncontrollable manner even when exposed to small amounts of oxidant.  In a 

biological system, the enzyme phenoloxidase would likely catalyse these same reactions.  

Given the ability of tunichrome Sp-1 to bind various nucleophiles at multiple positions within 

the molecule, this molecule appears ideal as a cross linking agent.  If oxidised in a biological 

environment, it seems feasible that tunichrome Sp-1 would act to link multiple groups from 

the various compounds within the tunic matrix.  Its ability to polymerise when oxidised in the 

presence of only itself may even suggest the compound could act as a crude clotting agent 

within the organism.   
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Previous publications into the role of tunichromes have proposed that dcΔDOPA residues 

may act to undergo oxidative addition upon exposure to sea water (which is typically mildly 

alkaline), a process that would occur at times such as when the organism is wounded.17   

The reactivity of tunichrome Sp-1 in mild base however, did not support these predictions.  

When exposed to weak base at a pH approximately equal to seawater, tunichrome Sp-1 

simply precipitated out of solution.  This may however be a property unique to only 

tunichrome Sp-1, or a result of much simplified reaction media.  It may also be that 

precipitation of the product at the site of wounding is an advantageous feature – in that a 

cross linking agent would be accumulated where it is needed most.  Nonetheless, when 

tunichrome Sp-1 was eventually solubilised in a basic solution, oxidative addition did appear 

possible, albeit at a far higher pH than that typical of seawater.  This susceptibility to single 

electron oxidation could well be the function of the dcΔDOPA and dcΔTOPA residues, which 

are ubiquitous to all the tunichromes. 

Conversely, the presence of dcΔDOPA may not be related at all to its inherent ability to 

undergo single electron oxidation at all.  It appears that the dcΔDOPA residue reacts at a 

differential rate compared to the two DOPA residues of tunichrome Sp-1.  While not being 

entirely conclusive, some evidence obtained in the preceding experiments appeared to show 

a very quick oxidative addition reaction occurring at the dcΔDOPA residue, followed by a 

more gradual set of addition reactions to the rest of the molecule.  If this were in fact true, 

this could be a useful feature for localising the activity of tunichrome Sp-1.  If the tunicate 

were to release tunichrome Sp-1 into the bloodstream near the site of a wound for example, 

quick oxidation of the dcΔDOPA residue would see it quickly attach to any nucleophilic 

groups of the surrounding area.  This would prevent diffusion of the compound away from 

the area in which it was required.  Further oxidation of the DOPA residues could then lead to 

a slower, more controlled set of cross-linking reactions to subsequently affect closure of the 

wound. 

While the exact mechanism of action of tunichrome Sp-1 oxidation could not be definitively 

determined, it seems apparent that the molecule has the reactive scope to act as a cross-

linking agent.  Other possible functions of the tunichromes, such as vanadium binding, were 

not investigated and so cannot be ruled out as possibilities.  However, given the observed 

reactivity of tunichrome Sp-1, it can be concluded that if tunichrome-like compounds are 

exposed to oxidative conditions, they will quickly react to form a diverse array of adducts.  

These adducts appear to be large in size, only stopping in growth upon precipitation from the 

reaction mixture.  All of this is evidence to the fact that these compounds are indeed capable 

as cross-linking agents. 
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7.1 Summary of results 

 

The chemistry presented in this thesis covered the synthesis of dehydrodopamine containing 

compounds, including the natural products dehydro-N-acetyldopamine and tunichrome Sp-1, 

as well as a number of novel analogues of each.  Synthetic efforts towards plicatamide were 

also presented, showing the developed methodology as a possible future route into this 

compound.  Additionally, the chemistry of tunichrome Sp-1 under oxidative conditions was 

also investigated, showing this compound to have considerable cross-linking activity. 

 

   

Scheme 44: Formation of dehydrodopamine enamides via Buchwald coupling. Reagents 
and conditions: (i) CuI, DMED, Cs2CO3, solvent, 85°C, 18 h. 

 

The TBS-protected styryl iodide 40 was able to be produced in a purely E-geometry via a 

modified Hunsdiecker reaction upon TBS-protected caffeic acid.  This compound underwent 

Buchwald coupling to a wide range of fatty acid amide and amino acid amide compounds, 

under the conditions shown in Scheme 44.  The Buchwald coupling procedure proved to 

tolerate a wide range of substrates, including most of the attempted amino acid amides, 

providing any side-chain functional groups were protected.  However, a preference for 

coupling at sulphur was observed for Acm-protected cysteinamide, while very small amino 

acid amides such as glycinamide and prolinamide proved problematic during coupling, giving 

little to no enamide.  These coupling conditions proved to always produce purely 

E-enamides, while no racemisation of attached peptidyl residues was observed.  

Deprotection of the TBS groups from dehydrodopamine was found to proceed well with the 

use of the reagent TEA.3HF.  Subsequent handling of materials required the avoidance of 

any base in order to avoid any dimerisation or polymerisation side reactions.  Such dimers 

were observed during the attempted deprotection of TBS-protected dehydo-N-

acetyldopamine with tetrabutylammonium fluoride – a mild base. 
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Figure 57: The structures of synthesised tunichrome Sp-1 and analogues. 

 

The synthesis of tunichrome Sp-1 was achieved by using the Buchwald coupling reaction 

and solid phase peptide synthesis in a combinatorial approach.  The characterised product 

showed the presence of an additional cis-prolyl isomer that was observed, although not 

characterised, in the original isolation paper on tunichrome Sp-1.10  The synthesis of key 

analogues was achieved via variable deprotection of protected precursor 106, or from the O-

methyl-dcΔDOPA(5) equivalent 115 (Figure 57).  The unnatural diastereomer 107 was also 

synthesised through the use of the enantiomeric Fmoc-D-Pro-NH2 starting material.  

Tunichrome Sp-1 and the synthesised analogues proved to have potent anti-oxidative 

activity according to in vitro ORAC assays. 

    

 

Figure 58:  The structure of protected plicatamide 117. 

 

Upon applying a similar synthetic method towards the synthesis of plicatamide, the protected 

analogue 117 was successfully produced.  Deprotection of this molecule proved problematic 

however, with plicatamide seemingly able to catalyse its own degradation in neutral solution.  

Evidence of plicatamide being synthesised was momentarily observed, however full 

characterisation could not be achieved and thus the synthesis remains incomplete.   
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All of the dehydrodopamine compounds produced appeared to show the ability, whether 

intentionally or not, to undergo polymerisation reactions in the right conditions.  

Dehydrodopamine containing compounds will all likely undergo polymerisation upon 

exposure to weak base.  The exception to this is tunichrome Sp-1 which instead appears to 

precipitate from solution before base-catalysed oxidation and subsequent polymerisation can 

occur.  In-depth oxidation studies upon tunichrome Sp-1 and its analogues showed that the 

molecule exhibits a diverse array of coupling reactions when oxidised.  These molecules can 

undergo addition at both the DOPA and dehydrodopyl residues.  The reaction appears to be 

extensive, with consecutive additions occurring until the formed structure is large enough to 

precipitate from solution.  It seems apparent from these results that the tunichromes do 

possess the requisite reactivity to be cross-linking agents within the ascidian species.  

 

 

7.2 Future work 

 

In terms of future work for this project, the completion of the synthesis of plicatamide to an 

extent where enough sample can be made for full characterisation of the product, as well as 

bio-testing, is desired.  This will require modification of the deprotection procedures to avoid 

basic and neutral aqueous conditions.  This may be possible by purifying and storing the 

compound in an acidic buffer.  Failing this, an alternative purification procedure must be 

developed, likely without the involvement of water, in order for the synthesis to be 

successful.   

Given the success of the tunichrome Sp-1 synthesis, it seems likely that these methods 

could be adapted to the synthesis of other dehydrodopamine containing natural products, 

and by extension possibly dehydrotopyl and dehydrotyramine containing products.  The 

Buchwald coupling is versatile enough to work on a range of substrates, and TBS-protection 

sufficiently labile that it seems an ideal strategy for these compounds going forward. 

With a supply of tunichrome Sp-1 and analogues in hand, it may also be possible to more 

accurately model the bioactivity of the tunichromes.  Oxidising the peptide enzymatically may 

give a more accurate representation of the activity of tunichromes in vivo.   
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8.1 General Details 

 

Starting materials were all purchased from commercial suppliers and were used without 

further purification.  All organic solvents for reactions were dried via the use of a solvent 

purifier (LC Technology Solution Inc. SP-1 Standalone Solvent Purifier System).  Heated 

reactions were performed in paraffin oil baths, with the temperatures monitored by the built 

in temperature probe of an IKA RCT basic hotplate/stirrer module.  Shaking/agitation of solid 

phase peptide synthesis vessels was performed by attaching a magnet to the bottom of the 

vessel and suspending it above a magnetic stirrer plate. 

Purification procedures requiring column chromatography were performed upon either 

Davisil® Silica Gel 60 (40–63 µm, Grace), LiChroprep® RP-18 (40–63 µm, Merck), 

LiChroprep® RP-8 (40–63 µm, Merck), LiChroprep® DIOL (40–63 µm, Merck), or Lipophilic 

Sephadex® LH-20 (25–100 µm, Sigma-Aldrich), using the solvents specified in the 

appropriate experimental procedures.  Thin layer chromatography (TLC) was performed 

upon Silica Gel 60 F254 aluminium plates (Merck) with compounds identified under UV light 

and/or with ninhydrin stain (750 mg ninhydrin in 250 mL ethanol/acetic acid, 99:1) and 

heating. 

Optical rotation measurements were performed upon a Rudolph Research Analytical Autopol 

IV automatic polarimeter, in 0.5 dm cell, at a wavelength of 589 nm.  Absolute values can be 

calculated by the formula [α]D = (100 x A)/(c x l), where A = measured absorbance, c = 

concentration in g/100 mL, and l = path length in dm.  Melting points given were measured in 

degrees Celsius using a Reicher-Kofler block.  Infrared spectra were obtained using a 

Perkin-Elmer Spectrum 100 series Fourier Transform Infrared Spectrometer, equipped with 

a universal ATR accessory, with transmittance measured between 4000–650 cm-1.  

Ultraviolet-visible light spectra (UV-Vis) were run at the stated concentrations using a UV-

2102 PC Shimadzu UV-Vis scanning spectrophotometer. 

High resolution mass spectrometry data was obtained using a MicrOTOF-QII mass 

spectrometer (Bruker Daltonics) coupled with a KD Scientific syringe pump.  High resolution 

mass spectrometry  was performed via positive electrospray ionisation ((+)-ESI) using N2 as 

the drying/nebuliser gas. 

NMR spectra were obtained on either a Bruker Avance III 400 spectrometer (400 MHz for 1H 

nuclei, 100 MHz for 13C nuclei) or a Bruker Avance III HD 500 spectrometer (500 MHz for 1H 

nuclei, 125 MHz for 13C nuclei).  All chemical shifts (δ) are denoted in parts per million (ppm).  
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The 1H NMR spectra performed in CDCl3 with added TMS were calibrated according to the 

observed TMS peak (0.00 ppm). While the rest of the 1H and 13C NMR spectra were 

calibrated according to the residual solvent peaks.  Used values were: CDCl3 (13C = 77.16 

ppm), CD3OD (1H = 3.31 ppm, 13C = 49.00 ppm), d6-DMSO (1H = 2.50 ppm, 13C = 39.52 

ppm), D2O (1H = 4.79 ppm).126  NMR data is reported as the chemical shift of each signal, 

followed in brackets by the relative integral, multiplicity (d = doublet, t = triplet, q = quartet, 

dd = to doublet of doublets, and so forth with br = broad), coupling constant (J, in Hz) and 

the atom assignment.  For the larger peptide structures, atom assignments are reported as 

being at α,β,γ positions etc. within a numbered residue. 

The quantitative oxygen radical absorbance capacity (ORAC) assays were performed in 

collaboration with Dr. Marie-Lise Bourguet-Kondracki at the Muséum National d'Histoire 

Naturelle, Paris, France.  The assay compared the decrease in fluorescein absorbance upon 

addition of oxidative species AAPH (2,2'-azobis(2-amidinopropane) dihydrochloride) to the 

measured compound.  Trolox® (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a 

water soluble analogue of vitamin E, was used as a positive control, with the ORAC values 

of each compound given as relative units of the anti-oxidative capacity of Trolox®.  96 well 

plates were prepared with a series of two-fold dilutions of the tested compounds or Trolox® 

(200 µM–12.5 µM; dissolved in phosphate buffer 75 mM, pH 7.4, with 5% DMSO) and 

fluorescein solution (10 nM, in phosphate buffer) in triplicate.  The plates were incubated at 

37°C for 15 minutes, after which the background fluorescence was measured (Ex. 485 nm, 

Em. 520 nm) in 90 second cycles.  After 3 cycles, AAPH (25 µL, 240 mM in phosphate 

buffer) was added and 60 fluorescence measurements were taken over 90 minutes.  The 

final relative ORAC values for the tested compounds were calculated using a regression 

equation and expressed in Trolox® equivalents.  Ascorbic acid was also included as a 

positive control, giving a ORAC reading of 0.40 ± 0.02. 
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8.2 General Procedures 

 

8.2.1 General Procedure A – Synthesis of alkyl amides 

 

To a solution of ammonia (28%, 4 mL, 0.066 mol) at 0°C was added the appropriate acyl 

chloride (0.605 mL).  The reaction was stirred for an hour before the solid formed was 

filtered out and then washed with H2O.  The solid was then dried under high vacuum, without 

need for further purification. 

 

8.2.2 General Procedure B – Buchwald coupling to form protected N-acyl 

dehydrodopamines 

 

A dry 10 mL Schlenk tube was charged with the appropriate amide 43–52 (0.459 mmol, 1.5 

eq.), Cs2CO3 (149 mg, 0.459 mmol, 1.5 eq.) and CuI (29 mg, 0.153 mmol, 0.5 eq.).   The 

flask was then evacuated of air under high vacuum and filled with N2.  A solution of styryl 

iodide 40 (150 mg, 0.306 mmol, 1 eq.) and N,N’-dimethylethylenediamine (33 µL, 29 mg, 

0.153 mmol, 1 eq.) in dry toluene (8 mL) was then added to the tube.  The reaction vessel 

was sealed, heated to 85°C, and then stirred for 18 hours.  Upon completion of the reaction, 

the reaction mixture was cooled to room temperature, diluted with ethyl acetate and then 

filtered.  The filtrate was dried in vacuo, then purified via silica gel column chromatography 

(EtOAc:hexane, 1:5). 

 

8.2.3 General Procedure C – Deprotection of protected N-acyl dehydrodopamines 

 

The appropriate protected enamide 53– 62 (1 eq.) was dissolved in THF (2 mL) and then 

TEA.3HF (2.5 eq.) added to the mixture.  The reaction was stirred under N2 for 1 hour, after 

which the solvent was removed in vacuo.   
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8.2.4 Synthesis of HOBt.NH3 reagent 

 

HOBt (12.06 g, 78.8 mmol, 1 eq.) was suspended in H2O before ammonia (28%, 9.56 mL, 

758 mmol, 2 eq.) was added and the solution stirred until the solid dissolved.  Two thirds of 

the solvent was evaporated in vacuo, then the product precipitated in acetone.  The solid 

was filtered from solution and dried to give HOBt.NH3 salt (9.76 g, 81% yield): m.p. 157–

159°C (lit.127 184–185°C); 1H NMR (400 MHz, D2O) δ 7.62 (1H, dd,  J = 7.9, 1.5 Hz, ArH), 

7.54 (1H, dd, J = 7.9, 1.5 Hz, ArH), 7.27–7.18 (2H, m, ArH). 

 

8.2.5 General Procedure D – Amidation of Fmoc-protected amino acids 

 

The desired Fmoc-protected amino acid (1.0 eq.) was dissolved in DMF along with 

HOBt.NH3 (2 eq.) and EDC.HCl (1.5 eq.).  The reaction mixture was then stirred under N2 for 

2 hours, before H2O (100 mL) was added, resulting in precipitation of the product.  The 

product was then vacuum filtered out of solution, washed with H2O and subsequently dried 

in vacuo. 

 

8.2.6 General Procedure E – Removal of Fmoc from amino acid amides 

 

The appropriate Fmoc-protected amino acid amide 127–130 was dissolved in a solution of 

20% piperidine in DMF (5 mL).  The reaction mixture was stirred for 15 minutes before H2O 

(50 mL) was added to precipitate the product out of solution.  Vacuum filtration and 

subsequent washing with H2O produced a solid that was then dried in vacuo.  Flash silica 

gel column chromatography was performed, first washing the product with a large volume of 

CH2Cl2, before finally eluting the product using a CH3OH:CH2Cl2 (1:9) mixture.  The solvent 

was then removed in vacuo to yield the amino acid amide product. 

 

8.2.7 General Procedure F – Buchwald coupling to form amino acid enamides 

 

A dry 10 mL Schlenk tube was charged with the appropriate amino acid amide (79–87, 90, 

91, 1.5 eq.), Cs2CO3 (1.5 eq.) and CuI (1 eq.).  The flask was then evacuated of air under 

high vacuum and filled with N2.  A solution of styryl iodide 40 (1 eq.) and 
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N,N’-dimethylethylenediamine (1.5 eq.) in dry dioxane (8 mL) was then added to the tube.  

The reaction vessel was sealed, heated to 85°C, and then stirred for 18 hours.  Upon 

completion of the reaction, the reaction mixture was dried in vacuo, then dissolved in EtOAc 

(25 mL).  The organic solution was then washed with a 5% solution of EDTA in water (2 x 20 

mL), before being dried over MgSO4 and in vacuo.  The resulting oil was purified via silica 

gel column chromatography (CH3OH:CH2Cl2, 1:49). 
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8.3 Synthesis of Compounds 

 

8.3.1 (E)-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl)acrylic acid (42) 

 

 

 

Caffeic acid (10.00 g, 55.5 mmol, 1 eq.), TBS chloride (25.10 g, 167 mmol, 3 eq.) and 

imidazole (15.12 g, 222 mmol, 4 eq.) were dissolved in DMF (50 mL) and stirred under N2 for 

18 hours.  10% aq. K2CO3 (77 mL) was then slowly added to the reaction mixture, and 

stirred for a further hour.  The reaction mixture was then acidified to approximately pH 3 with 

10% HCl.  The mixture was then extracted with EtOAc (200 mL), and washed with H2O (2 x 

250 mL) and brine (3 x 250 mL).  The organic extract was dried over MgSO4 and in vacuo, 

before being purified using flash silica gel column chromatography (First eluting with CH2Cl2, 

before collecting product in CH3OH:CH2Cl2, 1:5).  After drying in vacuo, the known 

compound TBS protected caffeic acid 42 was given as a light brown crystalline solid (19.69 

g, 87% yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.59; m.p. 157–160°C;  IR νmax (ATR) 2932, 2859, 

1678, 1628, 1596, 1506, 1285, 1251, 1126, 914, 834, 781 cm-1; 1H NMR (400 MHz, CDCl3) δ 

7.67 (1H, d, J = 16.0 Hz, H-3), 7.06–7.03 (2H, m, H-5, H-9), 6.84 (1H, d, J = 8.9 Hz, H-8), 

6.25 (1H, d, J = 16.0 Hz, H-2), 1.00 (9H, s, Si(CH3)2C(CH3)3), 0.99 (9H, s, Si(CH3)2C(CH3)3), 

0.23 (6H, s, Si(CH3)2C(CH3)3), 0.22 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 

172.7 (C-1), 150.0 (C-3), 147.4 (C-6a), 147.1 (C-7a), 127.8 (C-4), 122.8 (C-9b), 121.3 (C-8b), 

120.8 (C-5b), 115.0 (C-2), 26.0 (Si(CH3)2C(CH3)3), 26.0 (Si(CH3)2C(CH3)3), 18.6 

(Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), -3.9 (Si(CH3)2C(CH3)3), -4.0 (Si(CH3)2C(CH3)3); 

(+)-HRESIMS m/z 431.2030 [M+Na]+ (Calcd for C21H36NaO4Si2, 431.2044).  a,b Denote 

assignments that cannot be definitively discerned from one another.  Physical and spectral 

data obtained was in accordance with previously published data.128  
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8.3.2 (E)-((4-(2-iodovinyl)-1,2-phenylene)bis(oxy))bis(tert-butyldimethylsilane) (40) 

 

 

 

LiOAc (123 mg, 1.87 mmol, 0.25 eq.) was suspended in a solution of TBS protected caffeic 

acid 42 (3.05 g, 7.46 mmol, 1 eq.) in CH2Cl2 (25 mL).  The solution was then cooled to 0°C 

and NIS (2.10 g, 9.32 mmol, 1.25 eq.) added.  The reaction was stirred under N2 for 1 hour 

and then diluted in a further 25 mL of CH2Cl2. The reaction mixture was washed with 10% 

aq. Na2S2O3 (2 x 50 mL), then dried over MgSO4 and in vacuo.  Silica gel column 

chromatography (hexanes) afforded the new product 40 as a brown oil (1.13 g, 31% yield): 

Rf (hexanes) 0.49; IR νmax (ATR) 2930, 2858, 1561, 1506, 1293, 1253, 1124, 982, 904, 839, 

780 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.28 (1H, d, J = 14.9 Hz, H-2), 6.77–6.74 (3H, m, H-

4, H-7, H-8), 6.56 (1H, d, J = 14.9 Hz, H-1), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, 

Si(CH3)2C(CH3)3), 0.20 (12H, s, 2 x Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 147.7 

(C-5a), 147.1 (C-6a), 144.7 (C-2), 131.7 (C-3), 121.2 (C-8b), 119.7 (C-7b), 118.7 (C-4b), 73.8 

(C-1), 26.1 (2 x Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), -3.9 (2 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 513.1105 [M+Na]+ (Calcd for C20H35INaO2Si2, 

513.1113).  a,b Denote assignments that cannot be definitively discerned from one another.  

Physical and spectral data obtained was in accordance with previously published data.129 

 

8.3.3 Hexanamide (44) 

 

 

 

Using general procedure A, starting with hexanoyl chloride (0.605 mL, 0.575 g, 4.27 mmol) 

yielded hexanamide (44) as a white solid (0.209 g, 42% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.40; 
1H NMR (400 MHz, CDCl3) δ 5.72 (1H, br s, NH2), 5.49 (1H, br s, NH2), 2.22 (2H, t, J = 7.8 

Hz, H2-2), 1.69–1.59 (2H, m, H2-3), 1.39–1.27 (4H, m, H2-4, H2-5), 0.93–0.87 (3H, m, H3-6); 
13C NMR (100 MHz, CDCl3) δ 175.9 (C-1), 36.1 (C-2), 31.5 (C-4), 25.3 (C-3), 22.5 (C-5), 
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14.0 (C-6); (+)-HRESIMS m/z 138.0885 [M+Na]+ (Calcd for C6H13NNaO, 138.0889). Data 

obtained was in accordance with previously published data.92 

 

8.3.4 Octanamide (45) 

 

 

 

Using general procedure A, starting with octanoyl chloride (0.605 mL, 0.577 g, 3.54 mmol) 

yielded octanamide (45) as a white solid (0.498 g, 98% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.42l; 
1H NMR (400 MHz, CDCl3) δ 5.80 (1H, br s, NH2), 5.53 (1H, br s, NH2), 2.21 (2H, t, J = 7.6 

Hz, H2-2), 1.68–1.58 (2H, m, H2-3), 1.38–1.21 (8H, m, H2-4, H2-5, H2-6, H2-7), 0.92–0.84 

(3H, m, H3-8); 13C NMR (100 MHz, CDCl3) δ 176.0 (C-1), 36.1 (C-2), 31.8 (C-6), 29.3 (C-4a), 

29.1 (C-5a), 25.7 (C-3), 22.7 (C-7), 14.2 (C-8) ); (+)-HRESIMS m/z 166.1201 [M+Na]+ (Calcd 

for C8H17NNaO, 166.1202). a Denotes assignments that cannot be definitively discerned from 

one another.  Data obtained was in accordance with previously published data.93,86 

 

8.3.5 Nonanamide (46) 

 

 

 

Using general procedure A, starting with nonanoyl chloride (0.605 mL, 0.593 g, 3.36 mmol) 

yielded octanamide (46) as a white solid (0.486 g, 92% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.46; 
1H NMR (500 MHz, CDCl3) δ 5.97 (1H, br s, NH2), 5.60 (1H, br s, NH2), 2.21 (2H, t, J = 7.6 

Hz, H2-2), 1.67–1.58 (2H, m, H2-3), 1.37–1.20 (10H, m, H2-4, H2-5, H2-6, H2-7, H2-8), 0.90–

0.85 (3H, m, H3-9); 13C NMR (125 MHz, CDCl3) δ 176.2 (C-1), 36.1 (C-2), 31.9 (C-7), 29.4 

(C-4a), 29.3 (C-5a), 29.2 (C-6a), 25.7 (C-3), 22.7 (C-8), 14.2 (C-9); (+)-HRESIMS m/z 

180.1358 [M+Na]+ (Calcd for C9H19NNaO, 180.1359). a Denotes assignments that cannot be 

definitively discerned from one another.  Data obtained was in accordance with previously 

published data.94 
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8.3.6 Decanamide (47) 

 

 

 

Using general procedure A, starting with decanoyl chloride (0.605 mL, 0.556 g, 2.92 mmol) 

yielded decanamide (47) as a white solid (0.430 g, 86% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.49; 
1H NMR (500 MHz, CDCl3) δ 5.73 (1H, br s, NH2), 5.50 (1H, br s, NH2), 2.22 (2H, t, J = 7.7 

Hz, H2-2), 1.67–1.58 (2H, m, H2-3), 1.38–1.20 (12H, m, H2-4, H2-5, H2-6, H2-7, H2-8, H2-9), 

0.91–0.85 (3H, m, H3-10); 13C NMR (125 MHz, CDCl3) δ 175.9 (C-1), 36.1 (C-2), 32.0 (C-8), 

29.6 (C-4a), 29.5 (C-5a), 29.4 (C-6a), 29.4 (C-7a), 25.7 (C-3), 22.8 (C-9), 14.2 (C-10) ); (+)-

HRESIMS m/z 194.1516 [M+Na]+ (Calcd for C10H21NNaO, 194.1515). a Denotes 

assignments that cannot be definitively discerned from one another.  Data obtained was in 

accordance with previously published data.95 

 

8.3.7 Lauroylamide (48) 

 

 

 

Using general procedure A, starting with lauroyl chloride (0.605 mL, 0.572 g, 2.62 mmol) 

yielded lauroylamide (48) as a white solid (0.390 g, 75% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.49; 
1H NMR (500 MHz, CDCl3) δ 5.82 (1H, br s, NH2), 5.52 (1H, br s, NH2), 2.21 (2H, t, J = 7.6 

Hz, H2-2), 1.67–1.58 (2H, m, H2-3), 1.37–1.20 (16H, m, H2-4, H2-5, H2-6, H2-7, H2-8, H2-9, 

H2-10, H2-11), 0.90–0.85 (3H, m, H3-12); 13C NMR (125 MHz, CDCl3) δ 176.1 (C-1), 36.1 (C-

2), 32.0 (C-10), 29.7 (C-4a), 29.7 (C-5a), 29.6 (C-6a), 29.5 (C-7a), 29.4 (C-8a), 29.4 (C-9a), 

25.7 (C-3), 22.8 (C-11), 14.2 (C-12) ); (+)-HRESIMS m/z 222.1830 [M+Na]+ (Calcd for 

C12H25NNaO, 222.1828).  a Denotes assignments that cannot be definitively discerned from 

one another.  Data obtained was in accordance with previously published data.96 
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8.3.8 Myristamide (49) 

 

 

 

Using general procedure A, starting with myristoyl chloride (0.605 mL, 0.549 g, 2.23 mmol) 

yielded myristamide (49) as a white solid (0.482 g, 95% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.49; 
1H NMR (500 MHz, CDCl3) δ 5.68 (1H, br s, NH2), 5.43 (1H, br s, NH2), 2.22 (2H, t, J = 7.7 

Hz, H2-2), 1.68–1.58 (2H, m, H2-3), 1.37–1.19 (20H, m, H2-4, H2-5, H2-6, H2-7, H2-8, H2-9, 

H2-10, H2-11, H2-12, H2-13), 0.90–0.85 (3H, m, H3-14); 13C NMR (125 MHz, CDCl3) δ 176.1 

(C-1), 36.1 (C-2), 32.1 (C-12), 29.8 (C-4a), 29.8 (C-5a), 29.8 (C-6a), 29.7 (C-7a), 29.6 (C-8a), 

29.5 (C-9a), 29.5 (C-10a), 29.4 (C-11a), 25.7 (C-3), 22.8 (C-13), 14.3 (C-14) ); (+)-HRESIMS 

m/z 250.2139 [M+Na]+ (Calcd for C14H29NNaO, 250.2141). a Denotes assignments that 

cannot be definitively discerned from one another.  Data obtained was in accordance with 

previously published data.97 

 

8.3.9 Palmitamide (50) 

 

 

 

Using general procedure A, starting with palmitoyl chloride (0.605 mL, 0.545 g, 1.98 mmol) 

yielded palmitamide (50) as a white solid (0.506 g, quant. yield): Rf (CH3OH:CH2Cl2, 1:9) 

0.49; 1H NMR (500 MHz, CDCl3) δ 5.72 (1H, br s, NH2), 5.45 (1H, br s, NH2), 2.22 (2H, t, J = 

7.8 Hz, H2-2), 1.68–1.58 (2H, m, H2-3), 1.37–1.19 (24H, m, H2-4, H2-5, H2-6, H2-7, H2-8, H2-

9, H2-10, H2-11, H2-12, H2-13, H2-14, H2-15), 0.90–0.85 (3H, m, H3-16); 13C NMR (125 MHz, 

CDCl3) δ 176.1 (C-1), 36.1 (C-2), 32.1 (C-14), 29.8 (C-4a), 29.8 (C-5a), 29.8 (C-6a), 29.8 (C-

7a), 29.8 (C-8a), 29.7 (C-9a), 29.6 (C-10a), 29.5 (C-11a), 29.5 (C-12a), 29.4 (C-13a), 25.7 (C-

3), 22.8 (C-15), 14.2 (C-16) ); (+)-HRESIMS m/z 278.2451 [M+Na]+ (Calcd for C16H33NNaO, 

278.2454). a Denotes assignments that cannot be definitively discerned from one another.  

Data obtained was in accordance with previously published data.98 
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8.3.10 Linoleamide (52) 

 

 

 

Linoleic acid (0.250 mL, 0.225g, 0.80 mmol) was dissolved in dry CH2Cl2 (2 mL) under N2 

and cooled to 0°C. SOCl2 (0.174 mL, 0.286 g, 2.41 mmol) was then added and the reaction 

stirred for an hour.  The reaction solution was then added drop-wise to a stirring, 0°C 

solution of NH3 (28%, 5 mL, 0.082 mol).  The reaction mixture was then diluted with H2O (20 

mL) and extracted with EtOAc (20 mL).  The organic extract was washed with H2O (20 mL), 

then brine (20 mL), then dried over MgSO4 and in vacuo to yield linoleic amide (52) as a 

yellow oil (0.138 g, 62% yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.49; 1H NMR (500 MHz, CDCl3) δ 

5.78 (1H, br s, NH2), 5.50 (1H, br s, NH2), 5.42–5.29 (4H, m, H-9, H-10, H-12, H-13), 2.77 

(2H, t, J = 6.7 Hz, H2-11), 2.21 (2H, t, J = 7.6 Hz, H2-2), 2.08–2.01 (4H, m, H2-8, H2-14) 

1.67–1.59 (2H, m, H2-3), 1.39–1.24 (14H, m, H2-4, H2-5, H2-6, H2-7, H2-15, H2-16, H2-17), 

0.91–0.86 (3H, m, H3-18); 13C NMR (125 MHz, CDCl3) δ 175.9 (C-1), 130.3 (C-9a), 130.2 (C-

13a), 128.2 (C-10a), 128.0 (C-12a), 36.1 (C-2), 31.6 (C-16), 29.7 (C-4b), 29.5 (C-5b), 29.4 (C-

6b), 29.3 (C-7b), 29.2 (C-15b), 27.3 (C-8c), 27.3 (C-14c), 25.7 (C-3d), 25.6 (C-11d), 22.7 (C-

17), 14.2 (C-18); (+)-HRESIMS m/z 302.2459 [M+Na]+ (Calcd for C18H33NNaO, 302.2454).  a-

d Denote assignments that cannot be definitively discerned from one another.  Data obtained 

was in accordance with previously published data.99 

 

8.3.11 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)acetamide (53) 

 

 

 

Using general procedure B, starting with acetamide (27 mg, 0.459 mmol, 1.5 eq.), produced 

enamide 53 as a clear oil (79 mg, 61% yield): Rf (EtOAc:hexane, 1:5) 0.43; IR νmax (ATR) 

2955, 2930, 2858, 1647, 1505, 1284, 1252, 902, 836, 779 cm-1; 1H NMR (400 MHz, CDCl3) δ 
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7.71 (1H, br d, J = 10.5 Hz, NH), 7.31 (1H, dd, J = 14.5, 10.5 Hz, H-1), 6.79–6.71 (3H, m, H-

4, H-7, H-8), 5.99 (1H, d, J = 14.5 Hz, H-2), 2.09 (3H, s, H3-10), 0.98 (9H, s, 

Si(CH3)2C(CH3)3), 0.97 (9H, s, Si(CH3)2C(CH3)3), 0.19 (12H, s, 2 x Si(CH3)2C(CH3)3); 13C 

NMR (100 MHz, CDCl3) δ 167.5 (C-9), 147.0 (C-5a), 146.1 (C-6a), 129.7 (C-3), 121.3 (C-1), 

121.3 (C-4b), 119.0 (C-7b), 118.5 (C-8b), 112.7 (C-2), 26.1 (2 x Si(CH3)2C(CH3)3), 23.4 (C-

10), 18.6 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-

HRESIMS m/z 444.2344 [M+Na]+ (Calcd for C22H39NNaO3Si2, 444.2361). a,b Denote 

assignments that cannot be definitively discerned from one another.   

 

8.3.12 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)hexanamide (54) 

 

 

 

Using general procedure B, starting with hexanamide (44) (53 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 54 as a clear oil (96 mg, 66% yield): Rf (EtOAc:hexane, 1:5) 0.57; IR νmax 

(ATR) 3267, 2956, 2929, 2858, 1644, 1505, 1253, 903, 779 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 7.44 (1H, br d, J = 10.6 Hz, NH), 7.34 (1H, dd, J = 14.4, 10.6 Hz, H-1), 6.78–6.71 (3H, m, 

H-4, H-7, H-8), 5.99 (1H, d, J = 14.4 Hz, H-2), 2.28 (2H, t, J = 7.4 Hz, H2-10), 1.73–1.64 (2H, 

m, H2-11), 1.37–1.29 (4H, m, H2-12, H2-13), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.97 (9H, s, 

Si(CH3)2C(CH3)3), 0.92–0.87 (3H, m, H3-14), 0.19 (12H, bs, 2 x Si(CH3)2C(CH3)3); 13C NMR 

(100 MHz, CDCl3) δ 170.6 (C-9), 147.0 (C-5a), 146.1 (C-6a), 129.7 (C-3), 121.3 (C-1), 121.3 

(C-4b), 119.0 (C-7b), 118.4 (C-8b), 112.5 (C-2), 36.8 (C-10), 31.5 (C-12), 26.1 (2 x 

Si(CH3)2C(CH3)3), 25.4 (C-11), 22.5 (C-13), 18.6 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), 

14.0 (C-14), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 500.2977 [M+Na]+ (Calcd for 

C26H47NNaO3Si2, 500.2987). a,b Denote assignments that cannot be definitively discerned 

from one another.   
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8.3.13 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)octanamide (55) 

 

 

 

Using general procedure B, starting with octanamide (45) (66 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 55 as a clear oil (70 mg, 45% yield): Rf (EtOAc:hexane, 1:5) 0.63; IR νmax 

(ATR) 3285, 2955, 2929, 2858, 1645, 1507, 1253, 903, 837 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 7.50 (1H, br d, J = 10.5 Hz, NH), 7.34 (1H, dd, J = 14.5, 10.5 Hz, H-1), 6.79–6.71 (3H, m, 

H-4, H-7, H-8), 5.99 (1H, d, J = 14.5 Hz, H-2), 2.27 (2H, t, J = 7.6 Hz, H2-10), 1.76–1.62 (2H, 

m, H2-11), 1.37–1.21 (8H, m, H2-12, H2-13, H2-14, H2-15), 0.98 (9H, s, Si(CH3)2C(CH3)3), 

0.97 (9H, s, Si(CH3)2C(CH3)3), 0.90–0.85 (3H, m, H3-16), 0.19 (12H, br s, 2 x 

Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 170.7 (C-9), 147.1 (C-5a), 146.1 (C-6a), 

129.8 (C-3), 121.4 (C-1), 121.4 (C-4b), 119.1 (C-7b), 118.5 (C-8b), 112.6 (C-2), 36.9 (C-10), 

31.8 (C-14), 29.4 (C-12c), 29.2 (C-13c), 26.1 (2 x Si(CH3)2C(CH3)3), 25.7 (C-11), 22.8 (C-15), 

18.6 (Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 14.3 (C-16), -3.9 (2 x Si(CH3)2C(CH3)3); (+)-

HRESIMS m/z 528.3292 [M+Na]+ (Calcd for C28H51NNaO3Si2, 528.3300). a-c Denote 

assignments that cannot be definitively discerned from one another.   

 

8.3.14 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)nonanamide (56) 

 

 

 

Using general procedure B, starting with nonanamide (46) (72 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 56 as a clear oil (53 mg, 33% yield): Rf (EtOAc:hexane, 1:5) 0.63; IR νmax 

(ATR) 3189, 2929, 2857, 1641, 1505, 1253, 301, 836 cm-1; 1H NMR (400 MHz, CDCl3) δ 

7.33 (1H, dd, J = 14.5, 10.4 Hz, H-1), 7.17 (1H, br d, J = 10.4 Hz, NH), 6.78–6.74 (3H, m, H-

4, H-7, H-8), 5.97 (1H, d, J = 14.5 Hz, H-2), 2.27 (2H, t, J = 7.8 Hz, H2-10), 1.72–1.63 (2H, 

m, H2-11), 1.38–1.20 (10H, m, H2-12, H2-13, H2-14, H2-15, H2-16), 0.99 (9H, s, 

Si(CH3)2C(CH3)3), 0.97 (9H, s, Si(CH3)2C(CH3)3), 0.90–0.85 (3H, m, H3-17), 0.19 (6H, s, 



  Chapter 8: Experimental 
 

 
143 

 

Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 170.5 (C-9), 

147.0 (C-5a), 146.1 (C-6a), 129.7 (C-3), 121.3 (C-1), 121.3 (C-4b), 119.0 (C-7b), 118.5 (C-8b), 

112.5 (C-2), 36.9 (C-10), 31.9 (C-15), 29.4 (C-12c), 29.4 (C-13c), 29.3 (C-14c), 26.1 (2 x 

Si(CH3)2C(CH3)3), 25.8 (C-11), 22.7 (C-16), 18.6 (Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 

14.2 (C-17), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 542.3458 [M+Na]+ (Calcd for 

C29H53NNaO3Si2, 542.3456). a-c Denote assignments that cannot be definitively discerned 

from one another.   

 

8.3.15 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)decanamide (57) 

 

 

 

Using general procedure B, starting with decanamide (47) (80 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 57 as a clear oil (52 mg, 32% yield): Rf (EtOAc:hexane, 1:5) 0.66; IR νmax 

(ATR) 3278, 2955, 2928, 2857, 1644, 1505, 1253, 903, 779 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 7.44 (1H, br d, J = 10.8 Hz, NH), 7.34 (1H, dd, J = 14.4, 10.8 Hz, H-1), 6.79–6.71 (3H, m, 

H-4, H-7, H-8), 5.99 (1H, d, J = 14.4 Hz, H-2), 2.27 (2H, t, J = 7.5 Hz, H2-10), 1.72–1.63 (2H, 

m, H2-11), 1.37–1.21 (12H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17), 0.98 (9H, s, 

Si(CH3)2C(CH3)3), 0.97 (9H, s, Si(CH3)2C(CH3)3), 0.90–0.85 (3H, m, H3-18), 0.19 (6H, s, 

Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 170.6 (C-9), 

147.0 (C-5a), 146.1 (C-6a), 129.7 (C-3), 121.3 (C-1), 121.3 (C-4b), 119.0 (C-7b), 118.4 (C-8b), 

112.5 (C-2), 36.9 (C-10), 32.0 (C-16), 29.5 (C-12c), 29.5 (C-13c), 29.4 (C-14c), 29.4 (C-15c), 

26.1 (2 x Si(CH3)2C(CH3)3), 25.7 (C-11), 22.8 (C-17), 18.6 (Si(CH3)2C(CH3)3), 18.5 

(Si(CH3)2C(CH3)3), 14.2 (C-18), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 556.3600 

[M+Na]+ (Calcd for C30H55NNaO3Si2, 556.3613). a-c Denote assignments that cannot be 

definitively discerned from one another.   
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8.3.16 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)dodecanamide (58) 

 

 

 

Using general procedure B, starting with lauroylamide (48) (92 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 58 as a clear oil (58 mg, 34% yield): Rf (EtOAc:hexane, 1:5) 0.68; IR νmax 

(ATR) 3261, 2954, 2928, 2856, 1640, 1506, 1253, 903, 837 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 7.42 (1H, br d, J = 10.8 Hz, NH), 7.33 (1H, dd, J = 14.4, 10.8 Hz, H-1), 6.78–6.71 (3H, m,  

H-4, H-7, H-8), 5.98 (1H, d, J = 14.4 Hz, H-2), 2.27 (2H, t, J = 7.5 Hz, H2-10), 1.72–1.63 (2H, 

m, H2-11), 1.38–1.21 (16H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, H2-18, H2-19), 0.99 

(9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.90–0.85 (3H, m, H3-20), 0.19 (6H, 

s, Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 170.6 (C-

9), 147.0 (C-5a), 146.1 (C-6a), 129.8 (C-3), 121.3 (C-1), 121.3 (C-4b), 119.0 (C-7b), 118.4 (C-

8b), 112.5 (C-2), 36.9 (C-10), 32.0 (C-18), 29.7 (C-12c), 29.7 (C-13c), 29.6 (C-14c), 29.5 (C-

15c), 29.4 (C-16c), 29.4 (C-17c), 26.1 (2 x Si(CH3)2C(CH3)3), 25.7 (C-11), 22.8 (C-19), 18.6 

(Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), 14.1 (C-20), -4.0 (Si(CH3)2C(CH3)3); (+)-

HRESIMS m/z 584.3926 [M+Na]+ (Calcd for C32H59NNaO3Si2, 584.3926). a-c Denote 

assignments that cannot be definitively discerned from one another.   

 

8.3.17 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)tetradecanamide (59) 

 

 

 

Using general procedure B, starting with myristamide (49) (104 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 59 as a clear oil (98 mg, 54% yield): Rf (EtOAc:hexane, 1:5) 0.68; IR νmax 

(ATR) 3295, 2927, 2856, 1645, 1508, 1253, 903, 780 cm-1; 1H NMR (400 MHz, CDCl3) δ 

7.38 (1H, br d, J = 10.6 Hz, NH), 7.33 (1H, dd,  J = 13.8, 10.6 Hz, H-1), 6.79–6.70 (3H, m, H-

4, H-7, H-8), 5.98 (1H, d, J = 13.8 Hz, H-2), 2.27 (2H, t, J = 7.4 Hz, H2-10), 1.72–1.59 (2H, 

m, H2-11), 1.38–1.19 (20H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, H2-18, H2-19, H2-
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20, H2-21), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.88 (3H, t, J = 7.0 

Hz, H3-22), 0.19 (12H, bs, 2 x Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 170.5 (C-9), 

147.1 (C-5a), 146.2 (C-6a), 129.7 (C-3), 121.3 (C-1), 121.3 (C-4b), 119.0 (C-7b), 118.4 (C-8b), 

112.5 (C-2), 36.9 (C-10), 32.0 (C-20), 29.8 (C-12c), 29.8 (C-13c), 29.8 (C-14c), 29.7 (C-15c), 

29.6 (C-16c), 29.5 (C-17c), 29.5 (C-18c), 29.4 (C-19c),  26.1 (2 x Si(CH3)2C(CH3)3), 25.7 (C-

11), 22.8 (C-21), 18.6 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), 14.3 (C-22), -4.0 (2 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 612.4225 [M+Na]+ (Calcd for C34H63NNaO3Si2, 

612.4239). a-c Denote assignments that cannot be definitively discerned from one another.   

 

8.3.18 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)palmitamide (60) 

 

 

 

Using general procedure B, starting with palmitamide (50) (117 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 60 as a clear oil (73 mg, 39% yield): Rf (EtOAc:hexane, 1:5) 0.68; IR νmax 

(ATR) 3292, 2917, 2852, 1645, 1508, 1253, 902, 779 cm-1; 1H NMR (400 MHz, CDCl3) δ 

7.42 (1H, br d, J = 10.7 Hz, NH), 7.33 (1H, dd,  J = 14.3, 10.7 Hz, H-1), 6.78–6.71 (3H, m, H-

4, H-7, H-8), 5.98 (1H, d, J = 14.3 Hz, H-2), 2.27 (2H, t, J = 7.5 Hz, H2-10), 1.72–1.58 (2H, 

m, H2-11), 1.38–1.20 (24H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, H2-18, H2-19, H2-

20, H2-21, H2-22, H2-23), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.88 

(3H, t, J = 6.9 Hz, H3-24), 0.19 (6H, s, Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C 

NMR (100 MHz, CDCl3) δ 170.6 (C-9), 147.0 (C-5a), 146.1 (C-6a), 129.8 (C-3), 121.3 (C-1), 

121.3 (C-4b), 119.0 (C-7b), 118.5 (C-8b), 112.5 (C-2), 36.9 (C-10), 32.1 (C-22), 29.8 (C-12c), 

29.8 (C-13c), 29.8 (C-14c), 29.8 (C-15c), 29.8 (C-16c), 29.8 (C-17c), 29.6 (C-18c), 29.5 (C-

19c), 29.5 (C-20c), 29.4 (C-21c), 26.1 (2 x Si(CH3)2C(CH3)3), 25.8 (C-11), 22.8 (C-23), 18.6 

(Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 14.2 (C-24), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-

HRESIMS m/z 640.4527 [M+Na]+ (Calcd for C36H67NNaO3Si2, 640.4552). a-c Denote 

assignments that cannot be definitively discerned from one another.   
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8.3.19 (E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)stearamide (61) 

 

 

 

Using general procedure B, starting with stearamide (130 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 61 as a clear oil (139 mg, 70% yield): Rf (EtOAc:hexane, 1:5) 0.68; IR 

νmax (ATR) 3276, 2954, 2925, 2855, 1644, 1507, 1253, 904, 780 cm-1; 1H NMR (400 MHz, 

CDCl3) δ 7.33 (1H, dd, J = 14.5, 10.9 Hz, H-1), 7.18 (1H, br d, J = 10.9 Hz, NH), 6.78–6.72 

(3H, m, H-4, H-7, H-8), 5.96 (1H, d, J = 14.5 Hz, H-2), 2.26 (2H, t, J = 7.6 Hz, H2-10), 1.72–

1.61 (2H, m, H2-11), 1.38–1.20 (28H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, H2-18, H2-

19, H2-20, H2-21, H2-22, H2-23, H2-24, H2-25), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.97 (9H, s, 

Si(CH3)2C(CH3)3), 0.90–0.86 (3H, m, H3-26), 0.19 (6H, s, Si(CH3)2C(CH3)3), 0.19 (6H, s, 

Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 170.5 (C-9), 147.1 (C-5a), 146.2 (C-6a), 

129.7 (C-3), 121.3 (C-1), 121.3 (C-4b), 119.1 (C-7b), 118.5 (C-8b), 112.4 (C-2), 37.0 (C-10), 

32.1 (C-24), 29.9 (C-12c), 29.9 (C-13c), 29.9 (C-14c), 29.9 (C-15c), 29.9 (C-16c), 29.9 (C-17c), 

29.9 (C-18c), 29.8 (C-19c), 29.7 (C-20c), 29.6 (C-21c), 29.6 (C-22c), 29.5 (C-23c), 26.1 (2 x 

Si(CH3)2C(CH3)3), 25.7 (C-11), 22.9 (C-25), 18.7 (Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 

14.3 (C-26), -3.9 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 668.4860 [M+Na]+ (Calcd for 

C38H71NNaO3Si2, 668.4865). a-c Denote assignments that cannot be definitively discerned 

from one another.   
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8.3.20 (9Z,12Z)-N-((E)-3,4-bis((tert-butyldimethylsilyl)oxy)styryl)octadeca-9,12-

dienamide (62) 

 

 

 

Using general procedure B, starting with linoleamide (52) (128 mg, 0.459 mmol, 1.5 eq.), 

produced enamide 62 as a clear oil (68 mg, 35% yield): Rf (EtOAc:hexane, 1:5) 0.68; IR νmax 

(ATR) 3278, 2955, 2928, 2857, 1644, 1506, 1253, 904, 780 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 7.32 (1H, d, J = 14.4 Hz, H-1), 6.79–6.71 (3H, m, H-4, H-7, H-8), 5.97 (1H, d, J = 14.4 Hz, 

H-2), 5.42–5.28 (4H, m, H-17, H-18, H-20, H-21), 2.77 (2H, t, J = 6.2 Hz, H2-19), 2.26 (2H, t, 

J = 7.7 Hz, H2-10), 2.09–2.01 (4H, m, H2-16, H2-22), 1.73–1.63 (2H, m, H2-11), 1.40–1.24 

(14H, m, H2-12, H2-13, H2-14, H2-15, H2-23, H2-24, H2-25), 0.99 (9H, s, Si(CH3)2C(CH3)3), 

0.97 (9H, s, Si(CH3)2C(CH3)3), 0.91–0.87 (3H, m, H3-26), 0.19 (6H, s, Si(CH3)2C(CH3)3), 0.19 

(6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 170.5 (C-9), 147.1 (C-5a), 147.2 (C-

6a), 130.4 (C-17b), 130.2 (C-18b), 129.8 (C-3), 128.3 (C-20b), 128.1 (C-21b), 121.4 (C-1), 

121.4 (C-4c), 119.1 (C-7c), 118.5 (C-8c), 112.5 (C-2), 36.9 (C-10), 31.7 (C-24), 29.8 (C-12d), 

29.5 (C-13d), 29.4 (C-14d), 29.4 (C-15d), 29.3 (C-23d), 27.4 (C-16e), 27.4 (C-22e), 26.2 (2 x 

Si(CH3)2C(CH3)3), 25.9 (C-19f), 25.7 (C-11f), 22.8 (C-25), 18.7 (Si(CH3)2C(CH3)3), 18.6 

(Si(CH3)2C(CH3)3), 14.3 (C-26), -3.9 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 664.4560 

[M+Na]+ (Calcd for C38H67NNaO3Si2, 664.4552). a-e Denote assignments that cannot be 

definitively discerned from one another.   

 

8.3.21 (E)-N-(3,4-dihydroxystyryl)acetamide (1) 

 

 

 

Enamide 53 (79 mg, 0.187 mmol) and TEA.3HF (0.076 mL, 76 mg, 0.468 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 
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C18 column chromatography, eluting in 60% CH3OH:H2O the deprotected enamide 1 as a 

pale yellow oil (32 mg, 89% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.34; IR νmax (ATR) 3468, 3075, 

2991, 1676, 1648, 1475, 1201 cm-1; 1H NMR (400 MHz, CD3OD) δ 7.22 (1H, d, J = 14.4 Hz, 

H-1), 6.78 (1H, d, J = 2.1 Hz, H-4), 6.68 (1H, d, J = 8.2 Hz, H-7), 6.63 (1H, dd, J = 8.2, 2.1 

Hz, H-8), 6.05 (1H, d, J = 14.4 Hz, H-2), 2.03 (3H, s, H3-10); 13C NMR (100 MHz, CD3OD) δ 

170.5 (C-9), 146.5 (C-5), 145.7 (C-6), 129.8 (C-3), 121.5 (C-1), 118.9 (C-8), 116.5 (C-7), 

114.9 (C-2), 113.0 (C-4), 22.5 (C-10); (+)-HRESIMS m/z 216.0623 [M+Na]+ (Calcd for 

C10H11NNaO3, 216.0631). 

 

8.3.22 (E)-N-(3,4-dihydroxystyryl)hexanamide (69) 

 

 

 

Enamide 54 (63 mg, 0.132 mmol) and TEA.3HF (0.054 mL, 53 mg, 0.329 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 60% CH3OH:H2O the deprotected enamide 69 as an 

off white solid (31 mg, 94% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.44; m.p. 107–112 °C; IR νmax 

(ATR) 3268, 2955, 2931, 2869, 1644, 1611, 1515, 937 cm-1; 1H NMR (400 MHz, CD3OD) δ 

7.23 (1H, d, J = 14.5Hz, H-1), 6.79 (1H, d, J = 2.0 Hz, H-4), 6.68 (1H, d, J = 8.0 Hz, H-7), 

6.63 (1H, dd, J = 8.0, 2.0 Hz, H-8), 6.07 (1H, d, J = 14.5 Hz, H-2), 2.26 (2H, t, J = 7.6 Hz, H2-

10), 1.70–1.61 (2H, m, H2-11), 1.40–1.29 (4H, m, H2-12, H2-13), 0.94–0.90 (3H, m, H3-14); 
13C NMR (100 MHz, CD3OD) δ 173.7 (C-9), 146.6 (C-5), 145.7 (C-6), 130.0 (C-3), 121.6 (C-

1), 119.1 (C-8), 116.7 (C-7), 115.1 (C-2), 113.2 (C-4), 37.1 (C-10), 32.7 (C-12), 26.7 (C-11), 

23.6 (C-13), 14.4 (C-14); (+)-HRESIMS m/z 272.1246 [M+Na]+ (Calcd for C14H19NNaO3, 

272.1257). 
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8.3.23 (E)-N-(3,4-dihydroxystyryl)octanamide (70) 

 

 

 

Enamide 55 (103 mg, 0.204 mmol) and TEA.3HF (0.083 mL, 82 mg, 0.509 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 70% CH3OH:H2O the deprotected enamide 70 as a 

white solid (52 mg, 92% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.47; m.p. 138–146 °C; IR νmax 

(ATR) 3404, 3268, 2924, 2852, 1644, 1611, 1519, 1443, 1238, 1109, 930, 722 cm-1; 1H NMR 

(400MHz, CD3OD) δ 7.23 (1H, d, J = 14.7 Hz, H-1), 6.79 (1H, d, J = 2.0 Hz, H-4), 6.68 (1H, 

d, J = 8.1 Hz, H-7), 6.63 (1H, dd, J = 8.1, 2.0 Hz, H-8), 6.07 (1H, d, J = 14.7 Hz, H-2), 2.27 

(2H, t, J = 7.5 Hz, H2-10), 1.69–1.58 (2H, m, H2-11), 1.38–1.25 (8H, m, H2-12, H2-13, H2-14, 

H2-15), 0.93–0.86 (3H, m, H3-16); 13C NMR (100 MHz, CD3OD) δ 173.7 (C-9), 146.7 (C-5), 

145.9 (C-6), 130.0 (C-3), 121.6 (C-1), 119.1 (C-8), 116.7 (C-7), 115.1 (C-2), 113.2 (C-4), 

37.2 (C-10), 33.0 (C-14), 30.4 (C-12a), 30.3 (C-13a), 27.0 (C-11), 23.8 (C-15), 14.5 (C-16); 

(+)-HRESIMS m/z 300.1559 [M+Na]+ (Calcd for C16H23NNaO3, 300.1570). a Denotes 

assignments that cannot be definitively discerned from one another.   

 

8.3.24 (E)-N-(3,4-dihydroxystyryl)nonanamide (71) 

 

 

 

Enamide 56 (101 mg, 0.194 mmol) and TEA.3HF (0.079 mL, 78 mg, 0.486 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 80% CH3OH:H2O the deprotected enamide 71 as a 

white solid (32 mg, 57% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.49; m.p. 138–144 °C; IR νmax (ATR) 

3404, 3273, 2920, 2851, 1644, 1520, 1234, 929 cm-1; 1H NMR (400MHz, CD3OD) δ 7.23 

(1H, d, J = 14.9 Hz, H-1), 6.79 (1H, d, J = 2.0 Hz, H-4), 6.68 (1H, d, J = 8.0 Hz, H-7), 6.63 

(1H, dd, J = 8.0, 2.0 Hz, H-8), 6.07 (1H, d, J = 14.9 Hz, H-2), 2.26 (2H, t, J = 7.5 Hz, H2-10), 
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1.69–1.58 (2H, m, H2-11), 1.39–1.23 (10H, m, H2-12, H2-13, H2-14, H2-15, H2-16), 0.93–0.86 

(3H, m, H3-17); 13C NMR (100 MHz, CD3OD) δ 173.7 (C-9), 146.6 (C-5), 145.7 (C-6), 129.9 

(C-3), 121.5 (C-1), 119.0 (C-8), 116.6 (C-7), 115.0 (C-2), 113.1 (C-4), 37.1 (C-10), 33.0 (C-

15), 30.4 (C-12a), 30.4 (C-13a), 30.3 (C-14a), 26.9 (C-11), 23.7 (C-16), 14.5 (C-17); (+)-

HRESIMS m/z 314.1720 [M+Na]+ (Calcd for C17H25NNaO3, 314.1727). a Denotes 

assignments that cannot be definitively discerned from one another. 

 

8.3.25 (E)-N-(3,4-dihydroxystyryl)decanamide (72) 

 

 

 

Enamide 57 (80 mg, 0.149 mmol) and TEA.3HF (0.061 mL, 60 mg, 0.375 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 80% CH3OH:H2O the deprotected enamide 72 as a 

white solid (42 mg, 92% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.49; m.p. 136–143 °C; IR νmax 

(ATR) 3411, 3268, 2920, 2851, 1645, 1520, 1231, 930 cm-1; 1H NMR (400MHz, CD3OD) δ 

7.23 (1H, d, J = 14.8 Hz, H-1), 6.79 (1H, d, J = 2.0 Hz, H-4), 6.68 (1H, d, J = 8.2 Hz, H-7), 

6.63 (1H, dd, J = 8.2, 2.0 Hz, H-8), 6.07 (1H, d, J = 14.8 Hz, H-2), 2.27 (2H, t, J = 7.5 Hz, H2-

10), 1.71–1.59 (2H, m, H2-11), 1.39–1.22 (12H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-

17), 0.93–0.86 (3H, m, H3-18); 13C NMR (100 MHz, CD3OD) δ 173.8 (C-9), 146.7 (C-5), 

145.8 (C-6), 130.0 (C-3), 121.7 (C-1), 119.1 (C-8), 116.7 (C-7), 115.1 (C-2), 113.2 (C-4), 

37.2 (C-10), 33.2 (C-16), 30.7 (C-12a), 30.6 (C-13a), 30.5 (C-14a), 30.5 (C-15a), 27.0 (C-11), 

23.9 (C-17), 14.6 (C-18); (+)-HRESIMS m/z 328.1871 [M+Na]+ (Calcd for C18H27NNaO3, 

328.1883). a Denotes assignments that cannot be definitively discerned from one another. 
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8.3.26 (E)-N-(3,4-dihydroxystyryl)dodecanamide (73) 

 

 

 

Enamide 58 (100 mg, 0.178 mmol) and TEA.3HF (0.073 mL, 72 mg, 0.445 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 90% CH3OH:H2O the deprotected enamide 73 as a 

white solid (58 mg, 98% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.50; m.p. 140–147 °C; IR νmax 

(ATR) 3411, 3276, 2919, 2850, 1645, 1522, 1277, 930 cm-1; 1H NMR (400MHz, CD3OD) δ 

7.23 (1H, d, J = 14.5 Hz, H-1), 6.79 (1H, d, J = 2.0 Hz, H-4), 6.68 (1H, d, J = 8.0 Hz, H-7), 

6.63 (1H, dd, J = 8.0, 2.0 Hz, H-8), 6.07 (1H, d, J = 14.5 Hz, H-2), 2.27 (2H, t, J = 7.6 Hz, H2-

10), 1.70–1.59 (2H, m, H2-11), 1.39–1.21 (16H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, 

H2-18, H2-19), 0.93–0.86 (3H, m, H3-20); 13C NMR (100 MHz, CD3OD) δ 173.8 (C-9), 146.7 

(C-5), 145.8 (C-6), 130.1 (C-3), 121.7 (C-1), 119.1 (C-8), 116.7 (C-7), 115.1 (C-2), 113.2 (C-

4), 37.2 (C-10), 33.2 (C-18), 30.9 (C-12a), 30.9 (C-13a), 30.7 (C-14a), 30.6 (C-15a), 30.6 (C-

16a), 30.5 (C-17a), 27.0 (C-11), 23.9 (C-19), 14.6 (C-20); (+)-HRESIMS m/z 356.2200 

[M+Na]+ (Calcd for C20H31NNaO3, 356.2196). a Denotes assignments that cannot be 

definitively discerned from one another. 

 

8.3.27 (E)-N-(3,4-dihydroxystyryl)tetradecanamide (74) 

 

 

 

Enamide 59 (98 mg, 0.167 mmol) and TEA.3HF (0.068 mL, 67 mg, 0.415 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 90% CH3OH:H2O the deprotected enamide 74 as a 

white solid (37 mg, 61% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.50; m.p. 145–149 °C; IR νmax 

(ATR) 3401, 3280, 2917, 2850, 1645, 1523, 1236, 935 cm-1; 1H NMR (400 MHz, d6-DMSO) δ 

9.89 (1H, br d, J = 10.1 Hz, NH), 9.00 (1H, br s, OH), 8.81 (1H, br s, OH), 7.11 (1H, dd, J = 
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14.7, 10.1 Hz, H-1), 6.70 (1H, d, J = 2.0 Hz, H-4), 6.63 (1H, d, J = 8.1 Hz, H-7), 6.54 (1H, dd, 

J = 8.1, 2.0 Hz, H-8), 5.95 (1H, d, J = 14.7 Hz, H-2), 2.17 (2H, t, J = 7.3 Hz, H2-10), 1.59–

1.45 (2H, m, H2-11), 1.35–1.14 (20H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, H2-18, H2-

19, H2-20, H2-21), 0.89–0.81 (3H, m, H3-22); 13C NMR (100 MHz, d6-DMSO) δ 169.9 (C-9), 

145.4 (C-5), 144.1 (C-6), 128.0 (C-3), 120.9 (C-1), 116.8 (C-8), 115.8 (C-7), 111.8 (C-4a), 

111.4 (C-2a), 35.3 (C-10), 31.3 (C-20), 29.0 (C-12b), 29.0 (C-13b), 29.0 (C-14b), 29.0 (C-15b), 

28.9 (C-16b), 28.7 (C-17b), 28.7 (C-18b), 28.6 (C-19b), 25.0 (C-11), 22.1 (C-21), 13.9 (C-22); 

(+)-HRESIMS m/z 384.2503 [M+Na]+ (Calcd for C22H35NNaO3, 384.2509). a,b Denote 

assignments that cannot be definitively discerned from one another. 

 

8.3.28 (E)-N-(3,4-dihydroxystyryl)palmitamide (75) 

 

 

 

Enamide 60 (73 mg, 0.118 mmol) and TEA.3HF (0.048 mL, 48 mg, 0.295 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 90% CH3OH:H2O the deprotected enamide 75 as a 

white solid (42 mg, 91% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.50; m.p. 145–149 °C; IR νmax (ATR) 

3393, 3279, 2918, 2850, 1644, 1522, 1230, 936 cm-1; 1H NMR (400 MHz, d6-DMSO) δ 9.89 

(1H, br d, J = 10.3 Hz, NH), 8.80 (2H, br s, 2 x OH), 7.12 (1H, dd,  J = 14.5, 10.3 Hz, H-1), 

6.71 (1H, d, J = 2.0 Hz, H-4), 6.63 (1H, d, J = 8.1 Hz, H-7), 6.54 (1H, dd, J = 8.1, 2.0 Hz, H-

8), 5.95 (1H, d, J = 14.5 Hz, H-2), 2.17 (2H, t, J = 7.5 Hz, H2-10), 1.59–1.46 (2H, m, H2-11), 

1.35–1.12 (24H, m, H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, H2-18, H2-19, H2-20, H2-21, H2-

22, H2-23), 0.87–0.82 (3H, m, H3-24); 13C NMR (100 MHz, d6-DMSO) δ 169.9 (C-9), 145.4 

(C-5), 144.1 (C-6), 128.0 (C-3), 120.9 (C-1), 116.8 (C-8), 115.8 (C-7), 111.8 (C-4a), 111.4 

(C-2a), 35.3 (C-10), 31.3 (C-22), 29.1 (C-12b), 29.1 (C-13b), 29.1 (C-14b), 29.1 (C-15b), 29.0 

(C-16b), 29.0 (C-17b), 28.9 (C-18b), 28.8 (C-19b), 28.7 (C-20b), 28.7 (C-21b), 25.0 (C-11), 

22.1 (C-23), 13.9 (C-24); (+)-HRESIMS m/z 412.2807 [M+Na]+ (Calcd for C24H39NNaO3, 

412.2822). a,b Denote assignments that cannot be definitively discerned from one another. 
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8.3.29 (E)-N-(3,4-dihydroxystyryl)stearamide (76) 

 

 

 

Enamide 61 (139 mg, 0.215 mmol) and TEA.3HF (0.088 mL, 87 mg, 0.538 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 

C18 column chromatography, eluting in 100% CH3OH the deprotected enamide 76 as a white 

solid (45 mg, 50% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.53; m.p. 139–146 °C; IR νmax (ATR) 

3397, 3296, 2918, 2849, 1637, 1524, 1264, 936 cm-1; 1H NMR (500 MHz, d6-DMSO) δ 9.88 

(1H, br s, NH), 8.80 (2H, br s, 2 x OH), 7.11 (1H, d,  J = 14.8 Hz, H-1), 6.70 (1H, d, J = 2.1 

Hz, H-4), 6.63 (1H, d, J = 8.3 Hz, H-7), 6.54 (1H, dd, J = 8.3, 2.1 Hz, H-8), 5.95 (1H, d, J = 

14.8 Hz, H-2), 2.17 (2H, t, J = 7.4 Hz, H2-10), 1.57–1.47 (2H, m, H2-11), 1.31–1.14 (28H, m, 

H2-12, H2-13, H2-14, H2-15, H2-16, H2-17, H2-18, H2-19, H2-20, H2-21, H2-22, H2-23, H2-24, 

H2-25), 0.88–0.81 (3H, m, H3-26); 13C NMR (125 MHz, d6-DMSO) δ 169.9 (C-9), 145.4 (C-5), 

144.1 (C-6), 127.9 (C-3), 120.9 (C-1), 116.8 (C-8), 115.8 (C-7), 111.8 (C-4a), 111.4 (C-2a), 

35.3 (C-10), 31.3 (C-24), 29.0 (C-12b), 29.0 (C-13b), 29.0 (C-14b), 29.0 (C-15b), 29.0 (C-16b), 

29.0 (C-17b), 29.0 (C-18b), 29.0 (C-19b), 28.9 (C-20b), 28.8 (C-21b), 28.7 (C-22b), 28.6 (C-

23b), 25.0 (C-11), 22.1 (C-25), 13.9 (C-26); (+)-HRESIMS m/z 440.3143 [M+Na]+ (Calcd for 

C26H43NNaO3, 440.3135). a,b Denote assignments that cannot be definitively discerned from 

one another. 

 

8.3.30 (9Z,12Z)-N-((E)-3,4-dihydroxystyryl)octadeca-9,12-dienamide (77) 

 

 

 

Enamide 62 (68 mg, 0.106 mmol) and TEA.3HF (0.043 mL, 43 mg, 0.265 mmol) were 

reacted according to general procedure C. Purification was achieved using reversed phase 
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C18 column chromatography, eluting in 100% CH3OH the deprotected enamide 77 as a white 

solid (35 mg, 80% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.53; m.p. 94–97 °C; IR νmax (ATR)  3411, 

3270, 2918, 2850, 1645, 1523, 1231, 930 cm-1; 1H NMR (400 MHz, d6-DMSO) δ 9.89 (1H, br 

d, J = 10.2 Hz, NH), 8.82 (1H, br s, OH), 8.78 (1H, br s, OH), 7.11 (1H, dd,  J = 14.8, 10.2 

Hz, H-1), 6.70 (1H, d, J = 2.0 Hz, H-4), 6.63 (1H, d, J = 8.0 Hz, H-7), 6.54 (1H, dd, J = 8.0, 

2.0 Hz, H-8), 5.95 (1H, d, J = 14.8 Hz, H-2), 5.39–5.25 (4H, m, H2-17, H2-18, H2-20, H2-21), 

2.73 (2H, t, J = 6.2 Hz, H2-19), 2.17 (2H, t, J = 7.5 Hz, H2-10), 2.07–1.95 (4H, m, H2-16, H2-

22), 1.58–1.4a (2H, m, H2-11), 1.36–1.18 (14H, m, H2-12, H2-13, H2-14, H2-15, H2-23, H2-24, 

H2-25), 0.89–0.82 (3H, m, H3-26); 13C NMR (100 MHz, d6-DMSO) δ 169.9 (C-9), 145.4 (C-5), 

144.1 (C-6), 129.7 (C-17a), 129.7 (C-21a), 128.0 (C-3), 127.7 (C-18b), 127.7 (C-20b), 120.9 

(C-1), 116.8 (C-8), 115.8 (C-7), 111.8 (C-4c), 111.4 (C-2c), 35.3 (C-10), 30.8 (C-24), 29.0 (C-

12d), 28.7 (C-13d), 28.6 (C-14d), 28.6 (C-15d), 28.5 (C-23d), 26.6 (C-16e), 26.6 (C-16e), 25.2 

(C-19f), 25.0 (C-11f), 22.0 (C-25), 13.9 (C-26); (+)-HRESIMS m/z 436.2838 [M+Na]+ (Calcd 

for C26H39NNaO3, 436.2822). a-f Denote assignments that cannot be definitively discerned 

from one another. 

 

8.3.31 (S)-2-amino-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl)propanoic acid (131) 

 

 

 

L-DOPA (3.00 g, 15.2 mmol, 1.0 eq.) was suspended in a mixture of TBS chloride (5.02 g, 

33.4 mmol, 2.2 eq.) in CH3CN (15 mL) and stirred under N2. The reaction was cooled to 0°C 

and DBU (5.09 g, 4.99 mL, 33.4 mmol, 2.2 eq.) added over 10 minutes.  The reaction was 

warmed back to room temperature and allowed to proceed for 17 hours before the solvent 

was removed in vacuo.  The resulting waxy translucent white solid was placed in a vacuum 

filter funnel and washed with CH2Cl2 until the solid appeared to be a white powder (approx. 

250 mL).  After drying, the obtained white powder was found to be known compound H2N-

DOPA(TBS)2-OH 131 (2.90 g, 44% yield): m.p. 150–153°C;  IR νmax (ATR) 3360, 2971, 

2931, 2859, 1576, 1509, 1472, 1297, 1253, 1161, 1128, 904, 837, 779 cm-1; [α]23
D -27 (c 1.0, 

THF); 1H NMR (400 MHz, CD3OD) δ 6.86 (1H, d, J = 2.0 Hz, H-5), 6.83 (1H, d, J = 8.0 Hz, 
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H-8), 6.78 (1H, dd, J = 8.0, 2.0 Hz, H-9), 3.70 (1H, dd, J = 8.9, 4.0 Hz, H-2), 3.21 (1H, dd, J 

= 14.6, 4.0 Hz, H2-3a), 2.87 (1H, dd, J = 14.6, 8.9 Hz, H2-3b), 1.00 (9H, s, Si(CH3)2C(CH3)3), 

1.00 (9H, s, Si(CH3)2C(CH3)3), 0.23 (6H, d, J = 2.0 Hz, Si(CH3)2C(CH3)3), 0.20 (6H, s, 

Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CD3OD) δ 173.7 (C-1), 148.3 (C-6a), 147.5 (C-7a), 

130.6 (C-4), 123.5 (C-8b), 123.4 (C-9b), 122.4 (C-5b), 57.7 (C-2), 37.7 (C-3), 26.5 

(Si(CH3)2C(CH3)3), 26.5 (Si(CH3)2C(CH3)3), 19.3 (Si(CH3)2C(CH3)3), -3.8 (Si(CH3)2C(CH3)3); 

(+)-HRESIMS m/z 448.2296 [M+Na]+ (Calcd for C21H39NNaO4Si2, 448.2310). a,b Denote 

assignments that cannot be definitively discerned from one another.  Physical and spectral 

data obtained was in accordance with previously published data.84 

 

8.3.32 (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(3,4-bis((tert-

butyldimethylsilyl)oxy)phenyl)propanoic acid (88) 

 

 

 

Fmoc-Succinimide (4.11 g, 12.2 mmol, 1.0 eq.) was added to a solution of H2N-

DOPA(TBS)2-OH 131 (5.19 g, 12.2 mmol, 1.0 eq.) and Na2CO3 (2.59 g, 24.4 mmol, 2.0 eq.) 

in H2O:THF (1:1, 52 mL) and stirred at room temperature for 18 hours.  THF was then 

removed from the reaction mixture in vacuo, before acidifying the remaining aqueous 

solution with 10% aq. HCl.  The mixture was then extracted with EtOAc (150 mL), washing 

with H2O (2 x 100 mL), then brine (100 mL).  The organic extract was dried over MgSO4 and 

in vacuo, then purified via silica gel column chromatography (CH3OH:CH2Cl2, 1:19) to afford 

known compound Fmoc-DOPA(TBS)2-OH  88 as a foamy light brown solid (4.28 g, 54% 

yield): Rf (CH3OH:CH2Cl2, 1:9) 0.51; IR νmax (ATR) 3360, 2970, 2930, 2858, 1714, 1509, 

1472, 1296, 1252, 1163, 1127, 905, 837, 779 cm-1; [α]18
D +14  (c 1.0, CH2Cl2); 1H NMR (400 

MHz, CDCl3) δ 7.75 (2H, d, J = 7.5 Hz, Fmoc-ArH), 7.54 (2H, br d, J = 7.5 Hz, Fmoc-ArH), 

7.38 (2H, t, J = 7.5 Hz, Fmoc-ArH), 7.29 (2H, td, J = 7.5, 1.0 Hz, Fmoc-ArH), 6.75 (1H, d,  J 

= 8.0 Hz, H-8), 6.68 (1H, br s, H-5), 6.59 (1H, br d, J = 8.0 Hz, H-9), 5.21 (1H, br d, J = 8.0 

Hz, OH), 4.68–4.59 (1H, m, H-2), 4.37 (2H, d, J = 7.2 Hz, Fmoc-CH2), 4.19 (1H, t, J = 7.2 

Hz, Fmoc-CH), 3.14–2.96 (2H, m, H2-3), 0.97 (9H, s, Si(CH3)2C(CH3)3), 0.96 (9H, s, 
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Si(CH3)2C(CH3)3), 0.19–0.15 (12H, m, 2 x Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 

176.0 (C-1), 156.0 (Fmoc-C=O), 147.0 (C-6a), 146.3 (C-7a), 143.9 (Fmoc-Ar), 143.9 (Fmoc-

Ar), 141.4 (2 x Fmoc-Ar), 128.6 (C-4), 127.9 (2 x Fmoc-ArH), 127.2 (2 x Fmoc-ArH), 125.2 (2 

x Fmoc-ArH), 122.4 (C-8b), 122.2 (C-9b), 121.3 (C-5b), 120.1 (Fmoc-ArH), 67.4 (Fmoc-CH2), 

54.8 (C-2), 47.2 (Fmoc-CH), 37.1 (C-3), 26.0 (2 x Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), 

18.5 (Si(CH3)2C(CH3)3), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 670.2974 [M+Na]+ 

(Calcd for C36H49NNaO6Si2, 670.2991).  a,b Denote assignments that cannot be definitively 

discerned from one another.  Spectral data obtained was in accordance with previously 

published data.85 

 

8.3.33 (S)-2-Amino-3-phenylpropanamide (84) 

 

 

 

The hydrochloride salt of L-phenylalanine methyl ester (1.00 g, 4.64 mmol) was dissolved in 

aq. NH3 (10 mL, 17% w/w), and the mixture then stirred at room temperature for 2 hours.  

The solvent was then removed in vacuo, affording phenylalaninamide 84 as a white solid 

(694 mg, 91% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.23; [α]18
D -47 (c 0.5, DMF); 1H NMR (400 

MHz, d6-DMSO) δ 7.99 (1H, br s, NH), 7.40 (1H, br s, NH), 7.31–7.20 (5H, m, 5 x Ar-H), 3.89 

(1H, t, J = 6.7 Hz, H-2), 3.09 (1H, dd, J = 13.8, 6.5 Hz, H2-3a), 3.00 (1H, dd, J = 13.8, 7.0 Hz, 

H2-3b); 13C NMR (100 MHz, d6-DMSO) δ 170.9 (C-1), 135.9 (C-4), 129.6 (2 x ArH), 128.4 (2 

x ArH), 126.8 (ArH), 53.9 (C-2), 37.4 (C-3); (+)-HRESIMS m/z 187.0839 [M+Na]+ (Calcd for 

C9H12N2NaO, 187.0842).  Data obtained was in accordance with previously published 

data.104 
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8.3.34 (S)-(9H-Fluoren-9-yl)methyl (1-amino-1-oxo-3-(1-trityl-1H-imidazol-4-yl)propan-

2-yl)carbamate (127) 

 

 

 

Fmoc-L-His(Trt)-OH (1.91 g, 3.08 mmol) was reacted HOBt.NH3 (937 mg, 6.16 mmol) and 

EDC.HCl (886 mg, 4.62 mmol) according to general procedure D, affording amide 127 as a 

pale yellow solid (1.81 g, 95% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.68; IR νmax (ATR) 3125, 

3030, 1670, 1491, 1443, 1400, 756, 740, 699 cm-1; [α]16
D +9 (c 1.0, THF); 1H NMR (400 

MHz, d6-DMSO) δ 7.88 (2H, d, J = 7.6 Hz, Fmoc-ArH), 7.68 (2H, d, J = 7.6 Hz, Fmoc-ArH), 

7.44–7.23 (14H, m, 4 x Fmoc-ArH, 9 x Trt-ArH, H-6), 7.07–7.00 (6H, m, Trt-ArH), 6.72 (1H, 

s, H-8), 4.28–4.08 (4H, Fmoc-CH2, Fmoc-CH, H-2), 2.95–2.87 (1H, m, H2-3a), 2.79–2.71 

(1H, m, H2-3b); 13C NMR (100 MHz, d6-DMSO) δ 173.4 (C-1), 155.8 (Fmoc-C=O), 143.8 

(Fmoc-Ar), 143.7 (Fmoc-Ar), 142.3 (3 x Trt-Ar), 140.7 (Fmoc-Ar), 140.7 (Fmoc-Ar), 137.5 (C-

6), 137.2 (C-4), 129.2 (6 x Trt-ArH), 128.2 (6 x Trt-ArH), 127.9 (3 x Trt-ArH), 127.6 (2 x 

Fmoc-ArH), 127.0 (2 x Fmoc-ArH), 125.3 (Fmoc-ArH), 125.3 (Fmoc-ArH), 120.1 (2 x Fmoc-

ArH), 118.9 (C-8), 74.4 (Trt-C), 65.7 (Fmoc-CH2), 54.6 (C-2), 46.7 (Fmoc-CH), 31.0 (C-3); 

(+)-HRESIMS m/z 619.2690 [M+H]+ (Calcd for C40H38N4O3, 619.2704). 

 

8.3.35 (9H-Fluoren-9-yl)methyl (S)-(1-amino-4-methyl-1-oxopentan-2-yl)carbamate 

(128) 

 

 

 

Fmoc-L-Leu-OH (714 mg, 2.02 mmol) was reacted HOBt.NH3 (614 mg, 4.04 mmol) and 

EDC.HCl (581 mg, 3.03 mmol) according to general procedure D, affording amide 128 as a 
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waxy white solid (641 mg, 90% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.64; IR νmax (ATR) 3368, 

3311, 3186, 2957, 1687, 1659, 1529, 1252, 758, 734 cm-1; [α]16
D -14 (c 1.0, CH2Cl2); 1H 

NMR (400 MHz, CDCl3) δ 7.74 (2H, d, J = 7.5 Hz, Fmoc-ArH), 7.56 (2H, dd, J = 7.5, 3.1 Hz, 

Fmoc-ArH), 7.38 (2H, br t, J = 7.4 Hz, Fmoc-ArH), 7.29 (2H, td, J = 7.5, 1.0 Hz, Fmoc-ArH), 

6.24 (1H, br s, NH), 5.83 (1H, br s, NH), 5.45 (1H, d, J = 8.3 Hz, NH), 4.41 (2H, d, J = 6.5 

Hz, Fmoc-CH2), 4.27–4.15 (2H, m, H-2, Fmoc-CH), 1.72–1.46 (3H, m, H2-3, H-4), 0.92 (6H, 

br s, 2 x CH3); 13C NMR (100 MHz, CDCl3) δ 175.1 (C-1), 156.5 (Fmoc-C=O), 143.8 (2 x 

Fmoc-Ar), 141.4 (2 x Fmoc-Ar), 127.9 (2 x Fmoc-ArH), 127.2 (2 x Fmoc-ArH), 125.1 (2 x 

Fmoc-ArH), 120.1 (2 x Fmoc-ArH), 67.0 (Fmoc-CH2), 53.1 (C-2), 47.3 (Fmoc-CH), 41.4 (C-

3), 24.8 (C-4), 23.0 (C-5), 22.0 (C-5'); (+)-HRESIMS m/z 375.1687 [M+Na]+ (Calcd for 

C21H24N2NaO3, 375.1679). Data obtained was in accordance with previously published 

data.130 

 

8.3.36 (9H-Fluoren-9-yl)methyl ((2S,3S)-1-amino-3-(tert-butoxy)-1-oxobutan-2-

yl)carbamate (129) 

 

 

 

Fmoc-L-Thr(tBu)-OH (803 mg, 2.02 mmol) was reacted HOBt.NH3 (614 mg, 4.04 mmol) and 

EDC.HCl (581 mg, 3.03 mmol) according to general procedure D, affording amide 129 as a 

white solid (742 mg, 93% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.65; IR νmax (ATR) 341, 2974, 

1717, 1679, 1192, 1044, 759, 734 cm-1; [α]16
D +29 (c 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) δ 7.76 (2H, d, J = 7.5 Hz, Fmoc-ArH), 7.61 (2H, d, J = 7.5 Hz, Fmoc-ArH), 7.42–7.37 

(2H, m, Fmoc-ArH), 7.33–7.28 (2H, m, Fmoc-ArH), 6.96 (1H, br s, NH), 6.00 (1H, br d, J = 

4.6 Hz, NH), 5.65 (1H, br s, NH), 4.40 (2H, d, J = 7.3 Hz, Fmoc-CH2), 4.26–4.13 (3H, m, 

Fmoc-CH, H-2, H-3), 1.29 (9H, s, tBu-(CH3)3), 1.07 (3H, d, J = 6.5 Hz, H3-4); 13C NMR (100 

MHz, CDCl3) δ 171.7 (C-1), 156.1 (Fmoc-C=O), 144.0 (Fmoc-Ar), 143.8 (Fmoc-Ar), 141.4 

(Fmoc-Ar), 141.4 (Fmoc-Ar), 127.8 (2 x Fmoc-ArH), 127.2 (2 x Fmoc-ArH), 125.3 (2 x Fmoc-

ArH), 120.1 (2 x Fmoc-ArH), 75.7 (tBu-C), 67.0 (Fmoc-CH2), 66.5 (C-3), 58.7 (C-2), 47.3 

(Fmoc-CH), 28.3 (tBu-(CH3)3), 16.8 (C-4); (+)-HRESIMS m/z 419.1956 [M+Na]+ (Calcd for 

C23H28N2NaO4, 419.1941). 
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8.3.37 (9H-Fluoren-9-yl)methyl (S)-(1-amino-3-(3,4-bis((tert-

butyldimethylsilyl)oxy)phenyl)-1-oxopropan-2-yl)carbamate (130) 

 

 

 

Fmoc-DOPA(TBS)2-OH (88) (600 mg, 0.926 mmol) was reacted HOBt.NH3 (281 mg, 1.85 

mmol) and EDC.HCl (266 mg, 1.39 mmol) according to general procedure D, affording 

amide 30 as a waxy light brown solid (549 mg, 92% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.62; IR 

νmax (ATR) 3316, 3193, 2954, 2930, 2858, 1687, 1661, 1509, 1283, 1251, 907, 837, 779, 

736 cm-1; [α]16
D +7 (c 1.0, CH2Cl2); 1H NMR (400MHz, CDCl3) δ 7.74 (2H, d, J = 7.5 Hz, 

Fmoc-ArH), 7.52 (2H, dd, J = 7.5, 3.0 Hz, Fmoc-ArH), 7.37 (2H, t, J = 7.5 Hz, Fmoc-ArH), 

7.28 (2H, t, J = 7.5 Hz, Fmoc-ArH), 6.74 (1H, d, J = 7.9 Hz, H-8), 6.70 (1H, br s, H-5), 6.63 

(1H, br d, 7.9 Hz, H-9), 5.96 (1H, br s, NH), 5.80 (1H, br s, NH), 5.51 (1H, br d, J = 5.8 Hz, 

NH), 4.42–4.33 (3H, m, Fmoc-CH2, H-2), 4.16 (1H, t, J = 7.1 Hz, Fmoc-CH), 3.04–2.87 (2H, 

m, H2-3), 0.97 (9H, s, Si(CH3)2C(CH3)3), 0.96 (9H, s, Si(CH3)2C(CH3)3), 0.17 (6H, s, 

Si(CH3)2C(CH3)3), 0.16 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 173.8 (C-1), 

156.1 (Fmoc-C=O), 147.1 (C-6), 146.1 (C-7), 143.8 (Fmoc-Ar), 143.7 (Fmoc-Ar), 141.4 (2 x 

Fmoc-Ar), 129.3 (C-4), 127.8 (2 x Fmoc-ArH), 127.2 (2 x Fmoc-ArH), 125.1 (2 x Fmoc-ArH), 

122.3 (C-5a), 122.1 (C-8a), 121.3 (C-7), 120.1 (2 x Fmoc-ArH), 67.2 (Fmoc-CH2), 56.0 (C-2), 

47.2 (Fmoc-CH), 37.7 (C-3), 26.0 (2 x Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), 18.5 

(Si(CH3)2C(CH3)3), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 669.3130 [M+Na]+ (Calcd 

for C36H50N2NaO5Si2, 669.3150). a Denotes assignments that cannot be definitively discerned 

from one another. 

 

 

 

 



  Chapter 8: Experimental 
 

 
160 

 

8.3.38 (S)-(9H-fluoren-9-yl)methyl 2-carbamoylpyrrolidine-1-carboxylate (90) 

 

 

 

Fmoc-L-Pro-OH (4.14 g, 12.3 mmol) was reacted HOBt.NH3 (3.73 g, 24.5 mmol) and 

EDC.HCl (3.54 mg, 18.5 mmol) according to general procedure D, affording amide 90 as a 

white solid (3.73 g, 47% yield): A 1:1.3 mixture of cis-(S)-Fmoc-Pro-NH2* and trans-(S)-

Fmoc-Pro-NH2 was characterized, * are used to denote shifts for cis-(S)-Fmoc-Pro-NH2* that 

differ from trans-(S)-Fmoc-Pro-NH2: Rf (CH3OH:CH2Cl2, 1:9) 0.51; m.p. 188–190°C; IR νmax 

(ATR) 3361, 3198, 2973, 1673, 1440, 1363, 1177, 1130, 987, 758, 732 cm-1; [α]23
D -32 (c 

1.0, THF); 1H NMR (400 MHz d6-DMSO) δ 7.89 (2H, t,  J = 6.7 Hz, Fmoc-ArH), 7.67 (2H, t, J 

= 6.7 Hz, Fmoc-ArH), 7.52 (1H, br s, NH), 7.42 (2H, t, J = 7.3 Hz, Fmoc-ArH), 7.37–7.30 

(3H, m, Fmoc-ArH, NH), 7.10 (1H, br s, NH), 6.92 (1H, br s, NH), 4.31–4.24* (1H, m, H-2), 

4.27 (2H, s, Fmoc-CH2), 4.29–4.11 (1H, m, Fmoc-CH), 4.11–4.05 (1H, m, H-2) 3.51–3.30 

(2H, m, H2-5) 2.26–2.15* (1H, m, H2-3a), 2.13–2.01 (1H, m, H2-3a), 1.95–1.86* (1H, m, H2-

3b), 1.87–1.76 (1H, m, H2-3b), 1.88–1.76 (2H, m, H2-4); 13C NMR (100 MHz, d6-DMSO) δ 

174.2* (C-1), 173.9 (C-1), 154.1 (Fmoc-C=O), 144.0* (Fmoc-Ar), 143.8 (Fmoc-Ar), 143.8 

(Fmoc-Ar), 143.7* (Fmoc-Ar), 140.8 (2 x Fmoc-Ar), 140.6* (2 x Fmoc-Ar), 127.7 (2 x Fmoc-

ArH), 127.2* (2 x Fmoc-ArH), 127.2 (2 x Fmoc-ArH), 125.5* (Fmoc-ArH), 125.2 (Fmoc-ArH), 

120.1 (2 x Fmoc-ArH), 67.0* (Fmoc-CH2), 66.5 (Fmoc-CH2), 59.8 (C-2), 59.5* (C-2), 47.1* 

(C-5a), 46.7 (Fmoc-CH), 46.4 (C-5a), 31.4* (C-3), 30.1 (C-3), 23.9 (C-4), 23.0* (C-4); (+)-

HRESIMS m/z 359.1353 [M+Na]+ (Calcd for C20H20N2NaO3, 359.1366). a Denotes 

assignments that cannot be definitively discerned from one another.  Spectral and physical 

data obtained was in accordance with previously published data.105 
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8.3.39 (R)-(9H-fluoren-9-yl)methyl 2-carbamoylpyrrolidine-1-carboxylate (91) 

 

 

 

Fmoc-D-Pro-OH (681 mg, 2.02 mmol) was reacted HOBt.NH3 (614 mg, 4.04 mmol) and 

EDC.HCl (581 mg, 3.03 mmol) according to general procedure D, affording amide 91 as a 

white solid (620 mg, 91% yield). A 1:1.1 mixture of cis-(R)-Fmoc-Pro-NH2* and trans-(R)-

Fmoc-Pro-NH2 was characterized, * are used to denote shifts for cis-(R)-Fmoc-Pro-NH2* that 

differ from trans-(R)-Fmoc-Pro-NH2: Rf (CH3OH:CH2Cl2, 1:9) 0.53; m.p. 190–193°C; IR νmax 

(ATR) 3363, 3195, 1674, 1440, 1362, 1177, 1130, 987, 758, 734 cm-1; [α]23
D +38 (c 1.0, 

THF); 1H NMR (400 MHz d6-DMSO) δ 7.89 (2H, t,  J = 6.7 Hz, Fmoc-ArH), 7.68 (2H, t, J = 

6.7 Hz, Fmoc-ArH), 7.51 (1H, br s, NH), 7.42 (2H, t, J = 7.3 Hz, Fmoc-ArH), 7.38–7.29 (3H, 

m, Fmoc-ArH, NH), 7.09 (1H, br s, NH), 6.92 (1H, br s, NH), 4.31–4.23* (1H, m, H-2), 4.27 

(2H, s, Fmoc-CH2), 4.29–4.11 (1H, m, Fmoc-CH), 4.11–4.05 (1H, m, H-2) 3.51–3.28 (2H, m, 

H2-5) 2.26–2.15* (1H, m, H2-3a), 2.13–2.01 (1H, m, H2-3a), 1.95–1.86* (1H, m, H2-3b), 1.87–

1.76 (1H, m, H2-3b), 1.88–1.76 (2H, m, H2-4); 13C NMR (100 MHz, d6-DMSO) δ 174.1* (C-1), 

173.8 (C-1), 154.0 (Fmoc-C=O), 143.9* (Fmoc-Ar), 143.8 (Fmoc-Ar), 143.8 (Fmoc-Ar), 

143.7* (Fmoc-Ar), 140.7 (2 x Fmoc-Ar), 140.6* (2 x Fmoc-Ar), 127.6 (2 x Fmoc-ArH), 127.2* 

(2 x Fmoc-ArH), 127.1 (2 x Fmoc-ArH), 125.4* (Fmoc-ArH), 125.2 (Fmoc-ArH), 120.1 (2 x 

Fmoc-ArH), 67.0* (Fmoc-CH2), 66.4 (Fmoc-CH2), 59.8 (C-2), 59.5* (C-2), 47.0* (C-5a), 46.7 

(Fmoc-CH), 46.3 (C-5a), 31.3* (C-3), 30.0 (C-3), 23.9 (C-4), 22.9* (C-4); (+)-HRESIMS m/z 

359.1353 [M+Na]+ (Calcd for C20H20N2NaO3, 359.1366). a Denotes assignments that cannot 

be definitively discerned from one another. 
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8.3.40 (S)-pyrrolidine-2-carboxamide (78) 

 

 

 

Fmoc-L-Pro-NH2 90 (1.02 g, 3.02 mmol) was dissolved in a solution of 20% piperidine in 

DMF (5 mL) and the reaction stirred for 15 minutes.  H2O (20 mL) was then added to the 

solution, causing precipitation of the Fmoc-piperidine by-product.  The solution was filtered, 

and the resulting filtrate dried in vacuo to yield amino acid amide 78 as a white solid (165 

mg, 48% yield): IR νmax (ATR) 3330, 3172, 1667, 1613, 1417, 1329, 934 cm-1; [α]18
D -7 (c 0.5, 

DMF); 1H NMR (400 MHz, d6-DMSO) δ 7.73 (1H, br s, NH2), 7.31 (1H, br s, NH2), 3.77–3.70 

(1H, m, H-2), 3.01–2.90 (2H, m, H2-5), 2.15–2.03 (1H, m, H2-3a), 1.77–1.64 (3H, m, H2-3b, 

H2-4); 13C NMR (100 MHz, d6-DMSO) δ 174.0† (C-1), 59.5 (C-2), 46.1 (C-5), 30.2 (C-3), 24.9 

(C-4); (+)-HRESIMS m/z 137.0688 [M+Na]+ (Calcd for C5H10N2NaO, 137.0685). † Denotes 

shifts assigned via 2D NMR correlations.  Spectral data obtained was in accordance with 

previously published data.131 

 

8.3.41 (S)-2-Amino-3-(1-trityl-1H-imidazol-4-yl)propanamide (79) 

 

 

 

Fmoc-His(Trt)-NH2 127 (418 mg, 0.676 mmol) was reacted according to general procedure 

E, yielding the amino acid amide 79 as a pale yellow solid (143 mg, 53% yield): Rf 

(CH3OH:CH2Cl2, 1:9) 0.14; IR νmax (ATR) 3118, 3013, 1685, 1491, 1397, 757, 699 cm-1; 

[α]18
D +4 (c 0.5, DMF); 1H NMR (500 MHz, CD3OD) δ 7.41 (1H, d, J = 1.2 Hz, H-6), 7.40–

7.34 (9H, m, Trt-ArH), 7.18–7.12 (6H, m, Trt-ArH), 6.77 (1H, d, J = 1.2 Hz, H-8), 3.64–3.60 

(1H, m, H-2), 2.91 (1H, dd, J = 14.6, 6.1 Hz, H2-3a), 2.76 (1H, dd, J = 14.6, 7.3 Hz, H2-3b); 
13C NMR (125 MHz, CD3OD) δ 178.7 (C-1), 143.7 (3 x Trt-Ar), 139.7 (C-6), 137.9 (C-4), 
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130.9 (6 x Trt-ArH) 129.3 (3 x Trt-ArH), 129.3 (6 x Trt-ArH), 121.4 (C-8), 76.9 (Trt-C), 55.9 

(C-2), 34.5 (C-3); (+)-HRESIMS m/z 419.1833 [M+Na]+ (Calcd for C25H24N4NaO, 419.1842). 

 

8.3.42 (S)-2-Amino-4-methylpentanamide (82) 

 

 

 

Fmoc-Leu-NH2 128 (934 mg, 2.64 mmol) was reacted according to general procedure E, 

yielding the amino acid amide 82 as a clear oil (187 mg, 54% yield): Rf (CH3OH:CH2Cl2, 1:9) 

0.16; IR νmax (ATR) 3287, 3173, 2956, 1666, 1386, 1315, 1099, 971 cm-1;  [α]16
D +63 (c 1.0, 

THF); 1H NMR (400 MHz, d6-DMSO) δ 7.31 (1H, br s, NH), 6.87 (1H, br s, NH), 3.14–3.07 

(1H, m, H-2), 1.76–1.65 (1H, m, H-4), 1.42–1.33 (1H, m, H2-3a), 1.26–1.17 (1H, m, H2-3b), 

0.88 (3H, d, J = 6.5 Hz, H3-5), 0.84 (3H, d, J = 6.5 Hz, H3-5'); 13C NMR (100 MHz, d6-DMSO) 

δ 177.8 (C-1), 53.0 (C-2), 44.2 (C-3), 24.1 (C-4) 23.2 (C-5), 21.8 (C-5'); (+)-HRESIMS m/z 

153.0993 [M+Na]+ (Calcd for C6H14N2NaO, 153.0998). Spectral data obtained was in 

accordance with previously published data.106 

 

8.3.43 (2S,3R)-2-Amino-3-(tert-butoxy)butanamide (85) 

 

 

 

Fmoc-Thr(tBu)-NH2 129 (742 mg, 1.87 mmol) was reacted according to general procedure 

E, yielding the amino acid amide 85 as a waxy white solid (234 mg, 72% yield): Rf 

(CH3OH:CH2Cl2, 1:9) 0.30; IR νmax (ATR) 3177, 2974, 1673, 1561, 1391, 1367, 1192, 1058 

cm-1; [α]16
D +32 (c 1.0, THF); 1H NMR (400 MHz, d6-DMSO) δ 7.19 (1H, br s, NH), 7.02 (1H, 

br s, NH), 3.79 (1H, qd, J = 6.2, 4.0 Hz, H-3), 2.93 (1H, d, J = 4.0 Hz, H-2), 1.11 (9H, s, tBu-
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(CH3)3), 1.04 (3H, d, J = 6.2 Hz, H3-4); 13C NMR (100 MHz, d6-DMSO) δ 175.3 (C-1), 73.0 

(tBu-C), 68.4 (C-3), 60.0 (C-2), 28.3 (tBu-(CH3)3), 19.9 (C-4); (+)-HRESIMS m/z 197.1265 

[M+Na]+ (Calcd for C8H18N2NaO2, 197.1260). 

 

8.3.44 (S)-2-Amino-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl)propanamide (87) 

 

 

 

Fmoc-DOPA(TBS)2-NH2 130 (509 mg, 0.785 mmol) was reacted according to general 

procedure E, yielding the amino acid amide 88 as a light brown solid (146 mg, 44% yield): Rf 

(CH3OH:CH2Cl2, 1:9) 0.51; IR νmax (ATR) 3423, 3376, 2959, 2930, 2858, 1690, 1649, 1500, 

1284, 1254, 825, 781 cm-1; [α]16
D -18 (c 1.0, THF); 1H NMR (400 MHz, d6-DMSO) δ 7.28 (1H, 

br s, NH), 6.92 (1H, br s, NH), 6.75–6.71 (2H, m, H-5, H-8), 6.66 (1H, dd, J = 8.2, 1.5 Hz, H-

9), 3.26 (1H, dd, J = 8.2, 5.0 Hz, H-2), 2.79 (1H, dd, J = 13.5, 5.0 Hz, H2-3a), 2.48 (1H, dd, J 

= 13.5, 8.2 Hz, H2-3b), 0.95 (9H, s, Si(CH3)2C(CH3)3), 0.94 (9H, s, Si(CH3)2C(CH3)3), 0.17 

(6H, s, Si(CH3)2C(CH3)3), 0.16 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, d6-DMSO) δ 

176.6 (C-1), 145.6 (C-6a), 144.4 (C-7a), 132.1 (C-4), 122.4 (C-5b), 121.9 (C-9b), 120.2 (C-8), 

56.2 (C-2), 40.3 (C-3), 25.7 (Si(CH3)2C(CH3)3), 25.7 (Si(CH3)2C(CH3)3), 18.1 (2 x 

Si(CH3)2C(CH3)3), -4.2 (Si(CH3)2C(CH3)3), -4.3 (Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 

425.2641 [M+H]+ (Calcd for C21H41N2O3Si2, 425.2650). a,b Denote assignments that cannot be 

definitively discerned from one another. 
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8.3.45 (S,E)-2-Amino-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)-3-(1-trityl-1H-

imidazol-4-yl)propanamide (89) 

 

 

 

Using general procedure F, starting with protected histidinamide 79 (248 mg, 0.626 mmol), 

Cs2CO3 (306 mg, 0.939 mmol), CuI (119 mg, 0.626 mmol), styryl iodide 40 (307 mg, 0.626 

mmol) and DMED (101 μL, 83.0 mg, 0.939 mmol), enamide 89 was formed as a foamy 

yellow solid (162 mg, 34% yield): Rf (CH3OH:CH2Cl2, 1:19) 0.08; [α]21
D -31 (c 1.0, CH2Cl2); IR 

νmax (ATR) 3294, 2955, 2929, 2857, 1650, 1493, 1285, 1252, 837 cm-1; 1H NMR (500 MHz, 

CDCl3) δ 9.40 (1H, br d, J = 11.1 Hz NH), 7.39 (1H, d, J = 1.3 Hz, H-14), 7.32–7.23 (9H, m, 

Trt-ArH), 7.28–7.21 (1H, m, H-1), 7.11–7.06 (6H, m, Trt-ArH), 6.81–6.74 (3H, m, H-4, H-7, 

H-8), 6.64 (1H, d, J = 1.3 Hz, H-16), 6.03 (1H, d, J = 14.7 Hz, H-2), 3.74–3.68 (1H, m, H-10), 

3.03–2.91 (2H, m, H-11), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.20 

(6H, s, Si(CH3)2C(CH3)3), 0.20 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (125 MHz, CDCl3) δ 172.1 

(C-9), 147.0 (C-5a), 146.0 (C-6a), 142.4 (3 x Trt-Ar), 138.5 (C-14), 137.3 (C-12), 130.0 (C-3), 

129.8 (6 x Trt-ArH), 128.2 (9 x Trt-ArH), 121.3 (C-4b), 121.0 (C-1), 120.0 (C-16), 119.0 (C-

7b), 118.5 (C-8b), 113.3 (C-2), 75.5 (Trt-C), 55.3 (C-10), 33.0 (C-11), 26.1 (2 x 

Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), -3.9 (2 x 

Si(CH3)2C(CH3)3) ); (+)-HRESIMS m/z 781.3958 [M+Na]+ (Calcd for C45H58N4NaO3Si2 , 

781.3940). a,b Denote assignments that cannot be definitively discerned from one another. 
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8.3.46 (S,E)-N-(3,4-Bis((tert-butyldimethylsilyl)oxy)styryl)pyrrolidine-2-carboxamide 

(92) 

 

 

 

Using general procedure F, starting with protected L-prolinamide 90 (206 mg, 0.612 mmol), 

Cs2CO3 (299 mg, 0.918 mmol), CuI (117 mg, 0.612 mmol), styryl iodide 40 (300 mg, 0.612 

mmol) and DMED (81 μL, 99 mg, 0.918 mmol), enamide 92 was formed as a light brown oil 

(93 mg, 32% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.38; IR νmax (ATR) 2955, 2932, 2859, 1687, 

1508, 1284, 1252, 1125, 904, 836, 776 cm-1; [α]24
D -32 (c 1.0, CH2Cl2); 1H NMR (500 MHz, 

CDCl3) δ 9.50 (1H, d, J = 10.9 Hz, NH), 7.25 (1H, dd, J = 14.5, 10.9 Hz, H-1), 6.84–6.69 (3H, 

m, H-4, H-7, H-8), 6.09 (1H, d, J = 14.5 Hz, H-2), 3.91–3.84 (1H, m, H-10), 3.12–3.30 (1H, 

m, H2-13a), 3.00–2.92 (1H, m, H2-13b), 2.24–2.15 (1H, m, H2-11a), 2.02–1.94 (1H, m, H2-

11b), 1.79–1.70 (2H, m, H2-12) 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 

0.19 (6H, s, Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (125 MHz, CDCl3) δ 

172.4 (C-9), 147.0 (C-5a), 146.1 (C-6a), 129.9 (C-3), 121.3 (C-4b), 120.8 (C-1), 119.0 (C-7b), 

118.6 (C-8b), 113.6 (C-2), 60.5 (C-10), 47.4 (C-13), 30.9 (C-11), 26.3 (C-12), 26.1 (2 x 

Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), -3.9 (2 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 477.2949 [M+H]+ (Calcd for C25H45N2O3Si2, 477.2963). 

a,b Denote assignments that cannot be definitively discerned from one another. 

 

8.3.47 (R,E)-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)pyrrolidine-2-carboxamide 

(93) 

 

 

 

Using general procedure F, starting with protected D-prolinamide 91 (206 mg, 0.612 mmol), 

Cs2CO3 (299 mg, 0.918 mmol), CuI (117 mg, 0.612 mmol), styryl iodide 40 (300 mg, 0.612 

mmol) and DMED (81 μL, 99 mg, 0.918 mmol), enamide 93 was formed as a light brown oil 
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(88 mg, 30% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.38; IR νmax (ATR) 2974, 2930, 2858, 1693, 

1509, 1288, 1253,1124, 904, 837, 779 cm-1; [α]24
D +29 (c 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) δ 9.47 (1H, d, J = 10.9 Hz, NH), 7.25 (1H, dd, J = 14.5, 10.9 Hz, H-1), 6.81–6.72 (3H, 

m, H-4, H-7, H-8), 6.08 (1H, d, J = 14.5 Hz, H-2), 3.87–3.80 (1H, m, H-10), 3.09–3.00 (1H, 

m, H2-13a), 2.98–2.89 (1H, m, H2-13b), 2.23–2.13 (1H, m, H2-11a), 2.03–1.92 (1H, m, H2-

11b), 1.78–1.68 (2H, m, H2-12) 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 

0.19 (6H, s, Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (125 MHz, CDCl3) δ 

172.6 (C-9), 147.0 (C-5a), 146.0 (C-6a), 129.9 (C-3), 121.3 (C-4b), 120.8 (C-1), 119.0 (C-7b), 

118.5 (C-8b), 113.5 (C-2), 60.4 (C-10), 47.4 (C-13), 30.8 (C-11), 26.3 (C-12), 26.1 (2 x 

Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), -4.0 (2 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 477.2947 [M+H]+ (Calcd for C25H45N2O3Si2, 477.2963). 

a,b Denote assignments that cannot be definitively discerned from one another. 

 

8.3.48 (S,E)-2-Amino-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)-3-

methylbutanamide (95) 

 

 

 

Using general procedure F, starting with valinamide hydrochloride 81 (70 mg, 0.459 mmol), 

Cs2CO3 (150 mg, 0.459 mmol), CuI (58 mg, 0.306 mmol), styryl iodide 40 (150 mg, 0.306 

mmol) and DMED (49 μL, 40 mg, 0.459 mmol), enamide 95 was formed as a yellow oil (22 

mg, 15% yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.58; IR νmax (ATR) 2957, 2930, 2858, 1648, 1493, 

1252, 902, 836, 779 cm-1;  [α]16
D -30 (c 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 9.22 (1H, 

br d, J = 11.0 Hz, NH), 7.30 (1H, dd, J = 14.7, 11.0 Hz, H-1), 6.82–6.77 (2H, m, H-4, H-8), 

6.74 (1H, d, J = 8.5 Hz, H-7), 3.41–3.27 (1H, m, H-10), 2.45–2.32 (1H, m, H-11), 1.02 (3H, d, 

J = 6.9 Hz, H-12a), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.84 (3H, 

d, J = 6.9 Hz, H-12b), 0.20 (6H, s, Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR 

(100 MHz, CDCl3) δ 171.9 (C-9), 147.0 (C-5a), 146.1 (C-6a), 129.9 (C-3), 121.3 (C-7), 120.8 

(C-1), 119.0 (C-4b), 118.5 (C-8b), 113.2 (C-2), 60.0 (C-10), 30.9 (C-11), 26.1 (2 x 

Si(CH3)2C(CH3)3), 19.8 (C-12a), 18.6 (Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 16.1 (C-

12b), -3.9 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 479.3127 [M+H]+ (Calcd for 
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C25H47N2O3Si2, 479.3120). a,b Denote assignments that cannot be definitively discerned from 

one another. 

 

8.3.49 (S,E)-2-Amino-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)-4-

methylpentanamide (96) 

 

 

Using general procedure F, starting with leucinamide 82 (40 mg, 0.306 mmol), Cs2CO3 (150 

mg, 0.459 mmol), CuI (58 mg, 0.306 mmol), styryl iodide 40 (150 mg, 0.306 mmol) and 

DMED (49 μL, 40 mg, 0.459 mmol), enamide 96 was formed as a yellow oil (57 mg, 38% 

yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.64; IR νmax (ATR) 2955, 2930, 2859, 1688, 1650, 1507, 

1287, 1253, 905, 837, 779 cm-1; [α]16
D -18° (c 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 

9.21 (1H, d, J = 10.9 Hz, NH), 7.28 (1H, dd, J = 14.5, 10.9 Hz, H-1), 6.84–6.77 (2H, m, H-4, 

H-8), 6.74 (1H, d, J = 8.7 Hz, H-7), 6.07 (1H, d,  J = 14.5 Hz, H-2), 3.53–3.40 (1H, m, H-10), 

1.84–1.68 (2H, m, H2-11a, H-12), 1.42–1.33 (1H, m, H2-11b), 1.00–0.92 (6H, m, H3-13, H3-

13'), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.19 (6H, s, 

Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100MHz, CDCl3) 173.1† (C-9), 

147.0 (C-5a), 146.1 (C-6a), 130.0 (C-3), 121.3 (C-7), 121.0 (C-1), 119.0 (C-4b), 118.5 (C-8b), 

113.2 (C-2), 53.4† (C-10), 44.1† (C-11), 26.1 (2 x Si(CH3)2C(CH3)3), 25.1 (C-12), 23.5 (C-13), 

21.5 (C-13'), 18.6 (2 x Si(CH3)2C(CH3)3), -3.9 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 

493.3270 [M+H]+ (Calcd for C26H49N2O3Si2, 493.3276). a,b Denote assignments that cannot be 

definitively discerned from one another. † Denotes shifts assigned via 2D NMR correlations. 
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8.3.50 (2S,3S)-2-Amino-N-((E)-3,4-bis((tert-butyldimethylsilyl)oxy)styryl)-3-

methylpentanamide (97) 

 

 

 

Using general procedure F, starting with isoleucinamide hydrochloride 83 (102 mg, 0.612 

mmol), Cs2CO3 (299 mg, 0.918 mmol), CuI (116 mg, 0.612 mmol), styryl iodide 40 (300 mg, 

0.612 mmol) and DMED (81 μL, 99 mg, 0.918 mmol), enamide 97 was formed as a yellow 

oil (66 mg, 22% yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.58; IR νmax (ATR) 2958, 2930, 2859, 1648, 

1492, 1286, 1252, 903, 837, 779 cm-1; [α]16
D -21 (c 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) 

δ 9.26 (1H, br d, J = 11.0 Hz, NH), 7.31 (1H, dd, J = 14.6, 11.0 Hz, H-1), 6.85–6.71 (3H, m, 

H-4, H-7, H-8), 6.07 (1H, d, J = 14.6 Hz, H-2), 3.38 (1H, d, J = 3.5 Hz, H-10), 2.13–2.02 (1H, 

m, H-11), 1.44–1.31 (1H, m, H2-12a), 1.18–1.07 (1H, m, H2-12b), 1.02–0.97 (3H, m, H3-14), 

0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.91 (3H, t, J = 7.3 Hz, H3-13), 

0.20 (6H, s, Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 

171.9 (C-9), 147.0 (C-5a), 146.0 (C-6a), 129.9 (C-3), 121.3 (C-4b), 120.8 (C-1), 119.0 (C-7b), 

118.5 (C-8b), 113.2 (C-2), 59.8 (C-10), 38.1 (C-11), 26.1 (2 x Si(CH3)2C(CH3)3), 23.8 (C-12), 

18.6 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), 16.3 (C-14), 12.1 (C-13), -4.0 (2 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 493.3290 [M+H]+ (Calcd for C26H49N2O3Si2, 493.3276). 

a,b Denote assignments that cannot be definitively discerned from one another. 
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8.3.51 (S,E)-2-Amino-N-(3,4-bis((tert-butyldimethylsilyl)oxy)styryl)-3-

phenylpropanamide (98) 

 

 

 

Using general procedure F, starting with phenylalaninamide 84 (75 mg, 0.459 mmol), 

Cs2CO3 (149 mg, 0.459 mmol), CuI (58 mg, 0.306 mmol), styryl iodide 40 (150 mg, 0.306 

mmol) and DMED (49 μL, 40 mg, 0.459 mmol), enamide 98 was formed as a foamy yellow 

solid (68 mg, 42% yield): Rf (CH3OH:CH2Cl2, 1:19) 0.36; IR νmax (ATR) 3342, 2959, 2932, 

2860, 1652, 1495, 840, 732; [α]17
D -69 (c 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 9.19 

(1H, br d, J = 10.9 Hz, NH), 7.36–7.26† (1H, m, H-1), 7.36–7.19 (5H, m, H-13, H-14, H-15, 

H-16, H-17), 6.83–6.72 (3H, m, H-4, H-7, H-8), 6.07 (1H, d, J = 14.5 Hz, H-2), 3.75–3.66 

(1H, m, H-10), 3.33 (1H, dd, J = 13.8, 4.0 Hz, H2-11a), 2.74 (1H, dd, J = 13.8, 9.6 Hz, H2-

11b), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.20 (6H, s, 

Si(CH3)2C(CH3)3), 0.20 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 171.6 (C-9), 

147.0 (C-5a), 146.2 (C-6a), 137.7 (C-12) 129.8 (C-3), 129.4 (C-13b/C-17b), 129.0 (C-14b/C-

16b), 127.1 (C-15), 121.3 (C-4c), 120.7 (C-1), 119.0 (C-7c), 118.6 (C-8c), 113.7 (C-2), 56.3 

(C-10), 40.8 (C-11), 26.1 (2 x Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 18.6 

(Si(CH3)2C(CH3)3), -3.9 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 527.3139 [M+H]+ (Calcd for 

C29H47N2O3Si2, 527.3120). a-c Denote assignments that cannot be definitively discerned from 

one another. † Denote shifts assigned via COSY correlations. 
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8.3.52 (2S,3R)-2-Amino-N-((E)-3,4-bis((tert-butyldimethylsilyl)oxy)styryl)-3-(tert-

butoxy)butanamide (99) 

 

 

 

Using general procedure F, starting with protected threoninamide 85 (54 mg, 0.314 mmol), 

Cs2CO3 (153 mg, 0.471 mmol), CuI (60 mg, 0.314 mmol), styryl iodide 40 (154 mg, 0.314 

mmol) and DMED (51 μL, 42 mg, 0.471 mmol), enamide 99 was formed as a clear oil (55 

mg, 33% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.69; IR νmax (ATR) 2956, 2931, 2859, 1681, 1650, 

1492, 1287, 1253, 905, 837, 779, 731 cm-1; [α]16
D -25 (c 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) δ 9.31 (1H, d, J = 11.0 Hz, NH), 7.30 (1H, dd, J  = 14.5, 11.0 Hz, H-1), 6.81 (1H, dd, 

J = 8.2, 1.7 Hz, H-8), 6.79 (1H, d, J = 1.7 Hz, H-4), 6.74 (1H, d, J = 8.2 Hz, H-7), 6.04 (1H, d, 

J = 14.5 Hz, H-2), 4.22–4.13 (1H, m, H-11), 3.23 (1H, br s, H-10), 1.20–1.16 (10H, m, H-12, 
tBu-(CH3)3), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.20 (6H, s, 

Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 171.4 (C-9), 

147.0 (C-5), 146.0 (C-6), 130.0 (C-3), 121.3 (C-7), 121.0 (C-1), 118.9 (C-4a), 118.6 (C-8a), 

113.1 (C-2), 74.3 (tBu-C), 67.8 (C-11), 59.9 (C-10), 28.6 (tBu-(CH3)3), 26.1 (2 x 

Si(CH3)2C(CH3)3), 20.3 (C-12), 18.6 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), -4.0 (2 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 559.3357 [M+Na]+ (Calcd for C28H52N2NaO4Si2, 

559.3358).  a Denotes assignments that cannot be definitively discerned from one another. 
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8.3.53 (R,E)-2-Amino-3-((3,4-bis((tert-butyldimethylsilyl)oxy)styryl)thio)propanamide 

(100) 

 

 

 

Using general procedure F, starting with Acm-protected cysteinamide hydrochloride 86 (139 

mg, 0.612 mmol), Cs2CO3 (299 mg, 0.918 mmol), CuI (117 mg, 0.612 mmol), styryl iodide 40 

(300 mg, 0.612 mmol) and DMED (99 μL, 81 mg, 0.918 mmol), vinyl sulphide 100 was 

formed as a yellow oil (40 mg, 14% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.64; IR νmax (ATR) 3319, 

2955, 2930, 2858, 1671, 1508, 1296, 1252, 903, 836, 779 cm-1; [α]15
D -4 (c 1.0, CH2Cl2); 1H 

NMR (400 MHz, CDCl3) δ 7.24 (1H, br s, NH2), 6.79–6.73 (3H, m, H-4, H-7, H-8), 6.53 (1H, 

d, J = 15.5 Hz, H-2), 6.44 (1H, d, J = 15.5 Hz, H-1), 5.80 (1H, br s, NH2), 3.58 (1H, dd, J = 

9.0, 3.9 Hz, H-10), 3.33 (1H, dd, J = 14.0, 3.9 Hz, H2-11a), 2.89 (1H, dd, J = 14.0, 9.0 Hz, 

H2-11b), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.20 (6H, s, 

Si(CH3)2C(CH3)3), 0.19 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 176.3 (C-9), 

147.1 (C-5a), 146.9 (C-6a), 130.4 (C-3), 130.4 (C-2), 121.3 (C-4b), 120.6 (C-1), 119.3 (C-7b), 

118.8 (C-8b), 54.5 (C-10), 38.6 (C-11), 26.1 (2 x Si(CH3)2C(CH3)3), 18.6 (Si(CH3)2C(CH3)3), 

18.6 (Si(CH3)2C(CH3)3), -4.0 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 483.2510 [M+H]+ 

(Calcd for C23H43N2O3SSi2, 483.2527). a,b Denote assignments that cannot be definitively 

discerned from one another. 
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8.3.54 (S,E)-2-Amino-3-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl)-N-(3,4-bis((tert-

butyldimethylsilyl)oxy)styryl)propanamide (101) 

 

 

 

Using general procedure F, starting with protected DOPA amide 87 (73 mg, 0.148 mmol), 

Cs2CO3 (72 mg, 0.222 mmol), CuI (28 mg, 0.148 mmol), styryl iodide 40 (63 mg, 0.148 

mmol) and DMED (23 μL, 19 mg, 0.222 mmol), enamide 101 was formed as a foamy yellow 

solid (76 mg, 65% yield): Rf (CH3OH:CH2Cl2, 1:19) 0.42; [α]22
D -64 (c 1.0, CH2Cl2); IR νmax 

(ATR) 2955, 2931, 2858, 1652, 1508, 1289, 1252, 904, 835, 778 cm-1; 1H NMR (500 MHz, 

CDCl3) δ 9.15 (1H, d, J = 11.0 Hz, NH), 7.29 (1H, dd, J = 14.5, 11.0 Hz, H-1), 6.82–6.73 (4H, 

m, H-4, H-7, H-8, H-16), 6.71 (1H, d, J = 2.3 Hz, H-13), 6.65 (1H, dd, J = 8.2, 2.3 Hz, H-17), 

6.05 (1H, d, J = 14.5 Hz, H-2), 3.69–3.60 (1H, m, H-10), 3.17 (1H, dd, J = 13.9, 4.0 Hz, H2-

11a), 2.67 (1H, dd, J = 13.9, 9.2 Hz, H2-11b), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.98 (18H, br s, 

2 x Si(CH3)2C(CH3)3), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.20 (6H, s, Si(CH3)2C(CH3)3), 0.20 

(6H, s, Si(CH3)2C(CH3)3), 0.19 (12H, br s, 2 x Si(CH3)2C(CH3)3); 13C NMR (125 MHz, CDCl3) 

δ 171.5 (C-9), 147.1 (C-5a), 146.9 (C-14a), 146.0 (C-6a), 146.0 (C-15a), 130.3 (C-12), 129.8 

(C-3), 122.3 (C-13b), 122.0 (C-17b), 121.2 (C-4c), 121.2 (C-16c), 120.7 (C-1), 118.9 (C-7c), 

118.5 (C-8c), 113.5 (C-2), 56.1 (C-10), 39.9 (C-11), 26.0 (2 x Si(CH3)2C(CH3)3), 25.9 (2 x 

Si(CH3)2C(CH3)3), 18.5 (2 x Si(CH3)2C(CH3)3), 18.6 (2 x Si(CH3)2C(CH3)3), -4.0 (4 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 787.4754 [M+H]+ (Calcd for C41H75N2O5Si4, 787.4748). 

a-c Denote assignments that cannot be definitively discerned from one another. 
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8.3.55 Fmoc-DOPA(TBS)2-DOPA(TBS)2-Gly-OH (104) 

 

 

 

2-Chlorotrityl resin (loading 0.5 mmol/g, 2.00g, 1.00 mmol) was swelled in CH2Cl2 (20 mL) 

for 15 minutes.  The CH2Cl2 was drained from the resin and a solution of Fmoc-Gly-OH 105 

(1.19 g, 4.00 mmol, 4.0 eq.) and DIPEA (517 mg, 0.697 mL, 4.00 mmol, 4.0 eq.) in CH2Cl2 (5 

mL) was added.  The reaction vessel was shaken for 20 minutes then further DIPEA (646 

mg, 0.871 mL, 5.00 mmol, 5.0 eq.) was added and the reaction shaken for a further 40 

minutes.  The liquid was then drained from the resin and 10 mL of capping solution 

(CH2Cl2:CH3OH:DIPEA, 85:10:5) was added and shaken for 40 minutes.  The resin was then 

drained and washed with DMF (5 x 10 mL).  Fmoc deprotection was then achieved by 

adding piperidine:DMF (1:4, 10 mL) and  agitating the reaction for 10 minutes before 

draining the solution, adding another 10 mL of piperidine solution and shaking for another 20 

minutes. The resin was again drained, washed with DMF (4 x 10 mL), isopropanol (4 x 10 

mL) and hexane (4 x 10 mL), then dried in a desiccator for 18 hours.  DMF (15 mL) was then 

used to swell the resin then drained, before a coupling solution of HATU (847 mg, 2.30 

mmol, 2.3 eq.), Fmoc-DOPA(TBS)2-OH 88 (1.56 g, 2.40 mmol, 2.4 eq.) and DIPEA (439 mg, 

0.592 mL, 3.40 mmol, 3.4 eq.) in DMF (4.6 mL) was added.  The solution was shaken for an 

hour before draining and washing with DMF (5 x 10 mL).  Fmoc deprotection was then 

achieved using piperidine:DMF (1:4) as above, then the reaction washed again with DMF (5 

x 10 mL).  The next DOPA residue was then coupled on using the same coupling solution as 

above before the resin was washed with DMF (3 x 10 mL), isopropanol (3 x 10 mL) and 

hexane (3 x 10 mL), then dried for 18 hours in a desiccator.  A cleaving solution of 

TFE:CH2Cl2 (1:5, 20 mL) was then added to the resin and the reaction shaken for 2 hours.  

The solution containing the cleaved peptide was then collected and dried in vacuo, yielding 

the new compound 104 as a pale yellow foamy solid (976 mg, 88% yield):  Rf 

(CH3OH:CH2Cl2, 1:9) 0.40; IR νmax (ATR) 3319, 2931, 2858, 1722, 1647, 1509, 1294, 1252, 
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905, 839, 780 cm-1; [α]19
D -15 (c 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 7.72 (2H, d, J = 

7.5 Hz, Fmoc-ArH), 7.46 (2H, t, J = 6.9 Hz, Fmoc-Ar), 7.36 (2H, t, J = 6.9 Hz, Fmoc-ArH), 

7.30–7.24 (2H, m, Fmoc-ArH), 7.06–6.94 (1H, br m, DOPA(2)-NH), 6.80–6.53 (DOPA(1)-

ArH, DOPA(2)-ArH), 6.78–6.73 (1H, m, Gly(3)-NH), 5.36–5.26 (1H, br m, DOPA(1)-NH), 

4.77 (1H, q, J = 7.4 Hz, DOPA(2)-αCH), 4.38–4.28 (1H, m, DOPA(1)-αCH), 4.38–4.20 (2H, 

m, Fmoc-CH2), 4.12 (1H, t, J = 7.0 Hz, Fmoc-CH), 4.11–4.01 (1H, m, Gly(3)-αCH2a), 3.91–

3.80 (1H, m, Gly(3)-αCH2b), 3.07–2.97 (1H, m, DOPA(2)-βCH2a), 3.00–2.91 (1H, m, 

DOPA(1)-βCH2a), 2.91–2.80 (1H, m, DOPA(2)-βCH2b), 2.75–2.63 (1H, m, DOPA(1)-βCH2b), 

0.96 (9H, s, Si(CH3)2C(CH3)3), 0.96 (9H, s, Si(CH3)2C(CH3)3), 0.95 (9H, s, Si(CH3)2C(CH3)3), 

0.92 (9H, s, Si(CH3)2C(CH3)3), 0.15 (6H, s, Si(CH3)2C(CH3)3), 0.15 (6H, s, Si(CH3)2C(CH3)3), 

0.14 (6H, s, Si(CH3)2C(CH3)3), 0.12 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 

172.1 (DOPA(1)-C=Oa), 171.6 (DOPA(2)-C=Oa), 171.2 (Gly(3)-C=Oa), 156.4 (Fmoc-C=O), 

147.2 (DOPA(1)-Ar-Ob), 147.0 (DOPA(1)-Ar-Ob), 146.2 (DOPA(2)-Ar-Ob), 146.0 (DOPA(2)-

Ar-Ob), 143.7 (Fmoc-Ar), 143.7 (Fmoc-Ar), 141.4 (2 x Fmoc-Ar), 129.5 (DOPA(1)-γCc), 129.1 

(DOPA(2)-γCc), 127.9 (2 x Fmoc-ArH), 127.3 (Fmoc-ArH), 127.3 (Fmoc-ArH), 125.2 (2 x 

Fmoc-ArH), 122.3 (DOPA(1)-ArHd), 122.2 (DOPA(2)-ArHd), 122.2 (DOPA(1)-ArHd), 122.1 

(DOPA(2)-ArHd), 121.3 (DOPA(1)-ArHd), 121.1 (DOPA(2)-ArHd), 120.1 (2 x Fmoc-ArH), 67.6 

(Fmoc-CH2), 56.6 (DOPA(1)-αCH), 54.3 (DOPA(2)-αCH), 47.1 (Fmoc-CH), 41.4 (Gly(3)-

αCH2), 37.4 (DOPA(1)-βCH2
e), 37.4 (DOPA(2)-βCH2

e), 26.0 (4 x Si(CH3)2C(CH3)3), 18.5 (2 x 

Si(CH3)2C(CH3)3), 18.5 (2 x Si(CH3)2C(CH3)3), -3.98 (4 x Si(CH3)2C(CH3)3); (+)-HRESIMS 

m/z 1134.5507 [M+Na]+ (Calcd for C59H89N3NaO10Si4, 1134.5517). a-e Denote assignments 

that cannot be definitively discerned from one another. 
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8.3.56 Fmoc-DOPA(TBS)2-DOPA(TBS)2-Gly-Pro-dcΔDOPA(TBS)2 (106) 

 

 

 

Peptide 104 (399 mg, 0.359 mmol, 1.0 eq.), EDC.HCl (76 mg, 0.395 mmol, 1.1 eq.) and 

HOBt (53 mg, 0.395 mmol, 1.1 eq.) were dissolved in DMF (2 mL).  Enamide compound 92 

(171 mg, 0.359 mmol, 1.0 eq.) was then added, and the solution stirred under N2 for 2 hours.  

Brine (15 mL) was then added, precipitating out the product, which was then extracted with 

EtOAc (20 mL).  The organic extract was washed with H2O (20 mL) and brine (20 mL) before 

being dried over MgSO4 and then in vacuo.  The resulting oil was purified via silica gel 

column chromatography (CH3OH:CH2Cl2, 1:49) to afford the new compound 106 as a yellow 

oil (414 mg, 73% yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.54; IR νmax (ATR) 3286, 2962, 2930, 

2858, 1636, 1507, 1288, 1252, 905, 837, 779 cm-1; [α]24 
D -55 (c 1.0, CH2Cl2); 1H NMR (400 

MHz, CDCl3) δ 8.90 (1H, d, J = 10.5 Hz, dcΔDOPA(5)-NH), 7.73 (2H, d, J = 7.4 Hz, Fmoc-

ArH), 7.49 (2H, d, J = 7.4 Hz, Fmoc-ArH), 7.37 (2H, t, J = 7.4 Hz, Fmoc-ArH), 7.28 (2H, t, J = 

7.4 Hz, Fmoc-ArH), 7.21 (1H, dd, J = 14.5, 10.5 Hz, dcΔDOPA(5)-αCH), 7.07 (1H, br s, 

Gly(3)-NH), 6.87 (1H, br d, J = 7.7 Hz, DOPA(2)-NH), 6.79–6.54 (9H, m, DOPA(1)-ArH, 

DOPA(2)-ArH, dcΔDOPA(5)-ArH), 6.06 (1H, d, J = 14.5 Hz, dcΔDOPA-βCH), 5.18 (1H, br s, 

DOPA(1)-NH), 4.78 (1H, q, J = 7.4 Hz, DOPA(2)-αCH), 4.57–4.45 (1H, m, Pro(4)-αCH), 

4.38–4.28 (2H, m, Fmoc-CH2), 4.32–4.23 (1H, m, DOPA(1)-αCH), 4.15 (1H, t, J = 6.9 Hz, 

Fmoc-CH), 4.09–3.83 (2H, m, Gly(3)-αCH2), 3.62–3.51 (1H, m, Pro(4)-δCH2a), 3.43–3.32 

(1H, m, Pro(4)-δCH2b), 3.10–2.99 (1H, m, DOPA(2)-βCH2a), 3.03–2.95 (1H, m, DOPA(1)-

βCH2a), 2.92–2.83 (1H, m, DOPA(2)-βCH2b), 2.67–2.55 (1H, m, DOPA(1)-βCH2b), 2.45–

2.36 (1H, m, Pro(4)-βCH2a), 2.17–2.06 (1H, m, Pro(4)-γCH2a), 2.05–1.93 (1H, m, Pro-

γCH2b), 1.91–1.80 (1H, m, Pro(4)-βCH2b), 0.97 (18H, s, 2 x Si(CH3)2C(CH3)3), 0.96 (18H, s, 

2 x Si(CH3)2C(CH3)3), 0.95 (9H, s, Si(CH3)2C(CH3)3), 0.94 (9H, s, Si(CH3)2C(CH3)3), 0.18 

(6H, s, Si(CH3)2C(CH3)3), 0.17 (6H, s, Si(CH3)2C(CH3)3), 0.16 (6H, s, Si(CH3)2C(CH3)3), 0.16 

(6H, s, Si(CH3)2C(CH3)3), 0.15 (6H, s, Si(CH3)2C(CH3)3), 0.13 (6H, s, Si(CH3)2C(CH3)3); 13C 
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NMR (100 MHz, CDCl3) δ 171.2 (DOPA(1)-C=Oa), 171.2 (DOPA(2)-C=Oa), 168.5 (Gly(4)-

C=Ob), 167.9 (Pro(4)-C=Ob), 156.5 (Fmoc-C=O), 147.2 (DOPA(1)-Ar-Oc), 146.9 (DOPA(1)-

Ar-Oc), 146.9 (DOPA(2)-Ar-Oc), 146.2 (DOPA(2)-Ar-Oc), 146.0 (dcΔDOPA(5)-Ar-Oc), 146.0 

(dcΔDOPA(5)-Ar-Oc), 143.8 (Fmoc-Ar), 143.8 (Fmoc-Ar), 141.3 (Fmoc-Ar), 141.3 (Fmoc-Ar), 

129.8 (DOPA(1)-γCd), 129.7 (DOPA(2)-γCd), 129.2 (dcΔDOPA(5)-γCd), 127.9 (Fmoc-ArH), 

127.9 (Fmoc-ArH), 127.3 (Fmoc-ArH), 127.2 (Fmoc-ArH), 125.2 (Fmoc-ArH), 125.2 (Fmoc-

ArH), 122.3 (DOPA(1)-ArHe), 122.2 (DOPA(2)-ArHe), 122.1 (dcΔDOPA(5)-ArHe), 121.9 

(DOPA(1)-ArHe), 121.3 (DOPA(2)-ArHe), 121.2 (dcΔDOPA(5)-αCHe), 121.1 (dcΔDOPA(5)-

ArHe), 121.0 (DOPA(1)-ArHe), 120.1 (Fmoc-ArH), 120.1 (Fmoc-ArH), 119.3 (DOPA(2)-ArHe), 

118.2 (dcΔDOPA(5)-ArHe), 114.1 (dcΔDOPA(5)-βCH), 67.5 (Fmoc-CH2), 60.4 (Pro(4)-αCH), 

56.8 (DOPA(1)-αCH), 54.2 (DOPA(2)-αCH), 47.1 (Fmoc-CH), 46.7 (Pro(4)-δCH2), 42.2 

(Gly(3)-αCH2), 37.6 (DOPA(1)-βCH2
f), 37.6 (DOPA(2)-βCH2

f), 27.6 (Pro(4)-βCH2), 26.0 (6 x 

Si(CH3)2C(CH3)3), 24.9 (Pro(4)-γCH2), 18.5 (6 x Si(CH3)2C(CH3)3), -4.0 (6 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 1592.8307 [M+Na]+ (Calcd for C84H131N5NaO12Si6, 

1592.8302). a-f Denote assignments that cannot be definitively discerned from one another. 

 

8.3.57 Fmoc-DOPA(TBS)2-DOPA(TBS)2-Gly-D-Pro-dcΔDOPA(TBS)2 (108) 

 

 

 

Peptide 104 (205 mg, 0.185 mmol, 1.0 eq.), EDC.HCl (39 mg, 0.204 mmol, 1.1 eq.) and 

HOBt (28 mg, 0.204 mmol, 1.1 eq.) were dissolved in DMF (2 mL).  Enamide compound 93 

(88 mg, 0.185 mmol, 1.0 eq.) was then added, and the solution stirred under N2 for 2 hours.  

Brine (15 mL) was then added, precipitating out the product, which was then extracted with 

EtOAc (20 mL).  The organic extract was washed with H2O (20 mL) and brine (20 mL) before 

being dried over MgSO4 and then in vacuo.  The resulting oil was purified via silica gel 

column chromatography (CH3OH:CH2Cl2, 1:49) to afford the new compound 108 as a yellow 



  Chapter 8: Experimental 
 

 
178 

 

oil (142 mg, 49% yield):Rf (CH3OH:CH2Cl2, 1:9) 0.56; IR νmax (ATR) 3325, 2956, 2931, 2858, 

1652, 1507, 1291, 1251, 904, 837, 779 cm-1; [α]20
D +37 (c 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) δ 8.98 (1H, d, J = 10.6 Hz, dcΔDOPA(5)-NH), 7.73 (2H, d, J = 7.4 Hz, Fmoc-ArH), 

7.52–7.44 (2H, m, Fmoc-ArH), 7.40–7.44 (2H, m, Fmoc-ArH), 7.31–7.24 (2H, m, Fmoc-ArH), 

7.20 (1H, dd, J = 14.5, 10.6 Hz, dcΔDOPA(5)-αCH), 6.97 (1H, br s, Gly(3)-NH), 6.79–6.54 

(9H, m, DOPA(1)-ArH, DOPA(2)-ArH, dcΔDOPA(5)-ArH), 6.78–6.71 (1H, m, DOPA(2)-NH), 

6.05 (1H, d, J = 14.5 Hz, dcΔDOPA-βCH), 5.21 (1H, br d, J = 5.6 Hz, DOPA(1)-NH), 4.72 

(1H, q, J = 7.3 Hz, DOPA(2)-αCH), 4.62–4.51 (1H, m, Pro(4)-αCH), 4.40–4.25 (2H, m, 

Fmoc-CH2), 4.36–4.29 (1H, m, DOPA(1)-αCH), 4.14 (1H, t, J = 7.1 Hz, Fmoc-CH), 4.12–4.03 

(1H, m, Gly(3)-αCH2a), 3.90–3.77  (1H, m, Gly(3)-αCH2b), 3.60–3.46 (1H, m, Pro(4)-δCH2a), 

3.44–3.31 (1H, m, Pro(4)-δCH2b), 3.11–3.00 (1H, m, DOPA(2)-βCH2a), 3.06–2.98 (1H, m, 

DOPA(1)-βCH2a), 2.98–2.88 (1H, m, DOPA(2)-βCH2b), 2.78–2.66 (1H, m, DOPA(1)-βCH2b), 

2.46–2.37 (1H, m, Pro(4)-βCH2a), 2.19–2.06 (1H, m, Pro(4)-γCH2a), 2.05–1.93 (1H, m, Pro-

γCH2b), 1.92–1.78 (1H, m, Pro(4)-βCH2b), 0.97 (18H, s, 2 x Si(CH3)2C(CH3)3), 0.96 (9H, s, 

Si(CH3)2C(CH3)3), 0.96 (9H, s, Si(CH3)2C(CH3)3), 0.95 (9H, s, Si(CH3)2C(CH3)3), 0.92 (9H, s, 

Si(CH3)2C(CH3)3), 0.18 (6H, s, Si(CH3)2C(CH3)3), 0.16 (6H, s, Si(CH3)2C(CH3)3), 0.16 (6H, s, 

Si(CH3)2C(CH3)3), 0.15 (6H, s, Si(CH3)2C(CH3)3), 0.15 (6H, s, Si(CH3)2C(CH3)3), 0.12 (6H, s, 

Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 171.2 (DOPA(1)-C=Oa), 170.9 (DOPA(2)-

C=Oa), 168.5 (Gly(4)-C=Ob), 167.9 (Pro(4)-C=Ob), 156.2 (Fmoc-C=O), 147.2 (DOPA(1)-Ar-

Oc), 146.9 (DOPA(1)-Ar-Oc), 146.9 (DOPA(2)-Ar-Oc), 146.2 (DOPA(2)-Ar-Oc), 146.0 

(dcΔDOPA(5)-Ar-Oc), 146.0 (dcΔDOPA(5)-Ar-Oc), 143.8 (Fmoc-Ar), 143.8 (Fmoc-Ar), 141.3 

(Fmoc-Ar), 141.3 (Fmoc-Ar), 129.8 (DOPA(1)-γCd), 129.5 (DOPA(2)-γCd), 129.2 

(dcΔDOPA(5)-γCd), 127.8 (Fmoc-ArH), 127.8 (Fmoc-ArH), 127.3 (Fmoc-ArH), 127.3 (Fmoc-

ArH), 125.2 (Fmoc-ArH), 125.2 (Fmoc-ArH), 122.3 (DOPA(1)-ArHe), 122.3 (DOPA(2)-ArHe), 

122.2 (dcΔDOPA(5)-ArHe), 122.0 (DOPA(1)-ArHe), 121.3 (DOPA(2)-ArHe), 121.2 

(dcΔDOPA(5)-αCHe), 121.1 (dcΔDOPA(5)-ArHe), 121.0 (DOPA(1)-ArHe), 120.0 (Fmoc-ArH), 

120.0 (Fmoc-ArH), 119.3 (DOPA(2)-ArHe), 118.2 (dcΔDOPA(5)-ArHe), 114.0 (dcΔDOPA(5)-

βCH), 67.4 (Fmoc-CH2), 60.3 (Pro(4)-αCH), 56.6 (DOPA(1)-αCH), 54.3 (DOPA(2)-αCH), 

47.1 (Fmoc-CH), 46.7 (Pro(4)-δCH2), 42.1 (Gly(3)-αCH2), 37.5 (DOPA(1)-βCH2
f), 37.2 

(DOPA(2)-βCH2
f), 27.4 (Pro(4)-βCH2), 26.0 (2 x Si(CH3)2C(CH3)3), 26.0 (2 x 

Si(CH3)2C(CH3)3), 26.0 (2 x Si(CH3)2C(CH3)3), 25.0 (Pro(4)-γCH2), 18.5 (6 x 

Si(CH3)2C(CH3)3), -4.0 (6 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 1592.8242 [M+Na]+ (Calcd 

for C84H131N5NaO12Si6, 1592.8302). a-f Denote assignments that cannot be definitively 

discerned from one another. 
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8.3.58 Tunichrome Sp-1 (22) 

 

 

 

Protected tunichrome Sp-1 (106) (96 mg, 0.061 mmol, 1 eq.) was dissolved in 

piperidine:DMF (1:4, 301 μL) and stirred for an hour.  As much solvent as possible was 

removed in vacuo, producing a yellow oil, which was then re-dissolved in THF (1 mL).  

TEA.3HF (79 mg, 80 μL, 0.489 mmol, 8.0 eq.) was then added under N2 and the reaction 

stirred for 1 hour.  The solvent was again removed in vacuo and the resulting oil purified 

using reversed-phase C18 column chromatography [H2O: CH3OH:TFA (79.99:20:0.01)], to 

yield tunichrome Sp-1 (22) as an off white solid (18 mg, 44% yield): A 1:5 mixture of cis-

Tunichrome Sp-1 (22b)* and trans-Tunichrome Sp-1 (22a) was characterized, * are used to 

denote shifts for cis-Tunichrome Sp-1 (22b)* that differ from trans-Tunichrome Sp-1 (22a): 

IR νmax (ATR) 3284, 2973, 1666, 1638, 1513, 1187, 1130, 954, 721 cm-1; [α]20
D -71 (c 1.0, 

CH3OH); 1H NMR (500 MHz, DMSO-d6) δ 10.27* (1H, d, J = 9.9 Hz, dcΔDOPA(5)-NH), 9.96 

(1H, br d, J = 10.0 Hz, dcΔDOPA(5)-NH), 8.94–8.62 (6H, m, 2 x DOPA(1)-OH, 2 x DOPA(2)-

OH, 2 x dcΔDOPA(5)-OH), 8.74–8.68 (1H, m, DOPA(2)-NH) 8.18 (1H, t, J = 4.9 Hz, Gly(3)-

NH), 7.91 (2H, br s, DOPA(1)-NH2), 7.10* (1H, dd, J = 14.6, 9.9 Hz, dcΔDOPA(5)-αCH), 

7.05 (1H, dd, J = 14.6, 10.0 Hz, dcΔDOPA(5)-αCH), 6.78–6.47 (9H, m, DOPA(1)-ArH, 

DOPA(2)-ArH, dcΔDOPA(5)-ArH), 6.13* (1H, d, J = 14.6 Hz, dcΔDOPA-βCH), 6.05 (1H, d, J 

= 14.6 Hz, dcΔDOPA-βCH), 4.62–4.51 (1H, m, DOPA(2)-αCH), 4.32 (1H, dd, J = 8.3, 3.8 

Hz, Pro(4)-αCH), 4.04 (1H, dd, J = 17.1, 5.5 Hz, Gly(3)-αCH2a), 3.90 (1H, dd, J = 17.1, 4.9 

Hz, Gly(3)-αCH2b), 3.85–3.81 (1H, br m, DOPA(1)-αCH), 3.61–3.35 (2H, br m, Pro(4)-δCH2), 

3.04–2.99 (1H, m, DOPA(1)-βCH2a), 2.96–2.85 (1H, m, DOPA(2)-βCH2a), 2.68–2.59 (2H, m, 

DOPA(1)-βCH2b, DOPA(2)-βCH2b), 2.15–2.05 (1H, m, Pro(4)-βCH2a), 1.99–1.84 (2H, m, 

Pro(4)-γCH2), 1.91–1.79 (1H, m, Pro(4)-βCH2b); 13C NMR (125 MHz, DMSO-d6) δ 171.0 

(DOPA(2)-C=O), 169.5 (Pro(4)-C=O), 168.2 (DOPA(1)-C=O), 166.9 (Gly(3)-C=O), 145.5 

(DOPA(1)-Ar-Ob), 145.2 (DOPA(1)-Ar-Ob), 144.9 (DOPA(2)-Ar-Ob), 144.6 (DOPA(2)-Ar-Ob), 
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144.4 (dcΔDOPA(5)-Ar-Ob), 143.8 (dcΔDOPA(5)-Ar-Ob), 128.3 (DOPA(2)-γCc), 127.8 

(dcΔDOPA(5)-γCc), 125.5 (DOPA(1)-γCc), 120.6 (dcΔDOPA(5)-αCHd), 120.4 (DOPA(1)-

ArHd), 120.0 (DOPA(2)-Ar-Hd), 117.0 (dcΔDOPA(5)-ArH), 116.8 (DOPA(1)-ArHd), 116.7 

(DOPA(2)-ArHd), 115.9 (dcΔDOPA(5)-ArHd), 115.6 (DOPA(1)-ArHd), 115.3 (DOPA(2)-ArHd), 

112.7 (dcΔDOPA(5)-βCH), 111.9 (dcΔDOPA(5)-ArH), 59.8 (Pro(4)-αCH), 54.6 (DOPA(2)-

αCH), 53.6 (DOPA(1)-αCH), 46.0 (Pro(4)-δCH2), 41.5 (Gly(3)-αCH2), 37.1 (DOPA(2)-βCH2), 

36.6 (DOPA(1)-βCH2), 29.4 (Pro(4)-βCH2), 24.4 (Pro(4)-γCH2); 1H NMR (500 MHz, CD3OD) 

δ 7.23* (1H, d, J = 14.6 Hz, dcΔDOPA(5)-αCH), 7.16 (1H, d, J = 14.6 Hz, dcΔDOPA(5)-

αCH), 6.80–6.50 (9H, m, DOPA(1)-ArH, DOPA(2)-ArH, dcΔDOPA(5)-ArH), 6.23* (1H, d, J = 

14.6 Hz, dcΔDOPA-βCH), 6.16 (1H, d, J = 14.6 Hz, dcΔDOPA-βCH), 4.66 (1H, t, J = 7.1 Hz, 

DOPA(2)-αCH), 4.60–4.51* (1H, m, Pro(4)-αCH), 4.44 (1H, dd, J = 8.7, 4.2 Hz, Pro(4)-αCH), 

4.08–4.00 (1H, m, DOPA(1)-αCH), 4.05–3.98 (2H, m, Gly(3)-αCH2), 3.65–3.58 (1H, m, 

Pro(4)-δCH2a), 3.56–3.47 (1H, m, Pro(4)-δCH2b), 3.06–2.96 (2H, m, DOPA(1)-βCH2a, 

DOPA(2)-βCH2a), 2.90 (1H, dd, J = 14.0, 7.5 Hz, DOPA(1)-βCH2b), 2.79 (1H, dd, J = 14.0, 

8.5 Hz, DOPA(2)-βCH2b), 2.39–2.33* (1H, m, Pro(4)-βCH2a), 2.26–2.18 (1H, m, Pro(4)-

βCH2a), 2.18–2.09* (1H, m, Pro(4)-βCH2b), 2.10–1.97 (2H, m, Pro(4)-γCH2), 2.06–1.94 (1H, 

m, Pro(4)-βCH2b) 1.96–1.88* (1H, m, Pro(4)-γCH2); 13C NMR (125 MHz, CD3OD) δ 173.1 

(DOPA(2)-C=O), 171.9 (Pro(4)-C=O), 171.2* (Pro(4)-C=O), 169.5 (DOPA(1)-C=Oa), 169.4 

(Gly(3)-C=Oa), 146.6 (DOPA(1)-Ar-Ob), 146.4 (DOPA(1)-Ar-Ob), 146.1 (DOPA(2)-Ar-Ob), 

146.0 (DOPA(2)-Ar-Ob), 145.7 (dcΔDOPA(5)-Ar-Ob), 145.2 (dcΔDOPA(5)-Ar-Ob), 129.7 

(DOPA(2)-γCc), 129.6 (dcΔDOPA(5)-γCc), 126.5 (DOPA(1)-γC), 122.0 (DOPA(1)-ArH), 

121.7 (DOPA(2)-Ar-H), 121.1 (dcΔDOPA(5)-αCH), 119.1 (dcΔDOPA(5)-ArH), 117.6 

(DOPA(1)-ArHd), 117.4 (DOPA(2)-ArHd), 116.8 (dcΔDOPA(5)-ArHd), 116.5 (DOPA(1)-ArHd), 

116.3 (DOPA(2)-ArHd), 116.1 (dcΔDOPA(5)-βCHd), 113.2 (dcΔDOPA(5)-ArH), 61.9 (Pro(4)-

αCH), 61.2* (Pro(4)-αCH), 56.3 (DOPA(2)-αCH), 55.5 (DOPA(1)-αCH), 47.9 (Pro(4)-δCH2), 

47.7* (Pro(4)-δCH2), 43.1 (Gly(3)-αCH2), 43.0* (Gly(3)-αCH2), 38.2 (DOPA(1)-βCH2
e), 37.9 

(DOPA(2)-βCH2
e), 33.4* (Pro(4)-βCH2), 30.8 (Pro(4)-βCH2), 25.7 (Pro(4)-γCH2) 23.4* 

(Pro(4)-γCH2); (+)-HRESIMS m/z 664.2615 [M+H]+ (Calcd for C33H38N5O10, 664.2613). a-e 

Denote assignments that cannot be definitively discerned from one another.  Spectral data 

obtained was in accordance with previously published data.10 
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8.3.59 [D-Pro]4-Tunchrome Sp-1 (107) 

 

 

 

Protected (D)-Tunichrome Sp-1 108 (110 mg, 0.070 mmol, 1 eq.) was dissolved in 

piperidine:DMF (1:4, 345 μL) and stirred for an hour.  As much solvent as possible was 

removed in vacuo, producing a yellow oil, which was then re-dissolved in THF (1 mL).  

TEA.3HF (90 mg, 91 μL, 0.560 mmol, 8.0 eq.) was then added under N2 and the reaction 

stirred for 1 hour.  The solvent was again removed in vacuo and the resulting oil purified 

using reversed phase C18 column chromatography, eluting in H2O: CH3OH:TFA 

(79.99:20:0.01), to yield tunichrome Sp-1 107 as an off white solid (38 mg, 82% yield): IR 

νmax (ATR) 3301, 1677, 1633, 1516, 1239, 1202, 1187, 1114, 955, 719 cm-1; [α]20
D +108 (c 

1.0, CH3OH); 1H NMR (400 MHz, CD3OD) δ 7.19 (1H, d, J = 14.5 Hz, dcΔDOPA(5)-αCH), 

6.85–6.46 (9H, m, DOPA(1)-ArH, DOPA(2)-ArH, dcΔDOPA(5)-ArH), 6.29 (1H, d, J = 14.5 

Hz, dcΔDOPA(5)-βCH), 4.86–4.76 (1H, m, DOPA(2)-αCH), 4.48–4.42 (1H, m, Pro(4)-αCH), 

4.30–4.19 (1H, m, DOPA(1)-αCH), 3.99 (1H, d, J = 17.3 Hz, Gly(3)-αCH2a) 3.87 (1H, d, J = 

17.3 Hz, Gly(3)-αCH2b), 3.64–3.45 (2H, m, Pro(4)-δCH2), 3.17–3.07 (1H, m, DOPA(1)-

βCH2a), 3.12–3.02 (1H, m, DOPA(2)-βCH2a), 2.99–2.89 (1H, m, DOPA(1)-βCH2b), 2.86–

2.76 (1H, m, DOPA(2)-βCH2b), 2.27–2.17 (1H, m, Pro(4)-βCH2a), 2.09–1.95 (2H, m, Pro(4)-

γCH2), 2.00–1.90 (1H, m, Pro(4)-βCH2b); 13C NMR (100 MHz, CD3OD) δ 173.0 (DOPA(2)-

C=O), 171.9 (Pro(4)-C=O), 169.8 (DOPA(1)-C=Oa), 169.2 (Gly(3)-C=Oa), 146.4 (DOPA(1)-

Ar-Ob), 146.0 (DOPA(1)-Ar-Ob), 145.9 (DOPA(2)-Ar-Ob), 145.7 (DOPA(2)-Ar-Ob), 145.6 

(dcΔDOPA(5)-Ar-Ob), 145.1 (dcΔDOPA(5)-Ar-Ob), 129.8 (DOPA(2)-γCc), 129.5 

(dcΔDOPA(5)-γCc), 126.6 (DOPA(1)-γC), 122.2 (DOPA(1)-ArHd), 122.2 (DOPA(2)-ArHd), 

121.2 (dcΔDOPA(5)-αCH), 119.2 (dcΔDOPA(5)-ArH), 118.0 (DOPA(1)-ArHd), 117.6 

(DOPA(2)-ArHd), 116.6 (dcΔDOPA(5)-βCHd), 116.6 (dcΔDOPA(5)-ArHd), 116.4 (DOPA(1)-

ArHd), 116.4 (DOPA(2)-ArHd), 113.2 (dcΔDOPA(5)-ArH), 61.9 (Pro(4)-αCH), 56.2 (DOPA(2)-

αCH), 55.4 (DOPA(1)-αCH), 47.8 (Pro(4)-δCH2), 43.1 (Gly(3)-αCH2), 38.5 (DOPA(2)-βCH2), 



  Chapter 8: Experimental 
 

 
182 

 

37.6 (DOPA(1)-βCH2), 30.7 (Pro(4)-βCH2), 25.8 (Pro(4)-γCH2); (+)-HRESIMS m/z 664.2604 

[M+H]+ (Calcd for C33H38N5O10, 664.2613). a-d Denote assignments that cannot be definitively 

discerned from one another. 

 

8.3.60 Fmoc-DOPA-DOPA-Gly-Pro-dcΔDOPA (109) 

 

 

 

Protected tunichrome Sp-1 106 (99 mg, 0.063 mmol, 1 eq.) was dissolved in THF (1 mL). 

TEA.3HF (81 mg, 94 μL, 0.504 mmol, 8.0 eq.) was then added under N2 and the reaction 

stirred for 1 hour.  The solvent was removed in vacuo and the resulting oil purified using 

reversed-phase C18 column chromatography [H2O:CH3OH (1:3)] to yield Fmoc-protected 

tunichrome Sp-1 109 as a white solid (56 mg, quant. Yield): Rf (CH3OH:CH2Cl2, 1: 9) 0.18; 

IR νmax (ATR) 3298, 2920, 1640, 1515, 1446, 1259, 1195, 1022, 1112, 949, 760, 741 cm-1 

[α]18
D -93 (c 0.5, CH3OH); 1H NMR (400 MHz, CD3OD) δ 7.73 (2H, d, J = 7.4 Hz, Fmoc-ArH), 

7.59–7.52 (2H, m, Fmoc-ArH), 7.34 (2H, t, J = 7.4 Hz, Fmoc-ArH), 7.29–7.22 (2H, m, Fmoc-

ArH),  7.18 (1H, d, J = 14.5 Hz, dcΔDOPA(5)-αCH), 6.78 (1H, d, J = 2.0 Hz, dcΔDOPA(5)-

ArH),  6.70–6.62 (5H, m, DOPA(1)-ArH, DOPA(2)-ArH, dcΔDOPA(5)-ArH), 6.60 (1H, dd, J = 

8.4, 2.0 Hz, dcΔDOPA(5)-ArH), 6.54–6.45 (2H, m, DOPA(1)-ArH, DOPA(2)-ArH), 6.16 (1H, 

d, J = 14.5 Hz, dcΔDOPA-βCH), 4.66–4.60 (1H, m, DOPA(2)-αCH), 4.43–4.38 (1H, m, 

Pro(4)-αCH), 4.34–4.18† (2H, m, Fmoc-CH2), 4.31–4.24 (1H, m, DOPA(1)-αCH), 4.13 (1H, t, 

J = 6.9 Hz, Fmoc-CH), 4.00 (1H, d, J = 17.3 Hz, Gly(3)-αCH2a), 3.91 (1H, d, J = 17.3 Hz, 

Gly(3)-αCH2b), 3.62–3.52 (1H, m, Pro(4)-δCH2a), 3.52–3.40 (1H, m, Pro(4)-δCH2b), 3.04 

(1H, dd, J = 13.8, 5.8 Hz, DOPA(2)-βCH2a), 2.89–2.81† (1H, m, DOPA(1)-βCH2a) 2.80–2.72† 

(1H, m, DOPA(2)-βCH2b), 2.73–2.63† (1H, m, DOPA(1)-βCH2b), 2.21–2.08 (1H, m, Pro(4)-

βCH2a), 2.03–1.88 (2H, m, Pro(4)-γCH2), 2.01–1.91† (1H, m, Pro(4)-βCH2b); 13C NMR (100 

MHz, CD3OD) δ 174.0 (DOPA(1)-C=O), 173.5 (DOPA(2)-C=O), 171.9 (Pro(4)-C=O), 169.5 
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(Gly(3)-C=O) 158.3 (Fmoc-C=O), 146.5 (DOPA(1)-Ar-Oa), 146.1 (DOPA(1)-Ar-Oa), 146.1 

(DOPA(2)-Ar-Oa), 145.7 (DOPA(2)-Ar-Oa), 145.3 (dcΔDOPA(5)-Ar-Oa), 145.1 (dcΔDOPA(5)-

Ar-Oa), 145.1 (Fmoc-Ar), 142.5 (Fmoc-Ar), 142.4 (Fmoc-Ar), 129.8 (DOPA(2)-γCb), 129.7 

(dcΔDOPA(5)-γCb), 128.7 (DOPA(1)-γCb), 128.2 (Fmoc-ArH), 128.2 (Fmoc-ArH), 126.3 

(Fmoc-ArH), 121.9 (DOPA(1)-ArHc), 121.8 (DOPA(2)-ArHc), 121.2 (dcΔDOPA(5)-αCH), 

120.8 (Fmoc-ArH), 119.1 (dcΔDOPA(5)-ArH), 117.5 (DOPA(1)-ArHd), 117.4 (DOPA(2)-

ArHd), 116.6 (dcΔDOPA(5)-ArHd), 116.5 (DOPA(1)-ArHd), 116.3 (DOPA(2)-ArHd), 116.1 

(dcΔDOPA(5)-βCHd), 113.1 (dcΔDOPA(5)-ArH), 68.1 (Fmoc-CH2), 61.9 (Pro(4)-αCH), 58.2 

(DOPA(1)-αCH), 55.8 (DOPA(2)-αCH), 48.2 (Fmoc-CH), 47.8 (Pro(4)-δCH2), 43.0 (Gly(3)-

αCH2), 38.5 (DOPA(1)-βCH2), 38.0 (DOPA(2)-βCH2), 30.7 (Pro(4)-βCH2), 25.7 (Pro(4)-

γCH2); (+)-HRESIMS m/z 908.3092 [M+Na]+ (Calcd for C48H47N5NaO12, 908.3113). a-d Denote 

assignments that cannot be definitively discerned from one another. † Denotes assignments 

made via 2D NMR correlations. 

 

8.3.61 (E)-4-(2-Iodovinyl)-1,2-dimethoxybenzene (113) 

 

 

 

3,4-Dimethoxycinnamic acid (114, 1.53 g, 7.34 mmol, 1 eq.) and LiOAc (97 mg, 1.47 mmol, 

0.2 eq.) were dissolved in CH3CN:H2O (19:1, 20 mL) and the solution cooled to 0°C.  NIS 

(1.67 g, 7.41 mmol, 1.01 eq.) was then added to the mixture and the reaction warmed to 

room temperature, then stirred under N2 for 2 hours.  The acetonitrile solvent was then 

removed in vacuo, and H2O added (30 mL).  The aqueous mixture was then extracted with 

EtOAc (50 mL), and the organic extract then washed with 0.5 M Na2S2O3 (2 x 25 mL), then 

brine (25 mL).  The organic extract was then dried over MgSO4 and then in vacuo, to yield 

styryl iodide 113 as a pale yellow solid (1.53 g, 72% yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.90; IR 

νmax (ATR) 2925, 2833, 1711, 1508, 1261, 1239, 1135, 1022, 948, 763 cm-1; 1H NMR (400 

MHz, CDCl3) δ 7.35 (1H, d, J = 15.0 Hz, H-2), 6.87–6.79 (3H, m, H-4, H-7, H-8), 6.65 (1H, d, 

J = 15.0 Hz, H-1), 3.89 (3H, s, OCH3), 3.88 (3H, s, OCH3); 1H NMR (100 MHz, CDCl3) δ 

149.6 (C-5a), 149.2 (C-6a), 144.7 (C-2), 131.1 (C-3), 119.5 (C-4b), 111.2 (C-7b), 108.5 (C-8b), 

74.0 (C-1), 56.1 (OCH3), 56.0 (OCH3); (+)-HRESIMS m/z 312.9687 [M+Na]+ (Calcd for 



  Chapter 8: Experimental 
 

 
184 

 

C10H11INaO2, 312.9696). a,b Denote assignments that cannot be definitively discerned from 

one another.  Spectral data observed was in accordance with previously reported data.129 

 

8.3.62 (S,E)-N-(3,4-Dimethoxystyryl)pyrrolidine-2-carboxamide (112) 

 

 

 

A 10 mL Schlenk tube was charged protected prolinamide 90 (232 mg, 0.689 mmol, 1 eq.), 

Cs2CO3 (337 mg, 1.03 mmol, 1.5 eq.) and CuI (66 mg, 0.345 mmol, 0.5 eq.).  The flask was 

then evacuated of air under high vacuum and filled with N2.  A solution of styryl iodide 113 

(200 mg, 0.689 mmol, 1 eq.) and N,N’-dimethylethylenediamine (111 µL, 91 mg, 1.03 mmol, 

1.5 eq.) in dry dioxane (8 mL) was then added to the tube.  The reaction vessel was sealed, 

heated to 85°C, and then stirred for 18 hours.  Upon completion of the reaction, the reaction 

mixture was dried in vacuo, and the resulting oil was purified via silica gel column 

chromatography (CH3OH:CH2Cl2, 1:24), yielding enamide 112 as a clear oil (70 mg, 37% 

yield):  Rf (CH3OH:CH2Cl2, 1:9) 0.35; [α]16
D -40 (c 1.0, THF); 1H NMR (400 MHz, CDCl3) δ 

9.82 (1H, br d, J = 7.4 Hz, NH), 7.35–7.25 (1H, m, H-1), 6.86 (1H, br s, H-4), 6.83 (1H, br d, 

J = 8.5 Hz, H-8), 6.75 (1H, d, J = 8.5 Hz, H-7), 6.38 (1H, d, J = 14.5 Hz, H-2), 4.60–4.53 (1H, 

m, H-10), 3.84 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.43–3.34 (1H, m, H2-13a), 3.34–3.25 

(1H, m, H2-13b), 2.56–2.43 (1H, m, H2-11a), 2.11–2.00 (1H, m, H2-11b), 2.02–1.84 (2H, m, 

H2-12); 13C NMR (100 MHz, CDCl3) δ 168.8 (C-9), 149.2 (C-5), 148.4 (C-6), 128.8 (C-3), 

120.2 (C-1), 118.9 (C-8), 115.2 (C-2), 111.4 (C-7), 108.4 (C-4), 60.1 (C-10), 56.1 (OCH3), 

56.0 (OCH3), 47.4 (C-13), 31.0 (C-11), 25.3 (C-12); (+)-HRESIMS m/z 277.1543 [M+H]+ 

(Calcd for C15H21N2O3, 277.1547). 
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8.3.63 Fmoc-DOPA(TBS)2-DOPA(TBS)2-Gly-Pro-dcΔDOPA(Me)2 (115) 

 

 

 

Peptide 104 (181 mg, 0.163 mmol, 1 eq.), EDC.HCl (62 mg, 0.326 mmol, 2 eq.) and HOBt 

(44 mg, 0.326 mmol, 2 eq.) were dissolved in DMF (2 mL).  Enamide compound 112 (45 mg, 

0.163 mmol, 1 eq.) was then added, and the solution stirred under N2 for 2 hours.  Brine (15 

mL) was then added, precipitating out the product, which was then extracted with EtOAc (20 

mL).  The organic extract was washed with H2O (20 mL) and brine (20 mL) before being 

dried over MgSO4 and then in vacuo.  The resulting oil was purified via silica gel column 

chromatography (CH3OH:CH2Cl2, 1:49) to afford the new compound 115 as a foamy white 

solid (166 mg, 74% yield):Rf (CH3OH:CH2Cl2, 1:9) Rf (CH3OH:CH2Cl2, 1:9) 0.68; IR νmax 

(ATR) 2931, 2857, 1649, 1508, 1295, 1252, 1220, 904, 837, 780 cm-1; [α]15
D -54 (c 1.0, 

CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 8.92 (1H, d, J = 10.5 Hz, dcΔDOPA(5)-NH), 7.74 (2H, 

d, J = 7.5 Hz, 2 x Fmoc-ArH), 7.48 (2H, d, J = 7.5 Hz, 2 x Fmoc-ArH), 7.38 (2H, t, J = 7.5 Hz, 

2 x Fmoc-ArH), 7.32–7.24 (3H, m, 2 x Fmoc-ArH, dcΔDOPA(5)-αCH), 7.04 (1H, br s, Gly(3)-

NH), 6.84–6.64 (8H, m, 3 x dcΔDOPA(5)-ArH, 2 x DOPA(1)-ArH, 2 x DOPA(2)-ArH, 

DOPA(2)-NH), 6.63–6.56 (2H, m, DOPA(1)-ArH, DOPA(2)-ArH), 6.14 (1H, d, J = 14.4 Hz, 

dcΔDOPA(5)-βCH), 5.10 (1H, br s, DOPA(1)-NH), 4.79–4.70 (1H, , DOPA(2)-αCH), 4.55–

4.47 (1H, m, Pro(4)-αCH), 4.36–4.29 (2H, m, Fmoc-CH2), 4.27–4.20 (1H, m, DOPA(1)-αCH), 

4.15 (1H, t, J = 7.1 Hz, Fmoc-CH), 4.12–4.01 (1H, m, Gly(3)-αCH2a), 3.89–3.78 (1H, m, 

Gly(3)-αCH2b), 3.84 (3H, s, OCH3), 3.81 (3H, s, OCH3), 3.68–3.55 (1H, m, Pro(4)-δCH2a), 

3.46–3.34 (1H, m, Pro(4)-δCH2b), 3.17–3.06 (1H, m, DOPA(2)-βCH2a), 3.05–2.96 

(DOPA(1)-βCH2a), 2.92–2.82 (1H, m, DOPA(2)-βCH2b), 2.62–2.51 (1H, m, DOPA(1)-

βCH2b), 2.50–2.41 (1H, m, Pro(4)-βCH2a), 2.18–1.98 (2H, m, Pro(4)-γCH2), 1.92–1.81 (1H, 

m, Pro(4)-βCH2b), 0.97 (9H, s, Si(CH3)2C(CH3)3), 0.96 (9H, s, Si(CH3)2C(CH3)3), 0.95 (9H, s, 

Si(CH3)2C(CH3)3), 0.93 (9H, s, Si(CH3)2C(CH3)3), 0.17 (12H, s, 2 x Si(CH3)2C(CH3)3), 0.15 

(6H, s, Si(CH3)2C(CH3)3), 0.13 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 171.4 
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(DOPA(1)-C=Oa), 171.2 (DOPA(2)-C=Oa), 168.8 (Gly(3)-C=Oa), 168.0 (Pro(4)-C=Oa), 157.5† 

(Fmoc-C=O), 149.2 (dcΔDOPA(5)-Ar-O), 148.2 (dcΔDOPA(5)-Ar-O), 147.3 (DOPA(1)-Ar-

Ob), 147.0 (DOPA(2)-Ar-Ob), 146.3 (DOPA(1)-Ar-Ob), 146.0 (DOPA(2)-Ar-Ob), 143.8 (Fmoc-

Ar), 143.8 (Fmoc-Ar), 141.3 (2 x Fmoc-Ar), 129.8 (DOPA(1)-γC, DOPA(2)-γC), 129.4 

(dcΔDOPA(5)-γC), 127.9 (2 x Fmoc-ArH), 127.3 (Fmoc-ArH), 127.2 (Fmoc-ArH), 125.2 (2 x 

Fmoc-ArH), 122.3 (DOPA(1)-ArHc), 122.1 (DOPA(2)-ArHc), 122.1 (DOPA(1)-ArHc), 121.8 

(DOPA(2)-ArHc), 121.4 (DOPA(1)-ArHc), 121.2 (DOPA(2)-ArHc), 121.1 (dcΔDOPA(5)-αCHc), 

120.1 (2 x Fmoc-ArH), 118.9 (dcΔDOPA(5)-ArH), 114.2 (dcΔDOPA(5)-βCH), 111.4 

(dcΔDOPA(5)-ArH), 108.1 (dcΔDOPA(5)-ArH), 67.6 (Fmoc-CH2), 60.4 (Pro(4)-αCH), 57.0 

(DOPA(1)-αCH), 56.0 (OCH3), 55.9 (OCH3), 54.2 (DOPA(2)-αCH), 47.1 (Fmoc-CHd), 46.8 

(Pro(4)-δCH2), 42.3 (Gly(3)-αCH2), 37.4 (DOPA(1)-βCH2
e), 37.4 (DOPA(2)-βCH2

e), 27.6 

(Pro(4)-βCH2), 26.0 (2 x Si(CH3)2C(CH3)3), 24.9 (Pro(4)-γCH2), 18.5 (2 x Si(CH3)2C(CH3)3), -

4.0 (2 x Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 1392.6895 [M+Na]+ (Calcd for 

C74H107N5NaO12Si4, 1392.6886). a-e Denote assignments that cannot be definitively discerned 

from one another.  † Denotes assignments made via HMBC correlations. 

 

8.3.64 O-methyl-tunichrome Sp-1 (110) 

 

 

 

Protected peptide 115 (72 mg, 0.053 mmol, 1 eq.) was dissolved in piperidine:DMF (1:4, 260 

μL) and stirred for an hour.  As much solvent as possible was removed in vacuo, and the 

resulting oil was then re-dissolved in THF (1 mL).  TEA.3HF (51 mg, 52 μL, 0.318 mmol, 6 

eq.) was then added under N2 and the reaction stirred for 1 hour.  The solvent was again 

removed in vacuo and the resulting oil purified using reversed-phase C18 column 

chromatography [H2O: CH3OH (1:1)], to yield O-methyl-tunichrome Sp-1 110 as a light 

brown solid (28 mg, 76% yield):  IR νmax (ATR) 3276, 2919, 2850, 1635, 1511, 1446, 1259, 
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1196, 1134, 1021, 799, 721cm-1; [α]18
D -72 (c 0.5, CH3OH); 1H NMR (400 MHz, CD3OD) δ 

7.24 (1H, d, J = 14.8 Hz, dcΔDOPA(5)-αCH), 6.87–6.75 (3H, m, 3 x dcΔDOPA(5)-ArH), 

6.72–6.63 (4H, m, 2 x DOPA(1)-ArH, 2 x DOPA(2)-ArH), 6.59–6.50 (2H, m, DOPA(1)-ArH, 

DOPA(2)-ArH), 6.24 (1H, d, J = 14.8 Hz, dcΔDOPA(5)-βCH), 4.67 (1H, t, J = 7.2 Hz, 

DOPA(2)-αCH), 4.48–4.43 (1H, m, Pro(4)-αCH), 4.05 (1H, d, J = 17.0 Hz, Gly(3)-αCH2a), 

3.97 (1H, d, J = 17.0 Hz, Gly(3)-αCH2b), 4.07–4.00 (1H, m, DOPA(1)-αCH), 3.79 (3H, s, 

OCH3), 3.78 (3H, s, OCH3), 3.69–3.60 (1H, m, Pro(4)-δCH2a), 3.59–3.49 (1H, m, Pro(4)-

δCH2b), 3.06–2.96 (2H, m, DOPA(1)-βCH2a, DOPA(2)-βCH2a), 2.94–2.85 (1H, m, DOPA(1)-

βCH2b), 2.84–2.75 (1H, m, DOPA(2)-βCH2b), 2.30–2.19 (1H, m, Pro(4)-βCH2a), 2.11–1.96 

(2H, m, Pro(4)-γCH2), 2.06–1.95 (1H, m, Pro(4)-βCH2b); 13C NMR (100 MHz, CD3OD) δ 

173.2 (DOPA(2)-C=O), 172.1 (Pro(4)-C=O), 169.5 (DOPA(1)-C=Oa), 169.4 (Gly(3)-C=O), 

150.6 (dcΔDOPA(5)-Ar-O), 149.6 (dcΔDOPA(5)-Ar-O), 146.6 (DOPA(1)-Ar-Ob), 146.1 

(DOPA(2)-Ar-Ob), 146.0 (DOPA(1)-Ar-Ob), 145.2 (DOPA(2)-Ar-Ob), 130.9 (dcΔDOPA-γC), 

129.6 (DOPA(2)-γC), 126.6 (DOPA(1)-γC), 122.1 (DOPA(1)-ArHc), 122.1 (DOPA(2)-ArHc), 

121.8 (dcΔDOPA(5)-αCHc), 120.0 (dcΔDOPA(5)-ArH), 117.6 (DOPA(1)-ArHd), 117.4 

(DOPA(2)-ArHd), 116.8 (DOPA(1)-ArHd), 116.3 (DOPA(2)-ArHd), 115.7 (dcΔDOPA(5)-βCH), 

113.1 (dcΔDOPA(5)-ArH), 109.8 (dcΔDOPA(5)-ArH), 61.9 (Pro(4)-αCH), 56.5 (OCH3), 56.4 

(OCH3), 56.3 (DOPA(2)-αCH), 55.6 (DOPA(1)-αCH), 47.9 (Pro(4)-δCH2), 43.1 (Gly(3)-αCH2), 

38.2 (DOPA(2)-βCH2
e), 37.9 (DOPA(1)-βCH2

e), 30.8 (Pro(4)-βCH2), 25.8 (Pro(4)-γCH2); (+)-

HRESIMS m/z 692.2929 [M+H]+ (Calcd for C35H42N5O10, 692.2926). a-e Denote assignments 

that cannot be definitively discerned from one another. 

 

8.3.65 Fmoc-O-methyl-tunichrome Sp-1 (111) 

 

 
 

Protected tunichrome Sp-1 115 (39 mg, 0.029 mmol, 1 eq.) was dissolved in THF (1 mL). 

TEA.3HF (27 mg, 28 μL, 0.171 mmol, 6 eq.) was then added under N2 and the reaction 
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stirred for 1 hour.  The solvent was removed in vacuo and the resulting oil purified using 

reversed-phase C18 column chromatography [H2O:CH3OH (1:3)] to yield Fmoc-protected 

tunichrome Sp-1 111 as a white solid (23 mg, 88% yield): Rf (CH3OH:CH2Cl2, 1:9) 0.55; IR 

νmax (ATR) 3278, 1954, 1637, 1510, 1447, 1256, 1228, 1195, 1049, 1025, 760, 741 cm-1; 

[α]16
D -100 (c 1.0, THF); 1H NMR (400 MHz, CD3OD) δ 7.76 (2H, d, J = 7.3 Hz, Fmoc-ArH), 

7.61–7.54 (2H, m, Fmoc-ArH), 7.39–7.33 (2H, m, Fmoc-ArH), 7.32–7.25 (2H, m, Fmoc-ArH), 

7.28 (1H, d, J = 14.5 Hz, dcΔDOPA(5)-αCH), 6.91–6.79 (3H, m, 3 x dcΔDOPA(5)-ArH), 

6.70–6.61 (4H, m, 2 x DOPA(1)-ArH, 2 x DOPA(2)-ArH), 6.56–6.44 (2H, m, DOPA(1)-ArH, 

DOPA(2)-ArH), 6.24 (1H, d, J = 14.5 Hz, dcΔDOPA(5)-βCH), 4.67–4.60 (1H, m, DOPA(2)-

αCH), 4.48–4.41 (1H, m, Pro(4)-αCH), 4.37–4.19 (2H, m, Fmoc-CH2), 4.28–4.19 (1H, m, 

DOPA(1)-αCH), 4.19–4.11 (1H, m, Fmoc-CH), 4.05 (1H, d, J = 17.1 Hz, Gly(3)-αCH2a), 3.91 

(1H, d, J = 17.1 Hz, Gly(3)-αCH2b), 3.79 (3H, s, OCH3), 3.78 (3H, s, OCH3), 3.67–3.50 (2H, 

m, Pro(4)-δCH2), 3.10–3.01 (1H, m, DOPA(2)-βCH2a), 2.88–2.79 (DOPA(1)-βCH2a), 2.81–

2.71 (1H, m, DOPA(2)-βCH2b), 2.72–2.62 (1H, m, DOPA(1)-βCH2b), 2.27–2.14 (1H, m, 

Pro(4)-βCH2a), 2.10–1.94 (2H, m, Pro(4)-γCH2), 2.05–1.96 (1H, m, Pro(4)-βCH2b); 13C NMR 

(100 MHz, CD3OD) δ 174.0 (DOPA(1)-C=O), 173.6 (DOPA(1)-C=O), 172.0 (Pro(4)-C=O), 

169.6 (Gly(3)-C=O), 158.3 (Fmoc-C=O), 150.6 (dcΔDOPA(5)-Ar-O), 149.6 (dcΔDOPA(5)-Ar-

O), 146.2 (DOPA(1)-Ar-Oa), 146.1 (DOPA(2)-Ar-Oa), 145.3 (DOPA(1)-Ar-Oa), 145.1 

(DOPA(2)-Ar-Oa), 145.1 (Fmoc-Ar), 142.5 (Fmoc-Ar), 130.9 (dcΔDOPA-γC), 129.8 

(DOPA(2)-γCb), 129.7 (DOPA(1)-γCb), 128.7 (Fmoc-ArH), 128.2 (Fmoc-ArH), 126.3 (Fmoc-

ArH), 126.1 (Fmoc-ArH),  122.2 (DOPA(1)-ArHc), 121.9 (DOPA(2)-ArHc), 121.8 

(dcΔDOPA(5)-αCHc), 120.8 (Fmoc-ArH), 120.0 (dcΔDOPA(5)-ArH), 117.5 (DOPA(1)-ArHd), 

117.4 (DOPA(2)-ArHd), 116.5 (DOPA(1)-ArHd), 116.3 (DOPA(2)-ArHd), 115.7 (dcΔDOPA(5)-

βCH), 113.2 (dcΔDOPA(5)-ArH), 109.8 (dcΔDOPA(5)-ArH), 68.1 (Fmoc-CH2),  61.9 (Pro(4)-

αCH), 58.3 (DOPA(1)-αCH), 56.5 (OCH3), 56.4 (OCH3), 55.8 (DOPA(2)-αCH), 48.2 (Fmoc-

CH), 47.9 (Pro(4)-δCH2), 43.1 (Gly(3)-αCH2), 38.4 (DOPA(1)-βCH2), 38.0 (DOPA(2)-βCH2), 

30.7 (Pro(4)-βCH2), 25.8 (Pro(4)-γCH2); (+)-HRESIMS m/z 936.3422 [M+Na]+ (Calcd for 

C50H51N5NaO12, 936.3426). a-d Denote assignments that cannot be definitively discerned from 

one another. 

 

 

 

 

 



  Chapter 8: Experimental 
 

 
189 

 

8.3.66 Fmoc-Phe-Phe-His(Trt)-Leu-His(Trt)-Phe-OH (116) 

 

 

 

2-Chlorotrityl resin (loading 0.5 mmol/g, 4.00 g, 2.00 mmol) was swelled in CH2Cl2 (20 mL) 

for 15 minutes.  The CH2Cl2 was drained from the resin and a solution of Fmoc-Phe-OH 

(2.71 g, 7.00 mmol, 3.5 eq.) and DIPEA (1.03 g, 1.32 mL, 4.00 mmol, 8.0 eq.) in CH2Cl2 (15 

mL) was added.  The reaction vessel was shaken for 20 minutes then further DIPEA (1.29 g, 

1.65 mL, 10.0 mmol, 5.0 eq.) was added and the reaction shaken for a further 40 minutes.  

The liquid was then drained from the resin and 15 mL of capping solution 

(CH2Cl2:CH3OH:DIPEA, 85:10:5) was added and shaken for 40 minutes.  The resin was then 

drained and washed with DMF (5 x 10 mL).  Fmoc deprotection was then achieved by 

adding piperidine:DMF (1:4, 15 mL) and  agitating the reaction for 10 minutes before 

draining the solution, adding another 15 mL of piperidine solution and shaking for another 20 

minutes. The resin was again drained, washed with DMF (4 x 10 mL), isopropanol (4 x 10 

mL) and hexane (4 x 10 mL), then dried in a desiccator for 18 hours.  DMF (20 mL) was then 

used to swell the resin, before being drained from the vessel.  The first coupling step was 

performed by adding a solution of HATU (2.28 g, 6.00 mmol, 3.0 eq.), Fmoc-His(Trt)-OH 

(4.34 g, 7.00 mmol, 3.5 eq.) and DIPEA (1.03 g, 1.32 mL, 8.00 mmol, 4.0 eq.) in DMF (12 

mL) was added.  The solution was shaken for an hour, before draining and washing with 

DMF (5 x 10 mL).  Fmoc deprotection was then achieved using piperidine:DMF (1:4) as 

above, then the reaction washed again with DMF (5 x 10 mL).  The rest of the peptide chain 

was built up through consecutive coupling/Fmoc-deprotection steps using the following 

amino acids in the order: Fmoc-Leu-OH (2.47 g, 7.00 mmol, 3.5 eq.), Fmoc-His(Trt)-OH 

(4.34 g, 7.00 mmol, 3.5 eq.), Fmoc-Phe-OH (2.71 g, 7.00 mmol, 3.5 eq.), Fmoc-Phe-OH 

(2.71 g, 7.00 mmol, 3.5 eq.).  After the final coupling reaction (Fmoc-deprotection was not 

performed for the last Phe residue), the resin was washed with DMF (3 x 10 mL), 

isopropanol (3 x 10 mL) and hexane (3 x 10 mL), then dried for 18 hours in a desiccator.  A 

cleaving solution of TFE:CH2Cl2 (1:4, 25 mL) was then added to the resin and the reaction 
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shaken for 2 hours.  The solution containing the cleaved peptide was then collected and 

dried in vacuo, yielding the new compound 116 as a white solid (2.94 g, 95% yield):  IR νmax 

(ATR) 3291, 3061, 3031, 1722, 1634, 1494, 1446, 1217, 1036, 871, 742, 699 cm-1; [α]18
 D -20 

(c 0.5, DMF); 1H NMR (400 MHz, d6-DMSO) δ 8.03 (1H, br d, J = 8.3 Hz, His(3)-NHa), 7.80 

(1H, br d, J = 7.3 Hz, His(5)-NHa), 7.67–7.57 (2H, m, Phe(1)-NHb, Leu(4)-NH), 7.46–7.40† 

(1H, m, Phe(2)-NHb), 7.41 (2H, br d, J = 7.6 Hz, Fmoc-ArH), 7.18 (1H, br d, J = 8.7 Hz, 

Phe(6)-NHb), 7.16–7.09 (2H, m, Fmoc-ArH), 6.97–6.90† (2H, m, Fmoc-ArH), 6.96–6.53 (45H, 

m, Phe(1)-ArHb, Phe(2)-ArHb, Phe(6)-ArHb, His(3)-Trt-ArHa, His(5)-Trt-ArHa ), 6.92† (1H, m, 

His(5)-ArHa), 6.87–6.77† (2H, m, Fmoc-ArH), 6.74† (1H, m, His(3)-ArHa), 6.31 (1H, br s, 

His(5)-ArHa), 6.13 (1H, br s, His(3)-ArHa), 4.14–4.05† (1H, m, Phe(1)-αCHb) 4.10–4.00† (1H, 

His(5)-αCHa), 4.08–3.98† (1H, His(3)-αCHa), 3.90 (1H, dd, J = 13.4, 7.4 Hz, Phe(2)-αCHb), 

3.84–3.76† (1H, m, Phe(6)-αCHb), 3.81–3.72† (1H, m, Leu(4)-αCHa), 3.71–3.57 (3H, m, 

Fmoc-CH, Fmoc-CH2), 2.63–2.55† (1H, m, Phe(1)-βCH2ab), 2.57–2.51† (1H, m, Phe(2)-

βCH2ab), 2.52–2.45† (1H, m, His(5)-βCH2aa), 2.51–2.44† (1H, m, Phe(6)-βCH2ab), 2.48–2.41† 

(1H, m, Phe(2)-βCH2bb), 2.43–2.36† (1H, m, His(3)-βCH2aa), 2.39–2.31† (1H, m, Phe-(1)-

βCH2bb), 2.37–2.30† (1H, m, His(5)-βCH2ba), 2.29–2.20† (1H, m, Phe(6)-βCH2bb), 2.26–2.18† 

(1H, m, His(3)-βCH2ba), 1.19–1.06 (1H, m, Leu(4)-γCH), 1.01–0.86 (2H, m, Leu(4)-βCH2), 

0.34 (3H, d, J = 6.5 Hz, Leu(4)-δCH3), 0.32 (3H, d, J = 6.5 Hz, Leu(4)-δCH3); 13C NMR (100 

MHz, d6-DMSO) δ 172.4 (Phe(1)-C=Oa), 171.6 (Phe(2)-C=Oa), 171.4 (Phe(6)-C=Oa), 171.2 

(His(3)-C=Oa), 170.7 (His(5)-C=Oa), 170.5 (Leu(4)-C=Oa), 155.6 (Fmoc-C=O), 143.7 (Fmoc-

Ar), 143.7 (Fmoc-Ar), 142.2 (Trt-Ar), 142.2 (Trt-Ar), 140.6 (Fmoc-Ar), 140.6 (Fmoc-Ar), 138.1 

(His(3)-ArHb), 138.0 (His(5)-ArHb), 137.5 (His(3)-Arb), 137.4 (His(5)-Arb), 137.3 (Phe(1)-Arb), 

137.1 (Phe(2)-Arb), 136.7 (Phe(6)-Arb), 129.4 (Phe-ArHc), 129.2 (Trt-ArH), 129.1 (Phe-ArHc), 

128.1 (Trt-ArH), 127.9 (Phe-ArHc), 127.9 (Phe-ArHc), 127.9 (Phe-ArHc), 127.6 (Fmoc-ArHc), 

127.0 (Fmoc-ArHc), 126.3 (Phe-ArHc), 126.1 (Phe-ArHc), 125.3 (Fmoc-ArH), 125.2 (Fmoc-

ArH), 120.0 (Fmoc-ArH), 119.2 (His(5)-ArH), 118.6 (His(3)-ArH), 74.5 (Trt-C), 74.4 (Trt-C), 

65.7 (Fmoc-CH2), 56.1 (Phe(6)-αCH), 53.7 (Phe(1)-αCHd), 53.5 (Phe(2)-αCHd), 53.1 (His(3)-

αCHd), 52.7 (His(5)-αCHd), 51.7 (Leu(4)-αCH), 46.5 (Fmoc-CH), 40.5 (Leu(4)-βCH2), 37.6  

(Phe(1)-βCH2
e), 36.8 (Phe(2)-βCH2

e), 36.8 (Phe(6)-βCH2
e), 30.7 (His(3)-βCH2

f), 30.4 (His(5)-

βCH2
f), 24.0 (Leu(4)-γCH), 23.1 (Leu(4)-δCH3), 21.4 (Leu(4)-δCH3) ; (+)-HRESIMS m/z 

[M+H]+ 1553.7120 (Calcd for C98H93N10O9, 1553.7122). a–f Denote assignments that cannot 

be definitively discerned from one another. † Denotes shifts assigned via 2D NMR 

correlations. 
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8.3.67 Fmoc-Phe-Phe-His(Trt)-Leu-His(Trt)-Phe-His(Trt)-dcΔDOPA(TBS)2 (117) 

 

 

 

Protected hexapeptide 116 (315 mg, 0.203 mmol, 1 eq.), EDC.HCl (78 mg, 0.406 mmol, 2 

eq.) and HOBt (55 mg, 0.406 mmol, 2 eq.) were dissolved in DMF (2 mL).  Enamide 

compound 89 (154 mg, 0.203 mmol, 1 eq.) was then added, and the solution stirred under 

N2 for 2 hours.  Brine (15 mL) was then added, precipitating out the product, which was then 

extracted with EtOAc (20 mL).  The organic extract was washed with H2O (20 mL) and brine 

(20 mL) before being dried over MgSO4 and then in vacuo.  The resulting oil was purified via 

silica gel column chromatography (CH3OH:CH2Cl2, 1:49) to afford the new compound 117 as 

a yellow foamy solid (432 mg, 93% yield):  Rf (CH3OH:CH2Cl2, 1:19) 0.35; IR νmax (ATR) 

3299, 2928, 1728, 1650, 1494, 1445, 1252, 1128, 906, 838, 744, 699 cm-1; [α]17
D -20 (c 1.0, 

CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 8.88 (1H, d, J = 10.5 Hz, dcΔDOPA(8)-NH), 8.74 (1H, 

br s, His(3)-NH), 8.17 (1H, br s, His(5)-NH), 8.09 (1H, d, J = 8.4 Hz, His(7)-NH), 7.74 (2H, d, 

J = 7.6 Hz, Fmoc-ArH), 7.55 (1H, d, J = 7.2 Hz, Phe(6)-NH), 7.49 (1H, br s, Phe(2)-NH), 7.43 

(1H, d, J = 1.0 Hz, His(3)-ArHa), 7.42–6.89 (64H, m, His(3)-Trt-ArH, His(5)-Trt-ArH, His(7)-

Trt-ArH, His(5)-ArHa, His(7)-ArHa, Phe(1)-ArH, Phe(2)-ArH, Phe(6)-ArH, Fmoc-ArH), 7.27–

7.17† (1H, m, dcΔDOPA(8)-αCH), 7.10–7.04† (1H, m, Leu(4)-NH), 6.77 (1H, d, J = 2.0 Hz, 

dcΔDOPA(8)-ArH), 6.70 (1H, br s, His(5)-ArHb), 6.67–6.60 (3H, m, dcΔDOPA(8)-ArH, His(3)-

ArHb), 6.31 (1H, br s, His(7)-ArHb), 6.24 (1H, d, J = 14.4 Hz, dcΔDOPA(8)-βCH), 5.83 (1H, d, 

J = 6.2 Hz, Phe(1)-NH), 4.81–4.73 (1H, m, His(7)-αCH), 4.55–4.46 (2H, m, Phe(2)-αCH, 

Phe(6)-αCH), 4.46–4.38 (1H, m, Phe(1)-αCH), 4.39–4.24 (2H, m, His(3)-αCH, His(5)-αCH), 

4.36–4.24† (1H, m, Fmoc-CH2a),  4.21–4.13 (1H, m, Leu(4)-αCH), 4.16–4.04† (1H, m, Fmoc-

CH2b), 4.05–3.99 (1H, m, Fmoc-CH), 3.22–3.14† (1H, m, His(7)-βCH2a), 3.17–3.07† (1H, m, 

Phe(6)-βCH2a), 3.12–2.90 (2H, m, Phe(2)-βCH2), 3.07–2.98† (1H, m, Phe(1)-βCH2a), 3.02–

2.92† (1H, m, His(7)-βCH2b),  2.98–2.90† (1H, m, His(5)-βCH2a), 2.92–2.83† (1H, m, Phe(1)-

βCH2b), 2.89–2.81† (2H, m, His(3)-βCH2), 2.85–2.76† (1H, m, Phe(6)-βCH2b), 2.83–2.76† 

(1H, m, His(5)-βCH2b), 1.61–1.51† (1H, m, Leu(4)-βCH2a), 1.52–1.41† (1H, m, Leu(4)-γCH), 

1.43–1.32 (1H, m, Leu(4)-βCH2b), 0.98 (9H, s, Si(CH3)2C(CH3)3), 0.97 (9H, s, 
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Si(CH3)2C(CH3)3), 0.81 (3H, d, J = 6.4 Hz, Leu(4)-δCH3), 0.73 (3H, d, J = 6.4 Hz, Leu(4)-

δCH3), 0.19 (6H, s, Si(CH3)2C(CH3)3), 0.16 (6H, s, Si(CH3)2C(CH3)3); 13C NMR (100 MHz, 

CDCl3) δ 173.1 (Leu(4)-C=O), 172.3 (Phe(1)-C=Oa), 172.2 (Phe(2)-C=Oa), 171.8 (Phe(6)-

C=Oa), 171.6 (His(3)-C=Oa, His(5)-C=Oa), 168.9 (His(7)-C=O), 156.2 (Fmoc-C=O), 146.7 

(dcΔDOPA(8)-Ar), 145.6 (dcΔDOPA(8)-Ar), 143.8 (Fmoc-Ar), 142.5 (Trt-Ar), 142.4 (Trt-Ar), 

142.2 (Trt-Ar), 141.3 (Fmoc-Ar), 139.1 (His(3)-ArHb), 138.6 (His(5)-ArHb), 138.3 (His(7)-

ArHb), 137.7 (His(3)-Arb), 137.3 (His(5)-Arb), 137.1 (His(7)-Arb), 136.5 (Phe(1)-Arb), 136.4 

(Phe(2)-Arb), 136.3 (Phe(6)-Arb), 130.7 (dcΔDOPA(8)-Ar), 129.8 (Trt-ArH), 129.8 (Trt-ArH), 

129.7 (Trt-ArH), 129.3 (Phe(1)-ArHc), 129.2 (Phe(2)-ArHc), 129.2 (Phe(6)-ArHc), 128.6 (Trt-

ArHc), 128.3 (Phe(1)-ArHc), 128.3 (Phe(2)-ArHc), 128.2 (Trt-ArHc), 128.0 (Trt-ArHc), 127.9 

(Phe(6)-ArHc), 127.8 (Fmoc-ArHc), 127.1 (Fmoc-ArH), 127.1 (Fmoc-ArH), 127.0 (Phe(1)-

ArHc), 126.9 (Phe(2)-ArHc), 126.4 (Phe(6)-ArHc), 125.2 (Fmoc-ArH), 125.0 (Fmoc-ArH), 

121.5 (dcΔDOPA(8)-ArHd), 121.0 (dcΔDOPA(8)-αCHd), 120.0 (Fmoc-ArH), 119.8 (His(3)-

ArHe), 119.6(His(5)-ArHe), 119.5 (His(7)-ArHe), 119.3 (dcΔDOPA(8)-ArHe), 118.2 

(dcΔDOPA(8)-ArH), 114.0 (dcΔDOPA(8)-βCH), 75.6 (Trt-C), 75.3 (2 x Trt-C), 67.1 (Fmoc-

CH2), 56.2 (Phe(1)-αCHf), 55.8 (Phe(2)-αCHf), 55.7 (Phe(6)-αCHf), 55.2 (His(3)-αCHf), 54.5 

(His-(5)-αCHf), 53.6 (His(7)-αCHf), 53.5 (Leu(4)-αCHf), 47.0 (Fmoc-CH), 40.1 (Leu(4)-βCH2), 

37.8 (Phe(1)-βCH2
g), 37.4 (Phe(2)-βCH2

g), 37.1 (Phe(6)-βCH2
g), 30.5 (His(7)-βCH2), 29.6 

(His(3)-βCH2
h), 29.3 (His(5)-βCH2

h), 26.1 (2 x Si(CH3)2C(CH3)3), 24.8 (Leu(4)-γCH), 23.1 

(Leu(4)-δCH3), 21.7 (Leu(4)-δCH3), 18.5 (Si(CH3)2C(CH3)3), 18.5 (Si(CH3)2C(CH3)3), -4.0 (2 x 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 1147.5544 [M+2H]2+ (Calcd for C143H150N14O11Si2, 

1147.5568). ). a–h Denote assignments that cannot be definitively discerned from one 

another. † denotes shifts assigned via 2D NMR correlations.  
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8.3.68 H2N-Phe-Phe-His(Trt)-Leu-His(Trt)-Phe-His(Trt)-dcΔDOPA(TBS)2 (118) 

 

 

 

Protected peptide 117 (49 mg, 0.021 mmol) was dissolved in piperidine:DMF (1:4, 105 μL) 

and stirred for 10 minutes.  The solvent was removed in vacuo, and the resulting oil purified 

using silica gel column chromatography (CH3OH:CH2Cl2, 1:24).  This afforded peptide 118 

as a white solid (37 mg, 83% yield):  1H NMR (500 MHz, CDCl3) δ 8.89 (1H, d, J = 10.2 Hz, 

dcΔDOPA(8)-NH), 8.60 (1H, d, J = 5.7 Hz, His(3)-NHa), 8.09 (1H, d, J = 8.1 Hz, His(5)-NHa), 

8.05 (1H, d, J = 5.8 Hz, His(7)-NHa), 7.90 (1H, d, J = 6.2 Hz, Phe(2)-NHa), 7.57 (1H, d, J = 

6.9 Hz, Phe(6)-NHa), 7.45 (1H, d, J = 6.2 Hz, Leu(4)-NHa), 7.40 (1H, br s, His(3)-ArHb)  

7.31–6.95 (63H, m, His(5)-ArHb, His(7)-ArHb, His(3)-Trt-ArH, His(5)-Trt-ArH, His(7)-Trt-ArH, 

Phe(1)-ArH, Phe(2)-ArH, Phe(6)-ArH, dcΔDOPA(8)-αCH), 6.77 (1H, d, J = 1.3 Hz, His(3)-

ArHc), 6.69–6.66 (3H, m, dcΔDOPA(8)-ArH), 6.62 (1H, br s, His(5)-ArHc), 6.30 (1H, br s, 

His(7)-ArHc), 6.24 (1H, d, J = 14.7 Hz, dcΔDOPA(8)-βCH), 4.78–4.71 (3H, m, Phe(2)-αCHd), 

4.54–4.43 (2H, m, Phe(6)-αCHd, His(3)-αCHd), 4.42–4.32 (2H, m, His(5)-αCHd, His(7)-αCHd), 

4.21–4.15 (1H, m, Leu(4)-αCHd), 3.44 (1H, dd, J = 9.7, 3.6 Hz, Phe(1)-αCH), 3.18–2.76 

(10H, m, Phe(2)-βCH2, Phe(6)-βCH2, His(3)-βCH2, His(5)-βCH2, His(7)-βCH2), 2.36 (2H, dd, 

J = 13.4, 9.7 Hz, Phe(1)-βCH2), 1.63–1.39 (3H, Leu(4)-βCH2, Leu(4)-γCH), 0.97 (9H, s, 

Si(CH3)2C(CH3)3), 0.96 (9H, s, Si(CH3)2C(CH3)3), 0.81 (3H, d, J = 6.7 Hz, Leu(4)-δCH3), 0.70 

(3H, d, J = 6.7 Hz, Leu(4)-δCH3), 0.18 (6H, s, Si(CH3)2C(CH3)3), 0.16 (6H, s, 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 1058.5076 [M+2Na]2+ (Calcd for C128H138N14Na2O9Si2, 

1058.5047). a–d Denote assignments that cannot be definitively discerned from one another. 
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8.3.69 H2N-Phe-Phe-His-Leu-His-Phe-His-dcΔDOPA(TBS)2 (119) 

 

 

 

Protected peptide 118 (37 mg, .018 mmol) was dissolved in a solution of 0.01N HCl in 

HFIP:TIPS:H2O, 95:2.5:2.5, 1.05 mL) and the solution stirred for 30 minutes under N2.  The 

solvent was then removed by drying under a N2 flow, then under high vacuum.  The resulting 

oil was then immediately purified using reversed-phase C8 column chromatography, eluting 

in H2O:CH3OH (3:7).  The resulting column fraction was freeze-dried, yielding the TBS-

protected peptide 119 as a white solid (20 mg, 83% yield):   1H NMR (500 MHz, CD3OD) δ 

8.79 (1H, d, J = 1.3 Hz, His(3)-ArHa), 8.75 (1H, d, J = 1.3 Hz, His(5)-ArHa), 8.73 (1H, d, J = 

1.2 Hz, His(7)-ArHa), 7.37–7.14 (19H, m, His(3)-ArH, His(5)-ArH, His(7)-ArH, Phe(1)-ArH, 

Phe(2)-ArH, Phe(6)-ArH, dcΔDOPA(8)-αCH), 6.85–6.77 (3H, m, dcΔDOPA(8)-ArH), 6.20 

(1H, d, J = 14.7 Hz, dcΔDOPA(8)-βCH), 4.74–4.67 (3H, m, Phe(1)-αCHb, Phe(2)-αCHb, 

Phe(6)-αCHb), 4.61 (1H, dd, J = 9.2, 6.0 Hz, His(3)-αCHb), 4.54 (1H, dd, J = 8.4, 6.2 Hz, 

His(5)-αCHb), 4.27 (1H, dd,  J = 10.5, 4.9 Hz, His(7)-αCHb), 4.11 (1H, dd, J = 8.6, 4.9 Hz, 

Leu(4)-αCHb), 3.33–2.92 (12H, m, Phe(1)-βCH2, Phe(2)-βCH2, Phe(6)-βCH2, His(3)-βCH2, 

His(5)-βCH2, His(7)-βCH2), 1.70–1.44 (3H, Leu(4)-βCH2, Leu(4)-γCH), 1.01 (9H, s, 

Si(CH3)2C(CH3)3), 0.99 (9H, s, Si(CH3)2C(CH3)3), 0.95 (3H, d, J = 6.8 Hz, Leu(4)-δCH3), 0.91 

(3H, d, J = 6.8 Hz, Leu(4)-δCH3), 0.21 (6H, s, Si(CH3)2C(CH3)3), 0.20 (6H, s, 

Si(CH3)2C(CH3)3); (+)-HRESIMS m/z 1367.6951 [M+Na]+ (Calcd for C71H96N14O9Si2, 

1367.6915). a,b Denote assignments that cannot be definitively discerned from one another. 
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8.3.70 Plicatamide (23) 

 

 

 

TBS-protected peptide 119 (20 mg, 0.015 mmol, 1 eq.) was dissolved in THF (1 mL).  

TEA.3HF (12 mg, 12 μL, 0.072 mmol, 4.8 eq.) was then added under N2 and the reaction 

stirred for 30 minutes.  The solvent was removed by drying under a N2 flow, then under high 

vacuum.  The resulting oil was purified using column chromatography upon an LH20 support 

(CH3OH).  The fraction containing plicatamide was then dried under N2 and further purified 

with another LH20 column, this time eluting in aq. HCl (0.01 mM, pH = 5).  The resulting 

fraction was freeze dried, affording plicatamide 23 as a white solid (1 mg, 6% yield):  1H 

NMR (400 MHz, D2O) δ 8.63 (1H, d, J = 1.3 Hz, His(3)-ArHa), 8.58 (1H, d, J = 1.3 Hz, His(5)-

ArHa), 8.55 (1H, d, J = 1.3 Hz, His(7)-ArHa), 7.39–7.17 (18H, m, His(3)-ArH, His(5)-ArH, 

His(7)-ArH, Phe(1)-ArH, Phe(2)-ArH, Phe(6)-ArH), 7.13 (1H, d, J = 14.7 Hz, dcΔDOPA(8)-

αCH), 6.95 (1H, d, J = 2.0 Hz, dcΔDOPA(8)-ArH), 6.90 (1H, d, J = 8.3 Hz, dcΔDOPA(8)-

ArH), 6.87 (1H, dd, J = 8.3, 2.0 Hz, dcΔDOPA(8)-ArH), 6.22 (1H, d, J = 14.7 Hz, 

dcΔDOPA(8)-βCH), 4.74–4.44† (5H, m, Phe(2)-αCHb, Phe(6)-αCHb, His(3)-αCHb, His(5)-

αCHb, His(7)-αCHb), 4.26 (1H, t, J = 6.7 Hz, Phe(1)-αCHb), 4.19 (1H, dd, J = 9.2, 5.6 Hz, 

Leu(4)-αCH), 3.31–2.92 (12H, m, Phe(1)-βCH2, Phe(2)-βCH2, Phe(6)-βCH2, His(3)-βCH2, 

His(5)-βCH2, His(7)-βCH2), 1.62–1.38 (3H, Leu(4)-βCH2, Leu(4)-γCH), 0.95 (3H, d, J = 6.1 

Hz, Leu(4)-δCH3), 0.90 (3H, d, J = 6.1 Hz, Leu(4)-δCH3); (+)-HRESIMS m/z 1117.5374 

[M+H]+ (Calcd for C59H69N14O9, 1117.5366). a,b Denote assignments that cannot be 

definitively discerned from one another.  † Denotes shifts assigned via COSY correlations. 

Spectral data observed was in accordance with previously reported data with 1H NMR data 

calibrated off of reported Leu-δCH3 shifts.9 
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Figure 59: 1H NMR spectrum of 1. 

 

Figure 60: 13C NMR spectrum of 1. 
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Figure 61: 1H NMR spectrum of 69. 

 

Figure 62: 13C NMR spectrum of 69. 
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Figure 63: 1H NMR spectrum of 70. 

 

Figure 64: 13C NMR spectrum of 70. 
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Figure 65: 1H NMR spectrum of 71. 

 

Figure 66: 13C NMR spectrum of 71. 
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Figure 67: 1H NMR spectrum of 72. 

 

Figure 68: 13C NMR spectrum of 72. 
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Figure 69: 1H NMR spectrum of 73. 

 

Figure 70: 13C NMR spectrum of 73. 
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Figure 71: 1H NMR spectrum of 74. 

 

Figure 72: 13C NMR spectrum of 74. 
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Figure 73: 1H NMR spectrum of 75. 

 

Figure 74: 13C NMR spectrum of 75. 
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Figure 75: 1H NMR spectrum of 76. 

 

Figure 76: 13C NMR spectrum of 76. 
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Figure 77: 1H NMR spectrum of 77. 

 

Figure 78: 13C NMR spectrum of 77. 
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Figure 79: 1H NMR spectrum of 89. 

 

Figure 80: 13C NMR spectrum of 89. 
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Figure 81: 1H NMR spectrum of 92. 

 

Figure 82: 13C NMR spectrum of 92. 
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Figure 83: 1H NMR spectrum of 93.

 

Figure 84: 13C NMR spectrum of 93. 
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Figure 85: 1H NMR spectrum of 95. 

 

Figure 86: 13C NMR spectrum of 95. 
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Figure 87: 1H NMR spectrum of 96. 

 

Figure 88: 13C NMR spectrum of 96. 
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Figure 89: 1H NMR spectrum of 97. 

 

Figure 90: 13C NMR spectrum of 97. 
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Figure 91: 1H NMR spectrum of 98. 

 

Figure 92: 13C NMR spectrum of 98. 
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Figure 93: 1H NMR spectrum of 99. 

 

Figure 94: 13C NMR spectrum of 99. 
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Figure 95: 1H NMR spectrum of 100. 

 

Figure 96: 13C NMR spectrum of 100. 
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Figure 97: 1H NMR spectrum of 101. 

 

Figure 98: 13C NMR spectrum of 101. 
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Figure 99: 1H NMR spectrum of 104. 

 

Figure 100: 13C NMR spectrum of 104. 
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Figure 101: 1H NMR spectrum of 106. 

 

Figure 102: 13C NMR spectrum of 106. 
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Figure 103: 1H NMR spectrum of 22. 

 

Figure 104: 13C NMR spectrum of 22. 
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Figure 105: 1H NMR spectrum of 107. 

 

Figure 106: 13C NMR spectrum of 107. 
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Figure 107: 1H NMR spectrum of 112. 

 

Figure 108: 13C NMR spectrum of 112. 
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Figure 109: 1H NMR spectrum of 115. 

 

Figure 110: 13C NMR spectrum of 115. 
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Figure 111: 1H NMR spectrum of 111. 

 

Figure 112: 13C NMR spectrum of 111. 
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Figure 113: 1H NMR spectrum of 110. 

 

Figure 114: 13C NMR spectrum of 110. 
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Figure 115: 1H NMR spectrum of 116. 

 

Figure 116: 13C NMR spectrum of 116. 
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Figure 117: 1H NMR spectrum of 117. 

 

Figure 118: 13C NMR spectrum of 117. 
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Figure 119: 1H NMR spectrum of 118. 

 

Figure 120: 1H NMR spectrum of 119. 
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Figure 121: 1H NMR spectrum of 23. 
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The first total synthesis of the ascidian blood pigment tunichrome Sp-1 is reported, with the modified
pentapeptide prepared in a convergent manner using a combination of solid-phase peptide synthesis,
Hunsdiecker decarboxylative iodination and Buchwald amidation reaction chemistry. The natural pro-
duct was shown to exist as a mixture of trans- and cis-prolyl conformers, with the former dominating
in a 5:1 ratio.

� 2015 Elsevier Ltd. All rights reserved.
Ascidians, marine organisms of the Class Ascidiacea, are well
known to produce a variety of bioactive marine natural products.1

The 1980s and early 1990s were a particularly fruitful period, with
the reporting of a number of unique structural classes of natural
products that exhibited therapeutically useful biological activities
(e.g., ecteinascidin-7432 and the didemnins3) or were windows
into the intriguing world of marine sessile invertebrate physiology
(e.g., the tunichromes).4,5 Publication of the isolation and structure
elucidation of tunichrome B-1,6–8 a modified 3,4,5-trihydrox-
yphenylalanine (TOPA)-containing tripeptide, was the culmination
of six years of research into defining the chemical constituents of
the blood pigments of Ascidia nigra that were thought to be respon-
sible for the organisms ability to accumulate, amongst other met-
als, iron and vanadium. This research was hampered by the trace
amounts of the pigment, co-occurrence with related pigments
and by their sensitivity to water and oxygen. Since these initial
reports, a number of related peptides have been reported from
the blood cells of ascidians including Ascidia nigra (An-1, An-2,
An-3),9 Ascidia ceratodes,4 Phallusia mammillata (Pm-1, Pm-2, Pm-
3),10 Phallusia julinea,4,5 Mogula manhattensis (Mm-1, Mm-2)9 and
most recently Styela plicata (Sp-1).11 Structurally, tunichromes
are characterized as linear, lowmolecular weight peptides contain-
ing an oxidatively decarboxylated 3,4-dihydroxyphenylalanine
(dcDDOPA) or 3,4,5-trihydroxyphenylalanine (dcDTOPA) residue
at the C-terminus as well as one or more 3,4-dihydroxyphenylala-
nine (DOPA) or 3,4,5-trihydroxyphenylalanine (TOPA) residues or
their a,b-unsaturated derivatives.4,5 In addition to the initial asso-
ciative link between tunichromes and vanadium or iron in blood
cells suggesting that the natural products may act as chelators or
‘vanadium-trappers’,5 alternative roles of wound repair, cross-link-
ing/tunic formation,12 and action as a primitive clotting mecha-
nism have also been proposed.4,5 In an effort directed towards
facilitating further studies of the role(s) played by these intriguing
natural products, we now report the synthesis and structural con-
firmation of the most recently reported tunichrome, Sp-1 (1)
(Fig. 1). Sp-1 was isolated in trace amounts (�800 lg) and charac-
terized by 1H, COSY and TOCSY NMR data. Edman degradation
studies defined the peptide as L-DOPA-L-DOPA-Gly-L-Pro-
dcDDOPA.

We chose as a starting point to disconnect 1 at the Gly-Pro
amide bond, requiring the synthesis of protected tripeptide
L-DOPA-L-DOPA-Gly (2) and L-Pro-dihydroxystyrylenamide
fragment (3) (Scheme 1). Tripeptide 2 was prepared by standard

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2015.08.047&domain=pdf
http://dx.doi.org/10.1016/j.tetlet.2015.08.047
mailto:b.copp@auckland.ac.nz
http://dx.doi.org/10.1016/j.tetlet.2015.08.047
http://www.sciencedirect.com/science/journal/00404039
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Fmoc solid-phase peptide synthesis procedures using 2-chlorotri-
tyl resin, protected amino acids Fmoc-Gly-OH and Fmoc-DOPA
(TBDMS)2-OH,13 and HATU as the coupling reagent. Cleavage from
the resin was effected by 2,2,2-trifluoroethanol/CH2Cl2 to afford 2
in 88% yield over 6 steps. Previous syntheses of tunichromes have
relied upon the use of oxidation/elimination of phenylselenide
derivatives to prepare the required enamide moiety.5,14 We elected
to explore an alternative route, making use of copper-catalysed
Buchwald amidation methodology.15 Attractions of this route
include the mild reaction conditions required to effect the reaction
between an amino acid carboxamide and a vinyl halide, proceeding
with no epimerization of the amino acid stereocentre, or isomer-
ization of the enamide double bond.16 The protected L-Pro-
dihydroxystyrylenamide fragment 3 was prepared as shown in
Scheme 1, starting with protection of 3,4-dihydroxycinnamic acid
(4) as the TBDMS ether (5, 87% yield).17 LiOAc-catalysed Huns-
diecker transformation18 of 5 to the corresponding (E)-vinyl iodide
(6, 31% yield) was carried out by reaction with N-iodosuccinimide
in CH2Cl2.

Previous studies regarding the Buchwald amidation of amino
acid carboxamides with vinyl halides have concluded that protec-
tion of the a-nitrogen was not required, but that some amino acid
sidechains competed for reaction.16a Preliminary efforts to
undertake amidation of vinyl iodide 6 with L-Pro-NH2 under
standard Buchwald conditions using catalytic CuI, N,N0-
dimethylethylenediamine as a bidentate ligand and Cs2CO3 as the
base15 failed to yield any product. Suspecting that the secondary
amine present in L-Pro-NH2 could compete with N,N0-
dimethylethylenediamine as a copper ligand, the reaction was
repeated using Fmoc-L-Pro-NH2 in the presence of stoichiometric
CuI, affording (E)-enamide 3 in 32% yield. Of note was the concomi-
tant cleavage of the Fmoc protecting group during the reaction,
likely caused by the presence of the secondary amine base N,N0-
dimethylethylenediamine. Peptide coupling (EDC, HOBt, DMF,
2 h) of enamide 3 and tripeptide acid 2 gave protected Sp-1 7 in
53% yield. A two step, one-pot deprotection of the N-terminus
(piperidine, DMF, 1 h), followed by subsequent deprotection of
the catechol groups (triethylamine trihydrofluoride, THF, 1 h) gave
the crude peptide that was purified by reversed-phase C18 column
chromatography [H2O/MeOH/TFA (79.99:20:0.01)], to afford tuni-
chrome Sp-1 (1) in a 44% yield, present as a 5:1 mixture of trans-
and cis-prolyl conformers.

The 1H, COSY, and TOCSY spectroscopic data (DMSO-d6) for
tunichrome Sp-1 (1) was in good agreement with data for the nat-
ural product published by Tincu and Taylor11 (see ESI). Although
not mentioned in the original publication, the presence of a second
set of (E)-enamide NH–CH@CH resonances were easily discernible
in both the original 1H spectroscopic data and our own. While the
relatively broad appearance and overlapped nature of the 1H reso-
nances in DMSO-d6 precluded determination of the nature of this
minor component, re-acquisition and complete assignment of
NMR data in CD3OD19 provided ample evidence to identify it as
the cis-prolyl conformer of Sp-1 (Fig. 2). While detection of a
NOESY correlation between Gly-CH2 and Pro-dCH2 for the major
component of the mixture identified it to be the trans-prolyl con-
former, more telling were the observation of differences in the
chemical shifts of the b and c carbons (Dbc) of the proline residue.
It has been previously noted that a proline residue that adopts a
trans-conformation about its amide bond characteristically has a
smaller Dbc value (ca. <8) than a proline residue in the cis-confor-
mation (ca. 9–15).20 In the present case, Dbc for the major compo-
nent of the product mixture was 5.1 ppm (trans), while that of the
minor component was 10.0 ppm (cis).21

In summary, we have described the first total synthesis of the
natural product tunichrome Sp-1 (1), verified the structure that
was proposed by Tincu and Taylor and characterized the originally
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present, but not reported, cis-prolyl conformer. The route used is
amenable to the synthesis of un-natural analogues of 1 that will
prove useful for investigation of the metal chelating and oxida-
tion/reduction properties of the tunichromes.
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(1H, br d, J = 10.0 Hz, dcDDOPA(5)-NH), 8.94–8.62 (6H, m, 2 � DOPA(1)-OH,
2 � DOPA(2)-OH, 2 � dcDDOPA(5)-OH), 8.74–8.68 (1H, m, DOPA(2)-NH) 8.18
(1H, t, J = 4.9 Hz, Gly(3)-NH), 7.91 (2H, br s, DOPA(1)-NH2), 7.10⁄ (1H, dd,
J = 14.6, 10.0 Hz, dcDDOPA(5)-aCH), 7.05 (1H, dd, J = 14.6, 10.0 Hz, dcDDOPA
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Pro(4)-bCH2a), 1.99–1.84 (2H, m, Pro(4)-cCH2), 1.91–1.79 (1H, m, Pro(4)-
bCH2b); 13C NMR (125 MHz, DMSO-d6) d 171.0 (DOPA(2)-C@O), 169.5 (Pro(4)-
C@O), 168.2 (DOPA(1)-C@O), 166.9 (Gly(3)-C@O), 145.5 (DOPA(1)-Ar-Ob),
145.2 (DOPA(1)-Ar-Ob), 144.9 (DOPA(2)-Ar-Ob), 144.6 (DOPA(2)-Ar-Ob), 144.4
(dcDDOPA(5)-Ar-Ob), 143.8 (dcDDOPA(5)-Ar-Ob), 128.3 (DOPA(2)-cCc), 127.8
(dcDDOPA(5)-cCc), 125.5 (DOPA(1)-cCc), 120.6 (dcDDOPA(5)-aCHd), 120.4
(DOPA(1)-ArHd), 120.0 (DOPA(2)-Ar-Hd), 117.0 (dcDDOPA(5)-ArH), 116.8
(DOPA(1)-ArHd), 116.7 (DOPA(2)-ArHd), 115.9 (dcDDOPA(5)-ArHd), 115.6
(DOPA(1)-ArHd), 115.3 (DOPA(2)-ArHd), 112.7 (dcDDOPA(5)-bCH), 111.9
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(5)-ArH), 6.23⁄ (1H, d, J = 14.6 Hz, dcDDOPA-bCH), 6.16 (1H, d, J = 14.6 Hz,
dcDDOPA-bCH), 4.66 (1H, t, J = 7.1 Hz, DOPA(2)-aCH), 4.60–4.51⁄ (1H, m, Pro
(4)-aCH), 4.44 (1H, dd, J = 8.7, 4.2 Hz, Pro(4)-aCH), 4.08–4.00 (1H, m, DOPA(1)-
aCH), 4.05–3.98 (2H, m, Gly(3)-aCH2), 3.65–3.58 (1H, m, Pro(4)-dCH2a), 3.56–
3.47 (1H, m, Pro(4)-dCH2b), 3.06–2.96 (2H, m, DOPA(1)-bCH2a, DOPA(2)-
bCH2a), 2.90 (1H, dd, J = 14.0, 7.5 Hz, DOPA(1)-bCH2b), 2.79 (1H, dd, J = 14.0,
8.5 Hz, DOPA(2)-bCH2b), 2.39–2.33⁄ (1H, m, Pro(4)-bCH2a), 2.26–2.18 (1H, m,
Pro(4)-bCH2a), 2.18–2.09⁄ (1H, m, Pro(4)-bCH2b), 2.10–1.97 (2H, m, Pro(4)-
cCH2), 2.06–1.94 (1H, m, Pro(4)-bCH2b) 1.96–1.88⁄ (1H, m, Pro(4)-cCH2); 13C
NMR (125 MHz, CD3OD) d 173.1 (DOPA(2)-C@O), 171.9 (Pro(4)-C@O), 171.2⁄

(Pro(4)-C@O), 169.5 (DOPA(1)-C@Oa), 169.4 (Gly(3)-C@Oa), 146.6 (DOPA(1)-
Ar-Ob), 146.4 (DOPA(1)-Ar-Ob), 146.1 (DOPA(2)-Ar-Ob), 146.0 (DOPA(2)-Ar-Ob),
145.7 (dcDDOPA(5)-Ar-Ob), 145.2 (dcDDOPA(5)-Ar-Ob), 129.7 (DOPA(2)-cCc),
129.6 (dcDDOPA(5)-cCc), 126.5 (DOPA(1)-cC), 122.0 (DOPA(1)-ArH), 121.7
(DOPA(2)-Ar-H), 121.1 (dcDDOPA(5)-aCH), 119.1 (dcDDOPA(5)-ArH), 117.6
(DOPA(1)-ArHd), 117.4 (DOPA(2)-ArHd), 116.8 (dcDDOPA(5)-ArHd), 116.5
(DOPA(1)-ArHd), 116.3 (DOPA(2)-ArHd), 116.1 (dcDDOPA(5)-bCHd), 113.2
(dcDDOPA(5)-ArH), 61.9 (Pro(4)-aCH), 61.2⁄ (Pro(4)-aCH), 56.3 (DOPA(2)-
aCH), 55.5 (DOPA(1)-aCH), 47.9 (Pro(4)-dCH2), 47.7⁄ (Pro(4)-dCH2), 43.1 (Gly
(3)-aCH2), 43.0⁄ (Gly(3)-aCH2), 38.2 (DOPA(1)-bCH2

e), 37.9 (DOPA(2)-bCH2
e),

33.4⁄ (Pro(4)-bCH2), 30.8 (Pro(4)-bCH2), 25.7 (Pro(4)-cCH2) 23.4⁄ (Pro(4)-
cCH2); (+)-HRESIMS m/z 664.2615 [M+H]+ (Calcd for C33H38N5O10, 664.2613).

20. Wahyudi, H.; Tantisantisom, W.; Liu, X.; Ramsey, D. M.; Singh, E. K.; McAlpine,
S. R. J. Org. Chem. 2012, 77, 10596–10616.

21. All NMR resonances could be assigned to either the cis- or trans-prolyl
conformers, showing that no diastereomers had formed during the Buchwald
coupling step.
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